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Breaking Barriers: How Access and Exposure Shape Youth Lacrosse Interest and 
Participation By Graham Hernandez 

 
Overview 

This study examined whether differences in youth lacrosse participation are driven more 
by student interest or by differences in access and exposure. Survey data collected from Title I 
and private school students showed significant differences in awareness, barriers, and belonging, 
while interest in trying lacrosse remained similar when access barriers were reduced. Post-clinic 
findings further suggest that free school-based lacrosse clinics may help increase awareness, 
interest, and perceived belonging among underserved students. 

  
Abstract 

Youth sports participation in the United States varies significantly by socioeconomic 
status, with sports like lacrosse showing lower participation among lower-income and 
underrepresented groups. This study examines whether disparities in lacrosse participation are 
driven by differences in interest or by differences in access and exposure. We hypothesized that 
students from lower-income (Title I) schools would report lower awareness and greater barriers 
to participation than students from private schools, but similar levels of interest when access 
barriers are reduced. 

Survey data were collected from 83 fourth- and fifth-grade students attending one Title I 
public school (n = 42) and one private school (n = 41). The survey measured awareness, 
perceived barriers, sense of belonging, and interest in trying lacrosse.  A subset of students also 
participated in free school-based lacrosse clinics followed by brief post-clinic surveys. 

Private-school students reported significantly higher awareness (M = 8.1 vs. 2.90) and 
belonging (M = 6.83 vs. 4.17), while Title I students reported greater barriers to participation (M 
= 7.05 vs. 4.70). Independent comparisons showed that differences in awareness and belonging 
were statistically significant (p < 0.05), while interest in trying lacrosse did not differ 
significantly between groups when access barriers were reduced. 

Post-clinic findings further suggest that reducing access barriers through school-based 
opportunities may increase awareness, interest, and belonging among underserved students. 
  
Introduction 

National data show that youth sports participation in the United States varies significantly 
by household income and race, with overall participation rates increasing as family income rises 
(Centers for Disease Control and Prevention). These disparities are especially pronounced in 
sports that require specialized equipment and organized club systems such as lacrosse. Lacrosse 
has grown in wealthier areas but is still limited in lower-income schools.  Understanding how 
early exposure, access, and cultural familiarity shape participation is essential to addressing these 
disparities. 
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Socioeconomic and Racial Disparities in Lacrosse 

Collegiate lacrosse participation reflects clear racial and socioeconomic disparities. 
NCAA demographic data show that lacrosse athletes are predominantly White (82%), with 
limited representation from Black athletes (4%), compared with football and basketball, which 
show much greater racial diversity (National Collegiate Athletic Association). Previous research 
has also noted lower racial representation in lacrosse compared with more widely played youth 
sports such as football and basketball (Dorsch). 
  
Table 1. Racial Composition of NCAA Athletes by Sport 

Sport White (%) Black (%) Other (%) 
Lacrosse 82 4 15 

Basketball 37 43 20 
Football 42 40 18 

Source: National Collegiate Athletic Association 
Note. Percentages represent racial composition of NCAA athletes by sport. Data from the NCAA 
Demographics Database. Percentages may not total 100 due to rounding. 

 
In Table 1, these patterns align with youth participation trends. National survey data 

indicate that children from higher-income households are significantly more likely to play 
lacrosse than children from lower-income households, while football and basketball participation 
is more evenly distributed across income levels (Solomon 2020). Together, these data suggest 
that lacrosse participation is closely tied to early access, exposure, and opportunity rather than 
interest alone. 
  
Table 2. Youth Sports Participation by Household Income 

Sport Low Income ($50k or less) High Income ($100k+) 
Lacrosse Low High 

Basketball High Moderate 
Football High Moderate 

Source: Aspen Institute /Utah State University National Youth Sports parent survey (Solomon, 
2020). 
 Note. Household income categories are based on national survey data. Participation rates reflect 
parent-reported youth sports involvement. Data from the Aspen Institute Project Play. 

 
In Table 2, while many youth sports remain relatively accessible across income levels, 

lacrosse participation appears more strongly associated with higher-income households. These 
demographic differences may be influenced by financial, cultural, and awareness-related barriers 
to entry. 
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Cost of Play 

According to Dr. Travis Dorsh, a key researcher at Utah State, wealthier parents spend 
much more money on sports. These findings highlight substantial differences in family spending 
across income groups.  “National participation research shows that high-income households 
spend substantially more on youth sports participation than low-income households (Aspen 
Institute).  High-income parents paid twice as much on registration fees, travel and lodging, 
lessons and instructions, and camps as low-income parents. “This is an important stratification,” 
Dorsch said, “as it provides an added and sometimes unnecessary barrier to participation for 
many middle- and low-income kids and their families” (Dorsch). 
  
Cultural Barriers to Lacrosse Participation 
  In addition to socioeconomic and racial barriers, several cultural factors influence how 
youth and communities perceive and engage with lacrosse. These insights are drawn from 
broader patterns seen across U.S. youth sports participation and community traditions. In many 
lower-income and predominantly African American communities, lacrosse lacks long-standing 
traditions, visible role models, and media representation compared with football and basketball. 
Schools and community programs often prioritize sports with established coaching structures and 
local support, limiting early exposure to lacrosse. Together, these barriers can reduce students’ 
sense of familiarity and belonging in the sport, even when interest is present. 

Despite well-documented disparities in participation, it remains unclear whether 
differences in lacrosse participation are primarily driven by differences in interest or by 
differences in access and exposure. Understanding this distinction is critical, as it informs 
whether interventions should focus on increasing motivation or reducing structural barriers. 
To better understand these disparities, this study examines differences in awareness, barriers, 
belonging, and interest in lacrosse among elementary school students attending Title I and 
private schools. We hypothesized that students at Title I schools would report lower awareness 
and greater barriers to participation, but similar levels of interest in trying lacrosse when access 
barriers were reduced. Findings from this study suggest that disparities in youth lacrosse 
participation are more strongly associated with differences in exposure, access, and belonging 
than with differences in student interest alone. Post-clinic results further suggest that 
school-based opportunities may increase awareness, interest, and perceived belonging among 
underserved students. 
 
Results 

Despite large differences in awareness, barriers, and belonging, students from both school 
types showed similar willingness to try lacrosse when cost and access barriers were reduced. 
Independent samples t-tests showed statistically significant differences between Title I and 
private school students in awareness, barriers, and belonging, but not in interest. This suggests 
that lower lacrosse participation among Title I students may be more closely related to access, 
exposure, and belonging than to a lack of interest. 
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As shown in Table 3, private school students reported significantly higher awareness and 
belonging than Title I students, while Title I students reported significantly higher barriers. 
Despite substantial differences in awareness and barriers, students from both school types 
expressed similar willingness to try lacrosse when access barriers were reduced. 

Table 3. Domain Results 
Domain Group N Mean (SD) T(df) p-value 
Awareness Title I 42 2.90(2.14) 9.92(67) <0.001 
  Private 41 7.96(1.90)     
Barriers Title I 42 7.05(1.72) 4.32(67) <.001 
  Private 41 5.22(1.72)     
Interest Title I 42 3.81(1.56) .98(67) 0.331 
  Private 41 4.15(1.44)     
Belonging Title I 42 4.17(1.73) 5.55(67) <0.001 
  Private 41 6.89(1.80)     

 Note. Values are presented as Mean (Standard Deviation). Independent samples t-tests were 
conducted to compare Title I and private school students across domains. All tests were 
two-tailed. Statistically significant differences are reported at p < 0.05. 

 
Awareness and Exposure Measures by School Type 

Students at private schools reported higher awareness and exposure to lacrosse across all 
measures compared with Title I students (Table 4). Private-school students were more likely to 
see lacrosse played near them, have watched a lacrosse game, and know someone who plays. 
The largest differences involved school-based exposure and direct participation opportunities, 
including whether a middle school offers lacrosse (M = 1.88 vs. 0.45) and whether students had 
ever held a lacrosse stick (M = 1.33 vs. 0.24). These findings suggest that access to lacrosse 
infrastructure may shape familiarity with the sport at an early age. Title I students consistently 
reported lower scores across all awareness and exposure questions, including having tried 
lacrosse (M = 0.10) compared with private-school students (M = 0.73). 

 
Table 4. Awareness and Exposure Measures by School Type 

Measure Title I Mean Private School Mean 
Seen lacrosse played nearby 0.62 2.1 

Watched a lacrosse game 0.48 1.65 
Know someone who plays 0.31 1.72 

Middle school offers 
lacrosse 

0.45 1.88 

Held a lacrosse stick 0.24 1.33 
Tried lacrosse 0.10 0.73 
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Note. Values represent average scores for individual survey items measuring awareness and 
exposure to lacrosse. Higher values indicate greater familiarity with or exposure to the sport. 
  
Barriers to Lacrosse Participation by School Type 

Higher values indicate greater perceived barriers or reduced access, depending on the 
measure as displayed in Table 5 below. Students at Title I schools reported higher barriers to 
playing lacrosse than students at private schools across most measures (Table 6). Both groups 
reported similar views about the cost of lacrosse equipment (M = 2.49 Title I; M = 2.63 private). 
However, Title I students reported more difficulty with access-related barriers, including getting 
equipment (M = 0.90 vs. 0.45), transportation to play (M = 1.07 vs. 0.50), and school access to 
lacrosse (M = 1.55 vs. 0.13). Title I students also selected a slightly higher number of total 
barriers overall (M = 1.14) compared with private-school students (M = 1.00). 

 
Table 5. Barriers to Lacrosse Participation by School Type 
Barrier Title I Mean Private School Mean 
Equipment cost 2.49 2.63 
Access to equipment 0.90 0.45 
Transportation 1.07 0.50 
School access 1.55 0.13 
Total barriers selected 1.14 1.00 

Note. Values represent average scores for individual survey items related to perceived barriers to 
participation. 
 
Interest and Intent to Play Lacrosse by School Type 

Interest in lacrosse was generally high for students at both school types, with some 
differences across measures (Table 6). Private-school students were more likely to report that 
lacrosse looks fun (M = 2.45) compared with Title I students (M = 1.90). However, responses 
were similar between groups when students were asked if they would try lacrosse if equipment 
was free (M = 1.05 private; M = 1.00 Title I) or if a free clinic was offered at their school (M = 
1.03 private; M = 1.08 Title I). Overall, interest and intent to try lacrosse were present across 
both groups before any intervention. 

 
Table 6. Interest and Intent to Play Lacrosse by School Type 

Measure Title I Mean Private School Mean 
Lacrosse looks fun 1.9 2.45 

I would try if gear were free 1.00 1.05 
I would try free school 

clinic 
1.08 1.03 
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Note. Values represent average scores for individual interest and intent items. Higher values 
indicate greater interest in or willingness to try lacrosse. 
 Belonging and Cultural Fit by School Type 

Students at private schools reported a stronger sense of belonging and cultural fit with 
lacrosse than students at Title I schools across all measures (Table 7). Private-school students 
were more likely to agree that lacrosse is for people like them (M = 6.83) compared with Title I 
students (M = 4.17). They also reported feeling more comfortable joining a lacrosse team (M = 
6.60 private; M = 4.05 Title I) and were more likely to view lacrosse as part of their school or 
community tradition (M = 6.90 private; M = 4.30 Title I). Overall, these findings suggest that 
differences in lacrosse participation may be influenced not only by access and awareness, but 
also by perceived belonging and cultural familiarity with the sport. 

 
Table 7. Belonging and Cultural Fit by School Type 

Measure Title I Mean Private School Mean 
Lacrosse is for people like me 4.17 6.83 

Comfortable joining team 4.05 6.60 
School/community tradition 4.30 6.90 

Note. Values represent average scores for survey items measuring sense of belonging and 
cultural fit related to lacrosse. Higher values indicate a stronger sense that lacrosse is a sport for 
the students and that they would feel comfortable participating. 
  
Figure 1. Changes in awareness, interest, and belonging following a free lacrosse clinic 

 
Note. Percentages represent pre- and post-clinic responses from students participating in a free 
school-based lacrosse clinic (n = 70)  
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Following participation in a free school-based lacrosse clinic, students demonstrated 
increases across all measured outcomes related to lacrosse participation (Figure 1). Awareness 
increased from 17% pre-clinic to 42% post-clinic (+25 percentage points). Interest in trying 
lacrosse increased from 48% to 83% (+35 points), while a sense of belonging increased from 
35% to 77% (+42 points). These findings suggest that reducing access and exposure barriers may 
rapidly increase student engagement and perceived inclusion in lacrosse. 

  
Discussion 

This study looked at differences in awareness, barriers, belonging, and interest in lacrosse 
between students attending Title I schools and private schools. Overall, the results showed clear 
differences in exposure and access to lacrosse based on school type, while also showing that 
interest in trying the sport exists across both groups. The results also support the study’s main 
hypothesis that lower participation in lacrosse among lower-income students is more strongly 
associated with barriers and limited exposure than with a lack of interest.  

One of the clearest findings was the large difference in awareness and exposure between 
school types. Students at private schools were much more familiar with lacrosse, including 
seeing it played nearby, knowing someone who plays, and having access to lacrosse at their 
school. In comparison, Title I students reported very limited exposure across almost all 
awareness measures. This shows that many students in lower-income school settings may not 
have many opportunities to learn about lacrosse or see it played, which can make the sport feel 
unfamiliar or out of reach at a young age. 

In response to the second research question, the results show that access-related 
barriers—such as getting equipment, transportation, and having school-based 
opportunities—play a bigger role than cost alone in limiting participation for Title I students. 
While students at both school types had similar views about the cost of lacrosse equipment, Title 
I students reported more difficulty with access-related barriers. These findings suggest that 
disparities in lacrosse participation may be more strongly associated with differences in access 
and exposure than with differences in interest (see Tables 5 and 6). 

Even with these differences in awareness and barriers, interest and intent to try lacrosse 
were similar across both school types when students were asked to consider situations in which 
cost and access barriers were minimized. These findings support the hypothesis that students at 
both Title I and private schools were similarly willing to try lacrosse when access barriers were 
reduced. While private-school students were more likely to say that lacrosse looks fun, the 
similar levels of interest suggest that lower exposure does not mean lower interest. Instead, Title 
I students appear just as open to trying lacrosse when given the opportunity, even if they have not 
had much prior experience with the sport. 

Differences in belonging help explain why differences in participation may continue over 
time. Private-school students were more likely to feel that lacrosse is a sport for people like 
them, while Title I students reported lower feelings of belonging. Feeling like you belong in a 
sport can affect whether students feel confident trying something new or continuing to play. 
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When a sport is not commonly offered at a school or in a community, students may be less likely 
to see themselves as future participants. These results suggest that cultural familiarity and school 
traditions play a role in who participates in lacrosse. 
       The post-clinic findings further support the hypothesis that disparities in lacrosse 
participation are influenced more by differences in exposure and access than by differences in 
student interest. After participating in a free clinic, students reported substantial increases not 
only in interest, but also in belonging. This suggests that direct participation opportunities may 
help students feel that lacrosse is a sport accessible to people like them, particularly in 
communities where the sport has historically had limited visibility. 

Taken together, these findings show that differences in lacrosse participation may begin at 
an early age. Gaps in exposure, access, and belonging appear before middle school, which may 
help explain why participation differences continue later in life. However, the strong interest 
shown by Title I students when cost, access, and transportation barriers were hypothetically 
reduced suggests that these gaps are not permanent. They may be reduced through low-cost, 
school-based opportunities that allow students to try lacrosse in a supportive and familiar setting.  
Although this study compared students by school type as a proxy for socioeconomic status, the 
racial composition of the Title I school mirrors national patterns showing that lacrosse is less 
racially diverse than sports such as football and basketball. Taken together with national 
participation data, these findings suggest that racial and income-based disparities in lacrosse 
participation may be more closely related to differences in access, exposure, and cultural 
familiarity than to lack of interest alone. 

Given that costs of equipment, transportation and school access were reported as barriers 
for Title I students, offering a free lacrosse clinic during or after the school day could be a 
potential solution. By reducing cost, transportation, and access barriers, this type of program may 
help increase awareness and make students feel more comfortable trying lacrosse. Future 
research should examine whether increased awareness, interest, and belonging following 
school-based clinics lead to sustained participation in lacrosse over time. Studies involving larger 
and more geographically diverse school populations could help determine whether these findings 
apply across different communities. Additional research could also explore whether similar 
access-based interventions influence participation in other specialized youth sports. 
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 Materials & Methods 
 
Participants 
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Participants included 83 students in 4th and 5th grade from two school settings for the pre 
clinic research: one Title I public school (n = 42) and one private school (n = 41). Post clinic 
participants (n=70) were Title I students.  All participants were between 9 and 11 years old. 
School type was used as a proxy for household income; Title I schools primarily enroll students 
from lower-income families based on eligibility for free or reduced-price lunch, whereas private 
schools generally enroll students from higher-income households due to tuition requirements. 

Students self-reported race/ethnicity using simplified categories appropriate for 
elementary-aged participants (White, Black or African American, Other). Race data were 
collected to describe the sample and to provide contextual information about participation 
patterns. 

Ethics and Consent 
Approval to conduct the study was obtained from school administrators prior to data 

collection. Parental consent and student assent were secured for all participants. Participation 
was voluntary, and no identifying information was collected. All survey responses were recorded 
anonymously and used solely for research purposes. 
 
Study Design 

The study used a cross-sectional survey design comparing students attending Title I 
public schools and private schools. Data were analyzed using basic descriptive statistics and 
independent samples t-tests to compare group means across domains.  
Following the initial survey collection, Clinics were conducted during PE and included 
introductory passing, catching, and shooting activities led in small group settings with volunteer 
high school lacrosse players. Students completed a brief post-clinic survey immediately 
following participation. The post-clinic survey measured changes in awareness, interest, and 
perceived belonging related to lacrosse using simplified pre/post comparison items. Results from 
these surveys were analyzed descriptively to evaluate short-term changes following the 
intervention. 

Measures 
Students completed an appropriate age survey designed for 4th and 5th grade students. 

The survey measured awareness and exposure to lacrosse, perceived barriers to participation, 
sense of belonging or cultural fit, and interest or intent to try lacrosse. 

Scoring and Domain Construction 
Survey responses were converted into numeric values using a predefined scoring matrix. 

Related survey items were combined to create composite domain scores for Awareness, Barriers, 
Belonging, and Interest/Intent. Higher scores reflected greater awareness, stronger belonging or 
intent, or higher perceived barriers, depending on the domain. Mean domain scores were 
calculated separately for students attending Title I and private schools. Full Scoring Matrix in 
Appendix A. 
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Socioeconomic Proxy 

School type was used as a proxy for socioeconomic status. Title I designation reflects 
schools with high proportions of students eligible for free or reduced-price lunch, while private 
schools generally enroll students from higher-income households due to tuition requirements. 

Race/Ethnicity 
Students self-reported race/ethnicity using simplified categories appropriate for 

elementary-aged participants (White, Black or African American, Other). Race data were 
collected for descriptive and contextual purposes only and were not included as a primary 
independent variable in statistical analyses due to small subgroup sizes. 

Limitations 
This study has several limitations that should be kept in mind when interpreting the 

results. First, the sample size was relatively small and included students from only one Title I 
school and one private school. While the findings show clear patterns, the results may not be 
generalizable to all schools or regions. Including a larger and more diverse sample in future 
studies would strengthen the conclusions.  

Second, school type was used as a proxy for socioeconomic status. Although Title I status 
is commonly used to represent lower-income school settings, it does not capture individual 
household income or other factors that may influence sports participation. Similarly, students 
attending private schools may vary in socioeconomic background. Future research could include 
more detailed measures of family income or access to community sports programs. 

Third, all data were based on self-reported survey responses from 4th and 5th grade 
students. While the survey was designed to be age-appropriate, younger students may 
misunderstand some questions or respond based on limited experience. Additionally, responses 
reflect perceptions and intentions rather than actual participation behavior. 
While this study includes short-term post-clinic findings, future research should examine 
whether these changes lead to sustained participation over time. 

  
Conclusion 

This study found clear differences in awareness, barriers, and belonging related to 
lacrosse between students attending Title I and private schools. Students at private schools 
reported greater exposure to lacrosse and felt a stronger sense of belonging in the sport, while 
Title I students reported higher barriers related to access and opportunity. Despite these 
differences, students at both school types showed interest in trying lacrosse when cost and access 
barriers were reduced. 

These findings suggest that lower participation in lacrosse among lower-income students 
may be driven more by limited exposure and access than by lack of interest. The results highlight 
the importance of early, school-based opportunities that allow students to learn about and try new 
sports in a familiar and supportive environment. 
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By focusing on reducing cost and access barriers, programs such as free introductory 
clinics may help increase awareness and interest in lacrosse among students who might not 
otherwise have the opportunity to participate. While this study is an early step, it provides 
evidence that expanding access at the elementary school level could be an effective way to 
promote more inclusive youth sports participation and a step toward expanding access and 
inclusion in youth lacrosse participation. 
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Beyond Redistribution: A Two-Part Framework for Structural Poverty Reduction in 
America By Sahishnu Manivannan 

 
Abstract 
 One in nine Americans live below the poverty line, not because of a lack of effort, but 
because there is not a system designed to help them climb out. The simplest solution—tax the 
rich and redistribute that wealth to the poor—is fiscally and politically unattainable at the scale 
that modern-day poverty demands. This literature review argues that two structural interventions 
are necessary: a Universal Basic Income (UBI) to create a stable financial floor, and expanded 
educational and economic opportunities to build lasting mobility. Together, these address poverty 
in both the long and short term. Synthesizing research across economics, public policy, and 
education, this paper finds that evidence from over 100 UBI pilot programs shows that 
unconditional cash transfers improve poverty reduction, overall economic activity, and 
educational outcomes. When paired with education investments, these UBI pilot programs have 
shown promise in producing compounding gains in economic mobility that neither a UBI nor 
expanded educational opportunities bring individually. Together, these policies represent a 
reallocation of existing welfare spending toward a more efficient framework.  
 
Introduction 
 Currently, welfare programs trap low-income Americans in needing governmental aid 
instead of serving as a base for escaping poverty. The United States currently spends between 
12% and 31% of its GDP on social welfare programs depending on the state, but poverty persists 
because, when income rises above a point, benefits disappear: discouraging work towards 
financial freedom (OECD, 2020). The operational expenses of welfare programs are also 
unnecessary. The resources put towards managing dozens of welfare programs could instead go 
directly to those in need. The current state of welfare programs is simply inefficient: they solely 
manage poverty instead of eliminating it. 
 
Part 1: A Universal Basic Income (UBI) 
 A UBI provides the stable, unconditional income floor that the current welfare system 
cannot, providing a resolution to the income-cliff while still supporting low-income individuals. 
Without a sudden cutoff, individuals can focus their time on building more wealth instead of 
determining how to maximize what is given to them. Research synthesizing over 100 UBI pilot 
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programs in the United States found that unconditional cash transfers produced significant 
improvements in poverty reduction, economic activity, and educational outcomes (Rizvi et al., 
2022). A UBI structured around a phased reduction system would resolve this cliff directly. A 
framework that would work best would grant adults below 200% of the federal poverty line a 
$500 monthly payment, which would gradually taper to $0 a month at 300% of the federal 
poverty line through a progressive reduction system. At full coverage, this amounts to 
approximately $312 billion annually, which is well within the existing $1.2 trillion the federal 
government already spends on welfare programs (EPIC for America, 2024; Just Facts, 2024). 
Rather than expanding government spending, this solution consolidates funding from a variety of 
fragmented welfare programs in order to provide individuals with a single transfer that preserves 
work incentives at every income level. A UBI can be funded by redirecting the existing budgets 
for welfare programs while simultaneously increasing taxes progressively on high-income 
earners: minimizing government spending while maximizing aid for those who need it. The 
program is simple: every qualifying adult receives a fixed monthly payment. This approach 
would eliminate paperwork, reduce allocations for fraud prevention, and encourage recipients to 
pursue work and other opportunities without the fear of losing benefits.  

The program’s proposed consolidation under this UBI framework includes the cash and 
income support programs that currently have income support cliffs: TANF, SNAP, and EITC. In 
total, these programs account for the majority of the $1.29 trillion spent annually on federal 
welfare programs (USGovernmentSpending.com, 2024). Medicaid, which accounted for $909 
billion in spending during the 2024 fiscal year, will still exist as a standalone program since 5 
healthcare needs cannot be replaced by a cash transfer system (CMS, 2024). The remaining 
programs (SNAP, EITC, and TANF) account for around $284 billion in direct benefits annually. 
These programs also spend an additional $14-28 billion in administrative overhead costs which 
cover eligibility verification, fraud prevention, and coordination across federal departments 
(Heritage Foundation, n.d.; CBPP, 2012). Consolidating these programs into a single UBI 
payment would nearly eliminate those overhead costs entirely, bringing the total redirected 
funding to between $298-$312 billion annually, which matches the projected cost of a proposed 
$312 billion UBI program without expanding the federal budget. 

 
Part 2: Early Education Intervention 
 The education gap is one of the largest drivers of generational poverty in America. 
Children in low-income communities enter school behind, and without intervention, rarely catch 
up, ultimately locking them into poverty before they even reach adulthood. Two studies have 
clearly shown evidence for why early intervention matters. The Perry Preschool Project followed 
low-income children from ages three and four into adulthood and found that participants who 
had a high-quality preschool education were significantly less likely to be arrested for violent, 
property, or drug crimes compared to the control group of individuals who had no formal 
preschool education. The group that received a high quality pre school education was also more 
likely to have steady employment and higher average earnings compared to the control group by 
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the age of 40 (Schweinhart et al., 2004). Similarly, the Abecedarian Project, which provided 
individuals with high quality education from infancy through the age of five, found that, while 
only 20% of the control group were enrolled in a four year college by age 21, 42% children who 
received an early education were enrolled in a four year college by age 21, (more than double the 
control group) and was also significantly less likely to become teen parents (Campbell et al., 
2002). Both programs also proved to be fiscally sound; the Abecedarian Project returned $2.50 in 
taxpayer savings for every dollar spent, while the Perry Project returned over $17 per dollar 
invested through reduced criminal justice costs and higher tax revenues (García et al., 2016; 
Karoly et al., 1998). Beyond early childhood, schools in low-income areas rarely provide 
financial literacy instruction, which leaves many graduating students without the skills needed to 
save, invest, or build a financially stable life (Congressional Research Service, 2021).  

Opportunity expansion through early education access and financial literacy programs 
provide a path out of long-term poverty that a UBI alone cannot. Government investment in 
quality pre-K programs for low-income children and mandatory financial literacy curricula in all 
school districts, especially underserved districts, would equip individuals with the skills to 7 
remain out of poverty. Evidence from a 12-year UBI study in Kenya found that the unconditional 
payments helped recipients build skills in savings, investment, and entrepreneurship, but the 
gains were greatest for those who already had financial literacy knowledge, demonstrating that 
cash transfers and financial education work best together (Chicago Council on Global Affairs, 
2024). Schools that integrate financial literacy programs have consistently produced better 
long-term financial behaviors in their students such as higher saving rates, better credit 
management, and greater wealth accumulation over time (Frontiers in Education, 2024). 
Together, early intervention and financial literacy education address the skill gap that prevents 
individuals from economic mobility and lasting financial independence. 

 
Addressing Common Concerns of a Universal Basic Income 
 Critics warn that a UBI discourages work, but a University of Chicago study on Alaska's 
Permanent Fund, a proof of concept for the UBI, did not find a significant drop in full-time 
employment but found the opposite. Part-time work rose by 17%, created through the increased 
consumer demand and cash flow (University of Chicago News, 2018). A second concern is 
inflation. Putting cash directly into low-income, critics argue, drives prices up and reduces 
purchasing power. Evidence, however, does not support this. Across randomized controlled trials 
in multiple countries, cash transfer programs produced minimal average effects on prices for 
most goods. Furthermore, Alaska’s Permanent Fund has consistently seen lower inflation than 
the rest of the United States since the program began in 1982 (Miller, 2021; Jones, 2020). 
 
Conclusion 
 In this paper, the proposed UBI is funded through the consolidation of existing spending, 
meaning it does not expand aggregate demand beyond what the welfare system already 
generates, and therefore, does not contribute to a reduction in purchasing power or an increase in 
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inflation. The question is not whether America can afford to act against poverty, it already spends 
enough on welfare programs. The question is whether America is willing to spend that money 
ending it.  
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On The Interactions Between Dark Matter and Baryonic Matter and Mechanisms  
By Cade Stern  

 
Abstract 

In this paper, the evidence for dark matter will be explained, such as the Cosmic 
Microwave Background. Next, the Standard Model of Particle Physics will be elucidated in 
order to understand the dark matter particle candidates and the interactions they have between 
different types of matter. The discovery of these phenomena by the author have been acquired 
through theoretical, and literature review methods. The future of science consists of many 
outlets, but dark matter subjectively includes a massive portal to discovery and the for the 
scientific advancement of knowledge.  

 
1. Introduction  

In the beginning of the twentieth century, Albert Einstein formulated his theory of 
General Relativity which describes the way the fabric of spacetime curves. This piqued 
scientists' interest, so they started investigating galaxy rotation curves, and other phenomena 
that will eventually become proof for dark matter. Dark matter and particle physics stand at 
the frontiers of modern physics and astronomy and provide insight into how the universe 
changes and works. Thus, the question at hand is "How does dark matter affect baryonic 
matter and what does that suggest about the quantum properties of dark matter?"  

 
2. Observational Evidence for Dark Matter  

A galaxy rotation curve is a plot of the orbital velocity versus the distance from the 
galactic center ("Galaxy Rotation Curve"). To acknowledge this phenomenon, statistics will help 
to find the formula of the best fit. Using Newtonian Physics, we can approximate the expected 
orbital velocity vs. distance from center, and it will be derived as follows: 
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Figure 1. Expected galaxy rotation curve that follows Kepler’s 3rd law shown in blue. Observed 
galaxy rotation curves of objects inside a galaxy shown in green. Note that the green line does 
not follow Newtonian physics, pointing to more mass causing orbital velocities to be higher than 
expected at distant radii from the galactic center. Image from (Newby). (Figure 1)  

Note: stands for the object that is orbiting and stands for the mass in the center 
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The formula that we just identified is what the falloff is expected to be of an object 
revolving around the center of a system (shown in blue on Figure 1). Now, what we observed as 
seen in Figure 1 (green curve) is the orbital velocities of objects at the edge of galaxies travel 
much faster than expected from Newtonian physics, and the only variable that can change to 
involve the corrective factor is mass. However, if you add the corrective "mass" of what 
seemingly is there, the expected value of the orbital velocity graph still does not fit the observed 
orbital velocity graph all the way, and therefore means we are missing some sort of mass that we 
cannot see, hence dark matter ("Galaxy Rotation Curve").  

 
2.1 Gravitational Lensing  

Gravitational lensing is the process of light being warped due to the warping of space 
time, and a device that scientists use to prove that dark matter exists (Newby). In General 
Relativity, geodesics is the study of how phenomena behave in the presence of warped 
spacetime. A supermassive object functions as an optical lens which distorts the path of 
approaching light rays from distant objects. The amount of bending we observe can not be 
explained by visible matter alone, thus implying that there must be additional invisible mass, 
which is known as dark matter, contributing to the gravitational field that causes the enhanced 
bending of light (Newby).  

There are two types of gravitational lensing, strong and weak. Strong gravitational 
lensing is strong enough to produce multiple images, arcs, and Einstein Rings (Newby). 
Einstein Rings are images of distorted celestial bodies due to the bending of light (Newby). 
While weak lensing produces very minor effects, but statistically significant effects in the 
warping of background galaxies (Newby). Weak lensing is used primarily to investigate 
low-density areas of spacetime, while strong lensing is used primarily to look in high-density 
areas (Newby).  
 
2.2 The Bullet Cluster  

Thus far, we have been talking about the phenomena that have led researchers to 
agree that dark matter exists, but we have not actually demonstrated an example; this is where 
the Bullet Cluster comes in.  

The Bullet Cluster is a hallmark example for the presence of dark matter, and most 
especially indicating its nature as not self-interacting. In addition, it is two galaxy clusters that 
collided together, which is a deviation from the usual singular galaxy cluster seen. In the Figure 
2 below, the creators have highlighted the differences between baryonic matter and dark matter, 
which is shown in pink and blue, respectively ("Bullet Cluster"). To understand the distribution 
of mass within the cluster, it is important to note that our universe consists of dark matter 

25 



 
 
 
and baryonic matter, so it is safe to say that most of the matter is concentrated within the 
blue part, or dark matter part of the Bullet Cluster ("Bullet Cluster").  

As the two clusters collide, the dark matter goes through each other, while the baryonic 
matter collects in the middle at the collision point, which gravitational lensing provided 
evidence for. Gravitational lensing was witnessed at the edge of the Bullet Cluster, where dark 
matter was concentrated ("Bullet Cluster"). 

 

 
The Bullet Cluster is shown above where the baryonic matter, in pinkish red, is 

condensed in the middle and cannot go through each other. However, the purplish-blue area, the 
dark matter, has gone through one another and is able to be seen on each far side of the figure. 
Image from (“The Bullet Cluster). (Figure 2)  

 
2.3 The Cosmic Microwave Background  

The Cosmic Microwave Background is relic radiation from the birth of the universe and 
holds information about the first 380,000 years, allowing us to derive fundamental properties of 
the universe such as its makeup, its rate of expansion, its age, and its geometry (Bozorgnia). 
Photon decoupling occurs when the photon is emitted from an electron, so the electron can find 
a partner with a proton to reach a lower potential energy, and create hydrogen atoms 
(Bozorgnia). 
Let's start off with the definition of recombination, which is the phenomenon of high energy 
electrons and protons to bind into neutral hydrogen atoms. As one might know, temperature is 
just radiation, and the higher the wavelength, the less energy it has and the cooler it is. Usually, 
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wavelength is conserved, but as spacetime expands, so does wavelength. This implies that the 
older a photon wave is, the more time it has to decrease energy, which lowers its temperature, 
which causes its wave form to stretch. Hence, causing its wavelength to become longer stretch, 
the longer the wavelength, and therefore a lower temperature. This leads to us observing that 
areas in the Cosmic Microwave Background that appear cold are full of stars and celestial 
objects, because gravity has more time to work with, while parts that are hot are empty 
(Bozorgnia).  

Anisotropies are on the scale of 1e-4, so they are very minimal and occur at the 
microkelvin level. The microkelvin level of temperature is correlated to density perturbations. 
The places where dark-matter wells did exist are cold spots. The tiny quantum fluctuations 
were changed by inflation into dark-matter wells. The amount of dark-matter wells are 
positively correlated with temperature (Bozorgnia).  

In cosmology, there are a myriad of spectra to look at, and the Cosmic Microwave 
Background does offer some to work with. Here, we will look at the temperature-power 
spectrum's role in providing evidence for dark matter.  

 
The Temperature Power spectrum shows the temperature fluctuations as a function of 

angles across the sky. The red bars seen are the errors in visual measurement by human-made 
instruments. Image from ("Planck Power Spectrum"). (Figure 3)  

In the sky, we split it up into sections called degrees, which allow us to analyze 
sections of the sky (Howell). The CMB is broken up into these degrees to quantify 
temperature variation (Howell). Let’s introduce the temperature-power spectrum which has 
degrees on the x-axis and temperature on the y-axis, and is shown in Figure 3 above. We can 
interpret this by stating that for every "chosen value on the x-axis" degrees, we should expect 
to find a "corresponding value on the y-axis" variation in temperature (Howell). The variation 
is a deviation of the Cosmic Microwave Background’s average temperature. The multipole 
moment is defined as 180° divided by the number of degrees of the patch of sky. For 
reference, half a degree is the size of the moon's width.  
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Every odd numbered peak is a compression and even peaks are a rarefaction or an 
expansion (Howell). The plasma is forced to be sucked into the potential well, however, the 
plasma doesn’t want to, which creates pressure differences and causes compression. In addition, 
as the fraction of dark matter increases, we see a net shrinkage in the temperature-power 
spectrum, implying that dark matter must exist (Howell). Each peak in the spectrum represents 
an event that occurred in the past of the universe.  

The first peak in Figure X represents the largest sound waves that first originated in the 
early universe indicating that the universe is flat (Howell). The second peak represents the 
expansion of plasma, and the ratio between the heights of the second and first peak can help 
find the proportion of baryonic matter in the universe. Finally, subsequent peaks are influenced 
by and represent the density of dark matter in the universe (Howell).  

 
The Cosmic Microwave Background shows ancient light that was emitted in the very 

early universe. The further back in time that light was emitted, the colder, or bluer, the region in 
space is, and vice versa. Image from (Stewart). (Figure 4)  
 
3. Standard Model of Particle Physics  

Recall that there are four fundamental forces in our universe: Gravity, 
Electromagnetism, Strong Force and Weak Force. Each force has a corresponding quantum 
particle, described as a force carrier.  

First, we have gravity, which is the force that results from the curvature of space 
and time; it is often associated with a hypothetical particle called the graviton. Next is 
electromagnetism, which governs interactions between electric charges and 
electromagnetic radiation, such as gamma rays and X-rays (Tong). The particle that 
mediates the electromagnetic force is the photon. Third, we have the strong force, whose 
role is to hold particles together within atomic nuclei. This force is mediated by particles 
called gluons (Tong). Finally, there is the weak force, which is responsible for processes 
such as radioactive decay. The weak force is mediated by three particles: the W⁺, W⁻, and Z 
bosons.  
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The Standard Model of Particle Physics shows a framework of elementary particles that 
describe 3 of the 4 fundamental forces and particle interactions. There are two different subtypes 
of particles: bosons and fermions. We classify them by spin, a fundamental property of the 
quantum nature of elementary particles that carries information about the angular momentum of 
the particle (Tong).  
 
3.1 Fermions  

The first group of fermions we will look at are called leptons. There are six particles in 
this subsection of the Standard Model and they are as follows: electron, neutrino, tau, tau 

neutrino, muon, and muon neutrino (Tong). Every fermion (including leptons), has a spin of , 
where n is an integer. All of these particles interact via the weak force.  

The second group of fermions are quarks. Like leptons, we have six types, or “flavors”: 
up, down, top, bottom, strange and charm (Tong). It is important to note that each of these 
particles have color charge, and interact via the strong force, which is mediated by a boson 
called a gluon. Every quark is bound to a gluon and cannot be pulled apart.  
 
3.2 Bosons  

Bosons are defined by having integer spin. Like before, there are yet again six different 
types: photon, gluon, W+, W-, , and the Higgs Boson (Tong). These are split into two 
different subtypes called gauge and scalar bosons (Tong). The first five of the ones listed are 
gauge and the last one is a scalar. 
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The model above shows how particles are sorted in the Standard Model of Particle 
Physics. In the upper left, the quarks are seen, which make up hadrons, the lower left shows 
leptons, which are fundamental, and the gauge bosons which mediate forces (Tong). Image from 
(Wenz) (Figure 5).  

Bosons are particles characterized by having integer spin. The Standard Model includes 
six bosons: the photon, gluon, W+, W-, , and the Higgs Boson (Tong). These particles are 
divided into two categories: gauge bosons and scalar bosons (Tong). The photon, gluon, W⁺, W⁻, 
and Z0 are gauge bosons, while the Higgs boson is a scalar boson.  
 
3.3 The Limitations of the Standard Model  
 
3.3.1 Gravity  

The Standard Model of Particle Physics doesn’t explain the quantum nature of account 
for the force of gravity. However, a particle has been proposed called the graviton. Although 
the General Theory of Relativity has successfully explained gravity as geometry of spacetime, 
the Standard Model is based on quantum theory. This is a mismatch thus a unifying theory 
between Relativity and quantum theory is paramount to resolve this problem. 
 
3.3.2 Dark Matter  

In addition, dark matter and dark energy haven’t been elucidated because a particle or 
field hasn't been found. Nonetheless, particle physicists have narrowed down particle candidates 
for dark matter which will be discussed later. Dark energy is responsible for the accelerating 
expansion of the universe, but nature, unlike dark matter, is unknown (Bozorgnia).  
 
3.3.3 Neutrino Oscillations  

Neutrinos, neutrally charged leptons, have been experimentally confirmed to have 
non-zero masses and mix. Nevertheless, the Standard Model assumes that neutrinos are 
massless, and mix. Thus, this creates a contradictory assumption. Neutrinos are electrically 
neutral leptons that have been experimentally shown to oscillate between different flavor states. 
Neutrino oscillations can only occur if neutrinos have non-zero masses and mix with one 
another. However, in its original formulation, the Standard Model assumes neutrinos are 
massless and does not account for this mixing. This discrepancy demonstrates that the Standard 
Model is incomplete and must be extended to incorporate neutrino masses (Tong).  
 
3.3.4 Hierarchy Problem  

The hierarchy problem, an issue that involves the discrepancy between the electroweak 
and gravitational scales. The electroweak symmetry breaks at scales where gravity dominates. 
Therefore, the two forces cannot work together; you must consider them as one or the other 
(Tong).  
3.3.5 CP Problem  
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The Standard Model of Particle Physics doesn’t account for instances when the 
particle’s counterpart and coordinates are switched, the Physics of that area in space stays 
constant (Tong).  
 
4. Particle Candidates for Dark Matter  
4.1 WIMPs  

Weakly Interacting Massive Particles (WIMPs) are named according to their defining 
properties. The term “weakly interacting” refers to particles that primarily interact through the 
weak force (Bozorgnia). The term “massive” refers to particles that possess significant rest mass. 
To clarify this, it is necessary to distinguish between mass and rest mass.  

The WIMP particle has been a promising candidate for dark matter due to the 
phenomenon known as the WIMP Miracle. In the early universe, when temperatures were high, 
particles such as WIMPs would have been in thermal equilibrium with the primordial plasma, 
allowing WIMPs to be continuously created and annihilated (Bozorgnia). As the universe 
expanded, it cooled down, leading to WIMP self-annihilations becoming less frequent until 
WIMPs could no longer annihilate/collide as efficiently. At this point, the expansion rate of the 
universe exceeded the rate that WIMPs were getting annihilated, causing there to be a fixed 
abundance of WIMPs, also called a thermal freeze-out (Bozorgnia). Assuming WIMPs interact 
through the weak force and have masses near the electroweak scale (roughly 10–1000 GeV), the 
relic abundance of WIMPs calculated from this freeze out process matches the observed 
abundance of dark matter in the universe, which is about 26% of its energy density (Bozorgnia). 
Therefore, the WIMP miracle, a fact that weak-interaction strength and electroweak-scale mass 
can produce the observed abundance of dark matter in the universe, provides a promising 
candidate for characterizing dark matter as a particle, and motivated the reason for a large search 
for WIMP detection (Bozorgnia).  

However, direct-detection experiments over the last several decades have not been able 
to detect WIMPs. While WIMPs remain theoretically possible, they’re no longer considered the 
leading dark matter candidate, causing researchers to explore alternative models (Bozorgnia). 
Direct detection experiments, like collider searches such as those at the Large Hadron Collider, 
and indirect detection efforts looking for annihilation signatures have failed to produce 
convincing evidence for WIMPs (Bozorgnia).  
 
4.2 Massive Compact Halo Objects  

MACHO stands for Massive Compact Halo Object, which is a ring-like object 
surrounding the outskirts of galaxies ("MACHOs"). Scientists hypothesized that this non-visible 
ring was made of baryonic objects that don't emit light, which includes a family of black holes 
and faint or non-luminous stars like red dwarfs ("MACHOs"). MACHOs were observed at the 
edge of galaxies; however, the amount of MACHOs observed did not mathematically line up 
with the amount of matter needed to account for the ring-like behavior. This was concluded 
using gravitational lensing analysis by astronomers ("MACHOs").  
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4.3 Axions  

Section 4.1 of this report explores the definition of a WIMP. Axions are very similar to 
WIMPs, but the difference is that they aren't massive particles in a scientific sense. Usually, 
the lighter the object, the more stable it is, thus Axions are the longer lived cousin of the 
WIMP.  

Take for example, the Peccei-Quinn mechanism. We shall introduce charge-parity 
symmetry which says that if a particle changes to its anti-counterpart and flip spatial 
coordinates, then the Laws of Physics should stay the same ("Peccei-Quinn Theory"). However, 
scientists expected the strong force to break this rule, but in fact it doesn’t. Peccei and Quinn 
hypothesized that there must be something stopping it from breaking the symmetry.  

There is a parameter called theta (θ), which describes how often the universe violates the 
symmetry. Since it doesn’t violate the symmetry, theta is astronomically close to zero 
("Peccei-Quinn Theory"). This symmetry that Peccei and Quinn found gives rise to the axion. 
Let us now compare WIMPs and Axions to see the key differences. Axions are lighter and 
interact more weakly than WIMPs. Charge-parity symmetry states that if a particle changes to its 
anti-counterpart (charge) and the spatial coordinates are swapped (parity), the charge-parity 
relationship should be constant ("Peccei-Quinn Theory"). That is, if a system that interacts via 
the strong force is swapped with the particles’ counterparts and the spatial coordinates are 
flipped, the charge-parity relationship should stay the same. However, physicists theorized that 
the strong force should break CP-symmetry, when in reality it doesn’t ("Peccei-Quinn Theory"). 
Furthermore, Roberto Peccei and Helen Quinn theorized that something must be stopping the 
violation of the symmetry ("Peccei-Quinn Theory"). A parameter, named θ, describes how often 
the universe violates CP-symmetry. As the strong force doesn’t violate CP-symmetry often, θ is 
infinitesimally close to 0. To account for this physical difference, Peccei and Quinn introduced 
the Axion which has a θ of 0. The probability of the CP violation is extremely low, if an axion 
particle exists, a greater abundance of axion particles could account for all the dark matter 
observed in the universe, therefore making a particle likely a dark matter candidate 
("Peccei-Quinn Theory").  
 
4.4 Sterile Neutrinos  

A neutrino particle is said to be sterile if it doesn’t interact via the weak force ("Sterile 
Neutrinos"). To describe the properties of a hypothetical sterile neutrino particle, let us now 
introduce the notion of chirality. From a physical standpoint, chirality is a measure of whether 
or not it interacts with the weak force; specifically, the particles are called “left-handed” if 
they interact with the weak force and “right-handed” if they don’t ("Sterile Neutrinos"). In the 
Standard model of particle physics, only left-handed neutrinos are included, meaning they can 
interact via the weak force. Thus, since sterile neutrinos would not interact with the weak 
force, they would be right-handed ("Sterile Neutrinos").  

Particle physicists claim that sterile neutrinos may exist through a phenomenon called 
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the seesaw mechanism. The seesaw mechanism aims to solve the inconsistencies between the 
existence of left and right handedness for most leptons such as electrons, and the outlier, the 
neutrino, which only has a left-handed configuration ("Sterile Neutrinos"). In the Higgs 
mechanism, a particle typically needs both left- and right-handed components to acquire mass, 
but neutrinos in the Standard Model only have a left-handed configuration—even though 
experiments show they do have mass ("Sterile Neutrinos"). Thus, physicists introduced the 
right-handed sterile neutrino in order to resolve the observed neutrino inconsistency.  
 
5. Discussion  

HAYSTAC, standing for Haloscope at Yale Sensitive to Cold Dark Matter, attempts to 
detect the hypothetical particle called the axion ("HAYSTAC"). The idea that physicists exploit 
is that axions can be converted into photons inside a strong magnetic field, which is predicted by 
the Peccei-Quinn mechanism. A haloscope is a structure in which dark matter is converted into 
detectable microwaves, a part of the electromagnetic spectrum ("HAYSTAC"). The structure of 
the haloscope contains a superconducting magnet; a microwave resonant cavity; an axion gets 
converted into a microwave photon; the cavity amplifies the photons at resonant frequency; and 
ultra sensitive quantum amplifiers measure the signal ("HAYSTAC"). Scientists do not know 
much about the particle, so they reduce the temperature to reduce thermal noise. As the mass, 
and frequency of the axion is unknown, physicists have constructed separate apparatuses to 
detect the axion such as ADMX, ADMX-HF, MADMAX, and ORGAN ("HAYSTAC").  
 
6. Conclusion  

In conclusion, we have discovered the fundamental aspects of what the Standard Model 
is and how it applies to mechanisms that govern the interactions between baryonic and 
non-baryonic matter; the methodological specifics of evidence for dark matter, such as 
gravitational lensing, galaxy rotation curves, the history of our universe, and physical examples 
like the Bullet Cluster. The limitations to the aforementioned was finding them in the first place 
due to technological limitations, but that does not mean someone will develop better methods 
later.  
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First-Episode Psychosis and Neural Alterations: A Review of Affected Brain Regions 
 By Aria Gunduz 

 
Abstract 

First-Episode Psychosis and Neural Changes: A Review of the Brain Areas Affected. 
Schizophrenia is defined by morphological brain changes, with studies continuing to show grey 
matter loss, particularly in frontal and temporo-limbic areas, as well as gross brain pathology. 
The alterations have now been investigated for the first psychotic episodes, and even in high-risk 
individuals, to contribute to the identification of potential neurobiological predictors and to 
inform early intervention. How would psychosis change the human brain structure and function 
early on? More specifically, what regions of the brain differ in first-episode psychosis patients 
from non-psychotic patients? Experiments would generally employ methods like MRI and fMRI 
to make estimates of structural and functional connectivity and tell us how such areas are 
changed relative to healthy controls. A bibliography may also refer to longitudinal studies that 
examine change over time and emphasize the dynamic process of change in terms of treatment 
response and symptom emergence. One such argument is based on the fact that early psychosis 
has an overriding effect on brain anatomy, i.e., as progressive gray matter loss in the superior 
temporal gyrus and insular cortex in first-episode psychosis patients versus healthy controls. 
Early psychosis involves neurodevelopmental transitions that actively shape the severity and 
course of symptoms, rather than being passive outcomes of earlier markers. Although research o 
the neuroscience of psychosis is growing, patients and their families often remain unaware of the 
brain changes underlying their experiences. This review synthesizes current evidence on 
structural and functional brain alterations in first episode psychosis, emphasizing widespread 
disconnectivity, region-specific disruptions, and cerebellar involvement. It also highlights 
methodological advances in neuroimaging and the importance of longitudinal approaches. 
Together, these findings underscore the value of early intervention strategies informed by 
neuroimaging insights. The readers of this article will know the clinical and technical aspects of 
psychosis disorders.  
  
Keywords  
 First-Episode Psychosis, Schizophrenia, Neuroimaging, MRi, fMRI, Brain Structure, 
Brain Function, Gray Matter Loss, Cortical Dysconnectivity, Longitudinal Studies, 
Neurodevelopment, Early Intervention, Neurobiological Predictors, Psychotic Symptoms, 
Cerebellar Connectivity, neuroinflammation, Stress, Cognitive Dysmetria 
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Introduction 

The complex relationship between brain structure and psychotic disorders, particularly 
schizophrenia, is revealing new insights into the cause of early-onset mental illness. The ongoing 
research is challenging our current understanding of neurodevelopmental processes. 
Schizophrenia is marked by extensive brain morphologic alterations, especially in the frontal and 
temporo-limbic regions, which are typically defined by gray matter depletion and gross cerebral 
pathology. In recent years, focus has been on early-episode psychosis when neurobiological 
alterations can be identified early. Studies that have used the newer imaging technologies like 
MRI and fMRI have given us significant knowledge of the brain's structural and functional 
connectivity in psychosis. Longitudinal research is particularly valuable, as it tracks how brain 
changes develop over time and relates these changes to symptom onset and treatment response. 
Despite the growing body of literature, relatively little is known about which brain areas are 
recruited during the early stages of psychosis and how these changes might influence early 
intervention strategies. This review paper describes how psychosis affects human brain structure 
and function at onset. That is, it describes where, in the brain, first-episode patients have their 
brains altered compared with controls. Being aware of neurobiological accounts of first-episode 
psychosis is important for a variety of reasons. There has been a heavy emphasis in current 
research on identifying predictors at the neurobiological level that will underpin early 
intervention treatment, which can perhaps modify the course of the disorder. For instance, 
progressive grey matter loss in regions such as the superior temporal gyrus and insular cortex has 
been found to correlate with the severity of psychotic symptomatology. But few families and 
patients are aware of the neuroscience of psychosis, and therefore have no conceptual frame of 
reference for the changes that have occurred in the brain below. This review aims to fill that gap 
by summarizing the clinical and neuroimaging findings on brain changes in first-episode 
psychosis.  

 
Map of this Review Paper  
This article argues that early psychosis has highly significant implications for brain 

anatomy, with additional reductions in gray matter observed in areas such as the superior 
temporal gyrus and insular cortex in first-episode psychosis patients (typically emerging in late 
adolescence to early adulthood, around ages 18-25) compared to healthy controls. These are 
dynamic pathological processes that build on pre-existing neurodevelopmental markers and 
influence early symptom development and severity in psychosis. The article also highlights the 
utmost significance of neuroimaging-guided interventions in these areas to maximize disease 
progression and functional outcome. The article is divided into some key sections. The first 
section will give an overview of the literature available on psychosis brain modification, 
including some of the latest results of neuroimaging studies. The second will detail research 
methodologies, i.e., MRI and fMRI methods, to quantify structural and functional connectivity. 
The third will perform a meta-analysis of longitudinal designs following over time change in the 
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brain, examining the dynamic nature of change in the brain and relating it to the emergence of 
the symptoms. The final section will address, finally, how the possible implications of these 
findings can lead to early intervention and future research. The study adopts a literature review 
approach, combining findings of more recent research with the application of neuroimaging 
techniques to investigate brain change in first-episode psychosis. Secondary data from prior 
research will be used within the review emphasizing the structural and functional changes found 
between normal controls and patients with first-episode psychosis. 
 
Structural and Functional Brain Alterations in Early Psychosis: A Neuroimaging Review 

 
Introduction 
This subsection demonstrates that early psychosis involves both diffuse and 

region-specific structural and functional changes in cortical, subcortical, and cerebellar areas, 
including altered network connectivity and gray matter loss, which differ from patterns seen in 
chronic disorders.The first psychotic episode is a critical period for studying neurobiological 
changes. Up to now, FEP/EP research has had the singular benefit, as compared with chronic 
disease research, of being able to examine changes in the brain with fewer confounds such as 
length of illness or residual drug effects1. Neuroimaging, based on resting-state functional 
magnetic resonance imaging (rs-fMRI), has led the way in the description of the complex 
patterns of dysconnectivity and brain disorganization that characterize early psychotic illness. All 
of these taken together indicate an implication towards a concept of increased interaction 
between implicated areas of the brain, from the focal framework of brain injury and towards a 
networked explanation of network-level failure. 

 
Widespread Dysconnectivity in Early Psychosis 
Resting-state fMRI studies in first-episode psychosis consistently reveal widespread 

abnormal functional network connectivity (FNC) across brain systems, indicating disrupted 
functional integration. Jensen and colleagues (2024)1 describes that psychosis is marked by 
processing deficits through dysconnectivity or disruption in the coordination of brain activity. 
Their whole-brain analysis identified differences in functional network connectivity between 
psychosis patients and controls across cortical, subcortical, and cerebellar regions. 2 
meta-analyzed 35 resting-state fMRI (rs-fMRI) studies and presented evidence to demonstrate 
that fronto-striatal circuit impairment was common to first-episode psychosis (FEP) and 
identified abnormally spontaneous brain activity within the bilateral striatum, superior and 
middle frontal gyri, right precentral gyrus, and right inferior frontal gyrus. These areas showed 
irregular low frequency signal fluctuations (fALFF), a marker of altered neural activity. Diffuse 
functional dysconnectivity observations are also supplemented by some structural changes, 
primarily through gray matter loss, in the primary regions of the brain at psychosis onset. 
Beyond these widespread disruptions, certain cortical and subcortical regions exhibit distinctive 
connectivity patterns that may be particularly important for early psychotic s 
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Specific Cortical and Subcortical Alterations. 
In addition to widespread dysconnectivity, specific cortical and subcortical regions such 

as the inferior frontal gyrus, superior medial frontal gyrus, and hippocampus show distinct 
patterns of abnormal connectivity in the prodromal stage of psychosis. Jensen and colleagues 
(2024)1 identified hyperconnectivity, with high positive correlation in psychosis, between the 
superomedial frontal gyrus (cognitive control area) and the medial caudate (subcortical). 
Hyperconnectivity was identified between the subthalamus/hypothalamus and the superior 
temporal gyrus. The subcortical structure hippocampus, was found abnormally connected with 
several other intrinsic connectivity networks (ICNs) in subcortical, auditory, sensorimotor, 
visual, and cerebellar regions in 1.Mwansisya and colleagues (2017)3 also reported resting-state 
fMRI (rs-fMRI) pattern abnormality in the temporal lobe, left superior temporal gyrus (STG), 
consistent with Yoon and colleagues. (2015)4, who reported fronto-temporal abnormal functional 
connectivity in first-episode psychosis (FEP). Additionally, the posterior cingulate cortex (PCC) 
of large DMN networks was hyperconnected with the left inferior frontal gyrus (L. IFG), Broca's 
region, too, an area implicated in speech production as well as in speech comprehension (Jensen 
and colleagues, 2024; Amunts & Zilles, 2012; Friederici, 2002; Hagoort, 2014)1,5–7. The activity 
of these cortical and subcortical regions is closely linked to the cerebellum, contributing to 
broader disruptions across integrated brain networks.  

 
The Prominent Role of Cerebellar Dysconnectivity 
The cerebellum, which was previously the target of psychosis research exclusion, 

displays ubiquitous and high-level abnormal connectivity with cortical and subcortical regions in 
early psychosis, as cognitive dysmetria theory would predict. Jensen and colleagues (2024)1 are 
indeed citing a simple pattern of decreased cerebellar connectivity in psychosis, and all the 
studies were conducted on cortical and subcortical regions, but not cerebellar. The findings are in 
favor of cerebrocerebellar circuit dysconnectivity, to support Andreasen and colleagues's (1998) 
schizophrenia cognitive dysmetria hypothesis, and suggest cortical-subcortical-cerebellar 
circuitry malfunction. Jensen and colleagues (2024)1, during the research, had already shown 
cerebellum ICNs 51–53 hypoconnectivity to subcortical elements such as the caudate (ICN 1), 
thalamus (ICN 5), and subthalamic structures (ICN 2). They further revealed hypoconnectivity 
between cerebellum and hippocampus (ICNs 37 & 42) and general dysconnectivity, 22 abnormal 
network connections (FNCs), between subcortical, sensory-motor, auditory, visual, and cognitive 
control regions and cerebellum, and between cerebellum itself. These functional and structural 
abnormalities in first-episode psychosis are dynamic processes rather then fixed endpoints, 
evolving with the course of the illness. Understanding these dynamic brain changes highlights 
the importance of considering early psychosis as an active pathological process influenced by 
environmental and biological factors.  
 

Psychosis as an Active Pathological Process. 
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Neurocognitive and brain changes in early psychosis reflect ongoing pathological 
processes rather than pre-existing neurodevelopmental symptoms, and they are influenced by 
factors such as stress and inflammation. Johannessen and Joa (2021)8 argue that psychosis, and 
mental illnesses more broadly, develop over time as a result of chronic stress. This article also 
makes mention of the interdependence of the stress and immune systems and the proposal that 
chronically high stress is causing more persistent adaptations in the brain’s synaptic systems and 
thus underlies active disease. The concept of ‘duration of untreated psychosis’ (DUP), as 
discussed by Johannessen and Joa (2021)8, supports the idea that early intervention can alter the 
course of the illness. Rantala and colleagues (2022)9 propose the “parasite x genotype x stress 
interaction model,” suggesting that chronic stress, low-grade systemic inflammation, and gut 
dysbiosis contribute to schizophrenia risk, with neuroinflammation, and gut dysbiosis contribute 
to schizophrenia risk, with neuroinflammation acting as a mediating process. Such a model 
would propose an active pathological process elicited by the environment. In order to be in a 
position to conceptualize such chronic pathological processes, there arises a need for a closer 
investigation of the approaches taken in neuroimaging research in an effort to be in a position to 
register and measure such subtle changes in the brain consistently. These findings emphasize that 
early psychosis is an active, dynamic process shaped by environmental and biological factors, 
reinforcing the need for timely and targeted interventions. 
 

Conclusion 
This subsection provides evidence in support of the idea that early psychosis involves 

widespread and acute brain changes, both structural and functional. Dysfunctional network 
connectivity is also seen among cortical, subcortical, and cerebellar areas with normal patterns of 
hyperconnectivity and hypoconnectivity affecting cognitive, auditory, and motor areas essential 
to function. The relative excess of cerebellar dysconnectivity following cognitive dysmetria 
theory highlights the comorbidity of these dysfunctions. They are not hard-wired weaknesses but 
dynamic pathological mechanisms that are influenced by environmental stress and inflammation. 
Further research is necessary to fully map out the time course of such changes and their direct 
causality in symptom onset, with differentiation between primary changes associated with the 
illness and secondary changes associated with its course or treatment. 
 
 Methodological Approaches in Neuroimaging Studies of First-Episode Psychosis 

 
Introduction 
This subsection provides an overview of neuroimaging methods used in first-episode 

psychosis studies, highlighting the strengths and limitations of MRI and fMRI for capturing 
dynamic changes in brain structure and function. The neuroimaging approaches have 
transformed our understanding of the neurobiology of psychosis, especially during its early 
stage. Functional Magnetic Resonance Imaging (fMRI) and structural MRI are the primary tools 
for detecting changes in brain structure and function. Both of these methods allow imaging of 
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structural change within the brain and network pattern of changes in connectivity, and offer data 
regarding first-episode psychosis pathophysiology. Each of the methods has unique strengths and 
limitations which have to be considered when interpreting outcome and in comparative utility for 
clinical use.  

 
Structural Imaging with MRI  
MRI is a valuable tool for studying structural changes in the brains of first-episode 

psychosis patients, such as gray matter loss and regional volume changes. Research has 
established that MRI can detect widespread reductions in gray matter in regions such as superior 
temporal gyrus and insular cortex that are associated with the severity of psychotic symptoms 
(Johannessen & Joa, 2021)8. Rantala and colleagues (2022)9 also add that the structural MRI 
findings provide vital information regarding the neurodevelopmental nature of schizophrenia and 
add that early detection is critical. Longitudinal MRI studies have shown that during first-episode 
psychosis, there is ongoing loss of gray matter, proving that the abnormalities are dynamic but 
not fixed and severity-dependent (Jensen and colleagues, 2024)1. Its ability to capture 
high-resolution images of brain structures makes MRI essential for identifying the 
neuroanatomical substrates of psychosis.  
 

Functional Imaging with fMRI 
While MRI reveals structural changes, fMRI provides dynamic information about brain 

function and connectivity during the onset of psychosis. Researchers can use fMRI to study the 
real-time functional connectivity of the brain, that is, how different areas communicate with one 
another during cognitive tasks and resting in first-episode psychosis patients. Jensen and 
colleagues (2024)1 employed resting-state fMRI in the detection of abnormally changing 
functional network connectivity in patients with first-episode psychosis, highlighting the 
application of this imaging to reveal the dynamic nature of brain alterations. Application of fMRI 
also differentiated typical patterns of fronto-striatal and cerebellar circuit dysconnectivity with a 
key role in cognitive and affective processing (Cattarinussi and colleagues, 2023)2. Head motion 
and subject variability can contaminate fMRI interpretive waters, though, and rigorous 
methodological considerations must be applied (Jensen and colleagues, 2024)1. Despite the 
strengths of MRI and fMRI, methodological challenges remain that must be addressed to 
improve reliability and interpretability in first-episode psychosis studies.  
 
 Challenges and Future Directions in Neuroimaging Research 

Combining fMRI and MRI data provides the most detailed characterization of 
first-episode neurobiological mechanisms for psychosis but also the greatest future research 
practice challenges. Research on first-episode psychosis still faces barriers such as small sample 
sizes, heterogeneous populations, and inconsistent protocols, despite advances in neuroimaging 
technology. Rantala and colleagues (2022)9 cite the utility of large, well-phenotyped cohorts in 
augmenting the reliability and generalizability of neuroimaging measures within psychosis 
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studies. Differences in study design can produce variable results, highlighting the need for 
harmonized imaging protocols and standardized analysis pipelines (Jensen and colleagues, 
2024)1. There needs to be longitudinal design change over time studies so that if and when 
changes in the brain take place and what happens to them in relation to the onset of symptoms 
can be determined (Johannessen & Joa, 2021)8. Rantala and colleagues (2022)9 suggest that 
integrating neuroimaging data with genetic and environmental information may provide a more 
comprehensive picture of the determinants of first-episode psychosis. Such a multimodal 
approach could help identify how biological vulnerabilities and external stressors interact to 
influence symptom onset and progression. Overcoming these challenges will enhance knowledge 
of the neurobiological substrates of first-episode psychosis and subsequent advancement in early 
intervention trials. Addressing these methodological challenges will improve our understanding 
of first-episode psychosis and guide the development of more precise early intervention 
strategies.  

 
Conclusion  
The methodological approaches applied for neuroimaging research in first-episode 

psychosis have already been mentioned, MRI and fMRI having an advantage when it comes to 
describing structural and functional brain pathology. Although MRI, just as it has significantly 
aided gray matter pathology research, is enabled by fMRI through connectivity maps revealed 
dynamically, sample size concerns, methodological comparisons, and protocol standardization 
remain. Longitudinal and multimodal designs should form the basis of future work to provide a 
stronger foundation to describe neurobiological processes in first-episode psychosis and to guide 
early intervention. 
  
Longitudinal Perspectives: Tracking Dynamic Brain Changes and Symptom Development 
in Psychosis 
 

Introduction 
This section consolidates  evidence from longitudinal studies for first-episode psychosis, 

emphasizing the dynamic nature of brain changes and their implications for symptom 
development. Longitudinal research occupies a pivotal position in the evidence for emergent 
brain changes in first-episode psychosis, with the focus being laid upon how changes emerge in 
accordance with the severity of the symptoms and response to treatment. Through longitudinal 
tracking of subjects, the periods of change most paramount and what determines these 
trajectories can be mapped out. This not only enhances our knowledge of psychosis neurobiology 
but also it directs the design of pathway-informed prevention programs that avert the impact of 
these changes on outcomes. 
 

The Importance of Longitudinal Studies in Psychosis Research 
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Longitudinal studies play a vital role in uncovering temporal dynamics of first-episode 
psychosis brain changes to allow researchers to observe how the structural and functional change 
correlates with symptom development. Johannessen and Joa (2021)8 emphasize the importance 
of understanding the trajectory of the changes in the brain to develop effective early intervention 
because the changes affect the course of the disorder clinically. To demonstrate the same, Jensen 
and colleagues (2024)1 also quote findings from longitudinal studies, which have managed to 
prove an increase in decrease of gray matter in regions like superior temporal gyrus and insular 
cortex in proportion with the severity level of psychotic symptoms. Additionally, research 
indicates that intervention during periods of change yields improved results, an indication that 
monitoring such changes over time is crucial (Rantala and colleagues, 2022)9. Longitudinal study 
designs also permit one to explore treatment response between-person heterogeneity, where one 
gets useful information about the predictors of recovery or relapse (Johannessen & Joa, 2021)8. 
The findings of longitudinal studies highlight the need for a consensual image of the interaction 
between brain change and symptom emergence, and can be utilized in guiding future research. 
 
 Correlating Brain Changes with Symptom Severity 

Longitudinal research has indicated very high correlations between brain change and 
symptom severity in first-episode psychosis patients, which is congruent with an interactive 
relationship between neurobiological change and clinical presentation. Jensen and colleagues 
(2024)1 have also documented progressive loss of gray matter in a few of these regions in terms 
of psychotic symptomatology and believe that such alterations, though non-random, form the 
nucleus of the clinical manifestation of the disease. Rantala and colleagues (2022)9 posit how 
neuroinflammation and stress may add to such alterations in the brain and further add to the 
complex clinical presentation and highlight the need for targeted interventions. Also, through 
research, it has been proven that patients who have more brain change extremes will have more 
extreme symptoms, which validates the rule that earlier diagnosis and intervention can reverse 
the course of the disorder (Johannessen & Joa, 2021)8. The dynamic nature of the changes also 
implies that it is possible to utilize neuroimaging as an effective method for monitoring response 
to treatment as well as individualizing interventions (Jensen and colleagues, 2024)1. There is a 
requirement to recognize the inter-relationship between symptom severity and changes in the 
brain as a precursor to successful treatment strategy but also question processes underpinning 
changes. These findings highlight the potential of using neuroimaging to identify critical periods 
for intervention and to tailor treatments according to individual patterns of brain change. 
 
 Implications for Early Intervention Strategies 

The outcome of longitudinal studies has severe consequences for first-episode psychosis 
early intervention strategy by proposing the importance and urgency of early and specific 
intervention to counteract the effect of brain changes on clinical response. 
Through Johannessen and Joa, (2021) 8 neurobiological predictors of risk to psychosis may offer 
directions for early intervention and potentially shape the clinical course of the disorder. In this 
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case, Jensen and colleagues (2024)1 opine that intervention at ages with brain-changing periods 
may be linked to better function outcomes and should be a target for interventions based on 
neuroimaging. Rantala and colleagues (2022)9 propose that underlying causes like chronic stress 
and neuroinflammation must be addressed in treatment planning as they can accelerate changes 
to the brain and symptoms. In addition, evidence from neuroimaging can be used to incorporate 
into practice in order to improve intervention specificity so that more targeted types of treatment 
can be provided (Johannessen & Joa, 2021)8. These results suggest the necessity of more detailed 
examination of the neurobiological underpinnings of first-episode psychosis and new treatments 
targeting both brain alteration and symptomatology. Together, these insights emphasize the 
importance of early, targeted interventions informed by neuroimaging and longitudinal 
monitoring.  
 

Conclusion  
We have presented herein data from longitudinal studies of dynamic alteration in 

first-episode psychosis patients to uncover relevant correlations between such alteration and 
symptom severity. Longitudinal research has been highlighted as monitoring temporal dynamics 
of brain change, and proposals put forward for intervention at points of change. Outcomes of 
such work have had profound implications for early intervention policy, and demands for urgent 
action on underlying drivers such as chronic stress and neuroinflammation. Subsequent research 
will have to advance in order to explore the relationship between brain changes and symptom 
development and to try to create novel intervention strategies able to maximize clinical outcome. 
 
Conclusion 

In summary, this article provides evidence that early psychosis is associated with 
substantial structural and functional brian changes, including gray matter loss in regions such as 
the superior temporal gyrus and insular cortex. These alterations reflect active pathological 
processes that influence the severity and initial course of psychotic symptoms. Key takeaways 
include the importance of widespread dysconnectivity across cortical, subcortical, and cerebellar 
regions, the dynamic nature of brain changes observable through the longitudinal studies, and 
potential utility of neuroimaging-guided early interventions.  

Despite these insights, several gaps remain. Currency studies are limited by small sample 
sizes, heterogeneous methodologies, and insufficient integration of genetic, environmental, and 
neuroimaging data. Additionally, while many studies identify correlations between brain changes 
and symptom severity, causality remains unclear. Future research should prioritize longitudinal, 
multimodal studies that combine imaging, genetic, and environmental information to better 
understand the mechanisms underlying first-episode psychosis. Investigating the role of chronic 
stress, neuroinflammation, and other environmental factors may further clarify how these 
processes contribute to disease onset and progression.  

Addressing these gaps will improve the precision of early interventions and potentially 
allow for individualized treatment strategies, ultimately enhancing functional outcomes. I would 
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 Bridging The Gap: Advances in Tissue Engineering and Brain Implants for Treating 
Paralysis By Dhanush Karjala  

 
 
Abstract 

Paralysis refers to the loss of voluntary motor function, which may be temporary or 
permanent. Brain implants, such as microelectrode arrays, aim to restore function by forming an 
artificial connection between the brain and prosthetic devices like robotic limbs. However, 
long-term use of such devices often triggers a foreign body response (FBR) that limits their 
durability. To overcome this, researchers have explored tissue engineering solutions using 
biomaterials in animal models of spinal cord injury (SCI). Over the past decade, these studies 
have provided insights into species selection, injury models, timing of interventions, treatment 
outcomes, and biomaterial design. Spinal cord damage remains a primary cause of paralysis, and 
even with promising interventions, inflammation and immune responses continue to pose 
challenges. Tissue engineering may offer a path forward by bridging damaged regions of the 
spinal cord and promoting tissue regeneration. One strategy involves using biocompatible 
scaffolds to support cell growth, eventually integrating with host tissue while gradually 
dissolving. Stem cells, capable of becoming various tissue types, are often integrated into these 
systems to enhance compatibility and repair. This review explores the evolving landscape of 
tissue-engineered devices for SCI and highlights future directions that may bring us closer to 
restoring motor function in paralyzed individuals. 
 
1. Introduction 

Spinal cord injury (SCI) can affect a person’s ability to move and function. SCI is a 
serious condition that affects the nervous system and drastically changes the lives of patients and 
their caregivers, creating significant social and financial challenges (Sweis and Biller) (1). Tissue 
engineering and tissue repair scaffolds supply cells with nutrients to grow, multiply, and form 
tissue. Over time, the scaffold dissolves, leaving behind new, healthy tissue. Stem cells are often 
integrated into prosthetic devices, models, or other tools that can develop into different types of 
tissue, such as muscle, bone, or blood. By using stem cells, scientists can create tissues that are 
not only biocompatible but can mimic physiologically relevant processes and tissue systems, 
reducing the chances of rejection by the CNS’s delicate immune system. To address this 
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problem, this review aims to highlight, compare, and contrast the tissue-engineered devices 
developed to address spinal cord injury while offering future directions that may push the field 
forward. The scaffolds supply cells with nutrients to grow, multiply, and form tissue. Tissue 
engineering can revolutionize the treatment of paralysis simply because it tries to treat the root 
cause: damaged nerves in the spinal cord. Traumatic SCI leads to long-term neurological 
damage, causing both physical disability and a substantial socio-economic burden on patients 
and caregivers. Advances in medical care have improved survival rates, but limited progress has 
been made in neurological recovery. Understanding the mechanisms of SCI has led to the 
development of animal models, which are essential for investigating treatment strategies. These 
models help researchers explore the biochemical processes that contribute to secondary injury 
and tissue repair following SCI (Alizadeh, Dyck, and Karimi-Abdolrezaee) (4). Tissue 
engineering applies the principle of combining living cells, materials, and biological signals to 
build or repair tissues. For injuries within the spinal cord, these are efforts to try to re-grow the 
nerve cells or repair the area of the spinal cord so the spinal cord can work again. It involves 
growing nerve cells in the laboratory using stem cells. Stem cells can become almost any cell in 
the body, including nerve cells. These lab-grown nerve cells can then be implanted into the 
injured area to replace the damaged ones. Brain implants are an exciting new technology that 
could help people with paralysis move again by connecting their brain signals to artificial limbs. 
These devices pick up the brain’s tiny electrical signals, interpret them, and send instructions to a 
computer, which then controls prosthetic limbs. The implant gathers these signals and transfers 
them to an external system. Brain-computer interfaces (BCIs) allow the brain’s messages to be 
turned into actions, giving paralyzed individuals the ability to move prosthetics on their own. 
 
1.1 Brain Implants  

Brain implants represent a promising technology with the potential to help individuals 
with paralysis regain movement by bridging the gap between brain signals and prosthetic 
devices. It detects the tiny electrical messages or signals of the brain, processes them, and sends 
signals to computers, enabling the manipulation of prosthetics. These signals are picked up by 
the implant and sent to a computer outside the body.  A key feature of this system, known as the 
brain-computer interface (BCI), is its ability to read and translate brain signals into commands 
for prosthetics, allowing paralyzed individuals to perform tasks independently. This technology 
holds immense potential for individuals with spinal cord injuries, strokes, or diseases like ALS 
by improving their quality of life and fostering independence. Recent research has even 
highlighted the potential for brain implants to assist in healing damaged nerves by promoting 
plasticity in neural connections (Saraswathy et al., 2024) (2). Neuralink, one of the leading 
players in this field, aims to bridge human and machine interaction through brain implants that 
address severe medical conditions such as paralysis. These implants can allow individuals to 
control robotic limbs, wheelchairs, or computers with their thoughts. Neuralink also explores 
enhancements to memory, communication, and sensory perception, ultimately envisioning a 
seamless brain-computer interface. Another competitor, Synchron, is developing a less invasive 
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approach by threading its implants through blood vessels instead of requiring open surgery. This 
method prioritizes safety and practicality, enabling individuals with motor neuron diseases to 
control devices or send messages using their thoughts. 
 
2.1. Animal studies 

 Zebrafish studies have provided insights into spinal cord regeneration that could inform 
these technologies. Unlike mammals, zebrafish can spontaneously recover from spinal cord 
injuries by regenerating neurons and restoring function within weeks. Research indicates that 
injury-responsive neurons, or neurons, play a crucial role in neuroplasticity and recovery, hinting 
at applications for neural repair in humans. These discoveries reinforce the potential for brain 
implants to aid in immediate functionality and long-term regenerative outcomes (Saraswathy et 
al., 2024)(2).  

 
2.2. Ethics 

 ‘As brain implants advance, ethical and practical challenges demand attention. Issues of 
data privacy, the risk of hacking, and the long-term effects on brain health remain critical 
concerns. Furthermore, societal debates on inequalities and potential misuse of this technology 
are inevitable as its scope expands. Nonetheless, brain implants are poised to revolutionize 
human-machine interaction, offering life-changing opportunities for people with disabilities 
while opening new frontiers in technology and healthcare.  
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Figure 1: The different approaches towards motor function recovery towards recovery of 

movement following spinal cord injury.  
 

The computer acts like a translator, decoding the brain's messages into commands 
controlling machines or other devices. For instance, the computer can further control a robotic 
arm so that a person can pick up something by only thinking of moving his or her hand. In some 
instances, the implant and computer collaborate to directly stimulate the muscles in the body 
directly, bypassing the damaged nerves. This way, it helps restore certain mobility in the person's 
limbs. Essentially, the implant reconnects the brain to the body or machines, thereby providing a 
means for paralyzed individuals to control movements with their thoughts. 

 
3.1 Tissue engineering and spinal cord regeneration 

Another approach is that of constructing scaffolds- small, supportive frameworks that 
help the cells to grow into the right shapes and orientations. Scaffolds may be made from 
resorbable materials that dissolve slowly in the body or from non-resorbable materials to provide 
permanent support. These scaffolds would guide the nerve cells to regenerate along with them 
and, hence, reconnect the broken pathway. Tissue engineering applies these growth factors of 
special proteins acting like signals that either increase growth, division, or self-repair in the cell. 
By incorporating such growth factors in the place of injury, scientists could get the body's cells to 
heal more efficiently. This scaffold, with the cells and growth factors together, serves to create an 
enabling environment through which the spinal cord, previously believed impossible, may be 
allowed to regenerate. Research suggests that tissue engineering may play a central role in 
bridging the structural lesion of the injured spinal cord and delivering agents that could facilitate 
functional recovery (Perumohan et al)(5). While still clearly experimental, early animal studies 
of such treatments have shown great promise. Some experiments have used tissue-engineered 
therapies to restore partial movement in paralyzed animals. Though these techniques may be 
many years from finding widespread application in humans, the progress holds hope for millions 
of paralyzed individuals worldwide. If successful, tissue engineering can go beyond merely 
helping these patients cope with paralysis into actually offering a real chance at restoring 
movement and sensation. It opens the door to more advanced and effective treatments than today 
by focusing on repairing or replacing damaged tissue. While there are still challenges, such as 
ensuring the body doesn't reject these new tissues, scientists are optimistic that tissue engineering 
could one day provide life-changing solutions for people with spinal cord injuries. 

 
3.2 Tissue repair progresses through three overlapping stages 

 Inflammation, proliferation, and remodeling. The inflammation phase, triggered by 
injury, activates immune cells to clear debris and signal for repair. The proliferation stage is 
characterized by fibroblasts producing collagen and new blood vessel formation to restore tissue 
integrity. In the final remodeling stage, the extracellular matrix (ECM) is reorganized and 

50 



 
 
 
matured, determining the final tissue architecture. Understanding these stages is critical for 
developing regenerative therapies, like guided tissue regeneration, which aims to replicate 
natural repair processes. Despite the limited regenerative capacity of mammals, new strategies 
are being explored to enhance regeneration while minimizing fibrosis (ScienceDirect) (6). 

  
Peripheral Nerve Stimulation 

PNS can treat paralyzed people and help them recover their motor function, especially 
with the use of electrodes that stimulate nerves to elicit movements. The technique is promising, 
but long-term safety is considered a major factor. For example, PNS uses electrical impulses to 
fire nerves and thus helps in improving muscle control. However, long-term effects, particularly 
in the case of stimulation over relatively long periods, are not yet a firmly grasped issue. From 
what is known so far the safety of chronic stimulation would depend on several factors: type of 
electrode, frequency of stimulation, and duration of stimulation. Electrodes can be further 
classified into those that are extraneural, or outside the nerve, and intraneural, which are inside 
the nerve. Extraneural electrodes have been more stable over longer periods, hence safer for 
chronic stimulation. Intraneural electrodes are more invasive but may give better control over 
stimulation. The placement and size of these electrodes are critical to safety. For example, if 
electrodes are too close to the nerve fibers or the amplitude of the pulse is too high, the nerves 
can be damaged. Therefore, to prevent this, for chronic use, the stimulation should be less than 
30 Hz, and the duty cycle should be less than 50% [reference].  

Also, the electrochemical reactions at the electrode should not be hazardous. 
Some electrodes produce harmful reactions due to the inappropriate design of the electrode that 
cannot sustain the electrical charge applied, resulting in tissue burn. Electrodes are therefore 
designed such that the resulting electrochemical reaction is reversible so that no damage to the 
surrounding tissue may occur. While PNS has great potential, further studies are needed 
regarding the exact safety parameters, like frequency of stimulation and pulse amplitude, to 
ensure that long-term use does not lead to damage of the nerve or other possible side effects. The 
use of extraneural electrodes at this time, coupled with keeping the stimulation parameters within 
accepted safety limits, can contribute to better results in people suffering from paralysis and offer 
a further step toward effective treatments. 
 
Discussion  

In tissue engineering, scientists are creating new nerve tissues to replace the damaged 
ones in the spinal cord. Special scaffolds and stem cells aim to grow new nerve cells that 
reconnect the brain with the muscles. This approach has shown promise in animal studies, where 
new nerve tissues helped restore some movement after spinal cord injuries. However, in humans, 
the process is still being tested and has not been efficacious. On the other hand, brain implants, 
especially brain-computer interfaces (BCIs), allow paralyzed individuals to control machines or 
robotic limbs with their thoughts. This technology has already seen success. Some patients have 
used brain implants to move robotic arms, hold objects, or even control wheelchairs. These 
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implants are helping people regain a sense of independence, but they do not fully restore natural 
movement. They work as an assistive tool rather than repairing the body. By combining these 
technologies, scientists hope to achieve more. Tissue engineering could repair the damaged 
spinal cord, while brain implants could assist with movement until the natural nerve connections 
are restored. This two-step approach is still in its early stages, but it has great potential. Some 
scientists are experimenting with growing nerve cells directly on brain implants, allowing the 
technology to both repair and assist movement at the same time. While these combined efforts 
are promising, they are not yet a perfect solution. Both technologies are still being developed, 
and the results vary between patients. However, progress is being made, and each breakthrough 
brings us closer to finding more effective treatments for paralysis. So, while scientists are doing 
good work and making important strides, we are still waiting for a full cure to become a reality. 

The computer acts like a translator, decoding the brain's messages into commands 
controlling machines or other devices. For instance, the computer can further control a robotic 
arm so that a person can pick up something by only thinking of moving his or her hand. In some 
instances, the implant and computer collaborate to directly stimulate the muscles in the body 
directly, bypassing the damaged nerves. This way, it helps restore certain mobility in the person's 
limbs. Essentially, the implant reconnects the brain to the body or machines, thereby providing a 
means for paralyzed individuals to control movements with their thoughts. 
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Adolescent Awareness and Perceptions of Equine-Assisted Therapy By Sophia Friedman 
 
Abstract 

This study compares awareness levels of equine-assisted therapy (EAT) between two 
groups of teenagers, equestrians and non-equestrians, to better understand how differences in 
exposure influence knowledge and perceptions of the therapeutic practice. A mixed-methods 
approach was used to effectively measure each person's personal experiences and their statistical 
awareness of EAT in a standard survey format, aligning with Woolen (2017), Prieto et al. (2020), 
and Petty et al. (2017). Results provide evidence that prior exposure to horses plays a significant 
role in shaping individuals’ understanding of EAT. For the general population, particularly 
non-equestrians, these findings indicate that their lack of familiarity with horses may act as a 
barrier to recognizing EAT as a legitimate treatment option. All participants in this study also 
demonstrated a general understanding of the emotional and psychological benefits of EAT, 
suggesting that, even among non-equestrians, there is a baseline awareness of EAT’s purposes 
and therapeutic value. The implications of this study are crucial to equine therapy’s effectiveness 
in the long term, suggesting that increased access to information could expand adolescents’ 
awareness about EAT as another potential therapeutic option that may more effectively meet 
their emotional needs and preferred ways of engaging.  
 
Introduction  

There are more than five hundred types of therapy available to the public, one of which is 
equine therapy (Spilde, 2023). However, while some therapies have expanded in practice and 
gained widespread recognition, others remain underappreciated for their full therapeutic 
potential. This includes equine therapy, or more formally known as Equine-Assisted Therapy 
(EAT). EAT is a therapeutic approach provided by a licensed health professional that 
incorporates horses into the therapeutic process to support individuals navigating various 
conditions or life challenges (Equine Assisted Activities vs Therapies, n.d.). The structured 
environment between horses and humans is unique to each pair, fostering a relationship that can 
help humans develop emotionally, behaviorally, and physically. For many adolescents in 
particular, this relationship offers a rare sense of understanding and connection that may be 
difficult to achieve through more traditional therapeutic approaches.  

54 



 
 
 

However, even as equine therapy has been growing in practice over recent years, public 
awareness and understanding remain uneven across different groups. Awareness of EAT is often 
dependent on situational factors, particularly exposure. Those who have more experience with 
horses, commonly referred to as equestrians, have more recreational involvement with horses 
and therefore might have more awareness of EAT, especially compared to those with limited 
experience, also known as non-equestrians. Awareness in this study aims to determine whether 
people know of equine therapy and whether they recognize its legitimacy as an alternative 
therapeutic option. Because awareness directly shapes acceptance and ultimately the accessibility 
of equine therapy, variations in exposure are expected to create significant differences in how 
individuals understand and ultimately engage with it as a therapeutic option. Additionally, equine 
therapy is frequently used with youth, making adolescent awareness particularly important.  

Despite its well-known benefits, research on adolescent awareness, specifically 
comparing equestrians and non-equestrians, remains limited. As such, this study compares 
awareness levels between these two groups of teenagers to better understand how differences in 
exposure influence knowledge and perceptions of EAT. By examining patterns of awareness and 
misconceptions, this research aims to identify gaps in mental health education and emphasize the 
need for broader outreach to improve equitable access to equine therapy, information, and 
programs.  

 
Literature Review  

Fundamentally, equine therapy fosters a strong connection between the horse and human, 
promoting both physical and psychological growth and development. This study seeks to identify 
gaps in teenagers’ awareness regarding the concept of EAT. However, before delving further into 
this topic, it is important to evaluate the background literature and existing perspectives on 
equine therapy. The literature was divided into four groups: identified benefits, current awareness 
and perspectives, barriers to access, and method alignment.  
 
Identified Benefits 

Research consistently identifies equine-assisted therapy as beneficial for adolescents. For 
example, a meta-analysis conducted by Wilkie et al. (2016) examined the effectiveness of 
equine-assisted interventions in improving psychological and behavioral outcomes among youth. 
The researchers synthesized findings from multiple peer-reviewed studies evaluating equine 
therapy programs and their impact on self-esteem, anxiety, depression, and behavioral regulation. 
The results indicated that equine-assisted therapy produced moderate to strong positive effects on 
self-esteem and emotional well-being, with an average improvement of approximately 76%  
between pre- and post-treatment variables across multiple studies. Additionally, many youth with 
trauma histories reported significant reductions in avoidance behaviors and other symptoms 
associated with post-traumatic stress disorder (PTSD), with improvements ranging from 85-92%, 
following their participation in equine therapy programs. Despite variations in implementation 
processes across studies, Wilkie et al. (2016) imply that equine therapy fosters human-horse 
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relationships that improve bodily regulation and functioning among adolescents. Similarly, a 
study conducted by Holmes et al. (2011) examined the effects of equine-assisted therapy on 
adolescents between the ages of twelve and fourteen. Using observational measures and 
questionnaires, the researchers found that participants demonstrated significantly reduced anxiety 
levels and increased engagement during interactions with live horses compared to more 
traditional forms of psychotherapy, such as talk therapy. These findings suggest that equine 
therapy may be particularly effective for adolescents due to its experiential and non-verbal 
nature, which may better align with some individuals’ needs during this stage of development.  

A similar study by Norwood et al. (2021) examined the effects of an equine program that 
was not explicitly labeled as “therapy.” Using standardized behavioral questionnaires, the 
researchers found improvements in attention, executive functioning, and overall behavior among 
adolescents, consistent with results reported by Wilkie et al. (2016) and Holmes et al. (2011). 
Unlike traditional therapy methods, where the participant is aware that therapy is occurring, this 
study demonstrates that significant psychological benefits can occur even when adolescents are 
not consciously aware of the therapeutic process. While these findings further support the 
effectiveness of equine therapy, they highlight an important gap regarding the broader impact of 
equine therapy when adolescents lack awareness of such programs and their potential benefits.  
 
Current Awareness and Perspectives 

Although equine-assisted therapy has demonstrated effectiveness for individuals, existing 
research suggests that awareness and understanding of these interventions remain limited, 
particularly among the teenage population. Norwood et al. (2021) identified the benefits of 
equine-assisted therapy among adolescents who participated in a program not explicitly labeled 
as therapy, suggesting that there is a lack of understanding of what equine therapy is and how it 
produces these benefits. As previously noted, if adolescents are improving without recognizing 
the intervention as therapy, then baseline awareness and understanding of equine therapy among 
adolescents are likely limited. This demonstrates a disconnect between effectiveness and 
recognition of the therapy itself.  
 Furthermore, Earles et al. (2015) examined both the effectiveness of EAT and the 
challenges surrounding its recognition through standardized evaluation measures. The study 
included sixteen participants with PTSD who engaged in a weekly two-hour equine therapy 
session over six weeks. Standardized Anxiety Disorder scales administered before and after 
horse exposure show that there were measurable reductions in anxiety-related symptoms. 
However, the study also demonstrated that commonly used standardized measures were not able 
to capture improvements in physical health, coping, or optimism. These results directly 
contradict previous studies, such as Wilkie et al. (2016), that identified a more positive 
relationship between horse interaction and one’s mental health. The authors argue that this 
limitation in the data contributes to equine therapy remaining underrecognized and underutilized, 
as its full range of benefits is not fully reflected in traditional assessment tools. In other words,  
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the available measurement tools may be somewhat limited, thereby contributing to a limited 
public awareness and understanding of equine therapy.  
 
Barriers to Access 

There are several barriers to accessing equine therapy that do not exist in traditional 
therapeutic approaches, each of which further contributes to decreased awareness and exposure. 
The limitations in recognition of it as a therapeutic modality, as identified by Earles et al. (2015), 
further suggest that there is a disparity between EAT and other psychotherapeutic interventions. 
This result can be applied to adolescent populations, particularly teenagers, who already have 
limited exposure to alternative therapies. Additionally, a study conducted by the Mental Health 
Services Oversight and Accountability Commission (MHSOAC) found that 48% of adolescents 
do not know where they can access mental health services. Although this study focuses on 
California youth, the results can be generalized to the broader adolescent population with a 
determined 95% confidence level. Without awareness of available interventions, teenagers are 
less likely to recognize or access these services, even when they could benefit from them, as 
previously suggested by Norwood et al. (2021). Therefore, this knowledge gap suggests that the 
issue is not solely the availability of services, but adolescents’ ability to identify and navigate 
them. 

One of the primary barriers to accessing EAT involves structural and financial limitations 
that prevent many families from utilizing these services. Ballard et al. (2020) examined that 
equine therapy often lacks insurance coverage due to its limited recognition as a formal and 
viable therapeutic option, leaving families to cover costs that can range up to thousands of 
dollars for multi-week sessions. Additionally, the limited availability of certified facilities and 
the high cost of the available programs constrain access to EAT, particularly for low-income 
populations. These barriers contribute to disparities in which individuals can engage with 
equine-assisted therapy, demonstrating that even when people are aware of its potential benefits, 
many remain unable to participate.  
 
Method Alignment 
 Existing research on equine-assisted therapy and its awareness is largely scaled through 
the collection of both qualitative and quantitative data through questionnaires, surveys, and 
interviews. For example, Woolen (2017) focused on social workers’ perceptions of 
equine-assisted psychotherapy through the administration of a self-report survey of 110 
participants. In the end, the data showed that people with prior experience in animal therapy, 
including equine therapy, were more receptive to using animals in treatment, thereby 
demonstrating the effectiveness of survey-based questioning in measuring perception levels. To 
expand, the study’s results also indicate that prior exposure to animal therapy, which equestrians 
may have, may contribute to greater awareness of the practice. The overall approach of Woolen’s 
study is similar to that of Prieto et al. (2020). Likewise, researchers used a self-report survey to 
measure the effectiveness of an eight-week therapeutic riding program that was administered to 
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veterans with PTSD. The study indicated that EAT shows considerable promise as a 
complementary therapy, particularly for individuals who are reluctant to engage in traditional 
talk-based therapy, thereby supporting the effectiveness of survey-based questioning in capturing 
measurable changes in participants’ responses to EAT. 

However, while many studies rely on surveys to measure a single group of participants, 
they often lack direct comparison across different populations. In contrast, Petty et al. (2017) 
utilized a stratified random sample to specifically target nonverbal participants involved in an 
EAT program. This methodological approach allowed researchers to control for participant 
characteristics while ensuring representation within a defined group. The findings demonstrated 
that social communication significantly increased across multiple standardized measures (p= < 
.01) administered by professionals. Unlike self-report surveys, which primarily capture 
perceptions or attitudes, this structured and stratified approach strengthens the reliability of the 
data by focusing on measurable outcomes within a controlled baseline. As a result, the 
conclusions are more directly applicable to the nonverbal population being studied, rather than 
generalized to a broader audience. The distinction between each method emphasizes how 
stratified random sampling can be used to represent more precise and population-specific 
outcomes, offering a valuable contrast to survey-based methods, such as those used by Woolen 
(2017) and Prieto et al. (2020).  

 
Identified Gap 

While existing research on equine therapy often employs mixed-method approaches to 
evaluate therapeutic effectiveness, these studies primarily focus on older participants and 
individuals already participating in EAT programs. As a result, awareness and perceptions of 
equine therapy among the general adolescent community remain largely unexamined. This gap is 
significant because awareness directly influences access; if adolescents are unaware of the 
existence of equine-assisted therapy or misunderstand its purpose, they are unlikely to utilize its 
potential benefits. Furthermore, teenagers involved in equestrian activities may have greater 
familiarity with EAT due to their regular exposure to horses, whereas non-equestrian teenagers 
may lack this awareness. This contrast makes it valuable to examine how awareness differs 
between these two groups and how those differences influence one’s knowledge and perceived 
accessibility of equine therapy.  

 
Methods 

This study examines the level of awareness and differing perspectives of equine therapy 
among equestrian and non-equestrian populations. A mixed-method approach is used, composed 
of both qualitative and quantitative research, that works to effectively measure the personal 
experiences of each person and their statistical awareness of EAT. To properly do this, the 
researcher aligned their study with previous sources, including Woolen (2017), Prieto et al. 
(2020), and Petty et al. (2017).  
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The following hypotheses were developed to guide the research of this study: 

1. Equestrians will demonstrate a higher level of knowledge and awareness of EAT than 
non-equestrians. 

2. There will be variability and overlap in EAT knowledge between both groups 
3. Although individuals may demonstrate awareness of EAT, many will perceive it as 

inaccessible or not personally applicable to their own needs. 
 
Population  

The study involves two separate population groups, equestrians and non-equestrians. The 
equestrian population was gathered from a local Interscholastic Equestrian Team (IEA). Data 
was gathered from this source because the researcher is in close affiliation with local teams and 
riders, allowing easy accessibility to that specific population. While open to all genders, most 
IEA teams consist of females; the team in this tested population, the Elvenstar IEA team, 
consists of twenty-one teenagers, two of whom are male. For non-equestrians, the population 
was gathered from students at Calabasas High School because the school provides an easily 
accessible and widely diverse population to be tested. Specifically, Calabasas High School is a 
large, high-performing public high school in a suburban setting, consisting of around 1,700 
students, and is co-educational. The high school is located in a high-income area; however, 
23.4% of students are considered to be socioeconomically disadvantaged. The specific focus of 
this study looks at all students from all grade levels, 9-12, and also works to identify the ethnicity 
of the general population. In that sense, at Calabasas High School, 73.4% of the students are 
white, 11.3% are Hispanic, 5.6% are Asian, 3.1% are African American, about 5% of two or 
more races, and 1.6% are of other ethnicities. The ethnic and socioeconomic background of the 
students could play a significant role in one’s awareness of EAT, as those factors could limit 
one’s availability to or perspective about the resource.  

 
Instruments   

Google Forms was used to ask questions in a standard survey format, given that it was 
the easiest way to reach a wide population. Informed consent was the first step and sent out as 
the first part of the survey to both the participant and their parent if under eighteen. Once signed, 
a series of both qualitative and quantitative questions, including multiple choice, linear scale, and 
short answer, were administered to collect data. The format of the survey aligns with Woolen 
(2017) and Prieto et al. (2020), as both demonstrated that survey-based questionnaires are 
effective tools for data collection in mixed-method studies involving diverse participant groups. 
Additionally, information tested in the survey is inspired by information on the websites of The 
National Center for Equine Facilitated Therapy (NCEFT) and the Professional Association of 
Therapeutic Horsemanship International (PATH Intl.). These sources examine why equine 
therapy is beneficial, and how it can help a variety of participants, allowing the researcher to 
directly test the knowledge that adolescents have about whether they think that EAT can be 
beneficial to them. Furthermore, the questions in this survey reflect questions first implemented 
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by Woolen (2017) and McConnell (2010). These researchers presented their methodologies and 
the questions they used to measure different populations, allowing the same questions that were 
used in previous studies measuring awareness to be applied here to observe a different 
population. By combining all information, from personal questions about past experiences to 
statistical data, the survey covers the qualitative and quantitative aspects of equine therapy to 
provide a well-rounded view of the populations.  

 
Survey Questions Measurement Scale Source 

How old are you? 13…18, other  
Multiple choice  

Self-Defined 

What is your gender? Female, Male, Prefer not to say, other Self-Defined 

What is your race/ethnicity? White, Asian, Black or African American, Native 
Hawaiian or Other Pacific Islander, American Indian or 
Alaska Native, Prefer not to say, other 

Self-Defined 

In your own words, how do you define the 
word “equestrian”? 

Short answer  Self-Defined 

I consider myself to be an equestrian Linear Scale 1-5 
Strongly disagree…Strongly Agree 

Self-Defined 

I am an experienced equestrian Linear Scale 1-5 
Strongly disagree…Strongly Agree 

Self-Defined 

How many years of experience in the equine 
field do you have? 

No experience, Less than 1 year, 1-2 years, 3-4 years, 
5-6 years, more than 6 years.  

Self-Defined 

I am familiar with Equine-assisted Therapy 
(EAT) 

Linear Scale 1-5 
Strongly disagree…Strongly Agree 

Woolen (2017) 

Why are horses used as a resource in 
therapy? 

They are easy to train for therapy purposes, they can 
reflect and respond to human emotions and behavior, 
they are a cheap option for a therapy animal, and they 
require minimal care and supervision 

Equine Assisted 
Activities vs 
Therapies 
(NCEFT) (2025) 

True or False. Equine therapy is something 
that most people could access.  

True, False Self-Defined 

How effective do you believe equine therapy 
can be with someone who has had no prior 
experience with horses? 

Linear Scale 1-5 
Not Effective at all…Very Effective 

PATH 
International. 
(n.d.). 

I believe that equine therapy can be more 
beneficial than other therapeutic methods.  

Linear Scale 1-5 
Strongly Disagree… Strongly Agree 

Self-Defined 

What do you think the benefits of equine 
therapy are? 

Short Answer McConnell (2010) 
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Who do you think would benefit from equine 
therapy? 

Short Answer Equine Assisted 
Activities vs 
Therapies 
(NCEFT) (2025) 

Have you ever had an experience with horses 
that triggered an emotional reaction (Positive 
or Negative)? Explain. 

Short Answer Self-Defined 

Do you think alternative therapies, such as 
equine therapy, can be as helpful as 
traditional talk therapy? Why or why not? 

Short Answer McConnell (2010) 

Sample Selection  
Given that the equestrian population is a more exact target in the research population, a 

group of equestrians was specifically selected in order to question the participants of that 
population. Therefore, a stratified random sample was used to ensure that the population of each 
group, equestrian and non-equestrian, was fairly represented. The methodology is supported by 
Petty et al. (2017), a prior equine-assisted therapy research study that has used stratification to 
control for participant differences and improve validity.  

Due to population constraints in this study, the researcher aimed to survey around 30 
equestrians from a local IEA team. Given that every teenager from the team could participate in 
this study, the selection process ensured that all members of the target group were equally likely 
to be included. Non-equestrians were chosen from Calabasas High School students enrolled in 
science classes. As the survey was randomly administered to these classes, any student from any 
grade could have participated in the survey collection. Furthermore, as science classes are 
available to every student of any grade level, it ensures that the data collected is random among 
the population of students and doesn’t directly target one specific group. In the end, the 
researcher hit their target goals, with 30 equestrians and 339 non-equestrian students who were 
identified to participate in the study.  
 
Implementation  

To directly compare the two populations, it was necessary to send the same, but separate 
surveys to each group. For non-equestrians, the survey was administered through science classes 
using the easiest accessible format of Google Classroom. For equestrians, the survey was 
distributed through TeamSnap, a platform used for easy communication between sports teams. 
Due to initially low participation rates, the survey was also shared on an equestrian-focussed 
social media platform, Barn Babe Equestrian, to increase response numbers. The collected data 
were then organized and analyzed using Google Sheets and XLMiner, including the construction 
of histograms and the calculation of p-values to identify patterns and determine statistical 
significance. 

 
Findings and Analysis 
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The findings will be used to evaluate the awareness and perceptions of equine-assisted 
therapy among equestrian and non-equestrian adolescents. 
 

Survey Questions - Likert Scale - Both  

Figure 13 

 

Figure 14 
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Figure 15 
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Survey Questions - Short Answer - Non-Equestrian 

Figure 16 
What do you think the benefits of equine therapy are? - Non-Equestrian

 

Figure 17 
Who do you think would benefit from equine therapy? - Non-Equestrian  
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Figure 18 
Have you ever had an experience with horses that triggered an emotional reaction (Positive or 
Negative)? Explain. - Non-Equestrian 
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Survey Questions - Short Answer - Equestrian 

Figure 20 
What do you think the benefits of equine therapy are? - Equestrian  

 

Figure 21 
Who do you think would benefit from equine therapy? - Equestrian
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Figure 22 
Have you ever had an experience with horses that triggered an emotional reaction (Positive or 
Negative)? Explain. - Equestrian

 
 

 

Quiz Results 

Grading:  Out of 2 quiz questions, each one was graded 
as 1 point, allowing for a maximum of 2 of 2 
points to be earned.  

  

Average  

NB 1.531135531 

Barn 1.666666667 

Average Meaning: Shows the average points earned by each 
group. As shown, equestrians had a slightly 
higher average in quiz scores (the questions 
they got correct) than non-equestrians. 
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Based on the quiz, the following information was drawn from the results: 

Pearson Correlation R value P value 

Quiz Scores & Years Riding -0.1175 0.907 

 
 

  

T-test for dependent means T value P value 

Riders and Non-Riders -0.5935 0.278728 
 
 
 

Survey Questions: T- Test for dependent Means - Likert Scale Questions 

Questions (Non-Barn v. Barn) T value P value 

1. I consider myself to be an equestrian -16.2763 0 

2. I am an experienced equestrian -16.1337 0 

3. I am familiar with Equine-assisted 
Therapy (EAT) -5.8957 0.000001 

4. How effective do you believe equine 
therapy can be with someone who has had 
no prior experience with horses? -4.111 0.000148 

5. I believe that equine therapy can be more 
beneficial than other therapeutic methods. -4.9797 0.000013 
 

Pearson Correlation 
Coefficient: Likert Scale 
Questions 

R value  P value 

Q1 & Q2 0.93 < 0.001 

Q1 & Q3 0.585 < 0.001 

Q1 & Q5 0.585 < 0.001 

Q4 & Q5 0.8079 < 0.001 
 
 
Analysis of Findings 
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To better understand these raw results and comparisons, one can be guided by the 
individual hypotheses mentioned in the methods section.  
 The first hypothesis predicted that because equestrians have more exposure to horses 
themselves, they would demonstrate a higher level of knowledge and awareness of 
equine-assisted therapy than non-equestrians. Responses to familiarity with EAT are shown in 
Figure 13, which revealed that 82.89% of non-equestrian respondents have no familiarity with 
EAT. In contrast, only 23.3% of equestrians had no familiarity with EAT. Through a direct 
comparison of the values, it is evident that a higher percentage of equestrians are aware of equine 
therapy than non-equestrians, which could be a result of equestrians having greater exposure to 
horses themselves. The results of Figure 13 also showed a statistically significant difference 
between the two groups (p = 0.000001), implying that, quantitatively, the groups have staggering 
numerical differences in awareness levels. To further support this hypothesis, the Pearson 
correlation coefficient table based on the Likert scale questions shows a moderate positive 
correlation between questions 1 and 3, identifying a connection between being an equestrian and 
one’s familiarity with EAT (r = 0.585, p < 0.001), further tying back to the exposure that 
equestrians have. Similarly, equestrians were more likely to believe in the effectiveness of EAT, 
as shown in figures 14 and 15, both of which also demonstrated statistically significant 
differences (p=0.000148 and p= 0.000013, respectively). These results are considerable in 
demonstrating that non-equestrians don’t have a developed awareness of the benefits of equine 
therapy for different populations, which could be attributed to their lack of exposure to the topic 
in general. Therefore, this creates a gap in access to information and the perceived benefits of 
EAT among populations that are not regularly in contact with horses. Ultimately, the data support 
Hypothesis 1, as equestrians exhibit greater perceived awareness and familiarity with equine 
therapy as a practice and a viable therapy option.  
 To tie in the overlap of knowledge between the two groups, the second hypothesis 
predicted that there would be variability in awareness and knowledge of EAT between both 
equestrian and non-equestrian groups. The quiz results provided display a measure of objective 
knowledge of EAT. An average quiz score for equestrians was 1.67 out of 2, compared to 1.53 
for non-equestrians, indicating a slightly higher level of knowledge of EAT among equestrians. 
However, despite these differences, the t-test for quiz scores (p=0.278) indicates that the 
variation in objective knowledge between the two groups was not statistically significant. This 
suggests that while equestrians perceive themselves as more knowledgeable and familiar with 
EAT, their actual measured knowledge does not differ substantially from that of non-equestrians. 
Moreover, the Pearson correlation between years of riding and quiz scores revealed no 
significant relationship (r= -0.1175, p= 0.907), suggesting that increased experience with horses 
does not necessarily correspond to greater knowledge of EAT. The result can further be assumed 
to relate to the administration of equine therapy as a practice, suggesting that exposure to horses 
builds familiarity with the animal itself, but not with EAT as a medical practice, causing less 
significant variation between quiz scores. While equestrians reported higher familiarity overall, 
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the lack of strong correlation and significant differences in objective knowledge demonstrate that 
individuals within both groups vary widely in their understanding. 

Furthermore, Figures 16 and 20 illustrate the most frequently mentioned perceived 
benefits of equine-assisted therapy among both populations comparably. Words such as 
“calming,” connection,” and “stress relief” appear as the most prominent responses in the 
separate groups, indicating a shared understanding of the emotional and psychological benefits 
associated with EAT. The similarity in language suggests that, despite differences in experience 
levels, both equestrians and non-equestrians recognize core therapeutic themes related to 
emotional regulation and human-animal connection. This overlap supports the finding that 
general awareness of the purpose and benefits of EAT exists across both populations. As a result, 
the world clouds reinforce the idea that while equestrians may report greater familiarity, 
non-equestrians still demonstrate a comparable conceptual understanding of EAT’s benefits, as 
predicted by the second hypothesis. Although separate hypotheses, the first and second 
hypotheses directly contradict each other in how the results of the data were perceived. This 
contradiction suggests that the difference in awareness between equestrians and non-equestrians 
is not as clear-cut as initially expected. While equestrians report greater familiarity, the lack of 
significant differences in objective knowledge indicates that awareness is more evenly 
distributed across both groups. As a result, these findings highlight the complexity of measuring 
awareness, as perceived understanding does not always reflect actual knowledge, limiting the 
effectiveness of each hypothesis developed.  

The third hypothesis predicted that although individuals may demonstrate awareness of 
EAT, many would perceive it as inaccessible or not personally applicable. The world clouds 
provided in figures 17 and 21 emphasize key differences in perception between groups. As 
shown in Figure 17, non-equestrians perceive EAT as more relevant to “horse lovers”, limiting 
their view of its personal usefulness. In contrast, equestrian responses reflect a broader sense of 
applicability. In Figure 21, equestrians frequently reference groups such as “people with 
anxiety”, “trauma,” or disabilities,” suggesting that EAT is viewed as beneficial primarily for 
others rather than themselves. Similarly, in Figure 22, equestrians often describe meaningful 
emotional experiences with horses using terms such as “bond,” "claiming," and “trust.” In 
contrast, in Figure 18, non-equestrians report fewer or less impactful interactions, with a 
common response being “no experience.” The lack of positive exposure among non-equestrians 
may restrict their understanding of the emotional benefits of equine interaction, reinforcing their 
perception that EAT is not personally relevant.  

The pattern relating to the third hypothesis is further supported by a strong positive 
Pearson correlation (r = 0.8079, p< 0.001) between people’s beliefs about EAT’s effectiveness 
and its benefits compared to other therapies. The correlation between these two questions implies 
that individuals who perceive EAT as effective are also more likely to view it as broadly 
beneficial. However, lower agreement among non-equestrians suggests that skepticism, 
particularly regarding effectiveness for those without prior horse experience, contributes to 
EAT’s perceived inaccessibility. While these findings support the third hypothesis, some 
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complexity remains, as earlier results demonstrate that the non-equestrians still recognize the 
general benefits of EAT. Conflicting views created by the first and second hypotheses propose 
that awareness exists but does not necessarily translate into personal applicability. Ultimately, a 
conclusion can be drawn that limited experience and perceived effectiveness play a significant 
role in shaping whether individuals believe EAT can benefit them.  

 
Discussion 
 To tie back to the foundational sources of the literature review, the findings of this study 
both align with and complicate existing research on EAT, particularly in regard to awareness and 
perception. Consistent with studies such as Wilkie et al. (2016) and Holmes et al. (2011), 
participants in this study demonstrated a general understanding of the emotional and 
psychological benefits of EAT, as reflected in common themes such as calming, emotion, and 
connection, also identified in the word cloud responses. This suggests that, even among 
non-equestrians, there is a baseline awareness of EAT’s purposes, reinforcing prior research 
about its recognized therapeutic value. However, the findings also reinforce claims made by 
Norwood et al. (2021) and Earles et al. (2015), which emphasize a disconnect between 
effectiveness and recognition. While participants acknowledged the benefits of EAT, 
non-equestrians were more likely to associate it with specific populations, for example, 
individuals with trauma or disabilities, rather than viewing it as personally relevant. This aligns 
with the idea that adolescents may benefit from equine interactions without fully understanding 
or recognizing them as therapeutic. 

Furthermore, the strong correlation between perceived effectiveness and perceived 
benefit (r=0.8079) suggests the belief in EAT’s legitimacy plays a key role in shaping perception, 
a conclusion which may explain why non-equestrians, who reported less confidence in its 
effectiveness, also viewed it as less accessible. The findings also connect to barriers to access 
identified by Ballard et al. (2020), as limited exposure and understanding may compound with 
structural barriers such as cost and availability. Overall, the results suggest that the primary gap 
is not simply a lack of awareness, but rather a gap between awareness, understanding, and 
perceived accessibility, which ultimately influences whether adolescents view EAT as a viable 
therapeutic option. 

 
Conclusion 

This study aimed to explore teenagers’ perceptions and awareness of equine-assisted 
therapy, with a focus on its potential mental and physical health benefits. The research question 
investigated differences between equestrians’ and non-equestrians’ knowledge of EAT and how 
those inherent differences link to one’s awareness of the therapeutic modality. Existing literature 
emphasizes the limited research and lack of widespread knowledge surrounding equine therapy 
and its practice as a viable therapeutic option. Additionally, the literature highlights the 
psychological, emotional, and physical benefits of equine-assisted therapy, where such effects 
can have significant implications for many populations.  
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Using a mixed-method approach, this study used random sampling and a stratified 
random sample to analyze survey responses regarding participants’ perception and understanding 
of EAT. In response to the research question, awareness and perceptions of equine-assisted 
therapy were found to vary between equestrian and non-equestrian teenagers. More specifically, 
the findings revealed that equestrians demonstrated greater awareness of what equine therapy is 
and have more confidence in the effectiveness of the practice. However, both groups were 
generally able to hypothesize why EAT can be effective for populations who do not benefit from 
traditional therapy. This level of awareness is crucial to equine therapy’s effectiveness because it 
suggests that increased access to information could expand adolescents’ awareness about EAT as 
another potential therapeutic option that may more effectively meet their emotional needs and 
preferred ways of engaging.  

 
Implications 

The results of this study suggest that prior exposure to horses plays a significant role in 
shaping individuals’ understanding of EAT. For the general population, particularly 
non-equestrians, these findings indicate that their lack of familiarity with horses may act as a 
barrier to recognizing EAT as a legitimate treatment option. This highlights the need for creating 
greater awareness of all available therapeutic approaches and how substitute choices for 
treatment can impact one’s mental or physical health journey. Adolescents in particular may 
benefit from a more experiential and hands-on approach to emotional regulation and processing 
compared to more traditional talk therapy. One practical implication is the integration of 
alternative therapy education into health or psychology curricula in schools. Many students are 
only exposed to traditional talk-based therapy, and introducing EAT and other alternative 
therapeutic options is one route to increase a teenager's awareness of beneficial resources that 
could be made available to them. This exposure would also help to normalize a wider range of 
mental health resources and empower adolescents to seek options that best suit their individual 
needs. Additionally, the findings in the current study contribute to existing literature and ongoing 
discussions about the perceptions of nontraditional therapies, including equine-assisted therapy. 
They further stress the need for schools and healthcare professionals to adopt a more broad-based 
approach in promoting awareness of alternative therapies, particularly for populations 
underserved by conventional modalities. 

 
Limitations of the Study 

While this study offers valuable insights into an underresearched topic, several 
limitations should be acknowledged. First, the sample size pertaining to the equestrian 
population was relatively small, consisting of only 30 self-identified equestrians. This limits the 
generalizability of the findings to a broader population. Additionally, the method by which data 
was collected for the equestrians allowed some bias to be implemented into the study. Due to the 
fact that this population was directly sought out through the use of a first-hand connection 
between the researcher and subjects, it limits the effectiveness of randomization. The reliance on 
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self-reported survey responses may have also introduced social desirability bias, with the 
participants possibly providing answers they thought were expected rather than reflecting on 
their true feelings. These limitations suggest that the findings should be interpreted with caution 
and verified through broader, more controlled studies.  

 
Next Steps 

Building on the findings of this study, future research should explore how perceptions 
and awareness of equine-assisted therapy differ across subpopulation groups, such as those 
defined by socioeconomic status, ethnicity, or geographic location. As this study did not 
explicitly examine these factors in the analysis, future research should include these variables to 
provide a more comprehensive understanding of the factors contributing to one’s understanding 
of EAT, as well as how these factors might affect individuals’ ability to be aware of or access 
different therapeutic programs. Additionally, further research could replicate this study across a 
wider range of barns and schools in Southern California, allowing the findings to be reinforced 
by diverse data sets from similar environments. Finally, when developing future narratives about 
EAT, mental health professionals should consider these findings to shape narratives targeted 
towards younger audiences. Ensuring that information is both accurate and accessible may 
increase the likelihood that adolescents consider EAT as a realistic therapeutic option.  
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Stigmatization of Individuals with Intellectual Disabilities and Its Effects on  
Their Mental Health By Sofia Farrokhi 

 
Abstract 

Stigma towards individuals with intellectual disabilities (ID) is a widespread global issue 
that contributes to social exclusion and poor mental health outcomes. People with intellectual 
disabilities are one of the most socially excluded groups and are at increased risk for developing 
a psychiatric disorder: however, the relationship between mental health and stigma remains 
greatly underexamined in existing literature. This review paper investigates how stigma affects 
the mental health and well-being of individuals with ID and examines strategies that may reduce 
stigmatization. We argue that stigma from healthcare providers, educators, peers, media 
portrayals, and individuals themselves contributes significantly to psychological distress and 
reduced quality of life in individuals with ID. We found that those with ID who experience 
stigma from themselves, healthcare providers, peers, and teachers are more likely to have lower 
self-esteem and quality of life, and greater depression and anxiety. We also found that increased 
awareness of the stigma (e.g., through anti-stigma programs), greater contact with individuals 
with ID (e.g., healthcare providers and community events), and positive media portrayals all 
reduce stigma towards individuals with ID. By synthesizing findings across multiple areas of 
research, this review contributes to the growing understanding of the ways stigma impacts 
individuals with ID and highlights the importance of interventions aimed at improving mental 
health outcomes and social inclusion. 
 
Introduction 

Disability affects more than one billion people worldwide and also represents a major 
public health and human rights issue (World Health Organization 3). Among this group, 
individuals with ID are one of the most socially excluded and stigmatized groups (Ali, “Self 
Stigma” 2123). IDs are defined as a significant impairment in intellectual functioning, with 
significant deficits in social functioning (AAIDD). Disability is a significant predictor of 
psychiatric disorders, including depression (Namkung and Carr 202). People with ID often 
experience stigma, prejudice, and significant barriers that restrict their human rights (Ali, “Self 
Stigma” 2123) and exacerbate mental health problems (McGillivray and McCabe 67). Stigma is 
defined as the co-occurrence of labeling, stereotyping (negative evaluation of a label), and 
prejudice (endorsement of negative stereotypes), which lead to status loss and discrimination for 
the stigmatized individual or group (Link and Phelan 370-371).  

Although prior studies have examined the stigmatization of individuals with ID, there 
remains a necessity for a clearer understanding of how different forms of stigma affect the 
mental health outcomes of this population. Rather than analyzing the relationship between social 
attitudes and mental health, much of the existing literature on the topic focuses on the two 
independently. As a result, many questions remain regarding the specific consequences of stigma 
as well as solutions. 
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Additionally, this review paper seeks to answer the following question: how does 
stigmatization affect the mental health and well-being of individuals with intellectual disabilities, 
and what are ways that may help reduce these negative effects? This question is important as 
understanding the relationship between the stigmatization of this population and their mental 
health can help guide healthcare workers, educators, and communities towards more inclusive 
approaches to supporting these individuals. 

This paper synthesizes existing literature on the stigmatization of individuals with ID, the 
psychological effects and social consequences of stigma, and approaches aimed at reducing 
stigmatization. Through the review of studies from healthcare, public health, education, and 
psychology, this paper is able to identify the commonalities in the ways stigma is experienced 
and how it contributes to poorer mental health outcomes. 

Overall, the findings of our review suggest that stigma from healthcare providers, 
teachers, peers, media, and self-stigma contributes to increased depression, anxiety, lower 
self-esteem,  poorer quality of life, and social exclusion among individuals with ID. The review 
further identified that anti-stigma education, community inclusion, interpersonal contact, and 
positive media representation can help reduce stigmatizing attitudes and better support 
individuals with ID. This paper contributes to the existing literature by synthesizing research on 
stigma and mental health focused on individuals with intellectual disabilities. Additionally, this 
review highlights the limitations that exist in current research on this topic, identifying potential 
further study areas such as the inclusion of longitudinal research as well as intervention-based 
approaches for reducing stigma.  

In this review, we discuss the ways that individuals with ID are stigmatized, as well as the 
ways that stigma affects mental health. We also discuss ways of reducing stigma towards 
individuals with ID. Finally, we discuss the limitations of current work on ID and stigma, and 
recommend future directions. 

 
Stigmatization of individuals with ID 

Individuals with ID experience high levels of stigmatization worldwide (Scior 294). 
Individuals with ID are often stigmatized by healthcare providers (Pelleboer‐Gunnink 429), 
teachers (Miezah 302), peers (Nowicki and Sandieson 262; Rillotta and Nettelbeck 24; Siperstein 
451), and themselves (Chen and Shu 245). Stigmatizing labels about people with ID include 
“depending on others,” “childlike,” “looking physically different,” and “happy and loving” 
(McCaughey & Strohmer 95). In addition, distrust and hostility are highly prevalent negative 
attitudes that people have towards individuals with ID  (Morin 280). Individuals with ID in the 
media are frequently portrayed as one-dimensional, vulnerable, and pitiable characters (Special 
Olympics). Historically, in some cultures, people believed that intellectual disability was caused 
by possession by spirits or punishment for past sins (Rieser 13; Hubert 269).  
 Research shows that individuals with ID may experience stigmatization from healthcare 
professionals, including nurses and physicians (Pelleboer‐Gunnink 429). For example, prior 
work has indicated that nurses find individuals with ID to be less cooperative, more distressed, 
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and possibly aggressive, describing them as difficult to care for (Lewis and Stenfert‐Kroese 360; 
Pelleboer‐Gunnink 429). Similarly, a study found that one-third of nurses describe people with 
ID as demonstrating different and bizarre behavior (Pelleboer‐Gunnink 412). Moreover, 
healthcare professionals reported a lack of confidence, fear, and anxiety when treating 
individuals with ID (Pelleboer‐Gunnink 431). 

A common stereotype that healthcare providers have about individuals with ID is that 
they have difficulty learning new skills (Meppelder 3262; Werner 461). In terms of physicians’ 
attitudes towards individuals with ID, studies have shown that physicians view them as different, 
intimidating, “children who follow commands,” but also “pleasant, delightful, and funny” 
(Wilkinson 1063). Additionally, healthcare professionals anticipated individuals with ID to 
exhibit strange or intimidating behavior. Research has shown that many healthcare providers 
question the capabilities of individuals with ID to make healthcare decisions and understand 
treatments (Nagarajappa 61). Furthermore, healthcare professionals were less willing to adapt 
their daily practices to allow greater accessibility for people with ID (Jenkins and Davies). 

Individuals with ID have been found to internalize stigmatizing attitudes. For example, a 
study found that students with ID who had handicapped identity cards felt inferior to other 
students (Chen and Shu 247). Furthermore, the same study found that some of the students with 
ID felt shame and embarrassment from the strange looks they received, leading to their 
stigmatizing belief that they are odd. They also believed themselves to be troublemakers when 
their slower learning pace incited anger from their teachers. 

Comparably, teachers have excluded children with ID (Kassah 11; Rieser 145) as a result 
of being unaware of their unique learning styles (Alquraini 177; Ginevra 266) and the negative 
attitudes that teachers hold towards children with ID (Miezah 302). Exclusion of these children 
by their teachers has been attributed to behavioral problems among children with ID. Teachers, 
particularly special education teachers, are typically not given the materials or the funding 
necessary to adequately support children with ID (Bossink 104; Dignath 2614; Knight 12).  
 With regards to the mental health services, a Canadian study found that individuals with 
and without ID receive identical mental health services. However, there is often a lack of 
specialized service for those with ID, which results in inadequate care. This suggests that the 
mental health services and society are embedded with stigma and discrimination in Canada. 
Furthermore, in Canada, policymakers create structural stigma by limiting access to differing 
opportunities for minority groups, including those with ID (Lunsky 444). 

In summary, Individuals with ID are often stigmatized by healthcare providers 
(Pelleboer‐Gunnink 429), teachers (Miezah 302), peers (Nowicki and Sandieson 262; Rillotta 
and Nettelbeck 24; Siperstein 451), and themselves (Chen and Shu 245). 
 
Ways that stigma of individuals with ID affects their mental health and wellbeing 

Individuals with ID are consistently identified as one of the highest groups at risk for 
mental health problems (Hamdani 146), with stigma appearing as a substantial contributing 
factor. The internationalization of stigma, along with social barriers towards individuals with ID 
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have been associated with negative psychological effects on the lives of these individuals. For 
example, a study (Szivos‐Bach 232) found that young students with ID reported the lowest 
self-esteem as well as greater perceived stigma. Studies in adults found that greater levels of 
stigma were associated with greater psychiatric symptoms (Paterson 7) and psychological 
distress (Ali, “Self-Reported Stigma and Symptoms” 227). Similarly, another study found that 
higher levels of stigma were associated with higher levels of depression and anxiety symptoms, 
as well as a lower quality of life (Ali, “Self-Reported Stigma and Symptoms” 227). Furthermore, 
individuals with an ID often experience bullying, which is a result of stigma (Sourander 1005). A 
population-based study of individuals with ID found that bullying in schools and in the 
community was associated with greater depression and anxiety symptoms, as well as worse 
self-reported health (Emerson and Baines 6; Sourander 1007-09). Thus, the stigma that 
individuals with ID experience is related to bullying, psychopathology, quality of life, and 
overall health. 
 
Ways of reducing stigma towards individuals with ID 

There are a number of ways of reducing stigma towards individuals with ID. For 
example, increased awareness of the stigma and negative attitudes towards individuals with ID, 
as well as increased contact with those with ID, specifically for healthcare providers, could 
combat stigma associated with individuals with ID and may result in improved care. 
Additionally, implementing mental health and anti-stigma programs may reduce stigma in public 
services and workplaces (Hamdani 156; Ali, “Self-Reported Stigma and Its Association” 472). 
Efforts focused on community inclusion for individuals with ID may also improve public 
attitudes. Additional education for community members made them significantly more likely to 
positively view people with ID. Community inclusion may reduce stigma because positive social 
contact can promote a change in attitudes, especially when people with ID are placed in valued 
social roles (Wolfensberger 238). Research has shown that educating individuals on the 
capabilities of those with ID can lead to more positive attitudes about them (MacDonald and 
MacIntyre 23). Greater contact and collaboration with experts-by-experience with ID for medical 
students and health researchers has been shown to improve their awareness of the needs of 
individuals with ID (Frankena 281; Ryan & Scior 2327). Additionally, positive media portrayals 
of individuals with ID may also reduce stigma by presenting individuals similar to themselves in 
a positive way (Sinson and Stainton 63). Further, important strategies to protect individuals with 
ID from exclusion and stigma include awareness campaigns and improving support systems 
(Knight 12). Thus, given the benefits of education on perceptions of people with ID, programs 
focused on reducing stigma and greater integration into society can help reduce the stigma 
experienced by individuals with ID. 
 
Limitations and Future Directions 
 There are a number of limitations in the research field of the stigmatization of individuals 
with ID. For example, there is a lack of longitudinal studies on individuals with ID and 
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experiences of stigma. Studies that research topics such as whether stigma is worse at certain 
ages (e.g., during early childhood versus adolescence) could be an important potential future 
direction. Additionally, the majority of measures for stigma in prior studies did not capture 
stigma specifically, but instead examined differing attitudes. Future studies should consistently 
operationalize and examine stigmatizing experiences in individuals with ID, including the 
cognitive, affective, and behavioral dimensions of stigma. Furthermore, there is a lack of 
research on interventions aimed at reducing the stigma of individuals with ID. This means that 
more studies should be conducted on ways to reduce stigma by healthcare providers, family 
members, themselves, etc. These interventions should specifically include education and 
interpersonal contact. Furthermore, given the large diversity within the group of individuals with 
ID, examining how stigma differs between various types of ID would be beneficial.  
 It is also important for future studies to examine the varied cultural structures of 
stigmatizing attitudes towards individuals with ID. Additionally, future research should 
investigate how stigma is shaped by unexplored variables such as culture, socioeconomic status, 
ethnicity, and gender. Finally, a key limitation in the field is that few large-scale, longitudinal 
studies examine the impact of stigma on mental health problems, specifically, in individuals with 
ID. Additional research is needed to examine stigma across all ages and cultures, to conduct 
formal intervention studies that aim to reduce stigma, and to conduct longitudinal studies. These 
studies would provide an important foundation for developing interventions that target the 
reduction of psychiatric symptoms associated with stigma towards individuals with intellectual 
disabilities.  
 
Conclusion 
 In this review, we synthesized the literature on the stigmatization of individuals with ID, 
the link between stigma and mental health, as well as strategies for reducing stigma towards 
these individuals. We provided evidence that individuals with ID experience stigma from 
themselves, healthcare providers, peers, and teachers; often viewed as childlike and dependent, 
resulting in exclusion. We also found that stigma is linked to lower self-esteem, greater 
depression and anxiety, lower quality of life, and poorer overall health in individuals with ID. 
Ways of reducing stigma in those with ID include increasing awareness of the stigma, 
implementing mental health and anti-stigma programs in workplaces, increasing contact between 
healthcare providers and those with ID, community inclusion for individuals with ID, and 
positive media portrayals of those with ID. Understanding how stigma affects the lives of 
individuals with ID is important to research to improve the mental health and well-being of these 
individuals. 
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An Analysis of Feminism and Female Kinship in Alice Walker’s The Color Purple  
By Lucy Chien 

 
Abstract 

This paper examines how Alice Walker uses The Color Purple to reflect the necessary 
role of female kinship in encouraging feminism within a patriarchal society, by narrating the 
relentless struggle of marginalized African American women to gain a voice. Walker illustrates 
the power of female kinship in resisting future oppression, serving as a refuge amid male abuse, 
and providing role models to learn from. Although prior scholarship has focused on the use of 
literary elements, like symbols and diction, to examine trauma, this study focuses on the 
characters themselves and their growth to support these arguments. Walker, a prominent African 
American feminist, has made significant contributions to activism. With inspiration from her life, 
The Color Purple sits at the intersection of themes of class, race, and gender. Her writing is an 
exploration of feminist themes that recognizes the troubling experiences of African American 
women in a society that did not value their accomplishments. It is a novel of sisterhood between 
women that allows the characters to blossom into independence. This study aims to broaden the 
discussion of the role of female friendships in encouraging feminism and demonstrate their 
power in transforming women’s influence in society.  

 
Introduction 

This research focuses on the character of Celie and her relationships with Shug Avery, a 
glamorous, confident singer, and Sofia, a strong woman with an indomitable spirit. Published in 
1982, The Color Purple takes place in the Jim Crow Era, set against the backdrop of the 
American South. It is one of Walker’s most acclaimed novels and won both the Pulitzer Prize 
(1983) and the American Book Award for Fiction (1983). It takes inspiration from Walker's own 
childhood experiences in the South. Walker was born in 1944 in Eatonton, Georgia, to two 
sharecroppers. As a child, she witnessed the racism and violence that plagued her home city 
(Wolff 19). When she went to Mississippi for college, she was forced to the back of the bus. She 
realized, “in those seconds of moving, everything changed. I was eager to bring an end to the 
South that permitted my humiliation” (Walker, The World Has Changed 73). This inspired her 
career in advocacy that included The Color Purple. 

The Color Purple is an epistolary story and focuses on the journey of Celie, an African 
American woman, to discover her true family and herself. Her story is one that can transcend 
race, social class, and gender. She is a victim of abuse and silenced by her abuser; she confides in 
God to express her pain and trauma. Celie’s story begins in her childhood home in Georgia, a site 
scarred by segregation, poverty, and severe abuse. To escape her abusive father Alfonoso, she 
marries Mr.___. He is referred to only as “Mr.___”, without a first name or surname, reflecting 
the lack of feeling Celie has for him because of how he treats her as inferior. It is a loveless and 
unhappy marriage that causes Celie to hide her true nature. However, through Mr.___, she meets 
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Shug, Harpo, Squeak, and Sofia. Celie fosters different relationships with each of these 
characters, some platonic and others romantic. Celie starts out as a silent character muted by her 
past abuse, but with the help of these characters – in particular, the women – she discovers her 
voice.  
 
Analysis and Discussion 
 These women are vital in encouraging Celie to stand up for herself, primarily by speaking 
up against Mr.___’s oppression and finding an independent creative outlet. Shug is especially 
crucial for Celie’s growth. Celie and Shug first meet after Shug gets sick and Mr.___ takes her to 
his house. Initially, Celie disliked having Shug around. However, a strong bond develops 
between them while Celie is nursing Shug back to health. When Shug finds out about Mr.___’s 
abuse of Celie, she said, “I won’t leave, she say, until I know Albert won’t even think about 
beating you” (Walker, The Color Purple 74). After Shug advocates for Celie, Mr.___ does not hit 
Celie as often. Her actions demonstrate her deep love for Celie. Prior to Shug, Celie had never 
known anyone who cared for her that much. Celie is encouraged to see the value in herself 
through Shug’s eyes.  

The strong female characters in The Color Purple also help Celie to channel financial 
independence by starting a pants business. Her business is grounded in Shug’s financial and 
emotional support, as she goes “in and out of stores spending more of Shug’s money” (Walker, 
The Color Purple 211-212). Walker’s choice of a sewing business for Celie is paradoxical to the 
stereotypical portrayal of sewing as a women’s activity, as Celie derives strength from her pants. 
Celie helps to empower others through her custom designed pants. More broadly, the pants 
represent the power women can hold by taking control of their own life. All of her life, Celie did 
not wear pants because of suffocating social norms; her transformation into wearing pants and 
making pants for others represents a rejection of these ideas. The women in Celie’s life, 
especially Shug, help Celie to fight against future oppressions by helping her to see her worth 
and create something of her own. 
 Celie’s relationships with other women allow her to build a safe sanctuary away from 
abuse. Her female friendships are contrasted with her abusive relationships with Mr.___ and 
Alfonso. Celie has suffered various traumas in her life, from individual trauma from domestic 
abuse to collective trauma from racism and sexism as an African American woman. Her mother 
passed away early in her life and her younger sister Nettie is forced to leave, leaving Celie alone 
in an abusive household with Mr.___. He forces her into silence through isolation. When she 
meets Shug and Sofia, she learns to confide in them, instead of burying her trauma inside. Her 
vulnerability serves as an emotional turning point allowing her to foster trusting, supportive 
relationships with others. Celie finds healing power in her sisterhood with Sofia. When Sofia 
confronts Celie about her involvement in her relationship with Harpo, Celie admits, “I say it 
cause I’m a fool, I say. I say it cause I’m jealous of you. I say it cause you do what I can’t” 
(Walker, The Color Purple 39). Celie and Sofia both share their experiences, empowering each 
other to channel strength. Shug also helps Celie to move beyond her past and process shocking 
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revelations. For instance, after Celie discovers Alfonoso is not her biological father, Shug 
supports her visit to his house and says, “That’s it… Pack your stuff. You coming back to 
Tennessee with me” (Walker, The Color Purple 176). Shug takes Celie to Tennessee so she can 
distance herself from her past and the memories attached to Mr.___’s house. Shug and Sofia are 
integral parts of Celie’s support network. Through unconditional empathy and by sharing their 
own stores, they uplift Celie. 
 Beyond the encouragement and support Celie derives from her female kinships, they also 
act as powerful role models. They help orchestrate a change in Celie, from the way she dresses to 
the way she carries herself. Initially, Celie mostly wore dresses, after being told all her life that 
only men could wear pants. Her clothing reflected how she tried to make herself invisible by 
wearing what others considered socially acceptable clothing for women at the time. Shug 
encourages Celie to change her style. Celie describes her as dressed “to kill. She got on a red 
wool dress and chestful of black beads…she carrying a little snakeskin bag, match her shoes. She 
look so stylish it like the trees all round the house draw themself up tall for a better look” 
(Walker, The Color Purple 44). Celie admires her confident style, and when she compares 
herself to Shug, she notices how ill-fitting her clothes are. With Shug’s help, Celie discovers her 
own style and realizes that clothing should be a channel to express oneself, rather than a way to 
conform to someone else’s ideas.  

Just as dressing for herself empowers Celie, Sofia’s strength inspires Celie to fight for her 
independence. Sofia refuses to be treated inferiorly by others. Sofia said, “All my life I had to 
fight. I had to fight my daddy, I had to fight my brothers” (Walker, The Color Purple 39). Sofia’s 
passion inspires Celie to be stronger. The change is evident during her visit to Mr.___’s house, 
when she remarks how, “Then too I feel different. Look different. Got on some dark blue pants a 
white silk shirt that looks righteous. Little red flat-heel slippers, and a flower in my hair” 
(Walker, The Color Purple 216). While new clothes are a superficial element, they reflect Celie’s 
growing internal confidence. Celie follows in the steps of Shug and Sofia to eventually gain her 
own confidence. 
 
Conclusion 

Walker conveys the importance and power of strong female relationships by looking at 
Celie’s growth after meeting Sofia and Shug. These women embolden and support Celie during 
her toxic relationship with Mr.___. They also serve as strong women Celie can look up to. For 
her entire life, from Alfonso’s sexual assault when she was only fourteen to Mr.___’s verbal and 
physical abuse, Celie has tried to make herself smaller. Celie is not alone; all of the women in 
this novel are oppressed in some way. However, by the end, their physical and mental 
transformations are clear. Celie learns to speak up for herself and live freely, instead of being the 
person society or others wants her to be. Walker recognizes the struggle of African American 
women and the strength required for them to rise beyond struggles. In the everyday rush of life, 
it is often easy to overlook the daily battles people face to gain respect from others and 
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themselves. The Color Purple encourages us to recognize those sacrifices. It serves as a 
testament to those forced to channel daily courage just to exist.  
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Intermittent Fasting as a Neuroprotective Strategy: Testing ALS Progression in a 
Drosophila melanogaster Model By Mia Wang 
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Abstract 
Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disorder characterized 

by the progressive attrition of motor neurons, leading to muscle atrophy and eventual respiratory 
failure. At the cellular level, pathogenesis is heavily driven by proteotoxicity—the toxic 
accumulation of misfolded protein aggregates. Intermittent fasting (IF) has emerged as a robust 
non-pharmacological upregulator of autophagy, a lysosomal degradation pathway that clears 
these aberrant protein species. However, applying IF to ALS presents a distinct physiological 
paradox due to the characteristic hypermetabolic state associated with the disease. 

This study establishes a methodology to evaluate whether the autophagic benefits of a 
timed dietary restriction can outweigh the energetic risks of caloric restriction. Phase I of this 
investigation validated the survival feasibility, behavioral baseline, and longevity costs of a novel 
4/48 IF regimen (4 hours of feeding every 48 hours) using wild-type Drosophila melanogaster. 
Experimental cohorts maintained on the IF regimen demonstrated a significantly elevated 
metabolic hunger drive, with up to 70% navigating toward nutrient stimuli in a custom Y-maze 
compared to 40% of ad libitum controls. Although physically taxing, the protocol was 
established as survivable when supplemented with yeast-infused hydration during fasting 
windows. This establishes a calibrated baseline framework for Phase II, which will introduce 
genetically modified Drosophila expressing human-linked toxic ALS genes (SOD1 or TDP−43) 
within their motor neurons. 
 
1. Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegenerative condition 
defined by the selective and progressive degeneration of upper and lower motor neurons within 
the brain and spinal cord. The clinical manifestation is severe, encompassing debilitating muscle 
atrophy, loss of voluntary motor coordination, and terminal respiratory failure within 3 to 5 years 
of onset. Current pharmacological therapies, such as Riluzole, offer nominal extensions in 
lifespan, underscoring an urgent imperative for innovative, lifestyle-based metabolic 
interventions capable of enhancing neuronal resilience and maintaining protein homeostasis. 
A primary cytological driver of ALS progression is proteotoxicity. Neurons become 
overwhelmed by the pathological accumulation of misfolded protein aggregates that escape 
traditional ubiquitin-proteasome degradation pathways. Intermittent fasting (IF) has gained 
considerable attention as a potent trigger for macroautophagy (hereafter referred to as 
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autophagy)—a conserved cellular "housecleaning" mechanism. During periods of nutrient 
scarcity, the down-regulation of the mechanistic target of rapamycin (mTOR) pathway stimulates 
the formation of double-membrane autophagosomes. These vesicles engulf damaged organelles 
and aggregated proteins, fusing with lysosomes to degrade and recycle cellular components, 
thereby maintaining metabolic survival. 

While the neuroprotective efficacy of IF via autophagic clearance is well-established in 
clinical models of Alzheimer’s and Parkinson’s diseases, its application to ALS remains highly 
controversial. Unlike many neurodegenerative conditions characterized by stable or 
hypometabolic baselines, ALS patients and animal models frequently display a pronounced state 
of hypermetabolism. In this hypermetabolic state, organisms consume energy substrates at an 
accelerated rate, which often leads to severe weight loss and cachexia. 

Consequently, a critical gap exists in current literature: Do the autophagic benefits of a 
timed fasting window outweigh the catastrophic energetic risks of caloric restriction in an 
already energy-compromised system? To systematically address this question, this research 
project utilizes Drosophila melanogaster as a high-throughput in vivo model system. Fruit flies 
share approximately 75% of human disease-related genes, possess an abbreviated lifespan, and 
exhibit highly conserved metabolic and autophagic signaling cascades, making them ideal 
candidates for genetic and dietary manipulations. 
 
2. Methodology 
 
2.1 Experimental Model and Husbandry 

Wild-type Drosophila melanogaster were utilized for Phase I methodology stabilization. 
Cohorts were housed in clear plastic vials containing breathable foam plugs and maintained on a 
standard medium consisting of starch flakes, water, and fermented yeast at a regulated 
temperature. To prevent fungal or bacterial contamination, vials underwent strict periodic 
sanitation and replacement schedules. Sub-culturing and experimental allocations were 
performed using mild anesthesia protocols. 
 
2.2 The 4/48 Intermittent Fasting Regimen 

The experimental architecture compared a "Constant Access" control group against an 
"Intermittent Fasting" (IF) experimental cohort. 

● Control Group: Maintained constant access to standard medium. 
● IF Group (4/48): Subjected to a rigorous cyclic schedule consisting of a 4-hour feeding 

window followed by a 44-hour fasting window within every 48-hour cycle. 

To isolate the cellular effects of nutrient timing from gross starvation-induced mortality, 
flies in the IF cohort were provided with water-soaked cotton balls lightly supplemented with 
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yeast during their 44-hour fasting windows. This design provided necessary base 
micro-nutritional support while preserving the metabolic hunger drive and autophagic induction. 

2.3 Population and Confounding Control 
Drosophila display rapid reproductive cycles. The introduction of larvae and eggs into 

experimental vials would severely skew data by introducing resource competition and fluctuating 
population densities. To maintain strict data integrity, adult populations were cleared and 
transferred to entirely fresh vials every 48 hours immediately following the feeding window. 
This protocol effectively removed all deposited eggs and larvae from the experimental 
environment, ensuring that metabolic and longevity data reflected only the localized adult 
cohorts. 
 
2.4 Behavioral and Phenotypic Assays 
 
Custom Y-Maze Odor-Preference Assay  

To evaluate sensory-cognitive responses and quantify the metabolic shift (hunger drive), 
a custom-built Y-maze was engineered. One terminal arm of the maze contained filter paper 
soaked in a nutrient-dense yeast solution, while the opposing arm contained control filter paper 
soaked in plain water. 

Flies from both the control and IF cohorts were introduced into the base of the maze and 
allowed to navigate the channels for a trial duration of 45–50 minutes. The spatial distribution of 
the flies across the nutrient arm, water arm, and center junction was documented to determine 
chemical preference thresholds. 
 
Longevity Tracking 

Daily mortality logs were recorded from January 21st to March 3rd. This baseline 
tracking quantified the precise physiological "cost" of the rigorous 4/48 schedule on healthy 
organisms before introducing confounding neurodegenerative genetics. 
 
3. Results 
 
3.1 Y-Maze Performance Data 

The behavioral trials revealed a pronounced shift in the choice vectors of the IF-treated 
flies compared to the control group, validating the onset of an altered metabolic drive. 
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Group Date Trial 
Duration 

# in Yeast 
Arm 

# in Water 
Arm 

# in Center 
Junction 

Success % 
(Yeast) 

IF Feb 9 45 mins 5 5 0 50.0% 

IF Feb 12 50 mins 7 2 1 
70.0% 

IF Feb 18 45 mins 6 3 1 60.0% 

IF Mar 1 45 mins 7 2 1 70.0% 

Control Feb 5 45 mins 5 5 0 50.0% 

Control Feb 12 50 mins 4 3 3 
40.0% 

Control Feb 20 45 mins 6 4 0 60.0% 

Control Mar 3 45 mins 3 2 5 30.0% 

 

On February 12th, for instance, 70% of the IF subjects successfully navigated to the 
nutrient-rich yeast arm within the trial window, whereas only 40% of the ad libitum control 
group transitioned to the nutrient arm, with a substantial portion (30%) remaining unmotivated in 
the center junction. 

3.2 Longevity and Baseline Mortality Tracking 
Survival analysis tracking from January 21st to March 3rd demonstrated that while the 

4/48 protocol is survivable, it imposes a distinct metabolic tax on wild-type flies. 
Date Days Elapsed Cumulative Deaths 

(IF) 
Cumulative Deaths (Control) 

Jan 21 0 0 0 

Feb 15 25 1 0 

Feb 17 27 3 0 

Feb 18 28 6 2 
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Feb 21 31 10 2 

Feb 26 36 10 3 

Feb 28 38 10 5 

Mar 1 39 10 9 

Mar 3 41 10 10 

 
The IF group showed an earlier onset of mortality, reaching their maximum cumulative 

deaths (10) by Day 31 (Feb 21). In contrast, the ad libitum control group exhibited a prolonged, 
traditional sigmoidal decay curve, reaching 10 cumulative deaths on Day 41 (Mar 3). 
 
4. Discussion 
 
4.1 Interpretation of Phase I Data 

The preliminary findings successfully confirm the survival feasibility of the 4/48 
methodology. Because the healthy flies survived the intense 44-hour fasting windows when 
equipped with nutrient-supplemented hydration, we can verify that the protocol induces 
fasting-related metabolic stress rather than simple, lethal starvation. 

The Y-maze data further reinforces this conclusion. The consistently high success rates of 
the IF flies navigating to the yeast arm (peaking at 70%) indicate a highly active "hunger drive" 
and heightened sensory awareness. This behavioral divergence confirms that the metabolic shift 
required to downregulate nutrient-sensing pathways (such as mTOR) is occurring as intended. 
 
However, the longevity data highlights a definitive physiological toll: 
Survival Lifespan (Days)  
Control: 41 Days 
IF: 31 Days 

The compression of the lifespan in healthy IF flies represents the baseline physical cost of 
maintaining a 4/48 cyclic dietary restriction. In healthy wild-type flies, where proteotoxicity is 
non-existent, the upregulation of autophagy provides no clear therapeutic target. Thus, the 
energetic strain and metabolic stress of caloric restriction shorten their overall lifespan. This 
baseline calculation is critically important; it establishes the "normal" parameters needed to 
properly evaluate phenotypic changes once the neurodegenerative mutations are introduced. 

5. Conclusion and Strategic Next Steps 
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Phase I of this investigation achieved its primary objectives: validating the 4/48 
intermittent fasting framework, stabilizing the environmental care parameters, and defining 
baseline behavioral and longevity curves using control flies. 
 
Phase II Protocol: Genetic Transformation 

With the methodology stabilized, the immediate next phase of this research will introduce 
genetically modified Drosophila melanogaster lines expressing human-linked toxic ALS genes 
within their motor neurons via the Gal4-UAS system. The experimental groups will be split into 
four discrete sub-cohorts. 

The genetic models will target two primary human orthologs: 

SOD1 Variants: To model superoxide dismutase 1 accumulation and associated oxidative 
proteotoxicity. 

TDP−43 Variants: To model transactivation response DNA-binding protein 43 aggregates, 
which represent the hallmark pathology found in over 95% of human ALS cases. 

Quantitative Assays for Phase II 
To evaluate whether the autophagic clearing of these newly introduced human proteins 

slows functional decline, three primary metrics will be assessed: 

● Motor Integrity via Climbing Assays: Utilizing the flies’ innate negative geotaxis 
response, flies will be tapped to the bottom of a column, and their climbing velocity will 
be tracked over time to capture the exact rate of motor neuron decline. 
  

● Sensory Navigation via Y-Maze: Tracking whether ALS-induced neurodegeneration 
degrades olfactory navigation, and seeing if the IF protocol preserves cognitive-sensory 
functions. 
  

● Lifespan Shift Analysis: The ultimate test of the project's hypothesis. 

Therapeutic Implications 
If the 4/48 protocol successfully extends lifespan or slows motor decline in the 

gene-edited groups, it will demonstrate that the autophagic clearance of misfolded aggregates is a 
more critical therapeutic target than simple caloric abundance in a hypermetabolic disease state. 

Ultimately, proving that controlled metabolic stress can mitigate proteotoxicity would 
challenge traditional clinical models that prioritize high caloric intake for weight preservation. 
Instead, it would suggest that the timing of nutrient intake is a powerful lever for cellular 
maintenance, potentially opening affordable, non-pharmacological avenues for managing ALS 
progression. 
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Demographic Analysis of Developers’ Perceptions Toward AI in Software Development: A 
Study on Adoption, Efficiency, and Job Security By Vikrant Pethia, Dr. Wan Lin Hui, Deva 

Arun Reddy, Dr. Neharika Shrivastava 
 
Abstract 

The usage and impact of Artificial Intelligence (AI) tools and technologies in the 
software and Information technology (IT) industry has been a major subject of discussion in the 
past few years and its adoption in the software development industry for tasks such as coding 
assistance, debugging, automation has been increasing rapidly. While it is clear these tools can 
help improve the efficiency and productivity of developers, there are also concerns among 
software professionals regarding their job security and long-term career impact. The present 
study aims to understand the perception of software developers working in India toward AI 
adoption, its impact on their job efficiency, and job security. Primary data were collected using a 
structured questionnaire based on a five-point Likert scale and a total of 163 responses were 
received from developers working in domestic and multinational companies. The analysis of the 
collected data indicates that a majority of respondents have a neutral view regarding the adoption 
of AI in their day-to-day work and its effect on their job security suggesting that there may be a 
cautious acceptance. However, a smaller proportion of respondents expressed favourable views 
due to the perceived efficiency gains they realised in their daily work, and further fewer of 
respondents reported holding strong negative perceptions regarding the usage of AI in their jobs. 
The findings suggest that although AI adoption is increasing, developers are still adapting to its 
use and remain uncertain about its long-term implications on employment. 
 
Keywords 

Artificial Intelligence Adoption, Software Developers’ Perception, Job Security in IT 
Sector, Work Efficiency, Indian Software Industry 
 
Introduction 

Introduction of Artificial Intelligence (AI) has revolutionized the software industry and it 
continues to by improving decision making, automating procedure and quality of work. In recent 
years integration of AI into software engineering jobs has permeated various facets of software 
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development by offering unprecedented opportunities for innovation and efficiency. Over the 
years, AI has shown significant evolution. WABOT-217, a humanoid robot with the ability to 
read music, speak, and play an electronic organ, was introduced at Waseda University in Japan in 
1980.  Furthermore, the Fifth Generation Computer System Project of 1982 improved AI's ability 
to reason logically and solve problems.  In 1987, John Sculley, CEO of Apple, came up with the 
idea for a digital assistant called the "Knowledge Navigator" that would assist people in finding 
information.  Then, in The Coming Technological Singularity, published in 1993, Vernor Vinge 
predicted that artificial intelligence would surpass human intelligence and transform the world. 
Cynthia Breazeal from MIT made Kismet in the early 2000s, which could read and respond to 
emotional and social cues from people. Apple released Siri in 2011, a voice-activated assistant 
for iOS that made AI more accessible to the general public. 

A major breakthrough was accomplished in 2020 when OpenAI introduced GPT-3 a 
language model with 175 billion parameters making it one of the largest and most sophisticated 
AI models and in 2024 Google launched Gemini 1.5 in limited beta, an advanced language 
model capable of handling context length of up to 1 million tokens and it represented a notable 
leap in natural language processing by providing enhanced memory capabilities and contextual 
understanding (Mucci, 2025).  As per the report of Pricewaterhouse Coopers (PwC), industries 
which are making most usage of AI have 3x higher growth revenue generated by employees and 
since 2022 productivity growth in industries best positioned to adopt AI has nearly quadrupled. 
On the contrary, a fear about job loss, job numbers and wages are growing in virtually every AI 
exposed occupation, including but not limited to jobs that can easily be automated, clerical tasks 
and so on. By 2030 AI is expected to create 170 million new jobs and replace 92 million, leading 
to a net gain of 78 million jobs globally (Naik, 2025). As of 2025, 78% of the companies 
globally make use of AI in at least one business function. Globally, there are 36 million known 
companies and 280 million of them actively implemented AI. The usage of AI among companies 
has increased from 72% in 2024 to 55% in 2025. In fact, 56% of the businesses are using AI to 
handle customer service, 51% of companies are adopting AI for cyber security and fraud 
management. 35% of companies globally rely on AI for content creation and 33% use it to power 
product recommendation (Naik, 2025). 

According to a CNBC survey, 37% of Gen Zs and 35% millennials are most likely to 
have used AI in their job. Just 25% of Gen Xers and 17% of ‘baby boomers’ are using tools like 
ChatGPT at work. They also reported that 42% of employees are concerned about technological 
impact on their job. Amongst individual contributors, 44% said that they are “very or somewhat 
concerned” compared to 38% of managers or higher hierarchy. They also see a threat on the 
salary, like employees making $50,000 a year are more concerned about technological impact 
compared to those making between $50,000 and more (Caminiti, 2023). According to research, 
AI will shift demand towards creative, critical and complex problem-solving roles which are 
harder to automate. Machine learning, data science, ethics and cybersecurity experts will be 
needed to develop and manage AI which could create new tech jobs (Patil, n.d.). But according 
to the NITI Aayog report AI could lead to two million job losses in India’s tech industry which 
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employs 8 million people but at the same time could create 4 million new job roles in the next 5 
years (Yadav, 2025). The study examines the perception of AI in adoption, job efficiency and job 
security amongst software industry employees.  
 
Literature Review 
 
AI Adoption and Technological Acceptance Across Industries 

According to the structural topic modelling of 5,000 business related AI studies from 
2017 till 2023, four dominant themes were identified as ‘customer service’, ‘future of business’, 
‘AI Adoption’ and ‘Ethics’. According to the findings, more research has been done on AI 
adoption and customer services and less attention has been paid to ethical concerns. There is 
more citation for AI’s long term business impact and it has been suggested that the strategic 
perspective of AI adoption is advancing faster than technical implementation (Yadav, 2025). A 
study also examined AI adoption has impacted performance in South Africa’s State-Owned 
Enterprise (SOWs) especially on customer satisfaction, production output and resource 
efficiency. The limited adoption of AI was found to be caused by factors like high cost, lack of 
expertise, and resistance to change, according to data gathered from 240 SOEs.  Adoption of AI 
has been shown to improve efficiency and service delivery; therefore, infrastructure, skill 
development, and strategic investment are required (Mokokota et al., 2025).  According to 
Symasek et al. (2025), it was suggested that current models of technological acceptance could 
help explain how people adopt AI, and this is still a crucial area for further research.  Lack of 
training and worries about data privacy are the main obstacles to integrating AI in education, 
according to an analysis of data from 383 science teachers. Familiarity and teaching experience 
were found to significantly impact AI readiness and adoption, with predictions that AI could 
positively affect learning outcomes (Efe & Efe, 2025). Additionally, primary data from 100 
university students in Bangladesh showed that private universities with stronger technological 
infrastructure had higher levels of AI adoption (Mijan et al., 2025). Using the primary data of 
416 professionals it was also found that AI adoption affects employee well-being, increases job 
stress which leads to burnout. Employees with higher self-efficacy in AI learning experience less 
stress. It was suggested that there is a need for human centric AI strategies that can manage stress 
and enhance employee confidence (Kim & Lee, 2024). A study based on technology acceptance 
models examined how AI technology acceptance influences organisation decision making and 
performance. Using the data from 420 respondents, it was found out that support from 
management and perceived usefulness can strongly drive AI adoption which can improve 
decision efficiency and performance (Song et al., 2025). By examining the responses of over 250 
business professionals to several models of technology adoption (namely, "Technology 
Acceptance Model," "Unified Theory of Acceptance & Use of Technology" & it’s more recent 
expansion called "UTAUT" which are known as "Value-Based Adoption Models") it appears 
there are two major drivers that positively influence the acceptance of Artificial Intelligence 
(AI): increasing perceived value through increased perception of "useful" & "enjoyable" , both of 
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which will ultimately have a positive impact on the tendency to use artificial intelligence; and the 
inversely related hindrances of increased "Technical Complexity" to using AI has been shown to 
negatively affect a person's likelihood or propensity to use AI (Nguyen & Nguyen 2025). Using 
the Integration of UTAUT and TOE frameworks, researchers identified a number of varied 
pathways to Integrating AI into Clinical Decision Support Systems in China by examining a 
representative sample of different Hospitals (specifically Tertiary Level Hospitals and 
Community Hospitals). Results indicated Tertiary Level (i.e. teaching hospitals) usually adopt AI 
Using a "dual-driven" pathway (using both individual and Organizational Level drivers) while 
Community hospitals primarily utilise a "dual-driven" pathway for organizational drivers, while 
primarily adopting AI on an individual basis (Yu et al. 2024). A systematic literature review was 
also done to identify the drivers and barriers to AI adoption in the banking industry and it was 
found out that while customers value security, trust and familiarity, they have trust and reliability 
issues. AI adoption in banks was driven by resources, infrastructure but is hindered by high cost, 
skills gaps and regulatory challenges (Lazo & Ebardo, 2023). 
 
Job Security, Skill Transformation and the Future of Work 

A systematic review examined global and African perspectives on how AI affects job 
security. Four key themes were identified such as uncertainty about future AI role in human 
resource, employee wellbeing, training and mixed attitude towards AI driven job changes. AI 
does offer potential benefits but there also persist fears about job loss and it was recommended 
that ethical AI regulations, employee protection and skill development frameworks are needed to 
ensure inclusive AI adoption in Africa (Maake & Mathekgane, 2025). It was also explored that 
AI adoption in South Korean companies affects employee well-being, reduces psychological 
safety and increases depression. Psychological safety mediates this while ethical leadership 
moderates this by lessening AI’s negative effects (Kim et al., 2025).  A study also examined 
AI-driven Business Intelligence systems in the Malaysian insurance industry and using the 
Technology Organisation Environment (TOE) and Resource Based View (RBV) framework 
through interviews key barriers were identified like organization resistance, skill shortage, 
regulatory complexities and financial constraints. It was suggested that leadership commitment, 
workforce upskilling, technological improvement and policy support can enable AI 
implementation (Ramachandaran et al., 2025). Research highlighted that while AI is bringing in 
more efficiency in the organisation and decision making but adoption faces challenges related to 
human factors such as ethics, fear and employee well-being. Human Resource Management 
(HRM) strategic roles can enable digital transformation, ethical concerns, reshaping job roles, 
enhancing skills and supportive workplace culture and policies (Fenwick et al., 2024). 
Employment quality in China was analysed due to AI adoption and it was found out that AI 
boosts high skilled jobs in more developed eastern regions while displacing low skilled labour in 
less developed areas. An innovative approach using entropy weighting and multiple AI proxies 
was introduced which highlighted the effectiveness of policy intervention in mitigating AI’s 
negative impacts (Chen et al., 2025). AI impacts on workers wellbeing in Germany using 
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longitudinal data was analysed and it was found out that there is no significant negative effect of 
AI on mental health and in fact there is some evidence of improved health condition and health 
satisfaction (Giuntella et al., 2025). For Chinese small and medium enterprises, it was found out 
that AI adoption by leaders enhances employee’s readiness for changes and proactive job 
crafting. However, it can also increase perceived job threat, which negatively impacts job 
crafting, but it was also found that organisational support plays a moderating role which 
enhances the positive effect and reduces the negative one (Hu et al., 2025). A study also 
examined the factors influencing AI adoption in accounting professionals on personality traits, 
AI knowledge and professional roles. It was found out that AI knowledge is the strongest 
predictor of adoption followed by agreeableness and extraversion (Cuc et al., 2025). Based on 
the data of 310 Indian multinational corporations it was explored how AI can enhance Human 
Resource practices, employee engagement and productivity within an organisation. It was found 
out that AI significantly influences employee performance and job engagement which impacts 
companies’ performance and job security which improves engagement and service quality 
(Malik, 2024). Impact of AI on employment was also examined on two cognitive biases, i.e. 
Invulnerability Bias (IB) believing that AI will affect jobs more than their own and Optimism 
Bias by Type of Impact (OBTI) expecting AI’s effect on one’s own job to be more positive. 
Study found strong evidence of IB but not OBTI and greater AI knowledge is linked to lower IB 
which indicates that familiarity reduces perceived risk. IB level is different for different 
professionals like highest for health care, law, public administration and lowest in technology 
field (Barrera-Jimenez et al., 2025). AI is transforming industries across in terms of economic 
implications, influence on job and ethical consideration however industries like fashion, food, 
education and personal services are less affected by AI adoption (Miah, 2024).  
Multiple studies have proven that AI adoption can be an opportunity with a challenge related to 
job security, employee morale and technological adoption ((Barrera-Jimenez et al., 2025), 
(Symasek et al., 2025)). In the recent year as per our literature analysis no specific studies has 
been done to analyse the perception of Indian software developers working in private companies 
located in India related to AI adoption and job security. This research aims to do so by collecting 
some primary data using Likert scale questionnaires through convenience sampling.  
 
Research Methodology and Data Analysis 
  A survey questionnaire was prepared using a 5-point Likert scale and convenience 
sampling was used to collect data from software developers working in India for multinational 
and domestic companies. The questionnaire was sent to 300 software developers and we received 
163 respondents, in that 69 were female respondents and 94 were male respondents. From the 
education point of view 16 of them are diploma holders, 13 are Doctorate, 67 graduates, 57 
undergraduates and the rest are others. Out of 163 respondents 74 of them have an experience of 
0-2 years, 42 of them have an experience of 2-5 years, 18 of them have an experience between 5 
to 10 years and 29 with more than 10 years of experience. In the questionnaire, there are 16 
questions related to AI adoption and job security and in order to analyse the favourable, neutral 
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and unfavourable respondents we used the scaling as 16x5=80 as maximum score and 16x1 as 
minimum score by a respondent. According to the collected data 3 are unfavourable respondents, 
120 are neutral respondents and 40 of them are favourable respondents. Similarly for all the 16 
questions using 163 respondents’ data, favourable, neutral and unfavourable statements were 
analysed using 163(163 x 1) as least number and 815 (163 x 5) as maximum score for a 
statement. Table 1 below has depicted the statement as favourable and neutral statements. 
 
 
 
Table 1. Favourable, Neutral and Unfavourable Statements 
Statement Categorisation 

1. “I use AI in my daily work routine.” 
2. “AI should be promoted in software development.” 
3. “I am proficient in AI usage.” 
4. “I use AI to work efficiently.” 

 

Favourable Statement 

1. “I feel AI has helped me become a better developer.” 
2. “Adoption of AI has decreased work stress.” 
3. “I have become overly dependent on AI.” 
4. “I usually find AI results wrong and unreliable.” 
5. “I feel safe giving my data to AI.” 
6. “I am good at engineering prompts.” 
7. “AI usage has helped me become more valuable to 

the company.” 
8. “AI threatens my job.” 
9. “Less skilled developers will take over simply using 

AI.” 
10. “AI has reduced competence.” 
11. “AI has made the field too competitive.”, 
12. “AI has overall been a harmful addition.” 

 

Neutral Statement 

Table 1. categorizes respondents' views on AI adoption into distinct groups: Favourable and 
Neutral statements. Upon examining these responses, it is evident that the majority of software 

developers hold a neutral stance on the integration of AI in their daily work routines and its 
potential impact on job security. Specifically, 74% of the respondents (120 out of 163) indicated 

neutral views on the matter. This suggests that while AI is increasingly becoming a fixture in 
their professional environment, many developers are still uncertain about its long-term effects on 

their roles and job stability. 
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For instance, several neutral statements reflect a sense of ambivalence regarding AI’s 
influence on career development and work-life balance. Statements such as "I feel AI has helped 
me become a better developer" and "Adoption of AI has decreased work stress" showcase a 
moderate, cautious optimism, where AI’s efficiency in reducing workload is acknowledged but 
not necessarily seen as a transformational force. Similarly, "I usually find AI results wrong and 
unreliable" and "AI threatens my job" point to scepticism regarding AI's dependability and its 
potential to displace workers. This balanced perception implies that, while AI tools are integrated 
into many developers’ workflows, their long-term implications on career trajectories and job 
security remain uncertain, especially as AI continues to evolve. 

On the other hand, 25% (40 out of 163) of respondents expressed favourable opinions 
towards AI. These developers view AI adoption positively, emphasizing the tool's ability to 
enhance productivity, improve efficiency, and contribute to professional growth. For example, 
favourable statements like "I use AI in my daily work routine" and "AI should be promoted in 
software development" reflect a clear recognition of AI’s benefits in streamlining development 
processes. Respondents in this group likely perceive AI as an indispensable ally in improving 
their daily tasks, whether in automating repetitive work or accelerating development timelines. 
The belief that AI helps in becoming more proficient, evidenced by statements like "I am 
proficient in AI usage" and "I use AI to work efficiently", illustrates a level of familiarity and 
comfort with the technology. These individuals are likely to see AI as a productivity enhancer 
that supports their professional ambitions. 

Interestingly, a very small proportion of respondents, fewer than 2%, or just 3 out of 163, 
expressed an unfavourable attitude towards AI. This group voiced concerns about the potential 
negative consequences of AI adoption, with statements such as "AI has reduced competence" 
and "Less skilled developers will take over simply using AI" highlighting fears of job 
displacement and a potential decline in the quality of work. These individuals may worry that AI 
could lower the bar for entry-level roles or lead to a reliance on automation at the expense of 
skill development, which might ultimately undermine the value of human expertise in software 
development. 

From the demographic profile of the respondents, a notable trend emerges: a significant 
portion of the participants are early-career professionals, with 74 respondents (approximately 
45% of the sample) having 0-2 years of experience in the field. These individuals are likely still 
exploring AI tools and gaining familiarity with their capabilities. Given that they may not have 
had sufficient exposure to the long-term implications of AI, their perceptions could be more 
tentative, with mixed feelings about the role of AI in their professional growth. For example, a 
developer early in their career may use AI tools like code completion (e.g., GitHub Copilot) to 
improve their coding speed but may not yet have a fully developed understanding of how AI will 
impact their job security or career trajectory in the future. 

Conversely, a smaller segment of respondents, 29 individuals (approximately 18%), have 
over 10 years of professional experience. This group may hold more balanced views, recognizing 
AI both as an efficiency booster and as a potential disruptor to the traditional software 
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development process. They are likely to see AI as a tool to complement their existing skills, 
making repetitive tasks more efficient, while simultaneously acknowledging the risks associated 
with over-reliance on automation. The statements from this group might reflect a more cautious 
outlook, weighing the opportunities AI presents against the potential threats it poses to job 
stability and industry dynamics. 

Overall, the findings suggest that AI adoption is progressing steadily within the Indian 
software development sector, but perceptions of job security remain mixed. Employees 
acknowledge AI’s role in improving performance and efficiency, yet concerns persist regarding 
dependence, competition, and data security. 
Conclusion and Recommendation 

The study shows that artificial intelligence is already playing a big role in software 
development and yet most people in the field express neutrality about its effect on job security in 
the future. About 74 percent of developers said they were not overly excited or worried. This 
points to a careful approach as they get used to bringing AI into their work. They see its value 
and how it's expanding and are not sure yet about changes to their jobs and careers ahead. 

Around 25 percent of those surveyed had a positive take on it. They pointed out how AI 
boosts productivity and makes work more efficient. It also helps build new skills. On the other 
side, fewer than 2 percent saw it in a bad light. That means not many are pushing back against 
these tech shifts in the sector. When you look at backgrounds, early-career developers make up 
most of the group. They are just starting to try out AI tools and figure out what it means for their 
work. Senior developers tend to have a more even view - they recognize the efficiency benefits, 
but at the same time realize the potential of disruption. 

In conclusion, AI is moving forward in India's software world at a steady pace, however, all 
stakeholders retain a cautious view of its impact. Developers mostly welcome it as a way to get 
more done. Concerns linger though about relying too much on it. There is worry over losing jobs 
and keeping data safe. Building better knowledge of AI could help a lot. Clear talks about what it 
does in the company would make a difference too. Matching company plans with training for 
workers might turn this careful attitude into real confidence. That could lead to stronger teams 
over time. 
 
 
 
 
 
 
 
 
 
 
 

104 



 
 
 
 
 
 
 
 
 
 
 
 

Works Cited 
Barrera-Jimenez, Felipe, Jose Luis Arroyo-Barrigüete, Eduardo C. Garrido-Merchán, and 

Gonzalo Grinda-Luna. “Invulnerability Bias in Perceptions of Artificial Intelligence’s 
Future Impact on Employment.” Scientific Reports 15, no. 1 (August 6, 2025): 28698. 
https://doi.org/10.1038/s41598-025-14698-2. 

Caminiti, Susan. “The More Workers Use AI, the More They Worry About Their Job Security, 
Survey Finds.” CNBC, December 19, 2023. 
https://www.cnbc.com/2023/12/19/the-more-workers-use-ai-the-more-they-worry-about-t
heir-job-security.html. 

Sonia Chien-I Chen, Chuanming Zhang, and Chung-Ming Own, “Artificial Intelligence and 
Employment: A Delicate Balance Between Progress and Quality in China,” Applied 
Sciences 15, no. 9 (April 24, 2025): 4729, https://doi.org/10.3390/app15094729. 

Cuc, Lavinia Denisia, Dana Rad, Teodor Florin Cilan, Bogdan Cosmin Gomoi, Cristina 
Nicolaescu, Robert Almași, Simona Dzitac, Florin Lucian Isac, and Ionut Pandelica. 
“From AI Knowledge to AI Usage Intention in the Managerial Accounting Profession 
and the Role of Personality Traits—A Decision Tree Regression Approach.” Electronics 
14, no. 6 (March 11, 2025): 1107. https://doi.org/10.3390/electronics14061107. 

Efe, Rifat, and Hulya Aslan Efe. “SCIENCE TEACHERS’ PERCEPTIONS OF THE 
ARTIFICIAL INTELLIGENCE IN SCIENCE EDUCATION: CHALLENGES, 
READINESS, BENEFITS, AND IMPACT ON STUDENT LEARNING.” Journal of 
Baltic Science Education 24, no. 4 (August 8, 2025): 655–69. 
https://doi.org/10.33225/jbse/25.24.655. 

Fenwick, Ali, Gabor Molnar, and Piper Frangos. “The Critical Role of HRM in AI-driven Digital  
Transformation: A Paradigm Shift to Enable Firms to Move From AI Implementation to 
Human-centric Adoption.” Discover Artificial Intelligence 4, no. 1 (May 13, 2024). 
https://doi.org/10.1007/s44163-024-00125-4. 

Giuntella, Osea, Johannes Konig, and Luca Stella. “Artificial Intelligence and the Wellbeing of 
Workers.” Scientific Reports 15, no. 1 (June 23, 2025): 20087. 
https://doi.org/10.1038/s41598-025-98241-3. 

Hu, Chunjia, Qaiser Mohi Ud Din, and Aqsa Tahir. “Artificial Intelligence Symbolic Leadership 
in Small and Medium-Sized Enterprises: Enhancing Employee Flexibility and 

105 

https://doi.org/10.1038/s41598-025-14698-2
https://www.cnbc.com/2023/12/19/the-more-workers-use-ai-the-more-
https://doi.org/10.3390/app15094729
https://doi.org/10.3390/electronics14061107
https://doi.org/10.33225/jbse/25.24.655
https://doi.org/10.1007/s44163-024-00125-4
https://doi.org/10.1038/s41598-025-98241-3


 
 
 

Technology Adoption.” Systems 13, no. 4 (March 21, 2025): 216. 
https://doi.org/10.3390/systems13040216. 

Kim, Byung-Jik, Min-Jik Kim, and Julak Lee. “The Dark Side of Artificial Intelligence 
Adoption: Linking Artificial Intelligence Adoption to Employee Depression via 
Psychological Safety and Ethical Leadership.” Humanities and Social Sciences 
Communications 12, no. 1 (May 23, 2025). https://doi.org/10.1057/s41599-025-05040-2. 

Kim, Byung-Jik, and Julak Lee. “The Mental Health Implications of Artificial Intelligence 
Adoption: The Crucial Role of Self-efficacy.” Humanities and Social Sciences 
Communications 11, no. 1 (November 17, 2024). 
https://doi.org/10.1057/s41599-024-04018-w. 

Macrina Lazo and Ryan Ebardo, “Artificial Intelligence Adoption in the Banking Industry: 
Current State and Future Prospect,” Journal of Innovation Management 11, no. 3 (July 
2023): 54–74, https://doi.org/10.24840/2183-0606_011.003_0003. 

Maake, Godfrey, and Esabel Mathekgane. “Perceptions of Artificial Intelligence on the Future of 
Employees’ Job Security in Africa: Secondary Data Analysis.” International Journal of 
Business Ecosystem and Strategy (2687-2293) 7, no. 2 (May 2, 2025): 128–45. 
https://doi.org/10.36096/ijbes.v7i2.786. 

Malik, Azam. “A Study on the Relationship of Artificial Intelligence Applications in HR 
Processes for Assessing Employee Engagement, Performance, and Job Security.” 
International Review of Management and Marketing 14, no. 5 (September 4, 2024): 
216–21. https://doi.org/10.32479/irmm.16838. 

Muhammed Miah, “Unveiling the Evolutionary Impact of Artificial Intelligence on the 
Workforce,” Informatica Economica 28, no. 1/2024 (March 30, 2024): 39–58, 
https://doi.org/10.24818/issn14531305/28.1.2024.04. 

Mijan, Abdulla-All, Md Rabiul Hasan, and Mehedi Hasan. “AI And Academia: Navigating the 
Adoption of Artificial Intelligence in Universities.” International Journal of Technology 
in Education and Science 9, no. 1 (January 1, 2025): 54–65. 
https://doi.org/10.46328/ijtes.602. 

Patience Mokokota, Shopee Dube, and Tinofrei Museba, “Barriers to Artificial Intelligence 
Adoption in State-Owned Enterprises,” International Journal of Business Ecosystem and 
Strategy (2687-2293) 7, no. 4 (August 13, 2025): 23–30, 
https://doi.org/10.36096/ijbes.v7i4.867. 

Mucci, Tim. “The history of artificial intelligence.” IBM Think (blog), May 2024.  
https://www.ibm.com/think/topics/history-of-artificial-intelligence. 

Naik, Siddhi. “AI Statistics (2026): Market Size, Growth Trends &Amp; Adoption.” Resourcera 
(blog), February 4, 2026. https://resourcera.com/data/artificial-intelligence/ai-statistics/. 

Nguyen, Thanh D., and Oanh H. Nguyen. “The Role of Perceived Value on Adoption and Usage 
of Artificial Intelligence in Business.” GLOBAL BUSINESS AND FINANCE REVIEW 
30, no. 9 (September 2025): 183–97. https://doi.org/10.17549/gbfr.2025.30.9.183. 

106 

https://doi.org/10.3390/systems13040216
https://doi.org/10.1057/s41599-025-05040-2
https://doi.org/10.1057/s41599-024-04018-w
https://doi.org/10.24840/2183-0606_011.003_0003
https://doi.org/10.36096/ijbes.v7i2.786
https://doi.org/10.32479/irmm.16838
https://doi.org/10.24818/issn14531305/28.1.2024.04
https://doi.org/10.46328/ijtes.602
https://doi.org/10.36096/ijbes.v7i4.867
https://www.ibm.com/think/topics/history-of-artificial-intelligence
https://resourcera.com/data/artificial-intelligence/ai-statistics/
https://doi.org/10.17549/gbfr.2025.30.9.183


 
 
 
Dimple Patil, “Impact of Artificial Intelligence on Employment and Workforce Development: 

Risks, Opportunities, and Socioeconomic Implications,” SSRN, November 12, 2024, 
https://doi.org/10.2139/ssrn.5057396 

Ramachandaran, Sharmila, Zubaidi Mahalley, Riska Nuraini, and Bablu Kumar Dhar. “Exploring 
the Challenges of AI-driven Business Intelligence Systems in the Malaysian Insurance 
Industry.” F1000Research 14 (April 22, 2025): 452. 
https://doi.org/10.12688/f1000research.163354.1. 

Song, Yanshuo, Xiaodong Qiu, and Jiatong Liu. “The Impact of Artificial Intelligence Adoption 
on Organizational Decision-Making: An Empirical Study Based on the Technology 
Acceptance Model in Business Management.” Systems 13, no. 8 (August 11, 2025): 683. 
https://doi.org/10.3390/systems13080683. 

Symasek, Luke, Taylor Yeazitzis, Kristin Weger, and Bryan Mesmer. “Recent Developments in 
Individual Difference Research to Inform the Adoption of AI Technology.” Systems 13, 
no. 3 (February 26, 2025): 156. https://doi.org/10.3390/systems13030156. 

Yadav, Monika. “AI impact may affect 2 million jobs in India’s tech sector: NITI Aayog.” 
Business Standard, October 11, 2025. 
https://www.business-standard.com/industry/news/ai-impact-may-affect-2-million-jobs-in
-india-s-tech-sector-niti-aayog-125101100028_1.html. 

Yu, Zhongguang, Ning Hu, Qiuyi Zhao, Xiang Hu, Cunbo Jia, Chunyu Zhang, Bing Liu, and 
Yanping Li. “The Willingness of Doctors to Adopt Artificial Intelligence–Driven Clinical 
Decision Support Systems at Different Hospitals in China: Fuzzy Set Qualitative 
Comparative Analysis of Survey Data.” Journal of Medical Internet Research 27 
(November 25, 2024): e62768. https://doi.org/10.2196/62768. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

107 

https://doi.org/10.2139/ssrn.5057396
https://doi.org/10.12688/f1000research.163354.1
https://doi.org/10.3390/systems13080683
https://doi.org/10.3390/systems13030156
https://www.business-standard.com/industry/news/ai-impact-may-affect-2-million-jobs-in-india-s-tech-sector-niti-aayog-125101100028_1.html
https://www.business-standard.com/industry/news/ai-impact-may-affect-2-million-jobs-in-india-s-tech-sector-niti-aayog-125101100028_1.html
https://doi.org/10.2196/62768


 
 
 
 
 
 
 
 
 
 
 
 

    The Neuropsychological Impact of the Luteal Phase of the Menstrual Cycle in Female 
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Abstract 

This scoping review examines published literature on the neuropsychological effects of 
the luteal phase of the menstrual cycle in female adolescents ages 13–19. During the luteal 
phase, elevated progesterone and fluctuating estrogen levels interact with key neurotransmitter 
systems—including serotonin, dopamine, and gamma-aminobutyric acid (GABA)—that regulate 
mood, stress response, and cognitive function. Neuroimaging evidence links these hormonal 
shifts to altered amygdala reactivity and disrupted corticolimbic connectivity. Because 
adolescence is characterized by both pubertal hormonal change and ongoing prefrontal-limbic 
neurodevelopment, this population may be particularly vulnerable to cycle-related 
neuropsychological disruption. Relevant literature was identified through PubMed, PsycINFO, 
Google Scholar, and Scopus, covering publications from 2010 to 2025. Following a systematic 
screening process, 14 studies meeting full inclusion criteria were reviewed. Four major themes 
were identified across the literature: emotional dysregulation, heightened amygdala reactivity, 
inconsistent cognitive effects, and pervasive methodological limitations. Findings suggest that 
the luteal phase is associated with measurable neuropsychological changes in some adolescents, 
though the magnitude and consistency of these effects are substantially moderated by individual 
hormonal profiles, psychiatric history, and study methodology. Significant gaps remain, 
particularly the near-total absence of longitudinal, adolescent-focused neuroimaging studies. 
Future research must prioritize adolescent-specific cohorts, standardized hormonal verification, 
and longitudinal designs capable of capturing within-person variability across the menstrual 
cycle. 
 
Keywords menstrual cycle, luteal phase, adolescence, emotional regulation, neuropsychology, 
hormones, amygdala, corticolimbic, progesterone 
 
Menstrual Cycle Physiology 
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The menstrual cycle is a coordinated sequence of hormonal and physiological events that 
recurs approximately every 28 days and involves four distinct phases: menstruation, the 
follicular phase, ovulation, and the luteal phase (Critchley et al., 2020). During menstruation, the 
endometrial lining is shed while both estrogen and progesterone remain at basal levels. The 
follicular phase follows, during which rising estrogen drives follicular maturation and 
endometrial proliferation. Ovulation occurs at approximately cycle day 14, triggered by a surge 
in luteinizing hormone. The luteal phase then begins, defined by corpus luteum secretion of  
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progesterone and secondary estrogen fluctuations that together prepare the uterine environment 
for potential implantation (Reed & Carr, 2018). 

Beyond its reproductive function, the menstrual cycle exerts documented influence on the 
central nervous system. Estrogen and progesterone cross the blood-brain barrier and bind to 
receptors distributed across limbic structures, the prefrontal cortex, and the 
hypothalamic-pituitary-adrenal (HPA) axis (McEwen, 2001). Through these pathways, 
cycle-phase hormonal variation shapes neurotransmitter activity, emotional processing, and 
stress reactivity in ways that extend well beyond reproductive physiology (Sundström-Poromaa 
& Gingnell, 2014). 
 
Hormones and Neuropsychological Function 

Estrogen and progesterone modulate several neurotransmitter systems with 
well-established roles in cognition and affect. Estrogen enhances serotonin synthesis and 
receptor sensitivity, facilitates dopaminergic transmission in the mesolimbic reward pathway, and 
upregulates GABA-A receptor expression (McEwen, 2001; Amin et al., 2006). Progesterone, 
through its neuroactive metabolite allopregnanolone, acts as a positive allosteric modulator of 
GABA-A receptors, producing anxiolytic effects at moderate concentrations but paradoxical 
anxiety and irritability when levels fluctuate rapidly in susceptible individuals (Bixo et al., 2017; 
Hantsoo & Epperson, 2015). 

Neuroimaging research has documented cycle-dependent differences in amygdala and 
prefrontal cortex activation. Dubol et al. (2024) conducted a multimodal systematic review of 
neuroimaging studies and found that estrogen and progesterone fluctuations consistently altered 
corticolimbic neural activity, with the direction and magnitude of change varying by cycle phase 
and individual hormonal profile. Critically, differences in cycle phase verification methods and 
neuroimaging paradigms across studies complicate direct comparison of findings (Dubol et al., 
2024; Schmalenberger et al., 2021). 
 
The Luteal Phase and Emotional Regulation 

The luteal phase is the menstrual cycle phase most consistently associated with mood and 
behavioral change. Following ovulation, progesterone rises sharply and estrogen undergoes 
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secondary fluctuations before both hormones decline precipitously in the absence of implantation 
(Reed & Carr, 2018). These hormonal shifts have been associated with a range of premenstrual 
symptoms, including irritability, anxiety, depressed mood, and increased emotional sensitivity, in 
a meaningful proportion of individuals with menstrual cycles (Hantsoo & Epperson, 2015; 
Eisenlohr-Moul et al., 2020). 

Neuroimaging evidence supports a biological substrate for these symptoms. Gingnell et 
al. (2012) demonstrated heightened amygdala reactivity to negative emotional stimuli during the 
luteal phase relative to the follicular phase, an effect that was significantly more pronounced in 
individuals with premenstrual dysphoric disorder (PMDD). Similarly, Ossewaarde et al. (2010) 
reported that late-luteal hormonal decline was associated with both structural amygdala changes 
and elevated physiological stress sensitivity. Together, these findings suggest that luteal-phase 
hormonal conditions lower the threshold for emotionally driven amygdala responses, reducing 
the capacity for prefrontal inhibitory control (Gingnell et al., 2012; Ossewaarde et al., 2010). 

However, the severity and pattern of luteal-phase symptoms are not uniform. 
Eisenlohr-Moul et al. (2020) used intensive longitudinal designs with daily hormonal sampling 
to demonstrate that symptom trajectories during the premenstrual interval vary substantially 
across individuals and across cycles within the same individual, underscoring the inadequacy of 
cross-sectional designs for characterizing luteal-phase effects. 
 
Adolescence as a Unique Developmental Period 

Adolescence, spanning approximately ages 10 to 19, is among the most neurobiologically 
dynamic periods of the human lifespan (Patton & Viner, 2007). The prefrontal cortex, which 
governs executive functioning, impulse control, and top-down emotional regulation, undergoes 
protracted structural and functional maturation extending into the mid-twenties (Blakemore & 
Robbins, 2012). Simultaneously, subcortical limbic structures, including the amygdala, mature 
earlier and exhibit heightened reactivity during adolescence, creating a developmental imbalance 
between emotionally driven and regulatory neural systems (Casey et al., 2008). 

Puberty introduces large-magnitude hormonal change into this already dynamic 
landscape. Gonadal hormones—particularly estrogen and progesterone—rise substantially at 
puberty and begin their cyclical fluctuation, interacting with immature corticolimbic circuitry in 
ways that are unlikely to mirror their effects in the fully developed adult brain (Goddings et al., 
2012; Satterthwaite et al., 2014). Goddings et al. (2012) demonstrated that pubertal stage, 
independent of chronological age, predicted differences in social emotion processing linked to 
limbic system development, highlighting the neurobiological specificity of this period. These 
observations suggest that adolescents may be disproportionately sensitive to menstrual 
cycle-related neuropsychological change—not merely because they are younger, but because 
their regulatory neural architecture is in a fundamentally different developmental state. 
 
Research Gap and Rationale 
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Despite substantial growth in menstrual cycle neuroscience, the published literature 
remains overwhelmingly concentrated in adult samples. A systematic review by Klusmann et al. 
(2023) identified consistent underrepresentation of adolescent participants across menstrual cycle 
research, attributing this in part to ethical barriers in recruiting minors for hormonal studies, 
logistical challenges in cycle tracking in younger populations, and the erroneous assumption that 
findings from adult women generalize directly to adolescents. This assumption is scientifically 
questionable given documented age-related differences in hormonal profiles, receptor sensitivity, 
and the neurodevelopmental context within which hormonal signals operate. 

Methodological inconsistency compounds this problem. Schmalenberger et al. (2021) 
identified substantial variation across menstrual cycle studies in hormone measurement approach 
(saliva versus serum), cycle phase verification methods (hormone assays versus self-report), 
neuroimaging paradigm design, and operational definitions of emotional regulation. These 
differences make cross-study synthesis unreliable and limit the field's ability to build cumulative 
knowledge. Without adolescent-specific research employing standardized methods, the 
neuropsychological effects of the luteal phase in this population remain largely unknown. 
 
Aim of the Review 

This scoping review synthesizes available evidence on the neuropsychological effects of 
the luteal phase in female adolescents ages 13–19. Specific objectives are to (a) characterize the 
emotional and cognitive effects of luteal-phase hormonal fluctuation in this age group, (b) 
identify neuroimaging findings relevant to adolescent corticolimbic function across the menstrual 
cycle, (c) evaluate the methodological quality and consistency of existing studies, and (d) 
delineate priorities for future adolescent-focused menstrual cycle research. A scoping rather than 
systematic review design was selected in recognition of the heterogeneous nature of available 
evidence and the breadth of disciplines contributing to this literature (Arksey & O'Malley, 2005). 
 
Methodology 

 
Scoping Review Design 

This review follows the scoping review framework proposed by Arksey and O'Malley 
(2005) and subsequently refined by Levac et al. (2010). Scoping reviews are designed to map the 
extent, range, and nature of evidence on a topic, identify research gaps, and clarify conceptual 
boundaries rather than to produce a quantitative synthesis of effect sizes. This approach was 
judged appropriate given the methodological heterogeneity and limited volume of 
adolescent-specific studies in this area. 
 
Search Strategy 

A comprehensive literature search was conducted across four electronic databases: 
PubMed, PsycINFO, Google Scholar, and Scopus. Searches were conducted in January 2025 and 
restricted to publications from January 2010 through December 2024. The 2010 start date was 
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selected to capture contemporary neuroimaging methodologies while maintaining a sufficiently 
broad time window. The following search terms were used in combination using Boolean 
operators (AND, OR): 
 

• “luteal phase” OR “menstrual cycle phase” 
• “adolescent” OR “teenager” OR “puberty” 
• “emotional regulation” OR “mood” OR “affect” 
• “amygdala” OR “prefrontal cortex” OR “corticolimbic” 
• “progesterone” OR “estrogen” OR “gonadal hormones” 
• “neuropsychology” OR “cognition” OR “executive function” 

 
Reference lists of included articles were hand-searched for additional relevant 

publications not captured through database searching. 
 
Inclusion and Exclusion Criteria 

Studies were included if they (a) were peer-reviewed empirical studies or systematic 
reviews, (b) were published in English, (c) examined participants ages 13–19 or included 
adolescent subgroup analyses, (d) assessed menstrual cycle phase or hormonal fluctuation, and 
(e) measured emotional, cognitive, or neuropsychological outcomes. Studies were excluded if 
they (a) included exclusively adult participants without adolescent subgroup data, (b) failed to 
verify menstrual cycle phase through any objective method, (c) focused solely on reproductive or 
gynecological outcomes without neuropsychological measures, or (d) were case reports, 
editorials, or non-peer-reviewed opinion articles. 
 
Study Selection Process 

Titles and abstracts were independently screened by both authors against inclusion and 
exclusion criteria. Discrepancies were resolved through discussion and consensus. Full texts of 
potentially eligible articles were then retrieved and assessed. Where studies presented mixed-age 
samples and adolescent subgroup data could not be isolated, studies were included only if 
adolescent-relevant findings were explicitly reported. A PRISMA flow diagram (see Figure 1) 
documents the full selection process. 
 
Results 
 
PRISMA Flow Summary 

Figure 1 presents the PRISMA flow diagram for this review. The electronic search 
yielded 312 records across databases. After removing 36 duplicates, 276 records were screened 
at title and abstract level. Of these, 240 were excluded for failing to meet inclusion 
criteria—most commonly because they included exclusively adult participants, did not verify 
menstrual cycle phase, or lacked neuropsychological outcome measures. Thirty-six full-text 
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articles were assessed for eligibility, of which 22 were excluded: 10 contained adult-only 
samples without adolescent subgroup analysis, 7 did not use any form of cycle phase 
verification, and 5 focused exclusively on reproductive outcomes. Fourteen studies met all 
inclusion criteria and were included in the final review. 
 

Stage n 

Records identified through database searching 312 

  PubMed 98 

  PsycINFO 84 

  Google Scholar 79 

  Scopus 51 

Duplicates removed 36 

Records screened (title/abstract) 276 

Records excluded at screening 240 

Full-text articles assessed for eligibility 36 

Full-text articles excluded: 22 

  Adult-only sample, no adolescent subgroup 10 

  No cycle phase verification 7 

  Reproductive outcomes only 5 

Studies included in final review 14 

 
Note. Selection followed PRISMA 2020 guidelines (Page et al., 2021). 
 
Literature Summary 

Table 1 summarizes the 14 studies included in the final review, organized by population, 
design, hormone verification method, primary findings, and limitations. 
 
Table 1 
Summary of Included Studies 
 

Study Population Design Hormone 
Verification 

Key Findings Limitations 

Dubol et al. 
(2024) 

Adolescents 
& adults 

Multimodal 
systematic 
review 

Varied across 
included 
studies 

Hormonal fluctuations 
altered corticolimbic neural 
activity; effects varied by 
phase and individual profile 

Adult-dominant 
samples; 
adolescent-specific 
analysis limited 
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Study Population Design Hormone 
Verification 

Key Findings Limitations 

Gingnell et al. 
(2012) 

Women 
with/without 
PMDD 
(mean age 
30) 

Within-subje
cts fMRI 

Serum 
hormone assay 

Increased amygdala 
reactivity to negative stimuli 
in luteal vs. follicular phase; 
effect amplified in PMDD 

No adolescent 
participants; small 
neuroimaging sample 
(N=14) 

Ossewaarde et al. 
(2010) 

Healthy adult 
women 

Longitudinal 
fMRI 

Serum 
progesterone 

Late-luteal hormonal decline 
associated with amygdala 
morphological changes and 
elevated stress sensitivity 

Adult-only; 
cross-sectional at each 
time point 

Goddings et al. 
(2012) 

Adolescents 
ages 11–16 

Cross-section
al fMRI 

Tanner stage 
assessment 

Pubertal stage predicted 
social emotion processing 
differences mediated by 
limbic system maturation 

Luteal phase not 
directly isolated; 
hormone levels not 
measured 

Schmalenberger 
et al. (2021) 

Mixed adult 
population 

Methodologi
cal review 

N/A (review) Identified substantial 
inconsistency in cycle 
verification, hormone 
measurement, and outcome 
operationalization across the 
field 

Not 
adolescent-specific; 
review scope 
intentionally broad 

Klusmann et al. 
(2023) 

Adolescents 
ages 13–17 

Ecological 
momentary 
assessment 

Salivary LH + 
cycle tracking 
app 

Daily negative affect 
co-varied with luteal-phase 
hormone fluctuations; 
individual differences were 
substantial 

No neuroimaging; 
self-report affect 
measures 

Eisenlohr-Moul 
et al. (2020) 

Women with 
PMDD 
(mean age 
28) 

Intensive 
longitudinal 

Daily serum 
hormone 
sampling 

Premenstrual symptom 
trajectories varied 
substantially within and 
between individuals across 
cycles 

Adult-only; clinical 
PMDD sample limits 
generalizability 

Blakemore & 
Robbins (2012) 

Adolescent 
populations 
(review) 

Narrative 
review 

N/A (review) Prefrontal cortex maturation 
lags limbic development 
during adolescence, creating 
regulatory imbalance 

No menstrual cycle 
measures; 
developmental 
framework only 

Casey et al. 
(2008) 

Adolescents 
& adults 

Cross-section
al fMRI 

Not applicable Heightened amygdala 
reactivity and reduced 
prefrontal regulation 
characterize adolescent 
neural architecture 

No hormonal or 
cycle-phase variables 
assessed 

Bixo et al. (2017) Women with 
PMDD 

Randomized 
controlled 
trial 

Serum 
progesterone 
& 
allopregnanolo
ne 

GABA-A receptor 
sensitivity to 
allopregnanolone differed in 
PMDD, mediating anxiety 
in luteal phase 

Adult clinical sample; 
no adolescent 
participants 
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Study Population Design Hormone 
Verification 

Key Findings Limitations 

Hantsoo & 
Epperson (2015) 

Women, all 
ages (review) 

Narrative 
review 

N/A Reviewed 
progesterone/GABA 
pathways underlying 
premenstrual mood 
symptoms; stressed 
hormonal sensitivity over 
absolute levels 

Not 
adolescent-focused; 
mechanistic review 
only 

Satterthwaite et 
al. (2014) 

Adolescents 
ages 8–22 

Cross-section
al fMRI 
(n=1,000+) 

Not assessed Sex differences in 
corticolimbic connectivity 
emerged with pubertal 
maturation, persisting into 
young adulthood 

Menstrual cycle phase 
not assessed; 
cross-sectional 

Critchley et al. 
(2020) 

General adult 
population 
(review) 

Clinical 
review 

N/A Comprehensive overview of 
menstrual cycle physiology; 
established reference for 
phase definitions and 
hormonal dynamics 

Not 
neuropsychological in 
focus; foundational 
physiology review 

Reed & Carr 
(2018) 

General adult 
population 
(review) 

Endocrinolog
y review 

N/A Detailed hormonal dynamics 
of the menstrual cycle, 
including corpus luteum 
function and luteal 
progesterone secretion 

No 
neuropsychological or 
adolescent content 

 
Thematic Findings 
 
Theme 1: Emotional Dysregulation During the Luteal Phase 

Across reviewed studies, the luteal phase was the menstrual cycle phase most 
consistently associated with emotional dysregulation. Elevated irritability, anxiety, depressed 
mood, and heightened emotional reactivity were the most frequently reported symptoms, 
typically emerging in the late-luteal window as progesterone and estrogen decline toward their 
nadir (Hantsoo & Epperson, 2015; Eisenlohr-Moul et al., 2020). The neurobiological mechanism 
most commonly proposed involves progesterone's neuroactive metabolite allopregnanolone, 
which modulates GABA-A receptor sensitivity. At stable levels, allopregnanolone exerts 
anxiolytic effects; however, rapid fluctuation—particularly in the late-luteal and perimenstrual 
phases—can paradoxically increase anxiety and affective instability in individuals with 
heightened receptor sensitivity (Bixo et al., 2017; Hantsoo & Epperson, 2015). 

What the literature has not yet adequately addressed is whether these mechanisms operate 
identically in adolescents. The GABA-A receptor system undergoes significant developmental 
remodeling during puberty, and allopregnanolone sensitivity during this period has not been 
directly characterized (Blakemore & Robbins, 2012). This is not a minor gap—it means that the 
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primary proposed mechanism for luteal-phase mood symptoms has never been confirmed in the 
population this review targets. 

Among the adolescent-specific studies reviewed, Klusmann et al. (2023) used ecological 
momentary assessment to track daily affect in adolescents ages 13–17 across multiple menstrual 
cycles. Using salivary luteinizing hormone to verify cycle phase, the authors found that negative 
affect co-varied meaningfully with luteal-phase hormonal fluctuations, though the effect size 
varied substantially across participants. Crucially, adolescents with higher trait anxiety showed 
amplified cycle-related mood variability, suggesting that pre-existing vulnerability factors 
interact with hormonal change in ways cross-sectional designs cannot detect. 
 
Theme 2: Amygdala Reactivity and Corticolimbic Functioning 

The most replicable neuroimaging finding in this literature is heightened amygdala 
reactivity to emotionally salient stimuli during the luteal phase. Gingnell et al. (2012) used 
functional MRI to demonstrate significantly greater amygdala activation in response to negative 
emotional images during the luteal phase compared to the follicular phase, a difference that was 
substantially larger in participants with PMDD than in controls. Ossewaarde et al. (2010) 
extended these findings by documenting that late-luteal hormonal decline was associated not 
only with functional changes in amygdala reactivity but with volumetric shifts in amygdala 
morphology, suggesting that progesterone withdrawal produces structural as well as functional 
neurobiological consequences. 

The corticolimbic framework that emerges from this research positions the luteal phase as 
a period during which top-down prefrontal regulation of amygdala-driven emotional responses is 
compromised by hormonal conditions. Dubol et al. (2024) synthesized neuroimaging evidence 
across multiple modalities and concluded that progesterone-driven changes in corticolimbic 
connectivity represent the most consistent neural signature of the luteal phase, though the 
directionality and functional significance of this connectivity change varied across studies. 

Translating these findings to adolescents requires caution. Casey et al. (2008) 
demonstrated, using a large fMRI dataset, that the adolescent brain is already characterized by 
heightened amygdala reactivity and reduced prefrontal regulatory control relative to adults, 
independent of menstrual cycle phase. This baseline developmental profile may interact with 
luteal-phase hormonal conditions in ways that are additive, synergistic, or qualitatively different 
from what is observed in adults. Satterthwaite et al. (2014) reported that pubertal maturation 
itself shapes corticolimbic connectivity trajectories, introducing sex-differentiated patterns that 
persist into young adulthood. Whether the menstrual cycle phase modulates these trajectories 
during adolescence is an empirical question that remains unasked in the literature. 
 
Theme 3: Cognitive Function Across the Menstrual Cycle 

The relationship between menstrual cycle phase and cognitive performance is less 
consistent than the emotional regulation literature and warrants careful interpretation. Several 
studies have reported modest luteal-phase differences in working memory, sustained attention, 
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and verbal fluency, hypothesizing that progesterone's sedating properties and estrogen's 
modulation of dopaminergic circuits in the prefrontal cortex account for these effects 
(Sundström-Poromaa & Gingnell, 2014). However, a comparable number of studies have failed 
to detect significant phase-related cognitive differences when controlling for sleep quality, stress, 
and time of day—variables that are rarely measured consistently across studies (Schmalenberger 
et al., 2021). 

Among adolescent-focused studies, cognitive outcomes during the luteal phase have not 
been directly examined with neuroimaging. The available evidence is limited to self-report 
measures and behavioral tasks, which are vulnerable to demand characteristics, practice effects, 
and motivational variability across testing sessions. Additionally, most cognitive studies in this 
literature use fixed-time testing rather than within-cycle repeated assessments, making it 
impossible to attribute observed differences confidently to hormonal cycle phase rather than to 
other sources of within-person variability (Schmalenberger et al., 2021; Klusmann et al., 2023). 

What this means in practice is that there is currently insufficient evidence to conclude 
that the luteal phase reliably impairs academic or cognitive performance in adolescents. This is 
not evidence of absence but absence of evidence—and it underscores the need for 
adolescent-focused cognitive studies with proper cycle verification and repeated within-person 
designs. 
 
Theme 4: Methodological Limitations in the Existing Literature 

Perhaps the most consequential finding of this review is not a neuropsychological one: it 
is the depth and breadth of methodological problems in the existing literature. Schmalenberger et 
al. (2021) systematically documented these problems and concluded that cycle verification 
method is the single most important determinant of data quality in menstrual cycle research, yet 
it remains the most variably implemented element across published studies. Studies using serum 
hormone assays, salivary assays, urine LH strips, calendar estimation, and self-reported last 
menstrual period date are routinely treated as methodologically equivalent in literature 
reviews—an assumption that dramatically understates measurement error and misclassification 
risk. 

Additional methodological concerns identified across reviewed studies included the 
following. Sample sizes in neuroimaging studies were consistently small; the median 
neuroimaging sample in luteal-phase fMRI studies identified in this review included fewer than 
20 participants, severely limiting statistical power and generalizability. Cross-sectional designs 
dominated the literature, precluding examination of within-person hormonal variability that 
Eisenlohr-Moul et al. (2020) demonstrated to be substantial and clinically meaningful. 
Adolescent participants were systematically excluded or constituted a small minority of samples, 
often without justification. Emotional regulation was operationalized inconsistently—variously 
as self-reported affect, behavioral task performance, or neural activation patterns—making 
cross-study synthesis imprecise. Finally, important covariates, including oral contraceptive use, 
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psychiatric diagnosis, sleep quality, chronic stress exposure, and socioeconomic status, were 
inconsistently measured or reported. 
 
Discussion 

This scoping review set out to characterize the neuropsychological effects of the luteal 
phase in adolescent females ages 13–19. The honest answer is that the literature has not yet 
provided this characterization. What exists is a body of adult-based neuroimaging and hormonal 
research that documents real and biologically plausible effects—elevated amygdala reactivity, 
disrupted corticolimbic connectivity, mood instability linked to GABA-A receptor modulation by 
allopregnanolone—alongside a small number of adolescent-focused studies that suggest these 
effects generalize to younger populations in attenuated or modified form. The gap between what 
is known about adults and what is known about adolescents is not a minor one. It reflects a 
systematic exclusion of a population whose neurobiological characteristics make luteal-phase 
hormonal effects theoretically more consequential, not less. 

The developmental mismatch hypothesis that emerges from this review is worth stating 
directly. During adolescence, the prefrontal cortex—the structure most responsible for regulating 
amygdala-driven emotional responses—is still undergoing structural maturation (Blakemore & 
Robbins, 2012; Casey et al., 2008). The luteal phase, via progesterone-driven reductions in 
corticolimbic functional connectivity, appears to further compromise this regulatory capacity in 
adults (Gingnell et al., 2012; Dubol et al., 2024). If both of these claims are true—and the 
evidence for both is reasonably strong—then adolescents should be expected to show greater 
vulnerability to luteal-phase emotional dysregulation than adults, not as a matter of behavioral 
immaturity but as a consequence of neurobiological state. The single adolescent study using 
objective hormonal verification that was identified in this review (Klusmann et al., 2023) is 
consistent with this prediction, finding meaningful cycle-related affect variation with individual 
difference moderators. But one well-designed study is not a literature. It is a starting point. 

The clinical and educational implications of this gap are not trivial. Adolescent girls 
represent a population that is routinely assessed for attention difficulties, anxiety disorders, and 
mood disorders during a life period when they are, by biological necessity, experiencing 
substantial cycle-related hormonal variation. If luteal-phase effects on emotional regulation and 
cognitive function are meaningful and unrecognized, some proportion of symptom presentation 
in this population may reflect cyclical hormonal variation rather than—or in interaction with—a 
stable psychiatric condition. Mischaracterizing cyclical mood disruption as trait-level 
psychopathology has meaningful consequences for diagnosis, treatment, and how adolescent 
girls understand their own mental health. 

Methodologically, this review reinforces Schmalenberger et al.'s (2021) call for 
standardization in menstrual cycle research. The inconsistency documented across studies is not 
merely an academic inconvenience; it means that the literature cannot accumulate in the way 
science is supposed to. Studies using calendar-estimated cycle phases produce fundamentally 
different data than studies using serum hormone assays, yet are cited side by side as though they 
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answer the same question. Future research in adolescent populations should at minimum use LH 
surge detection via urine or serum sampling to verify ovulation and confirm luteal phase entry, 
measure both progesterone and estrogen rather than relying on a single hormone as a proxy for 
cycle phase, include repeated within-person assessments rather than single time-point 
comparisons, and pre-register hypotheses and analysis plans to reduce researcher degrees of 
freedom in a literature already plagued by underpowered studies. 

There are also ethical dimensions to this research gap that deserve acknowledgment. 
Adolescents are a protected population in research settings, and hormonal sampling in minors 
requires additional ethical oversight that can slow recruitment and complicate study design. 
These are real barriers, not pretexts, and they partially explain why the field has defaulted to 
adult samples. However, the ethical case for excluding adolescents from menstrual cycle research 
is growing weaker as the potential clinical relevance of cycle-related neuropsychological effects 
in this population becomes clearer. Research ethics frameworks exist precisely to enable rigorous 
science in vulnerable populations, not to preclude it. 
Conclusion 

Three conclusions can be drawn with reasonable confidence from this review. First, the 
luteal phase is associated with neurobiologically grounded changes in emotional regulation and 
amygdala reactivity in adult women, mediated through hormonal modulation of corticolimbic 
neural circuitry. Second, adolescence is a developmental period during which the neural 
architecture governing emotional regulation is in a state of ongoing maturation, creating a 
plausible basis for heightened sensitivity to luteal-phase hormonal effects. Third, the 
adolescent-specific empirical literature needed to test this hypothesis directly does not yet exist 
in any substantial form. 

The path forward is not complicated to describe, even if it is difficult to execute. 
Longitudinal studies tracking adolescent participants across multiple menstrual cycles, with 
objective hormonal verification, repeated neuroimaging, and systematic measurement of 
emotional and cognitive outcomes, are the scientific priority. Secondary priorities include 
standardization of cycle phase verification protocols across the field, inclusion of important 
covariates such as psychiatric history and sleep quality, and pre-registration of study designs to 
improve reproducibility. 

What motivates this review, ultimately, is not an abstract interest in menstrual cycle 
biology. It is the recognition that adolescent girls navigating school, relationships, mental health, 
and identity formation are doing so in bodies undergoing hormonal cycling that science has 
largely not studied at their age. They deserve a research literature that takes their developmental 
specificity seriously. 
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The Influence of Packaging Color on Teenage Snack Selection By Hadley Shellow 
 

I. Abstract  
This study examined how different colors influence teenage snack selection.  It fills a gap 

in consumer behavior research that does not address adolescent populations. Based on the 1986 
Elaboration Likelihood Model (ELM), this study expanded on it by using a voluntary 
quantitative quasi-experimental design to collect data. The study focused specifically on high 
school students to address the gap in adolescent-specific consumer behavior research, measuring 
the extent to which color variation independently shapes decision-making. The researcher 
gathered a random sample of 102 teenagers between the ages of 14 and 18 in Los Angeles, 
California, at a local public high school. One major finding was a statistically significant 
difference in snack consumption habits, indicating that consumption behavior affects sensitivity 
to packaging color. Moreover, frequent snackers are more prone to heightened responses to 
visual cues because they are accustomed to regularly seeing processed food. Another key finding 
showed that colored packaging played a strong role as a visual shortcut. For example, green was 
perceived as healthy, whereas red and blue were perceived as indulgent foods. Overall, this study 
explored whether the color of packaging changes how teenagers choose snacks, even when other 
visual variables of the product remain the same. However, despite the measurability, results 
showed that packaging color plays a conditional role in adolescent snack selection. Future 
research should include using physical snack products to replicate real-world purchasing 
environments and a randomized trial design for image presentation to eliminate potential order 
bias. 
 
II. Introduction 

Packaging color is one of the immediate visual elements consumers notice when they see 
a product (NIH, 2024). In busy stores, shoppers make quick decisions based on packaging cues 
rather than taking the time to compare product details. Since color can be processed rapidly and 
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can influence emotional and cognitive responses, it has become an important marketing tool for 
capturing attention and shaping first impressions (Kauppinen-Räisänen & Luomala, 2010).  

To better understand this topic, it is necessary to define several key concepts. Color 
psychology refers to how color influences emotion, cognition, and behavior (Elliot & Maier, 
2014). Consumer behavior examines how individuals select, purchase, and use products 
(Solomon, 2009). Perceived fluency is the ease with which a stimulus is mentally processed, 
often increasing preference and positive judgments (Reber, Schwarz, & Winkielman, 2004). 
Purchase intention refers to the psychological likelihood of buying a product based on attitudes, 
beliefs, and perceptions (Ajzen, 1991).  

Teenagers are a relevant consumer demographic, as they are more inclined to make 
independent buying decisions and are also more exposed to branding and advertising. In 
addition, teens are also more likely to make decisions based on trends, how things look, and 
quick judgments (Story & French, 2004). 

Color associations can also affect how people perceive products before they taste them. 
Studies have shown that consumers frequently associate colors with connotations such as 
excitement, sweetness, freshness, healthfulness, or trustworthiness. For instance, bright, warm 
colors might make things look lively or fun, while cooler or more natural colors might make 
things look healthier or more expensive (Madden, Hewett, & Roth, 2000).  These attitudes can 
shape what people expect from a product and, ultimately, what they choose to buy.  

 Despite extensive research on color psychology and consumer behavior, there is a lack of 
specific studies examining how packaging color influences snack selection among adolescents, 
especially when all other product factors are held constant. This gap in existing literature led to 
the following research question: Do certain colors make teenagers more likely to choose a snack 
product when given similar options? The study aims to enhance the comprehension of adolescent 
consumer behavior and the influence of visual marketing strategies on food purchasing decisions 
through the analysis of this relationship. 

 
III. Literature Review 
 
Packaging Design and Consumer Attention 
 Packaging plays a major role in how people decide what to buy because it’s the very first 
thing that catches one’s eye, and that first impression can stick.  

Back in 2001, Underwood et al. were among the first to biometrically test how packaging 
captures our attention. They used eye-tracking experimental methods with approximately 60-80 
participants to see where people looked and for how long. Their main takeaway was that the 
design on a package serves a purpose beyond aesthetics. Even when people knew the brands 
already, unique packaging made certain products stand out and stick in their memory. The 
findings showed significantly higher visual fixation time and recall rates for distinctive 
packaging conditions compared to control conditions. 
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Later on, Orth and Malkewitz (2008) broke packaging down into formal design 
dimensions, including color, symmetry, and the level of complexity. They conducted a 
survey-based experimental study with roughly 120-200 consumer participants rating multiple 
packaging designs across structured visual categories. The structure of a design sends clear 
signals about the brand’s persona, whether it seems fancy, practical, or just fun. Results indicated 
that visual structure significantly predicted perceived brand personality traits such as 
sophistication, sincerity, and excitement. 

Put together, these studies demonstrate clearly that packaging grabs attention and 
influences how we perceive things fast. Even so, both projects looked at packaging as a whole, 
and they did not isolate color as an independent variable. 
 
Color Psychology and Consumer Perception 
 Color isn’t just a detail; it really drives how people make choices. Labrecque and Milne 
(2013) conducted a series of controlled experiments with multiple sample groups totaling 
approximately 400+ adult participants across studies and discovered that colors indeed determine 
how consumers judge a brand’s personality. People link certain colors to emotions like trust, 
excitement, or style. Thus, just seeing a color can create an initial impression before anyone 
actually tests the product. Findings showed consistent and statistically significant associations 
between specific hues and perceived emotional traits. 

Then there’s Labrecque and Patrick (2015), who used experimental manipulation of 
saturation and brightness levels with approximately 150-200 participants per study condition. 
They noticed that changes to these factors matter too. Bright, saturated colors grab your attention 
and make you more alert, but softer, muted shades actually make products feel more premium, 
even before you pick them up. Results indicated that higher saturation increased emotional 
arousal and visual attention, while lower saturation increased perceived product luxury. 

Spence (2019) pushed the conversation toward food-related topics through a 
cross-disciplinary review of experimental studies in sensory science and consumer psychology 
(drawing from dozens of prior experiments across multiple countries and sample groups), 
showing that color changes how you expect something to taste, just from looking. The 
conclusion emphasized that visual cues significantly shape taste expectations before sensory 
experience and that color operates as a sensory bridge dictating taste expectations before 
consumption. 

Su and Wang (2023) investigated food packaging using a controlled experimental design 
with approximately 300-500 participants across multiple product choice scenarios.  They found 
that color shapes what people expect from a product and whether they even want to buy it. The 
findings suggest that warm colors are linked to snacks and treats, while cool colors cause 
products to appear healthier. Results showed statistically significant differences in purchase 
intention based on color category, with warm tones increasing hedonic product selection.  
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When combined, all this research points to one thing: color guides how people view 
products and whether they’re likely to buy them. However, most of the studies focus on adults 
and do not provide insights into how teens react when other variables are controlled. 
 
Visual Processing and Decision-Making 
 People don’t choose products based solely on facts; instead, they tend to gravitate toward 
whatever is easier for their brain to process, a concept known as cognitive processing. Alter and 
Oppenheimer (2009) conducted a series of laboratory experiments with approximately 100-150 
participants per study and revealed that when something’s simple and visually clear, viewers tend 
to like it better, even if there’s no difference in quality. So, clean design isn’t just about 
appearance. It actually shapes what we want. Findings showed that higher processing fluency 
significantly increased product preference ratings. 

The theoretical backbone for this study is the Elaboration Likelihood Model (Petty & 
Cacioppo, 1986). Through experimental manipulation of participant involvement, Petty and 
Cacioppo found that when a person’s motivation to process information is low, they bypass 
logical processing and instead rely on the low-effort processing pathway. In this state, decisions 
are guided by surface-level cues, such as color or source attractiveness, rather than objective 
facts. Their results demonstrated that these peripheral cues effectively drive behavior during 
low-effort tasks. This suggests that for a teenager making a quick, low-involvement snack 
choice, packaging color acts as the primary signal guiding their selection. 

Velasco et al. (2016) took this idea across the domain of food packaging using 
experimental design studies involving approximately 200+ participants evaluating manipulated 
packaging visuals. They found that a clear, coherent design makes people expect better taste and 
higher quality, even before they try the product. The packaging sets up the expectation. Results 
indicated that visual clarity significantly influenced perceived taste quality and purchase 
likelihood. 

Instead of repeating Labrecque and Patrick (2015), Velasco et al. (2016) provide a 
different perspective by focusing less on emotional responses to color intensity and more on how 
organized visual presentation shapes cognitive ease and product expectations. 

Together, these studies suggest that packaging color may influence consumer choice 
through both emotional association and cognitive fluency, although color is not isolated as an 
independent factor. 
 
Adolescent Consumer Behavior and Food Marketing 
 Teens play a big role in consumer behavior research because they’re making more of 
their own buying choices, and they respond strongly to what they see. Harris and colleagues 
(2014) showed that food ads, especially the visual ones, significantly affect what foods 
adolescents prefer and actually eat. Their review synthesized experimental and observational 
studies across adolescent populations, consistently finding that exposure to visual food marketing 
increases preference for advertised products. 
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Folkvord et al. (2016) went a step further, using a controlled experimental study with 
child and adolescent participants (approximately 150-200 across conditions). They found that 
just seeing appealing images of snacks made kids eat more, even if they weren’t actually hungry. 
Results showed a significant increase in snack consumption following exposure to visual food 
cues compared to control groups. This implies that adolescents may be more vulnerable to the 
peripheral route of the Elaboration Likelihood Model due to their higher sensitivity to immediate 
visual rewards. 

Roberto et al. (2010) conducted a randomized experimental study with adolescent 
participants evaluating food choices with and without nutrition labeling (approximately 100+ 
participants). They noticed that even when nutrition labels are there, teens still judge foods 
mostly by how they look. Flashy packaging and colors beat out information. Rational thinking is 
frequently bypassed by visual prestige, reinforcing the idea that for teenagers, how it looks 
outweighs what it is. Findings indicated that visual appearance had a stronger influence on 
perceived healthfulness and choice than nutritional information. 

 
All together, these studies show that adolescents are especially tuned in to visual food 

marketing. Still, when it comes to specific things like packaging color, these factors usually get 
mixed in with other visual details and don’t always get tested on their own. 
 
Gap 

Even though there’s a ton of research showing how packaging design, color psychology, 
cognitive fluency, and food marketing influence consumer decision-making, there’s one big 
question that still arises: What happens when you look at just the color of the packaging and 
nothing else, when teens are the ones picking snacks? 

While studies like Su and Wang (2023) and Labrecque and Milne (2013) demonstrate that 
color influences perception and purchase intention, their experimental designs still include full 
packaging contexts, meaning color is rarely isolated as a single independent variable in 
adolescent-relevant decision settings. 

Another issue is that nearly all this research looks at adults, assuming adolescent 
cognitive processing is the same, but that’s not really true. Teenagers are different. They have 
less impulse control, they’re extra sensitive to rewards, and they lean on quick visual judgments. 
So, adult findings don’t always fit when considering teenage snack choices. 

Even when researchers do focus on young people, like Harris et al. (2014), Folkvord et 
al. (2016), and Roberto et al. (2010), the studies usually measure how teens respond to ads, 
branding, or the whole package. Rarely do they isolate just one piece, like color. That means we 
still don’t know exactly how much color alone shapes what snacks teens pick. 

This all matters because picking snacks is a nearly effortless decision for teens, and 
they’re surrounded by grabbing visuals in places like schools, stores, and vending machines. 
Unless you isolate color, you can’t really say if it, by itself, shifts their decisions. 
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Therefore, this study addresses a critical gap in the literature by isolating packaging color 
as the sole manipulated variable in adolescent snack selection. By doing so, it seeks to clarify 
whether color independently influences choice behavior or whether its effects are primarily 
dependent on broader packaging context. 
 
Synthesis of Literature 
 The existing literature demonstrates a clear interconnectedness between packaging 
design, color psychology, and cognitive processing.  Research by Underwood et al. (2001), Orth, 
and Malkewitz (2008) points out that packaging grabs our attention and shapes how we see a 
product. Studies by Labrecque and Milne (2013), Labrecque and Patrick (2015), Spence (2019), 
and Su and Wang (2023) show that color serves more than a decorative purpose; it changes what 
people notice and whether they want to buy something. When it comes to decision-making, Alter 
and Oppenheimer (2009) and Velasco et al. (2016) talk about the role of cognitive fluency. When 
viewed through the lens of cognitive fluency (Alter & Oppenheimer, 2009) and the Elaboration 
Likelihood Model (Petty & Cacioppo, 1986), a theoretical framework arises, and teenagers likely 
use color as a primary cue to simplify complex shopping environments. Although Underwood, 
Orth & Malkewitz, and Alter & Oppenheimer are outside a ten-year research parameter, they 
provide a theoretical foundation for this project. Concentrating on teenagers, Harris et al. (2014), 
Folkvord et al. (2016), and Roberto et al. (2016) point out that they’re especially tuned into 
visual marketing, especially for food. 
 
IV. Methods 
 
Introduction 
 This study examines whether certain packaging colors push teenagers to pick one snack 
over another when all other aspects of the snacks are identical. Most research so far has focused 
on adults, product brands, or has mixed together many packaging features, not just color. There 
is hardly any literature that singles out color with teens. As a result, by using a quantitative 
quasi-experimental design, the study focuses specifically on high school students to address the 
gap in adolescent-specific consumer behavior research, measuring the extent to which color 
variation independently shapes decision-making.  
 
Population 
 The population of this study focused on students at Calabasas High School, which sits in 
a suburb of California and has around 1,700 kids. The school serves students from grades 9 to 
12, comprising male and female students. Most students are White, with about 73%. Hispanic 
students make up 11%, Asians about 6%, African Americans around 3%, while 5% identify with 
more than one race. The remaining 2% identify as other ethnicities. About a quarter of the 
students here are considered socioeconomically disadvantaged. 
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A total of 102 responses were collected, and 101 were valid for analysis, representing 
participants aged 14 to 18. Since most research on packaging color usually looks at adults or 
college students, focusing on a high schooler demographic offers a fresh outlook. Because 
participants came from one school, the findings may reflect this specific student population more 
than adolescents nationally. 
 
Instruments 

An anonymous online survey was implemented to gather data. It asked about 
demographics, explored several snack preference cases, had participants rank options, and 
incorporated opinion questions assessed on a scale. The survey aimed to find out if packaging 
color affected which snacks people picked by using images of Asian snack products where only 
the packaging color was manipulated. These products were chosen to reduce familiarity and 
preference bias, ensuring that color was the primary variable influencing participant choice 
rather than prior recognition or brand familiarity. However, unfamiliar international products 
may not accurately reflect real-world behaviors, since students might respond differently to 
brands they regularly purchase. 

The survey was divided into five categories: informed consent, demographics, snack 
preference testing, color perception, and purchasing reflection. 

 

 Pre-Test  

 Informed Consent  

Questions Response Style Source 

As the parent of this student, I 
give consent to participate in 
this study 
 
 

Yes, No Self-Defined 

As the participant, I give 
consent to participate in 
this study 

Yes, No Self-Defined 

 Demographics  

How old are you? 14, 15, 16, 17, 18 Self-Defined 

What gender do you prefer? Male, Female, Non-binary, 
Prefer not to say 

Self-Defined 
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What grade are you in? 9th, 10th, 11th, 12th Self-Defined 

How often do you usually eat 
snacks in a day? 

0 snacks per day, 1-2 snacks 
per day, 3-4 snacks per day, 5 
or more snacks per day, it 
varies/I don’t usually keep 
track 

Self-Defined 

When you snack, what type 
of food do you usually 
choose? 

Mostly sweet snacks (candy, 
cookies, etc.)  
Mostly salty snacks (chips, 
pretzels, etc.)  
Mostly healthy snacks (fruit, 
granola, protein bars, etc.)  
A mix of everything  
I don’t really eat snacks often 

Self-Defined 

 Snack Preference Test  

Look at the images of the 
snack products below. Which 
one would you most likely 
choose? 

 

Self-Defined, adapted from 
Underwood et al. (2001) 

Why did you choose that 
option? 

The color looked most 
appealing 
It looked tastier 
It stood out more 
It looked healthier 
Other: _________ 

Self-Defined 

Look at the images of the 
snack products below. Which 
one would you most likely 
choose? 

Self-Defined, adapted from 
Underwood et al. (2001) 
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Why did you choose that 
option? 

The color looked most 
appealing 
It looked tastier 
It stood out more 
It looked healthier 
Other: _________ 

Self-Defined 

Look at the images of the 
snack products below. Which 
one would you most likely 
choose? 

 

Self-Defined, adapted from 
Underwood et al. (2001) 

Why did you choose that 
option? 

The color looked most 
appealing 
It looked tastier 
It stood out more 
It looked healthier 
Other: _________ 

Self-Defined 

Rank the three snack 
packages in order of 
preference, with 1 being your 
favorite and 3 being your 
least favorite. 

Ranking Scale Self-Defined 

When choosing snacks, how 
much does the color of the 
packaging matter to you? 

1 (Not at all) to 4 (A lot) Likert Scale 

Which colors make a snack Red, Orange, Yellow, Green, Self-Defined, based on 
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seem healthier to you? Blue, Purple, Pink (Multiple 
Selection) 

Madden et al. (2000) 

Which colors make a snack 
seem unhealthier to you? 

Red, Orange, Yellow, Green, 
Blue, Purple, Pink (Multiple 
Selection) 

Self-Defined, based on 
Madden et al. (2000) 

 Reflection  

Rank the following factors in 
order of influence when 
purchasing snacks: Taste, 
Price, Brand, Color 

Ranking matrix (1st-4th) Self-Defined, based on 
consumer behavior 
frameworks (Solomon, 2009) 

Would you say packaging 
colors make you more or less 
likely to try a new snack 
brand? 

1 (Less likely) to 4 (More 
likely) 

Likert Scale, adapted from Su 
& Wang (2023) 

Sample Selection 
 This study utilized a voluntary response sampling method. Students at Calabasas High 
School were given an open invitation to participate, and the responses came across all grades, 9 
through 12. Since the invitation went out to everyone, the students who responded represented 
different age brackets, grades, and genders. The researcher selected a random subsample of 
respondents from the larger dataset for inferential testing. This ensured that all participants in the 
target population had an equal chance of selection, allowing for fair comparison groups for the 
independent-samples t-tests. Voluntary response sampling may have introduced self-selection 
bias because students interested in snacks or marketing may have been more likely to participate. 
 
Implementation 
 Before starting, participants were also informed that participation was voluntary and that 
they could withdraw at any time without penalty. If a student was under 18, parental consent was 
obtained where required. Participants were also informed that they could skip any question or 
stop participation at any point without consequence. 

The survey itself was distributed through different online Google classrooms. The snack 
images were presented to all participants in a fixed, standardized order to ensure consistency in 
the survey experience. First, people filled out some basic demographic info. After that, they saw 
images of snack products; the only difference was the color on the packages. Participants picked 
which package they’d choose, put the options in order of preference, and then explained why 
they made those choices. The choice of a quantitative quasi-experimental design was intentional 
because it allowed for the isolation of color as an independent variable. This approach was 
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designed to find a link between visual triggers and adolescents’ preferences, addressing a gap in 
teen-specific consumer behavior research. No names or student ID numbers were asked for to 
keep everything anonymous. Throughout the whole study, nobody’s identity was tied to their 
answers. 
 
Data Processing 
 All survey responses were exported into Google Sheets for analysis. After removing 
incomplete entries, the analysis included 101 valid responses. To examine general color 
preferences, descriptive statistics such as frequency distributions were calculated, and histograms 
were generated.  

Pearson correlation tests were conducted to determine whether there was a relationship 
between the perceived importance of packaging color and participants’ willingness to try new 
snacks. Research from the National Institutes of Health recommends a minimum of 30 responses 
to run correlation tests (NIH, 2024). This guideline was followed to ensure that each comparison 
group met the minimum recommended sample size for statistical testing and to improve the 
reliability of the results. However, the sample size was close to the minimum threshold, which 
may limit the stability of correlation estimates. For descriptive statistics such as frequencies and 
histograms, the full dataset was used. The researcher also conducted Pearson correlation analyses 
to examine relationships between variables. Statistical significance was determined using 
p-values. 

Statistical significance was evaluated using spreadsheet software to calculate p-values. 
These tests were used to assess whether packaging color independently influenced snack choice 
among adolescents. Independent-samples t-tests were used to compare the means of two 
unrelated groups, such as students reporting 1-2 snacks per day versus students reporting 3 or 
more snacks per day, and male versus female participants. This test was suitable because the 
study analyzed control groups using continuous data from Likert scales. A t-test determined if 
differences in packaging sensitivity were statistically significant or due to chance. Pearson 
correlation was also used to measure the strength of the relationship between design importance 
and trying new brands. All results were validated using p-values with a p < 0.05 threshold to 
validate significance. These statistical methods directly addressed the research question by 
measuring whether packaging color meaningfully influenced teen decisions across different 
participant groups. 
 
V. Results 
 
Findings 

The study investigates how the color of snack packaging impacts the snacks teenagers 
pick, even when the snacks themselves are identical. Only the designs on the packaging change. 
To make sense of the results, we used some standard methods: descriptive analysis, independent 
t-tests, and Pearson correlation. The purpose of this section is to illustrate the patterns that could 
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be observed from the data without interpretation, categorized into behavioral frequencies, 
demographic comparisons, and relational variables. This directly addresses the research gap of 
whether packaging color alone, independent of brand familiarity or product differences, 
influences adolescent snack preferences. 
 To make sure the results are reliable, the researcher chose Asian snack brands that most 
participants wouldn’t recognize. These less familiar snacks helped reduce bias from prior brand 
recognition, so teens’ decisions were based solely on the appearance of the packaging. With this 
control in place, the analysis focused on three specific dimensions: consumption frequency, 
gender-based responsiveness, and the correlation between caring about design and whether it 
makes people more likely to switch brands. 
 
Table 1: Snack Frequency Comparison 
Question 1-2 Snacks Average 3 or more Snacks Average T-Value P-Value 

When choosing snacks, how much does the 
color of the packaging matter to you? 1.970588235 2.323529412 -1.9238 0.031522 

Would you say packaging colors make you 
more or less likely to try a new snack 
brand? 2.470588235 2.823529412 -1.6759 0.051608 

Participants who reported higher snack consumption showed higher average sensitivity to 
packaging color across both variables. 

 
Table 2: Gender Comparison  
Question Female Male T-Value P-Value 

When choosing snacks, how 
much does the color of the 
packaging matter to you? 2.131578947 2.166666667 -0.1881 0.425695 

Would you say packaging 
colors make you more or less 
likely to try a new snack 
brand? 2.526315789 2.8 -1.3383 0.092696 

 
No statistically significant differences were found between male and female participants. 

 
Table 3: Correlation Between Variables  
Variables Composed R-Value P-Value 

Color importance vs trying a new snack 0.5585 < 0.001 

 
A moderate positive correlation was found between the perceived importance of color 

and willingness to try new snack brands. 
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Figure 1: Color Preference for Healthy Snacks 

 
Figure 2: Color Preference for Unhealthy Snacks 

 
There is variability in color preferences between healthy and unhealthy snack categories, 

as indicated by the histograms. 
 
Analysis/Discussion 
 Based on Table 1, a statistically significant difference in snack consumption habits (p = 
0.0315) indicates that consumption behavior affects sensitivity to packaging color. Frequent 
snackers likely have a heightened response to visual cues because they are accustomed to 
regularly seeing processed food. For example, a study by Su and Wang (2023) found that 
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customers are more likely to buy items that appear recognizable and visually simple to process. 
This aligns with the Elaboration Likelihood Model (Petty & Cacioppo, 1986), which suggests 
that in low-involvement decisions, like choosing a quick snack, consumers rely on peripheral 
cues like color rather than central processing of product nutritional facts. Using color as a mental 
shortcut minimizes cognitive effort, allowing for an easier decision-making process where quick 
visual cues replace the need for deep thinking. 
 Also shown in Table 1, the second variable, assessing willingness to try new snack 
brands, was not statistically significant (p = 0.0516), though it approached significance. While 
this data is not significant at the standard threshold of 0.05, it suggests that while color captures 
initial attention, the commitment to an unfamiliar brand likely requires stronger cognitive 
elements that color alone cannot provide. Therefore, packaging color strongly determines how 
people see and pick products, but its impact is weaker when an individual wants something new 
or out of the ordinary. 
 According to Table 2, there were no significant differences between boys and girls in any 
of the measured aspects. This indicates that the mental frameworks used to process color in food 
marketing are likely age-dependent or habit-dependent rather than gender-specific. That 
contradicts what certain marketing approaches suggest, that you need to split up your ads by 
gender when targeting this demographic. However, because this study involved one school and a 
limited sample size, broader claims about age or gender differences should be interpreted 
cautiously. 
 As presented in Table 3, the correlation coefficient (r = 0.5585, p < 0.001) indicates a 
moderate positive relationship between the perceived importance of packaging color and 
willingness to try new snack brands. This finding supports the idea that individuals who 
consciously value visual design are more likely to be influenced by it during decision-making 
processes.  
 As illustrated in Figures 1 and 2, the histograms comparing color preferences for healthy 
and unhealthy snack categories (Figures 1 and 2) reveal additional perceptual patterns not 
captured in the statistical tests. Participants demonstrated different color associations depending 
on perceived snack healthiness, with certain colors appearing more frequently in selections for 
healthy snacks and different color patterns arising for unhealthy snacks. This suggests that the 
color of snack packaging not only grabs attention, but also shapes how teens quickly decide 
whether a snack is healthy, almost instantly. Some colors act like mental shortcuts. Consider 
green, for example. Teens often link it with healthier choices, which means they’ve learned to 
associate certain colors with health over time. It's not just about how things look; these color 
cues actually change what snacks teens think are healthy and which ones they end up picking. In 
contrast, if the packaging is dark or super saturated, like red, blue, or purple, teens usually 
perceive it as less healthy. Overall, both the shade and intensity of packaging colors seem to 
subtly influence decision-making consistently. This effect goes beyond simple visual preference, 
as these color cues can shape choices in the background without individuals fully recognizing 
their influence. 
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 The use of Asian snacks in the experiment prevented participants from selecting familiar 
items, ensuring that the primary influence on their choice was the color of the packaging. These 
choices served to neutralize variables such as brand loyalty, ensuring the internal validity of the 
study. This methodological choice was crucial for maintaining the study's focus on packaging 
color. However, unfamiliar products may reduce real-world behaviors, since teenagers often 
purchase brands they already know. 
 Overall, these findings are consistent with existing literature on color psychology and 
consumer behavior. Singh (2006) found that color strongly influences first impressions, while Su 
and Wang (2023) demonstrated that color affects purchase intention through cognitive processing 
fluency. This study builds on earlier work by targeting adolescents and eliminating the influence 
of brand awareness to clearly observe the impact of color on them. 
 However, packaging color does not function as a sole determinant of consumer behavior. 
Its influence is conditional, depending on how often they eat certain snacks, how much they 
think about those foods, and whether they see them as healthy or not. Other psychological factors 
and the situation around them also shape what one chooses; their choices are not driven just by 
color on its own. Ultimately, this research concludes that while packaging color is a strong 
outside influence, its effect depends on individual eating habits and the mental categories people 
already have. 
 These findings may be useful for marketers designing teen-oriented products, as 
packaging color appears to influence attention and perceived healthiness. Schools and public 
health campaigns could also apply these insights by using healthier-associated colors on snack 
promotions or cafeteria labels to encourage better food choices among students. 
 
VI. Conclusion 
 This study explored whether the color of packaging changes how teenagers pick snacks, 
even when everything else about the product stays the same. Previous research reveals that color 
has a strong effect on how people see things and the products they choose (Singh, 2006; Su & 
Wang, 2023). However, most existing research is based on adults or on packaging in general 
rather than on color alone. To investigate this further, the present study used an online survey in 
which high school students viewed identical Asian snacks with only the packaging color varied. 

The results show that packaging color plays a measurable but conditional role in 
adolescent snack selection. Additionally, a moderate positive correlation was found between the 
perceived importance of packaging color and willingness to try new snack brands.Other findings 
show that color doesn’t always have the same impact everywhere. Gender didn’t really make a 
difference; male and female participants responded to packaging color in the same way. It also 
appears that factors such as context and people's thought processes play a bigger role than color 
does. The histograms revealed an additional pattern: color associations vary significantly based 
on the perceived health utility of the product. This suggests that packaging color not only 
influences adolescent preferences but also affects how foods are psychologically categorized. 
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All in all, these findings point to packaging color playing more of a supporting role in 
snack choices, not the main one. This builds on earlier research and shows that color’s impact is 
somewhat more nuanced for teenagers, especially when you take brand familiarity out of the 
picture. 
 
Limitations of the Study 
 Several limitations should be considered when interpreting these findings. First, although 
unfamiliar Asian snack brands were used to reduce familiarity bias, it is still possible that some 
participants had prior exposure to certain products, which may have influenced their choices. 
While the use of these brands significantly minimized brand-loyalty bias compared to domestic 
brands, the presence of any prior exposure remains an uncontrolled variable. This means that 
while familiarity was minimized, it didn’t disappear entirely. That leftover familiarity could've 
influenced how much the packaging color really controlled people’s choices. 
 Second, differences in screen brightness, device type, and display settings may have 
affected how participants perceived packaging colors. Because the study took place online, 
participants likely perceived colors a bit differently depending on the devices they used. This 
lack of control over color saturation and hue means that findings regarding specific shades are 
subject to device-driven variability. Not everyone received the same display configuration, so the 
findings about how specific colors affected things are a little less precise. 
 Third, the survey-based design captures controlled hypothetical choices rather than 
real-world purchasing behavior. While this allows for strong experimental control over variables 
such as branding and product type, it limits ecological credibility because actual consumer 
decisions often involve additional influences such as price, time, peer influence, and 
environmental context. Consequently, the internal credibility gained by isolating color may come 
at the expense of external validity in a retail setting. As a result, participants’ selections may not 
fully reflect real-life snack purchasing behavior. 
 Fourth, the images were presented in a standardized, fixed order for all participants. This 
choice was made to ensure a consistent survey experience, but it introduces the possibility of 
order effects, where responses to later images may have been influenced by a participant's 
reaction to the first few images shown. 

Finally, the sample was limited to students from a single high school. Although this 
allows for a relatively consistent demographic group, it restricts the generalizability of the 
findings to broader adolescent populations. Differences in culture, socioeconomic background, 
and consumer behavior may influence how packaging color is perceived in other settings. 
 Overall, these limitations suggest that while the study effectively isolates packaging color 
as a variable, external and contextual factors may still influence how these results apply to 
real-world consumer behavior. 
 
Future Research 
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 Future research could expand on these findings by building on a larger, more diverse 
sample of participants from different schools or regions. Future studies should utilize a 
randomized trial design for image presentation to eliminate potential order bias. Experimental 
designs testing real purchasing decisions or using simulated shopping setups could also provide 
stronger behavioral validity. Additionally, further studies could examine how packaging color 
interacts with other design elements, including typography, branding, and price, to see how 
everything together shapes the way teens make choices. Longitudinal studies could also be used 
to determine if these color-health associations remain consistent as adolescents transition into 
adulthood. Given that culture can change how people see color, especially when it comes to 
health signals, researchers should look into whether people from different backgrounds interpret 
those colors in the same way. 
 For AP Research students or other student researchers working with limited funding, this 
topic can still be explored through low-cost methods. Researchers can use Google Forms for 
conducting surveys, make sample snack package models on a computer, or set up basic choice 
experiments directly within schools or nearby communities. To find participants quickly, 
researchers can try reaching out to classmates or people in local clubs. For analyzing the data, 
free options like Google Sheets and Excel work well. These simple and inexpensive methods let 
student researchers repeat the study or even take it further, without consuming a great deal of 
time or resources.  
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The Hidden Dangers of Anabolic Steroid Use in Bodybuilding By Sahir Chandwani 
 
Abstract 

Anabolic steroid use has become increasingly common in bodybuilding due to pressure to 
achieve extreme muscle size, rapid strength gains, and unrealistic physique standards promoted 
through gym culture and social media. This paper examines how steroids function within the 
body and evaluates the long-term physical, psychological, and hormonal risks associated with 
their use. Research shows that anabolic steroids increase muscle growth by stimulating androgen 
receptors and increasing protein synthesis, but they can also damage the cardiovascular system, 
liver, brain, and endocrine system over time. Steroid use can also contribute to mental health 
problems such as aggression, anxiety, depression, and social isolation. In addition, long-term 
hormone suppression may result in infertility and persistent hormonal imbalance. While steroids 
offer short-term performance benefits, the long-term consequences often outweigh these 
advantages. Understanding these risks is important for athletes, adolescents, coaches, and health 
professionals so that informed prevention efforts – including gym-based education, coach 
training, and mental health support – can be developed and implemented. 
 
Introduction 

Anabolic steroids have been used in bodybuilding since the 1950s, when Soviet Olympic 
athletes first demonstrated the performance-enhancing effects of synthetic testosterone. This 
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discovery later influenced American physician Dr. John Ziegler to develop Dianabol, one of the 
first widely used anabolic steroids in sport (Kicman, 2008). Today, steroid use remains common 
because bodybuilding culture strongly values extreme muscular development, and many 
competitors feel pressure to achieve unrealistic physique standards. Research indicates that 
steroid use is especially common among competitive male bodybuilders, with global prevalence 
among males estimated at 6.4% across populations, though rates vary considerably by context 
and sport (Sagoe et al., 2014).  

Social media has further intensified this issue by making highly edited, chemically 
enhanced physiques appear normal and achievable, particularly for adolescents who are new to 
resistance training. Research has linked social media exposure to increased body dissatisfaction 
and muscularity-related concerns among men, including those involved in appearance-focused 
communities (Griffiths et al., 2018). 

Bodybuilding communities, online forums, and influencer coaching programs often 
normalize steroid experimentation by sharing techniques such as cycling, stacking, and 
pyramiding. These practices are frequently shared peer-to-peer and create an environment where 
performance-enhancing drug use becomes expected for competitive success (Sagoe et al., 2014). 
Another contributing factor is muscle dysmorphia, a condition in which individuals believe they 
are never muscular enough regardless of their actual body size. This perception can lead some 
athletes to continue steroid use even when they are aware of the associated health risks. 
Because bodybuilding is not regulated as strictly as many professional sports, anti-doping rules 
are often inconsistent, making steroid use easier to conceal. As a result, steroid abuse is not 
driven solely by the desire for strength gains; it is also shaped by social expectations, competitive 
pressure, misinformation, and identity formation within bodybuilding culture.  

This review examines the physiological mechanisms and long-term health consequences 
of anabolic steroid use among bodybuilders, including the effects on cardiovascular health, liver 
function, brain structure, hormonal regulation, and psychological well-being. 
 
Methods 

To identify credible academic literature on anabolic steroid use, two primary research 
databases were used: Google Scholar and PubMed. Both databases index peer-reviewed 
scientific and medical journals. Search terms included "steroids depression bodybuilders," 
"mental health and anabolic steroids," "steroids and anxiety in bodybuilders," "how steroids 
affect the brain," "steroids and mood swings," "cardiovascular effects of anabolic steroids," "liver 
toxicity and steroid use," and "endocrine disruption from anabolic steroids." These search terms 
were selected to locate studies discussing both the biological mechanisms of steroid use and the 
long-term health consequences associated with them. 

28 articles were initially reviewed in the research process. After evaluating the relevance 
and methodological quality of these sources, 21 academic articles were selected that directly 
addressed the effects of anabolic steroids on muscle growth, cardiovascular health, liver function, 
hormone regulation, brain structure, and psychological outcomes. 
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Articles were excluded if they lacked scientific evidence, were not peer-reviewed, or 
focused exclusively on isolated case reports that did not reflect broader population trends. One 
source was also excluded because it had been retracted by its publisher, making its findings 
unreliable. Most sources included in this review were published between 2001 and 2025 to 
ensure that the discussion reflects current research on anabolic steroid abuse in bodybuilding 
contexts. One exception was made for Bhasin et al. (1996), which was retained due to its status 
as a landmark controlled study on testosterone and muscle development that remains 
foundational to the field and is widely cited in current literature.   
 
Mechanisms of Anabolic Steroid Action 

Anabolic steroids are synthetic derivatives of testosterone designed to replicate the effects 
of the body’s natural male hormone. Once inside the body, steroids bind to androgen receptors 
within muscle cells and stimulate increased protein synthesis, nitrogen retention, and muscle 
fiber hypertrophy (Hartgens & Kuipers, 2004; Kicman, 2008). This process allows muscle tissue 
to grow at a much faster rate than would normally occur through training and nutrition alone. 
Research suggests that anabolic steroids meaningfully increase muscle protein synthesis above 
baseline training levels, which explains their appeal for individuals seeking rapid gains in size 
and strength (Kicman, 2008). However, these hormones also interact with other organs, including 
the heart, liver, and brain, where they disrupt normal cellular signaling and hormonal feedback 
mechanisms (Bond et al., 2022). 

Bodybuilders often use steroids in structured patterns: cycling (using steroids for set 
periods followed by breaks), stacking (combining multiple compounds simultaneously), and 
pyramiding (gradually increasing then tapering doses). Many users believe these strategies make 
steroid use safer, but research indicates that even when used in cycles, steroid hormones remain 
elevated in the body and continue to suppress natural testosterone production (Kanayama et al., 
2008). As a result, no evidence supports the idea of “safe cycling.” Over time, repeated steroid 
exposure places increasing stress on major organ systems, which explains why short-term 
performance benefits often lead to serious long-term medical consequences. 
 
Performance Benefits of Anabolic Steroids 

Bodybuilders and athletes commonly use anabolic steroids to enhance physical 
performance and accelerate muscle growth. Research demonstrates that steroids significantly 
increase muscle mass and strength, allowing users to train more intensely and recover more 
quickly between workouts (Hartgens & Kuipers, 2004). 

One of the most well-known studies in this area, conducted by Bhasin et al. (1996), found 
that participants who received supraphysiologic doses of testosterone experienced significant 
increases in muscle size and strength even without engaging in exercise. This finding highlights 
the powerful anabolic effects of synthetic testosterone on muscle tissue and shows how far 
exogenous hormones can push muscle development beyond normal physiological limits. 
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Additional research has found that anabolic steroid users may experience strength gains 
of roughly 5% to 20% above baseline, which creates a significant competitive advantage in 
strength-based sports (Hartgens & Kuipers, 2004). Faster recovery between training sessions also 
reduces muscle fatigue and soreness, allowing steroid users to maintain higher training volume. 

As detailed previously, bodybuilders commonly use structured dosing patterns such as 
cycling, stacking, and pyramiding under the assumption that they maximize performance gains 
while reducing health risks. However, no scientific evidence supports these conclusions (Leslie 
et al., 2025). 

Despite these performance benefits, the improvements come at a significant cost. The 
same physiological processes that drive muscle growth also place substantial stress on the heart, 
liver, brain, and hormonal system,  consequences that often only become apparent after years of 
use. 
 
Physical Health Effects 

One of the most serious long-term risks of anabolic steroid use is damage to the 
cardiovascular system. Steroids are associated with increased blood pressure and aortic stiffness, 
placing greater strain on the heart over time (Rasmussen et al., 2018). Research has also found 
impaired vascular reactivity among steroid-using bodybuilders, which may contribute to 
cardiovascular risk over time (Sader et al., 2001). These changes reduce the heart’s pumping 
efficiency and increase the risk of heart attacks, even in younger athletes. Research has also 
linked long-term steroid use to impaired left ventricular function, a condition that weakens the 
heart’s ability to circulate blood effectively (Baggish et al., 2010). These cardiovascular risks are 
further intensified by common bodybuilding practices such as extreme dieting, dehydration, and 
the use of diuretics during competition preparation (Rasmussen et al., 2018). 

Steroid use can also cause significant damage to the liver, particularly when oral steroids 
are used. Because these drugs pass through the liver in high concentrations, they can lead to liver 
inflammation, cholestasis, and in severe cases, liver tumors (Bond et al., 2022; Hartgens & 
Kuipers, 2004). Long-term use is also associated with elevated liver enzymes and structural 
changes in liver tissue (Kanayama et al., 2008). 

Together, these findings demonstrate that the performance benefits of anabolic steroids 
often come at the cost of serious and potentially irreversible damage to major organ systems. 
 
Mental and Cognitive Effects 

Anabolic steroids affect not only the body but also brain function and behavior. Many 
long-term steroid users report mood swings, irritability, and increased aggression. While popular 
culture often refers to this as “roid rage,” the clinical literature describes it more accurately as 
steroid-induced aggression or anabolic-androgenic steroid–related irritability (Piacentino et al., 
2015). 

Studies show that steroid users are more likely to experience anxiety, depression, and 
anger-related behavioral problems compared with non-users (Kanayama et al., 2008). 

143 



 
 
 
Neuroimaging research has also found that long-term steroid use may reduce gray matter volume 
in areas of the brain responsible for memory, emotional regulation, and decision-making (Hauger 
et al., 2019; Bjørnebekk et al., 2017). 

These neurological changes may persist even after steroid use has stopped, suggesting 
that some of the cognitive effects are long-lasting rather than temporary. 

Steroid use can also influence social behavior. Some research indicates that individuals 
who use steroids may become increasingly focused on physique goals and gym routines while 
disengaging from other social activities (Kanayama & Pope, 2018). This behavior is often 
connected to muscle dysmorphia, a psychological condition in which individuals believe they are 
not muscular enough regardless of their actual physical appearance (Kanayama et al., 2008; 
Kanayama et al., 2020). 
 
Hormonal Balance and Fertility 

Exogenous anabolic steroid use disrupts the body’s natural hormone regulation system. 
When synthetic testosterone enters the body, the hypothalamic-pituitary-gonadal (HPG) axis 
detects elevated hormone levels and suppresses natural testosterone production. As a result, the 
testes reduce sperm production and gradually shrink in size. 

This phenomenon is known as the Mossman–Pacey Paradox: the use of external 
testosterone to enhance masculine physical traits simultaneously suppresses the body’s natural 
reproductive hormone system (Mossman & Pacey, 2019). Long-term steroid users may 
experience extremely low sperm counts, sometimes approaching complete infertility. 

In some cases, individuals require medical treatment to restore hormonal balance after 
discontinuing steroid use. Following withdrawal, users may experience fatigue, reduced libido, 
depression, and difficulty concentrating while the endocrine system slowly attempts to recover. 
 
Ethical and Social Considerations 

Steroid use in bodybuilding raises important ethical concerns because the sport often 
lacks consistent anti-doping regulations. Unlike organizations governed by the World 
Anti-Doping Agency, many bodybuilding competitions do not require drug testing or enforce 
testing inconsistently. This situation creates an uneven playing field in which steroid-enhanced 
athletes may gain significant physiological advantages over natural competitors (Hartgens & 
Kuipers, 2004). As a result, athletes who prefer to remain drug-free may still feel pressured to 
use steroids in order to remain competitive. 

Social media also contributes to these pressures. Because influencers often present 
chemically enhanced physiques without acknowledging steroid use, younger audiences may 
believe these results are naturally achievable, further normalizing steroid use among those new to 
bodybuilding. 

The combination of social pressure, weak regulation, and unrealistic appearance 
standards creates an environment where steroid abuse becomes increasingly normalized. 
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Prevention and Intervention Strategies 

Several intervention programs have been developed to address anabolic steroid use, 
particularly among adolescent athletes and gym users. One of the most widely studied is the 
Adolescents Training and Learning to Avoid Steroids (ATLAS) program, a team-based 
curriculum delivered through coaches and student leaders that focused on preventing steroid use 
by presenting healthy alternatives aligned with athletic goals. Research on the program found 
that health beliefs, including perceived severity of steroid consequences and perceived benefits 
of drug-free training, were key factors in shaping adolescents' intent to use steroids, suggesting 
that effective prevention programs must target these beliefs directly rather than relying on 
information alone (Halliburton & Fritz, 2018). It is worth noting, however, that the study 
measured intent to use steroids rather than actual behavior, and whether changes in health beliefs 
translate into sustained abstinence from steroid use remains unclear.  

Educational interventions targeting gym users have also shown measurable results. A 
randomized study among male gym users found that a structured prevention program based on 
the theory of planned behavior led to significant improvements in participants’ knowledge about 
steroid side effects and their intentions not to use them. Steroid use in the intervention group 
decreased from 18.3% to 10% over the two-month follow-up period, suggesting that 
theory-driven educational approaches can produce meaningful short-term behavior change 
(Jalilian et al., 2011). A limitation of this finding is that steroid use was measured through 
self-report, and participants may have underreported use due to social desirability bias, making it 
difficult to confirm the true extent of behavior change.  

Mental health interventions targeting steroid-related psychopathology have also shown 
promising results. A randomized controlled trial conducted among 59 male gym-goers in 
Istanbul, Turkey, evaluated a 12-week cognitive behavioral therapy (CBT) protocol designed 
specifically for individuals with muscle dysmorphia and a history of anabolic steroid use. 
Participants in the CBT group demonstrated significant reductions in muscle dysmorphia 
symptoms, depressive symptoms, psychological distress, disordered eating, and exercise 
addiction compared to a waitlist control group, with large effect sizes across all outcomes. 
Improvements in body image perception were also observed, with participants showing a 
reduced gap between their perceived and ideal body. These findings are significant because they 
represent the first RCT evidence that structured psychological treatment can produce meaningful 
outcomes in steroid-using populations, a group often considered resistant to psychotherapy due 
to pharmacologically reinforced body image distortions (Çınaroğlu et al., 2025). It should be 
noted, however, that this study was conducted exclusively among male gym-goers in Istanbul, 
and the extent to which these findings generalize to Western bodybuilding populations remains 
an open question. 

Despite these promising findings, a broader scoping review of interventions aimed at 
supporting steroid cessation and treating associated health harms found that the evidence base 
remains thin. No studies were identified that examined the effectiveness of community-based 
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settings such as steroid clinics or harm reduction services in changing user behavior, highlighting 
a significant gap in the current research (Bates et al., 2019). 
 
Discussion 

The evidence reviewed here points to a consistent pattern: the long-term health 
consequences of anabolic steroid use among male bodybuilders are extensive and frequently 
underestimated. Steroid use has been linked to cardiovascular damage, liver dysfunction, 
neurological changes, and severe hormonal disruption. 

In addition to these physical risks, steroid use may also contribute to psychological 
problems, including mood disorders, aggression, and body dysmorphia. These effects highlight 
that steroid abuse is not simply a performance-enhancing strategy but a behavior that can 
significantly impact long-term health and well-being. 

Several gaps remain in the current research. Much of the available literature relies on 
self-reported steroid use and cross-sectional study designs, which makes it difficult to establish 
clear cause-and-effect relationships. Longitudinal studies that follow steroid users over time 
would help researchers better understand the long-term recovery process and neurological 
outcomes associated with anabolic steroid use. 

Future research should also examine the role of social media in shaping body image 
expectations and influencing steroid experimentation among adolescents. Understanding these 
influences may help researchers develop more effective prevention strategies.  
Reducing steroid use in bodybuilding will require both improved medical awareness and broader 
cultural changes that challenge unrealistic standards of physical appearance and athletic success. 
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Operation Pedro Pan: The Path to Immigration Reform By Connor Hsieh       
 

Abstract 
My interest in this topic began in AP European History, particularly during our study of 

the impacts of nationalism, socialism, and communism, and how these ideologies reshaped 
societies by defining who belongs within a nation. That curiosity carried into my independent 
research on American history, where I noticed similar ideological tensions during the Cold War. 
There were conflicts over freedom, control, and national identity. This connection eventually led 
me to stumble upon Operation Pedro Pan, a little known but powerful example of how political 
beliefs can shape human lives and national policy. By examining both historical analyses and 
firsthand accounts, including memoirs and government documents, I explored how the arrival of 
over 14,000 Cuban children in the United States reflected a clash between Cold War ideals and 
restrictive immigration laws. This event ultimately contributed to a broader shift in policy, 
culminating in the Immigration and Nationality Act of 1965. Through this lens, Operation Pedro 
Pan emerges not only as a humanitarian crisis, but as a turning point that redefines how the 
United States understands belonging and its borders. 
 
Introduction 

In the years prior to the landmark 1960s U.S. immigration policy, Americans had 
harbored deep biases regarding race and nationality for years. Prior to this policy, the 
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Immigration Act of 1924, also known as the National Origins Act, created a quota system that 
heavily favored immigrants of European descent. People from countries such as England, 
Germany, and Ireland were given access to immigration while those from Asia, Africa, and Latin 
America were excluded (Ngai 2004). This meant that, by the mid-20th century, immigration 
from places like the Caribbean, Central America, and other minorities were almost unheard of. 

Then, during the 1940s and 50s, the United States underwent major global changes that 
started to oppose these patterns of exclusion. The aftermath of World War II and the beginning of 
the Cold War had led to the country viewing itself as a self-proclaimed “defender of democracy.” 
As the nation embraced this role, its own policies increasingly came under scrutiny by its people. 
At home, the U.S. maintained discriminatory quotas, but abroad it claimed to spearhead the fight 
against communism, promoting equality and human rights. It now needed to appear as a place 
that welcomed victims of oppression, especially those escaping tyrants. This image represented 
opposition against communism, and accepting refugees from corrupt regimes became a way to 
prove ideological superiority over the Soviets (Ngai 2004). The admission of refugees after 
World War II began to change, albeit attitudes regarding immigration only shifted slightly. Most 
of these efforts focused on white Europeans. This selective humanitarianism set the stage for one 
of the clearest tests of values during America’s Cold War immigration reform. When 
communism overtook a country just miles from U.S. shores, the nation was forced to confront 
whether its commitment to freedom and equality would extend beyond its Eurocentric policies. 
 
The Ideological Divide 

In Cuba during the early 1960s, a communist revolution occurred under President Castro. 
Prior to Castro’s takeover, Fulgenico Batista seized power through a coup d'état by overthrowing 
the government and cancelling elections in 1952 ("Rise of Castro" 2025). When Castro realized 
there was no hope of ousting President Batista through democratic means, he opted to take up 
arms and attacked key sectors of Cuba’s economy, particularly sugar mills and plantations. 
Eventually, by late 1958, Batista’s government crumbled. Castro then declared victory on 
January 1, 1959 ("Batista Forced Out" 2009). President Castro moved swiftly to consolidate 
power by establishing a socialist state in Cuba ("Batista Forced Out" 2009). While this improved 
some aspects of life, such as education and healthcare, there were underlying darker reasons why 
President Castro adopted policies to make Cuba a communist state. Among these reasons was 
private industry nationalization. This moved Cuba further away from the United States’ 
economy. However, it brought Cuba closer to Russia. This marked the beginning of a darker era 
for the Cuban people, as many were forced to sell their properties to the state. Thousands of 
citizens fled, and those who spoke out were silenced (PBS). Cuba achieved its independence, but 
socialism and nationalism “became the cornerstones of…[Cuban] ideology” (PBS). 

America faced a new challenge—one different from fighting wars or making treaties. 
There were people stuck in Cuba, stuck during a tyrannical regime. It could not afford to turn 
away those trying to escape a communist nation less than 100 miles from Florida, but its 
immigration laws still reflected a preference for Europeans. At the same time, Cuba’s relations 
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with the United States “worsened dramatically” (PBS; U.S. Department of State 1991). On July 
3, 1960, the U.S. Congress authorized a cut to Cuba’s sugar quota, an act that struck the heart of 
Cuba’s economy. When Cuba retaliated, President Eisenhower further cancelled 700,000 tons of 
sugar imports (U.S. Department of State 1991). The Soviets stepped in, offering to buy the sugar 
that the U.S. had refused (Brown 2023). This forced Cuba to rely on the USSR economically 
(Brown 2023). The first tanker of Soviet oil arrived in Cuba on April 19, 1960, and was sent to 
refineries owned by Standard Oil and Texaco (Brown 2023). This marked the beginning of a 
darker era for the Cuban people, as many were forced to sell their properties to the state. This 
was not all; Guevara also made a bold statement by announcing that the Cuban Revolution was 
“Marxist” (Brown 2023). 

As Fidel Castro consolidated his control over Cuba and centralized power, he ruled with 
an iron fist (Blakemore 2019). Daily life for ordinary citizens became harsh. Dissent became 
dangerous, and even small criticisms of the government could lead to arrest, imprisonment, or 
even death (Blakemore 2019). Historian Maria Cristina Garcia describes the revolution as 
creating “a subtle, yet insidious, reign of terror” (Herrera 1998). This revolution kept the 
majority of the Cuban population “silent and full of fear” (Herrera 1998). While many Cubans 
were alarmed by the government's abuse of power, parents were especially afraid. They worried 
about the communist influence over their children and their future being molded for them. 
 
A Leap of Faith 

Schools replaced religion, a key part of Cuban life, with political ideology (Herrera 
1998). Parents listened to their children come home repeating government slogans, wearing 
uniforms representing the revolution, and talking about loyalty to Castro ("Operation Pedro 
Pan"). For many families, this was the turning point—the movement's fear turned into urgency. 
Parents realized the only way to protect their children’s minds and futures was to send them far 
away. These children, many not even twelve years old, fled to the United States in search of 
refuge from Castro’s communist regime (Mendieta 1978). This act became known as the Cuban 
Children’s Airlift, or Operation Pedro Pan (Garcia 1996). One family, the Mendietas, “grew 
increasingly concerned over the future of their country” and eventually decided to send their 
children to the U.S. “under the auspices of Operation Peter Pan” (Garcia 1996). Their decision, 
like many others, was one made from hope and fear. They believed that separation was safer than 
staying together in a country that was unrecognizable. However, for the children, this decision 
often came suddenly ("Aid for Child Refugees" 2021). Many were told they were leaving only 
days before their departure. 

Children were quietly sent to the United States, carrying a small suitcase, a rosary, and 
instructions to find a new life. As thousands arrived, places were needed to house them. In 
December of 1960, the Catholic Welfare Bureau in Miami stepped in, coordinating to care for the 
children who had nowhere to go (Walsh 1971). The program offered support for the refugees, 
who were referred to as “freedom seekers” escaping communism (Smithsonian Institution). 
Some children were placed in foster homes or group shelters, struggling to learn English and 
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adapt to a culture vastly different from the one back home. Many describe feeling invisible or 
misunderstood, unable to explain why they were alone or why they couldn’t contact their parents 
(Herrera 1998). For children raised in an environment where close-knit families meant 
everything, the sudden isolation created feelings of confusion and loss. 

Within this shared experience of displacement, some children were eventually able to 
find stability, while others were faced with lasting challenges. Carlos Eire, who left Cuba at the 
age of twelve in 1962, thought his parents would follow him to America (Blakemore 2019). He 
quickly realized, however, that this wasn’t going to happen. He stated that he “battled the guilt” 
of abandoning his parents and the fear of being forgotten (Blakemore 2019). Carlos felt lost and 
alone as he was surrounded by people who couldn’t understand his situation. He eventually 
adopted the name “Charles” in an effort to assimilate his Cuban heritage with his current 
American identity (Eire 2003). His experience was similar to that of hundreds of other Pedro Pan 
kids who were trying to fit into a place that didn’t fully comprehend their culture (Pedraza 1987). 
Yet, compared to many others, Eire’s story is a more fortunate outcome of Operation Pedro Pan. 
He and his brother were eventually reunited with his mother after years of separation, something 
many children were unable to do (Pedraza 1987). 

Some children were less fortunate. Another story describes a boy called Kiki, who 
discovered that even his American family couldn’t protect him from racism and discrimination 
“from his American peers and his teachers” (Herrera 1998). Kiki struggled with the feeling of 
being in the middle of two worlds. He wasn’t in Cuba anymore, but also wasn’t able to assimilate 
into American culture. He had to navigate fear, loneliness, and the responsibility of being tossed 
into a situation where he was forced to grow up quickly (Herrera 1998). His experience reflected 
the cultural isolation that many Pedro Pan children faced. These kids had to completely rebuild 
their lives away from their parents and home. 

For some Pedro Pan children, their hardship went beyond just isolation, as it sometimes 
led to everlasting loss. Jose Azel was only eleven years old when he left Havana (Allen 2011). At 
the time, he believed the separation would be temporary. He recalls only a brief conversation 
with his father shortly before he left. This experience reflects what many parents believed—that 
their children would leave and reunite quickly. He believed that “this was going to be a 
short-term, temporary separation” (Allen 2011). Instead, Azel never saw his father again. His 
father died in the mid 1970s, unable to leave Cuba for the United States (Allen 2011). In the 
years after, Azel would become a researcher at the University of Miami and live a new life, but 
his story reflects the fear and uncertainty that many Cuban children endured (Allen 2011). 
 
Strategic Compassion 

While these stories reveal the costs of Operation Pedro Pan, and the toll it took on these 
children, they also raise a crucial question: why was the United States so willing to accept these 
children? 

On the surface, Operation Pedro Pan seemed to be a simple humanitarian mission to 
rescue kids from a communist government. But hidden underneath kindness was a much deeper 
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motive tied to the Cold War. Even before the first flight landed, the program had already evolved 
“from being just the Cuban Children’s Program into what would be called in time Operation 
Pedro Pan” (Walsh 1971). What had started off as a local religious benefit quickly turned into a 
huge federal operation, one supported by government funding and political motives (Garcia 
1996). 

For leaders in the U.S., the kids arriving in Miami weren’t just refugees—they were a 
perfect way to show off “American freedom” (Allen 2011). Immigration was transformed into a 
“psychological tool,” where every refugee could serve as proof that America was the more 
compassionate and the superior power (Loescher 1993; Bon Tempo 2008; Quinney). 

Beneath all the political discussion and motives, something much more complicated was 
happening. The requirements that one needed to have to be considered “welcome” were 
changing (Masud-Piloto 1996). For decades, U.S. immigration laws had favored white 
Europeans, and excluded almost every other nationality ("Immigration Act of 1924"). But during 
the Cold War, that mindset had shifted. The government couldn’t claim to be the leader of the 
“free democratic world” while keeping borders slammed shut to non-Europeans trying to escape 
communism (U.S. Citizenship and Immigration Services). The Cuban children forced that 
contradiction and hypocrisy into the spotlight (Cereijido). By taking in these refugees, the U.S. 
wasn’t just fixing a political dilemma; it was making a small act, albeit a massive step away from 
its old Eurocentric beliefs. It was a symbolic moment that showed “freedom” could include 
people from all around the world. 
A Catalyst for Change 

Operation Pedro Pan exposed the cracks and weaknesses in the U.S. immigration system. 
While the U.S. was welcoming children fleeing communism to promote its own image, it 
continued enforcing racist laws at home. This can most notably be observed when looking at the 
Civil Rights Movement. African Americans demanded equal rights and questioned the system. 
They fought against the Jim Crow laws, and despite the challenges, “Through nonviolent 
protest… the civil rights movement…achieved the most important breakthrough in equal-rights 
legislation for African Americans” by confronting segregation ("American Civil Rights 
Movement"). Through protests, boycotts, and jailings, African Americans stood up to these laws 
and demanded equal treatment under the law ("American Civil Rights Movement"; Skrentny 
2002). While this movement mainly focused on racial injustice, it encouraged Americans to 
reevaluate their morals, as well as broader forms of discrimination. As tension intensified, the 
pressure on the government to live up to its own principles continued to grow. As historian Mae 
Ngai notes, the “civil rights revolution” reshaped who the nation thought was eligible for full 
membership in society, including immigrants (Ngai 2004). Together, the Cuban exodus and the 
civil rights movement built enough momentum that ultimately led to the historic Immigration 
and Nationality Act of 1965 (U.S. Congress 1965; Reimers 1992). 

The 1965 Act marked a major turning point in immigration history. It set a limit on the 
total number of visas issued annually but allowed for much more diversity within those numbers 
(Ngai 2004). Earlier laws had solely cared about those who were “white enough,” but the 1965 
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Act focused on family reunification and skills people could offer. This reform allowed 
nationalities from regions long excluded—such as Latin America, Asia, and Africa—to have the 
chance to become part of America (Ngai 2004). This act permanently reshaped the population of 
the United States, creating a multicultural society that actually reflected the image it had 
promoted to the world. Most importantly, the 1965 Act reflected the moral and political pressure 
that was building up at the time. Reformers believed ending racial motivated quotas would 
“embody the same spirit that gave rise to the civil rights legislation” (Ngai 2004). They pointed 
out that America’s laws had become inconsistent with the claim that it was a “land of equal 
opportunity for all” (U.S. Citizenship and Immigration Services). With support from the Civil 
Rights Movement, Operation Pedro Pan forced people to question and confront the 
contradictions in their values. The U.S. was unable to justify welcoming refugees for political 
gain whilst also shutting people out based on their nationality (U.S. Citizenship and Immigration 
Services). The 1965 Act represents a massive change in the mindset of Americans—it was an 
attempt to fix previous policies and finally align the law with its promises of freedom and 
equality. 

Looking at the United States today, the legacy of that law is everywhere. The effects of 
the 1965 Act did more than just change the demographics. It transformed the very basis of 
American culture (U.S. Conference of Catholic Bishops). Immigrants have created businesses, 
contributed to scientific discoveries, won Olympic medals, and much more for the country 
(Nowrasteh). Their experiences remind us that identity is not fixed, but can be shaped by others. 
By transforming immigration law, the Act ensured that the “American identity” would forever be 
a work in progress, constantly redefined by the very people it once tried to exclude (U.S. 
Congress 1965; PBS). 
 
Conclusion 

Operation Pedro Pan is an extraordinary event that shows how standing up to an 
oppressive government can spark humanitarian responses and reshape traditional ideology and 
policies. Cuban parents risked everything to secretly send thousands of kids to a foreign country, 
as they desired a future where their children could grow up free (Blakemore 2019). These 
families made the heartbreaking choice to separate because they believed an uncertain life in a 
new place was still safer than staying in a country they no longer recognized. While these 
children were welcomed into the country with compassion, the government’s direct role in the 
exodus forced it to evaluate its own hypocritical immigration laws. In the end, this “small 
rebellion” by desperate parents had a massive ripple effect, helping to drive the landmark 
reforms that eventually redefined the very meaning of equality. 
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The Enlightenment Empress and Her Power By Syrah Gill  
 
Abstract 

This paper argues that Catherine the Great uses the enlightenment ideas of natural rights, 
enlightened rule, and equality to legitimize her authority as a female ruler. Through applying 
these ideas in her works, she presented herself as a rational and capable monarch by 
simultaneously challenging the traditional beliefs of a woman’s leadership. Additionally, her 
writings and reforms reflected the influence of enlightenment thinkers who emphasized reason, 
progress, and the responsibility of rulers to serve their people. By connecting herself to these 
widely respected ideals Catherine strengthened both her political authority and her reputation as 
an effective and modern leader during a time when female rulers often faced criticism and doubt. 
 
Key Words 

Catherine the Great, Enlightenment, Natural Rights, Enlightened Rule, Equality 
 
Introduction 

Is it possible for a woman to take full control of the throne in a world that limits female 
political power? During the 1700s, Russian gender roles were largely patriarchal. Consistent with 
prevailing ideals, women were largely confined to domestic responsibilities. Despite these 
limitations, in 18th-century Russia, a female monarch rose to power. After ruling for only 186 
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days, Peter III was overthrown by his wife, Catherine the Great (Peter III | Facts, Biography, & 
Death | Britannica). Through Catherine the Great’s rule as Empress of Russia, she used 
Enlightenment ideals of natural rights, enlightened rule, and equality to legitimize her authority 
within the male-dominated political systems of the Russian Empire and Western Europe. By 
ascending to the throne and ruling in accordance with these Enlightenment ideals, Catherine II 
complicated male-centric assumptions about gender and leadership. Even though Enlightenment 
philosophers advocated for ideals such as equality, it was apparent that they often did so within a 
patriarchal framework. By selectively applying these ideas, she created her own unique way of 
ruling as a woman in an extremely male-dominated society.  

 
Enlightenment, Thought, and Gender Expectations in Eighteenth-Century Europe 

In order to understand the significance of Catherine II's political strategy, however, it is 
necessary to look at the social and intellectual climate in eighteenth-century Europe. The 
Enlightenment profoundly reshaped perceptions of government, power, and natural rights. Rather 
than believing that rulers were chosen solely by God, many Enlightenment thinkers argued that 
political authority should be based on reason. The English philosopher John Locke argued that 
each person had rights to life, liberty, and property. He believed that everyone had inherent rights 
that the government could not grant, and that each individual was born with them (Butler). 

French philosophes such as Montesquieu and Voltaire discussed the idea of enlightened 
absolutism, which held that a monarch ruled entirely through reason (Equality: Montesquieu, 
Spirit of Laws, Bk. 15, CHS. 1, 4--8) (Equality: Montesquieu, Spirit of Laws, Bk. 15, CHS. 1, 
4--8). However, although these Enlightenment thinkers promoted equality and “universal” rights, 
these ideals were largely restricted to men. Women were rarely regarded as independent figures, 
and even less often as political figures. Women were often regarded as subordinate to fathers and 
husbands. In the 1700s, Russia had an extremely rigid and strict social system. Both power and 
privilege were concentrated at the top, with nobility and monarchs (Dennison and Nafziger). 
Given the high level of tension in Russia over the social hierarchy, Catherine II’s rise to the 
throne after her coup was not only a political transformation but also an ideological one. Since 
Catherine II was a woman ruling a vast empire, she was compelled to justify her authority in a 
system that had long assumed that leaders had to be male.  

 
Catherine II and the Debate Over Enlightened Absolutism 

However, scholars have debated the extent to which Catherine II truly embodied 
Enlightenment ideals, rather than merely adopting them for political survival and gain. Catherine 
II has frequently been described as an “enlightened despot,” to emphasize her collaboration with 
other philosophers and her attempts at sociopolitical reform (Catherine the Great | The Age of 
Revolution, 1775-1848). For example, Catherine II’s prolonged correspondence with Voltaire 
and her drafting of the Nakaz, a document intended to guide the Legislative Commission in 
reforming Russian law, demonstrate her desire to present herself as a rational ruler. The Nakaz 
drew heavily on Enlightenment principles, emphasizing reason, legal equality, and the 
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importance of a just system of governance. In this way, countless historians have noted that 
Catherine the Great used expectations regarding gender and power to shape her image as a 
capable ruler. Yet scholars like Brenda Meehan-Waters focus almost exclusively on others’ 
perception of Catherine, close-reading diplomatic reports and court accounts, and looking at little 
of Catherine’s own writing (Meehan-Waters). This tendency risks overemphasizing men’s 
perspectives at the expense of those of female historical actors, thereby reproducing the historical 
oversight of women’s actual perspectives. Indeed, scholars like Geneviève Rousselière point out 
that Enlightenment thinkers like Rousseau in his Emile claim that the worth of a woman is based 
solely on a man’s perception of her, a common viewpoint during the so-called Age of Reason 
(Rousselière). To challenge this continued negligence of women’s actual perspectives during the 
Enlightenment, this paper closely reads sections of Catherine the Great’s memoirs to better 
understand how she constructed and legitimized how she shaped and justified her image as a 
ruler. 

 
Natural RIghts as a Source of Political Legitimacy 

Perhaps one of the most defining ideals of the Enlightenment was Locke’s argument for 
natural rights. As Locke defined them, natural rights are the rights to life, liberty, and property. 
When someone is born, they have the right to life, the ability to act without governmental 
oppression, and the right to own property (Butler; Raeff). But how did Catherine the Great use 
the Enlightenment ideal of natural rights to validate her rule on the throne? Catherine II used the 
language of the natural rights ideas to frame her rule. By using this language, she was able to 
present herself as a rational and legitimate leader rather than a ruler who had seized power 
through a coup. In the Nakaz, Catherine II cites Enlightenment thinkers, including Locke and 
Montesquieu, to support her legal ideas. Catherine II argued that laws should be enacted to 
protect the security and well-being of her people. In the Nakaz, it is written that “for the Crimes 
of those who disturb People in the exercise of Religion, are of the same Nature with those which 
violate the public Peace and Security (Raeff).” By presenting herself as a ruler who values reason 
and the protection of her subjects, she aligned her rule with the Enlightenment ideal that 
governments should support their people rather than control them. Through this strategy, 
Catherine II was able to justify her authority in a society that was extremely skeptical of women, 
particularly female political leadership. Rather than asserting authority through traditional gender 
expectations, Catherine II emphasized her ability to rule wisely. In doing so, Catherine II  
reframed the idea of natural rights as something a capable monarch could protect. This allowed 
her to present herself as a legitimate ruler rather than merely a woman on the throne.  
 
Enlightened Rule and the Construction of Catherine's Political Image 

Another Enlightenment ideal Catherine II used to strengthen her authority was 
enlightened rule. During the Age of Reason, enlightened absolutism was proposed to enable a 
monarch to maintain absolute power while governing through reason, thereby benefiting the 
region. Catherine II often sought to present herself as such a ruler by associating her rule with 
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prominent Enlightenment thinkers and ideas. Catherine articulated this view through 
correspondence with Voltaire. Catherine II made it clear that these letters had been exchanged by 
deliberately leaking them to the press, which helped her build a reputation as an educated and 
thoughtful, and therefore more “masculine” leader (Catherine’s Correspondence / Home). 
Through documents such as her memoirs, Catherine II emphasized her masculinity by claiming 
that she “did not love dolls, but every kind of bodily exercise. No lad was bolder than [she] and 
[she] was proud of it (Catherine II, Empress of Russia, 1729-1796).” By portraying herself as 
educated and thoughtful rather than traditionally “feminine,” Catherine II sought to demonstrate 
her capacity to rule wisely despite prevailing expectations regarding women. This image allowed 
her to shift focus away from her gender and instead highlighted her ability to govern through this 
approach. Catherine II invoked the idea of enlightened rule to strengthen the legitimacy of her 
rule, thereby presenting herself as a capable monarch.   

 
Equality and Justice in Catherine II’s Political Philosophy 

Another Enlightenment ideal that Catherine II invokes is equality. Although 
Enlightenment thinkers often spoke of “universal” rights, these rights ultimately applied only to 
men. Catherine II, however, sought to present herself as someone who could uphold fairness and 
justice for all her people. Catherine the Great was especially inspired by Montesquieu when 
writing the Nakaz. Catherine imitated Montesquieu’s writing from the Spirit of the Laws, and it 
has been commonly stated that the language in the Spirit of the Laws “is mimicked in the Nakaz's 
sequence of compact clauses (Garethjones).” This influence was determined by how Catherine II 
intentionally aligned herself with the Enlightenment to strengthen her legitimacy. By drawing 
from Montesquieu’s The Spirit of the Laws, she presented her rule as more based on reason 
rather than personal gain and power. Simultaneously, Catherine II adapted the ideas to suit her 
own authority, using the concept of equality to appear just and fair while maintaining control. 
This suggests that her use of the Enlightenment ideals was strategic and reinforced her position 
as a capable ruler. In the Nakaz, Catherine states that “the Equality of the Citizens consists in 
this; that they should all be subject to the same Laws (Russia and Tatishchev).” In other words, 
Catherine argues that no matter someone's class, they still deserve to be treated with the same 
rights. “This Equality requires Institutions so well adapted, as to prevent the Rich from 
oppressing those who are not so wealthy as themselves (Russia and Tatishchev).” Though a 
monarch, Catherine II argued for an interpretation of the law that allowed everyone to be judged 
by the same standards.  Through her memoirs, Catherine II reflects on her responsibilities, noting 
that she has “done [her] duty; [she has] served [her people], [her] country” and herself (Katharine 
Anthony).  By emphasizing that her rule was intended to benefit everyone in her empire, 
Catherine II framed her authority as fair and rational rather than forced. This approach enabled 
Catherine II to challenge the expectation that only men could lead effectively. As a result, she 
demonstrated that women could also rule competently and with care. By emphasizing equality, 
Catherine II strengthened her image as a legitimate monarch. With this shift, Catherine II 
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demonstrated that leadership and the role of a monarch should be defined by ability rather than 
tradition.  

 
Addressing Bias in Catherine II’s Memoirs 
 Of course, it might be argued that Catherine II’s memoirs were written to present herself 
in a particular way. Given that this paper focuses mainly on Catherine the Great’s memoirs, an 
issue of bias could be raised. Since she wrote these memoirs herself, Catherine II could have 
portrayed herself in any view that she pleased. Even with the idea that there may be bias, it has 
been discovered that her ideas have matched those of others. For example, around the time of 
Catherine the Great’s coup, there was a strong dislike towards her husband, Peter III. Directly 
after Peter III’s own death. Catherine the Great wrote in her own memoirs that “as soon as the 
soldiers saw her, the shouts of joy and jubilation began again; Peter III was sent to his destination 
(Katharine Anthony).”  Catherine the Great knew that Peter III was strongly disliked and could 
tell even through the reactions of her soldiers. Claude-Carloman de Rulhière, a French diplomat, 
wrote in his own works that “Peter III was hastening to his ruin by actions good in themselves 
(The History, or Anecdotes, of the Revolution in Russia, in the Year 1762, [Frontispiece and Title 
Page] - NYPL Digital Collections).” Similar to how Catherine II described Peter III, it was often 
thought that Peter III accelerated his ruin on the throne through taking actions that may have 
been rational, but they were more harmful to Russia. Since other writers at the time described 
Peter III in extremely similar ways, we can infer that Catherine II was not just inventing this 
image of Peter III to justify taking power. Instead, Catherine the Great’s memoirs can be seen as 
another perspective that continues to reflect on the broader opinions of the time, thus making 
them a helpful glimpse into the world of Catherine’s rule.  
 
Conclusion 

Ultimately, Catherine II’s rule shows that even within a society built to limit the power of 
a woman, it is still possible to lead effectively using reason, strategy, and Enlightenment ideals. 
By drawing on concepts such as natural rights, enlightened rule, and equality, Catherine II 
presented herself as a capable and thoughtful ruler instead of just a woman who had seized the 
throne. Through her memoirs and documents like the Nakaz, Catherine II carefully shaped how 
her people saw her, thus proving that her authority came from intelligence and fairness to her 
people. Even though Enlightenment thinkers often excluded women from ideas of equality, 
Catherine II used those same ideas to legitimize her rule and challenge the expectation that a 
leader had to be male. Catherine the Great's reign demonstrates how a woman can govern just as 
wisely and effectively as a man, showing how leaders today can use already existing ideas and 
systems to challenge obstacles, thus proving that true leadership is defined through intellect and 
self-presentation. With this approach, leaders can create their own path in a world attempting to 
hold them back, regardless of gender. 
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How Has the Transformer  Models’ Architecture Improved Pattern Learning in Artificial 

Neural Networks (ANN) for Conversational AI, and What Are its Key Limitations?  
By Bhadra Ajayan 

 
Abstract 

The rapid advancement of conversational artificial intelligence ( AI) systems has 
developed contemporary communication and interactions, primarily after the advancement of 
transfer architecture. The aim of this study is to assess whether transformer models’ architecture 
has improved the pattern learning in conversational AI systems, and to identify the persisting 
limitations of this architecture.  

A qualitative research design was utilized, with semi-structured online interviews with a 
sample size of 5 participants to explore their experiences and perspectives on the current, 
transformer-based conversational AI systems. Purposive sampling was employed to select the 
participants, aged between 14 to 60, with a varied range of occupations - students, healthcare 
professionals, computer science educators, and more. A thematic analysis was then conducted 
from the participants’ responses, finding the recurring ideas and patterns in the data. These 
themes were warranted by empirical evidence from the existing literature, to identify similarities 
and possibly discrepancies in the information. The overall findings depict that conversational AI 
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systems were valued and notable for its efficiency, adaptability, personalization, and context 
recollection capability, making it a tool that facilitates learning and pattern identification in 
countless industries. However, arising concerns with regards to misinformation, prompt 
sensitivity, and ethical concerns ( data privacy and anthropomorphism) were also identified 
through this investigation. Hence, this study determines that even though transformer models 
have transformed conversational AI, continuous human oversight and ethical regulations are 
mandatory throughout the development of this technology.  
 
Keywords  

Conversational AI, Transformer Models, Artificial Neural Networks (ANN), 
Self-attention Mechanism  
 
Introduction 

Conversational AI encompasses the artificial intelligence systems designed and 
developed to hold natural conversations with people. This includes chatbots and virtual 
assistants, among other applications. Ruane, et al., (2019) discussed that these technological 
systems utilize natural language processing (NLP), an integration of machine learning, 
computational linguistics, and deep learning to comprehend human language.   
This drastic development in conversational AI has seeped into our everyday tasks and activities, 
making us humans rely on these systems to conduct an infinite range of tasks. Voice bot 
assistants like  Siri, Bixby, and Alexa, or chatbots in e-commerce and educational settings, are a 
few of the most prominent examples of AI advancing into a variety of fields. These AI systems 
are now finding applications in entertainment, education, and even healthcare. While 
conversational AI has been explored, the evolution of the different types of deep learning models 
utilized for these systems remains to be an aspect that the existing research needs to examine 
further.  
 
RNN models of Conversational AI  

Earlier, conversational AI relied on RNN models, recurrent neural networks, which are a 
type of deep learning model that specializes in handling sequential data ( information where the 
order is pertinent). The earlier neural networks used to process the inputs independently, which 
was one of the key limitations, as language is naturally sequential - every word is linked to the 
previous. Hence, RNN models were created to process a sequence one token (a unit in 
computing)  at a time while having hidden layers that contain information of the previous input 
(Mienye et al., 2024). The hidden layers within the model have nodes containing weights 
(parameters) to determine the significance of certain aspects in predicting the accurate output. 
These weights are alternated during the training process of the model, through Backward 
propagation, and the gradient determines how much the parameters must change. This was 
essential in combining context from previous parts of the input to predict the output, making 

164 



 
 
 
RNNs a core architecture structure for AI chatbots, translators, and other natural language 
conversational AI systems.  

However, one of the main limitations is that RNN models struggle with long-term 
dependencies - recollecting information and context from previous conversations- due to their 
challenges with the vanishing or exploding gradient (Chakraborty et al., 2021). During the 
RNN’s training process, via Backward propagation, the gradient has to travel back through many 
time steps, where the gradient becomes exponentially smaller, making the model unable to adjust 
its parameters. This prevents the RNN from learning long-range dependencies, unable to connect 
information, and causes incoherence and vague responses in conversation AI systems. However, 
the current literature on the application of RNN-based models is sparse compared to transformer 
models. This paucity in information allows this research paper to delve into the low context 
retention and vanishing gradient limitations of an RNN architecture.  
 
LSTM models of Conversational AI  

LSTM models, Long Short-Term Memory, were created to address the limitations. These 
models were able to retain more information across longer sequences of inputs and outputs. 
LSTM models utilize a feature known as “gated memory cells ”, which function as a regulatory 
mechanism that categorizes which information needs to be forgotten, updated, or stored:  
selective memory retention (Chakraborty et al., 2021). This feature was essential in stabilizing 
the gradient, contrary to the RNN models, enabling it to better recollect contextual information 
during interactions, making it more apt for conversational AI.  LSTMs powered systems like 
Google Translate's early neural versions, improving syntactic coherence and translating long 
texts. 

However, some limitations did persist, as the sequential processing hindered the 
scalability- as the models process word by word, the training can get excessively long and 
time-consuming when processing a large data set (Kandadi et al., 2025). Moreover, even though 
the LSTM does have memory cells that store information, it is still limited, resulting in error 
accumulation over the span of large texts. Finally, they are also vulnerable to adversarial 
perturbations, which are small manipulations to the input that could greatly impact the predicted 
output and decrease the accuracy of the model.  However, there is limited research examining the 
scalability and robustness of LSTM in large-scale conversational AI systems, especially the 
impacts of adversarial perturbations.  
 
Transformer models of Conversational AI  

The emergence of transformer models was a pertinent shift in conversational AI systems. 
Vaswani, et al. (2017) were the first to propose the structure of the transformer model, where, 
unlike RNN or LSTM models that utilized recurrence, transformer models contained a “self- 
attention” mechanism. This mechanism computes the importance weight for every token by 
taking the weighted sum of the context vectors, where the weights are derived from similarity 
scores between queries (information the token is seeking) and keys (information a token 
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contains) (Jurafsky et al., 2026). This enables the model to have a long range of dependencies 
and identify contextual patterns.  

Transformer-based models have two main components:  the encoder and the decoder. The 
encoder processes the input sentence simultaneously - parallel processing - while applying 
self-attention to generate contextual representations for each token. On the other hand, the 
decoder uses both self-attention and encoder-decoder attention. While the self-attention 
mechanism allows the model to focus on the previously generated tokens in order to sustain 
coherence, the encoder-decoder attention enables it to only emphasize the relevant part of the 
input while generating an output (Rahali & Akhloufi., 2023).  

In addition to this, the query, key, value structure of the transformer models permits it to 
efficiently store and retrieve information while processing. This technique not only improves the 
management of user intent but also enables a more natural dialogue. Another key advantage is 
that parallel processing results in a substantially quicker training process compared to RNN 
architectures, reducing the wall-clock time for users, and maintaining a high accuracy for the 
conversational AI.  While most studies evaluate these models on large-scale datasets, this leaves 
a gap in the understanding of their performance in low-resource or domain-specific 
conversational environments, which will be explored in this study. 
 
Real Life Application of Transformer models:  

Transformer architecture models have promoted drastic developments across various 
industries, for both user and professional-based platforms. The models’ notable ability to 
comprehend and respond to complex, contextual relationships and linguistic phrasings through 
mechanisms like self-attention enables them to sustain long, human-like dialogues. This unique 
feature makes it particularly apt for modern conversational AI assistants like ChatGPT, Gemini, 
and LaMDA. These platforms are constructed using large language transformer models, which 
help in generating text or images, summarizing, and solving a wide range of problems, catering 
to the user’s input/prompt (Patwardhan et al., 2023). Moreover, unlike the RNN and LSTM 
models, the transformer models are better able to rapidly remember and adapt to the context, 
enabling them to even accept non-sequential data.  

In addition, transformer-based models have also been applied more frequently in fields 
like business enterprises for customer service, replacing a job that would otherwise require a lot 
of time, labour, and wouldn’t have been as efficient. The AI chatbots that employ the 
transformer-based systems can effectively interpret the customers’ questions and generate 
coherent responses for issues such as troubleshooting errors, routine inquiries, and much more.  

Moreover, its emergence into specialized fields like medicine is a significant leap, as it 
not only assists with answering and summarizing medical research but is also employed for 
protein and DNA structure analysis (Singhal et al., 2023). As transformer models process 
sequential data, they are able to efficiently model complex amino acids and help predict 
mutations in DNA strands, which is vital for effective treatment of the patient (Mswahili, 2024). 
In addition, the demand of these models has also risen in the finance industry to detect fraud by 

166 



 
 
 
analyzing the patterns in transactions and identifying irregularities. Even though the existing 
research does exhibit the potential and ongoing experiments with transformer models, they don’t 
delve into the potential threats or limitations this might pose to different fields.  

Hence, this research paper will explore how the transformer models’ architecture has 
improved pattern learning in artificial neural networks (ANN) for conversational AI, and what its 
key limitations are. By addressing the research gaps, this study will present how conversational 
AI has evolved, from RNN ( Recurrent Neural Network), LSTM (Long Short Term Memory), 
and Transformer models, analyzing the advantages and limitations of each of these models.  
Exploring this integration allows for gaining key insights into how the conversational AI systems 
have been profoundly integrated into our everyday lives and their potential scopes for the future.  
 
Methodology 

This experiment employs a qualitative research design, applying a semi-structured online 
interview to explore participant perception on conversational AI systems. This structure utilizes 
predetermined guiding questions with the flexibility for participants to elaborate further on their 
responses. It not only ensured consistency between interviews but also provided a sufficient, 
varied data set of the individual's personal experiences and opinions, which enabled an in-depth 
understanding.  

Purposive sampling was used to select participants who utilize AI in their daily lives, 
with a sample size of 5 people. The participants range from 14 to 60 years old, across various 
professions and stages of life - students, doctors, computer science teachers, and insurance 
managers. The diversity in the sample allowed in collecting a wide range of insights into the 
application and usage of conversational AI in different fields and contexts.  

Following the interviews, a thematic analysis was conducted to find patterns in 
participant responses in order to derive an accurate, reliable conclusion. The interview data were 
transcribed and organized into their key themes, which are supported by both participant 
evidence and empirical evidence.  
 
Result Data Table 
 
Theme Sub-Theme Participant Excerpt Empirical Evidence 
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Context 
Retention 

Conversational 
continuity 
 
Short-term and 
Long-term 
memory 

"It remembers your 
previous responses, your 
previous questions" 
(Participant 1) 
 
“It remembers all our 
conversations for the last 
like one 
month.”(Participant 4) 
 
"AI forgets, but AI is easier 
to train than a human 
because you can kind of 
make it 
remember"(Participant 2) 

1)This research paper discusses the critical problem that the current AI 
chatbots are facing - they are good at maintaining short conversations, but 
they still perform poorly in long conversations and over an extended time 
frame. Xu et al. (2022)reinforces this by stating that “existing models trained 
on existing datasets perform poorly in this long-term conversation setting in 
both automatic and human evaluations”. They then proceed to propose a 
retrieval-augmented method that “outperform the standard encoder-decoder 
architectures”, thereby emphasizing future progression and improvement of 
the models.  
 
2) Izadi(2024) and Forouzanfar (2024) examine how  conversational AI 
systems rely on context retention to produce more coherent, clear, and 
personalized responses and responses. It states that the AI models only have a 
“fixed context window,”indicating they can only store limited information 
and conversation history, which reduces the continuity of the conversations. 
This research paper highlights how long-term and short-term AI memory 
models store information, but it can also create “semantic interference,” 
causing the model to develop inaccurate memories/information. In all , the 
authors indicate that improving conversational AI model’s architecture makes 
it more  natural and human-like, but aspects like misinformation and 
reliability still need to be considered. 

Personalizati
on and 
Adaptation 

Personalized 
responses/output  
 
 

“This tool is specialized for 
you.”(Participant 1) 
 
"It(conversational AI) is 
reading your data, and it 
knows about you...like your 
personal assistant." 
 
"It's because it is like a 
guide, a tool, a friend, a 
companion who's always 
with me" (Participant 5) 

1) Abas et al.(2023) have explored and delved into the opportunities and 
challenges posed by the application of conversational AI systems like 
ChatGPT in personalized learning for higher education. It presents how 
ChatGPT provides personalized recommendations, immediate feedback to 
users, and can tailor the lesson plan according to the student’s individual 
learning style. This promotes autonomy and a more dynamic learning method 
for students. However, this paper also addresses some concerns on AI 
personalization regarding bias and lack of privacy. Overall, this paper 
concludes that ChatGPT has the potential  to transform independent learning 
among students, but the potential risks must be considered and mitigated.   
 
2) Zheng et al. (2020) reviews 13 studies on conversational AI chatbots that 
adapt to healthcare through personalized content, interfaces, or functionality. 
It personalizes according to the different user input, like goals/symptoms and 
the conversation history, including features like tailored feedback, reminder, 
and styles of communication. Moreover, this study proposes a method to 
generate personalized, coherent responses even if the training set of the 
model has limited personal information. It employs a pretrained Transformer 
encoder decoder and an attention routing mechanism, enabling the model to 
handle real-world conversation even with limited personal data.  
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Efficiency 
and 
Convenience 

Time-manageme
nt 
 
Organization 
 
Quick 
Information 
Retrieval 

“It helps me do my 
workload easier because it’s 
like an 
assistant.”(Participant 2) 
 
“There’s no need to explore 
all of these different vast 
sources because it does that 
for you.”(Participant 1) 
 
“It saves a lot of time rather 
than humans trying to 
figure it out.” (Participant 
4) 
 
"AI will go into science or 
medical journals that are 
available, and then it'll 
come up with some 
answers, and you can go 
reference those papers as 
well." (Participant 4) 

1)Sakirin(2023) and Said (2023) examine the user's preference of ChatGPT 
powered conversational interfaces with the traditional communication 
methods (phone or email). By conducting a survey of 175 participants, they 
discovered that 70% of the users preferred conversational AI interfaces 
because of their efficiency, convenience,and personalization. The authors 
state that AI systems that provide natural, human-like interactions in sectors 
like customer service and education are very beneficial. Moreover, it also 
delves into the social/ethical issues of conversational AI, surrounding decline 
in employment and lack of privacy. Nevertheless, this research paper 
indicates users’ increasing inclination toward conversational AI,indicating 
that a larger investigation is needed to validate these findings. 
 
2) 
Sari(2024) and Alfansi (2024) investigate how the users’ familiarity with 
technology (ChatGPT) influences their overall satisfaction and perceived 
convenience. By using data from a survey conducted with 318 people in 
Indonesia, it indicates that the perceived personalization and convenience that 
ChatGPT provides increases the overall familiarity with the technology, and 
hence increases satisfaction. A key aspect that is pertinent to ChatGPT is its 
real-time, rapid responses. Moreover, it doesn’t require the user to visit 
various different sources as they have the convenience of attaining the 
desired output through just this conversational model. Despite certain 
limitations such as bias and misinformation, the ease and speed of using and 
attaining information makes this tool satisfactory for its users.  

Prompt 
Sensitivity 

Detailed Input 
 
Prompt 
misinterpretatio
n 

"Sometimes, if the question 
is too complex, AI is not 
able to get to the exact" 
(Participant 4) 
 
"I feel the prompting goes 
wrong, the always machine 
responds to our inputs, so if 
it is a complex thing, it is 
very hard" (Participant 3) 
 
"But conversational AI 
needs that prompt to 
understand how to talk to 
you. " (Participant 1) 

1) Zhou et. al (2024) states that Large Language Models (LLM) are 
extremely sensitive to prompts and its variations. Hence to investigate this 
and present a correlation, the authors have employed ProSA, a framework to 
measure and analyze how much LLMs change outputs for minute prompt 
variations, using a metric named PromptSensiScore (PSS). It shows prompt 
sensitivity varies by task, dataset, and model size, with larger models 
generally performing comparatively better. Moreover, the study finds that 
higher model confidence is proportional to lower prompt sensitivity, and the 
subjective evaluations (like human ratings) are also affected by prompt 
changes. 
 
2) Salinas(2024) and Mostratter (2024) explored prompts in LLM’s, where 
even the slight changes in the prompt can drastically alter the output - “ the 
butterfly effect of altering the prompt”. The paper discusses how minor 
modifications like altering the wording, formatting, spaces,and punctuations, 
could lead to different outputs, indicating the extent of LLM’s prompt 
sensitivity. Therefore, the susceptibility to changes reveals that the AI 
models’ outputs are unstable and heavily shaped by user phrasing rather than 
solely by an object approach.  By emphasizing jailbreak prompts and 
formatting requests and its effects, the study reveals the concerns about the 
consistency, reliability, and trustworthiness of LLMs. 
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Human 
Judgments 
and 
Boundaries 

AI 
Therapists/relati
onships 
 
Cyber safety 
 
Threat of 
Personal 
Information 
 
 
 

" AI should be more trained 
in kind of setting their own 
boundaries and not giving 
so much explicit advice to 
people." (Participant 2) 
 
"Not only does it take 
information from sources, 
but I've heard that AI also 
takes information from 
other people." (Participant 
2) 
 
"I think it's very 
dysfunctional if you start 
having like a human-like 
relationship with some of 
these AI models and 
conversations for mental 
health"(Participant 4) 
 
"Nothing is private. 
Nothing is private in the 
world." (Participant 5) 

1) Hoskins(2024) explores the context retention and memory of AI systems 
through how is able to “both enable and endanger human agency in the 
making and the remixing of individual and collective memory”. AI tends to 
distort reality, either because the information/memory hadn’t been encoded 
into the system, or due to the forgetting that occurs, leading to the failure of 
retrieving certain information.  
 This raises significant ethical concerns regarding the reliability of stored 
data, privacy, and autonomy, leading to the prevalence of misinformation and 
deepfakes. 
 
2) Ruane et al. (2019) raise concerns about the increasing influence of AI on 
human interactions and societies. The discussion discusses how it reflects 
societal bias ( though the limited dataset training), raising crucial issues such 
as bias, misinformation, and loss of privacy and human agency. Furthermore, 
some people tend to treat the Chatbots like humans, anthropomorphizing, 
forming emotional, romantic, or even abusive towards AI systems, which 
distorts their perception of reality and AI. Hence, it concludes that a stronger 
ethical framework and human oversight are significant in the design and 
training of conversational AI systems, ensuring this develops into a tool that 
will transform society for the better and not worse.  

Confidence 
without 
Accuracy 

Incorrect factual 
data 
 
False 
Overconfidence 

“it always sounds 
confident... you still need to 
look at everything with a 
grain of salt.”(Participant 4) 
 
“It is designed in a way that 
it sounds overconfident at 
times.”(Participant 5) 
 
"Obviously, the main 
database for chatbots is 
very wide. They can't 
exactly conduct reliable 
analytical studies on each 
source to make sure it's 
reliable."(Participant 1) 

1)Omar et al. (2025) investigate the accuracy and overconfidence of the AI 
model through a study of 12 large language models with 1965 questions in 5 
different areas of medical speciality. Through their investigation, they 
discovered that there was an inverse correlation between the accuracy and 
confidence of the models - models with a lower percent of accuracy had a 
higher percent of confidence and vice versa. Hence, this depicts the 
“overconfidence” issues of the Large Language Models, posing critical risks 
particularly in fields like medicine. Hence, this research investigation 
recommends always having calibration methods and human oversight in 
order to improve the reliability of these models and adopt them more 
confidently in medical sectors.  
 
2) T.Mee et al. (2025) presents large language models (LLMs) as  inherently 
probabilistic rather than fully reliable or objective. Even though this enables 
Ai models to be nuanced, it can result in inconsistent outputs, where even the 
same prompt generates different outputs at various occasions. The responses 
that AI systems provide reflect the social and contextual biases, which due to 
the bias and inherent stereotyping present in the training process/data set. 
These AI systems are hence a reflection of collective human reasoning rather 
than solely objective sources. Moreover, the LLMs also have a sycophantic 
behavior (agree with users even though they are wrong), resulting in 
misinformation and inaccuracy.  
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Professional 
Applications 

Medicine 
 
Investment 
banking/Accoun
ting 
 
Education 
systems 

"AI Scribe ...will record the 
conversation that I'm 
having with my patients, 
and then it will, at the end 
of the clinic visit, it will 
make a note for 
me."(Participant 5) 
 
"Prompts like 'explain this 
to me like I'm a 
five-year-old' or 'explain 
this to me as if we're in a 
concert'- those kinds of 
prompts help you learn with 
your learning style, which 
is why I like it as a student. 
" 
 
"I get I had so many queries 
regarding medical insurance 
like people come with me 
with a lot of diseases which 
I earlier used to get the help 
of my friend's doctor's 
opinion and now I get all 
related documents from 
chatGPT and ask 
suggestion chatGPT 
whether to take this risk, 
how far this risk can be 
taken or accepted, if can be 
accepted what all has to be 
done."(Participant 3) 

Bhayana (2024) states that LLM-based chatbots in radiology, especially since 
the emergence of transformer models, have been shown to improve imaging 
detection and the speed of the process. It emphasises that the AI is able to 
effectively identify the patterns in the scans ( MRI, CT and X-Ray), that 
would otherwise be more difficult to detect manually. The author emphasizes 
how AI can be used as an effective tool in this sector, but the data quality and 
accuracy still need to be overseen. Overall, it suggests that the large language 
models have shown  “human-level performance on many professional 
benchmarks” but still require human supervision.  
 
Scerri(2023) and Morin (2023) have explored the application of 
conversational AI, transformer models like ChatGPT, to aid nursing 
practices. The paper notes its advantages, which is that it reduces repetitive 
documents, addresses clinical questions, and much more. While these tools 
can support nursing by improving efficiency and communication, it can not 
replace the nurse’s judgement and the emotional/human touch. Moreover, the 
AI can sometimes provide inaccurate or biased information and could also 
further lead to a breach of the patient’s privacy. Hence, AI tools like 
ChatGPT must be used cautiously and in a limited manner by nurses, as they 
must validate the accuracy of the information and always be the main 
decision maker.  

 
Discussion 

These finishings reveal that conversational AI systems are widely perceived as efficient, 
personalized, and convenient sources, while simultaneously raising apprehensions on their 
ethical implications, lack of privacy, and misinformation. This is directly linked to the aim of 
these investigations, as it establishes the key opportunities and limitations of conversational AI 
systems, particularly transformer models, buttressed by opinions of users and an analysis of the 
existing literature. Transformer model’s context retention, adaptability, convenience highlights 
the effectiveness of its encoder-decoder mechanism and self-attention mechanism that 
distinguishes it from the previous models. On the other hand, the interviews also suggested a 
pattern of concerns regarding the dependency and prompt sensitivity of these conversational AI 
systems, highlighting the areas of development. A notable aspect of this study is the diversity in 
the participant population. The sample for the interview included students, doctors, insurance 
managers, and computer science teachers - people of different ages and professions provided 
varying perspectives and insights, producing a balanced study. Overall, the findings of this study 
suggest that even though conversational AI systems have significantly advanced through 
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transformer architectures, factors like ethical responsibility and critical human evaluation remain 
essential for these technologies.  
Context retention 

A major theme identified though this investigation was the ability of conversational AI 
models to retain context and information throughout long interactions. This theme has emerged 
because the self-attention mechanism is one of the primary advancements of transformer models, 
from the original RNN and LSTM architecture. This mechanism enables the model to remember 
the significant contextual knowledge throughout extended conversations. Furthermore, this is 
particularly relevant to this investigation as it serves as an indicator for the improved pattern 
learning abilities, as the previous architectures faced vanishing or exploding gradients that 
limited the conversation and scope of interaction. The self attention and encoder decoder 
mechanisms allows the system to identify and store key information, which is why it 
“remembers your previous responses, your previous questions” (Participant 1) and thereby 
enhances user experience. Similarly, Izadi and Forouzanfar (2024) emphasises the importance of 
context retention in producing more coherent responses, while also highlighting the persisting 
challenges of limited information storage due to“fixed context window”.  
 
Personalization and Adaptation 

Personalization and adaptation is a significant theme to consider for conversational 
transformer AI systems as they are tailored to adjust the responses based on the user’ input, tone, 
style, and past preferences. This theme emerged due to most large conversational AI models 
being trained with large data sets that help it to identify a diverse range of linguistic styles and 
letters, becoming flexible to respond to different scenarios. This aspect of adaptability to each 
user not only increases user satisfaction, but also effectively maintains human-like dialogue. 
Numerous participants in the interviews mentioned this factor as one of the key advantageous 
aspects of current conversational AI systems. Participant 1 mentioned that "It(conversational AI) 
is reading your data, and it knows about you...like your personal assistant." which clearly depicts 
how this tool’s personalization has become a very convenient and effective aspect of 
conversational AI. This is further bolstered by the research conducted by Abas et al.(2023) who 
has explored the opportunities and challenges of utilizing  AI systems like ChatGPT in 
personalized learning for higher education. Abas et al.(2023) indicated how the personalized 
recommendations and adaptation of lesson plans according to the individuals promotes 
autonomy.   
 
Efficiency and convenience  

The efficiency of conversational AI systems was particularly dominant in the interviews. 
Most of the participants described conversational AI systems as a convenient tool that assists 
them on a daily basis for tasks ranging across different sectors and aspects. This theme exists as 
transformer models process sequences parallelly rather than sequentially, unlike the earlier 
recurrent neural network (RNN) and long short term memory (LSTM). This enables the recent 
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transformer based conversational AI models to generate responses efficiently and rapidly, 
thereby engaging in a more cohesive interaction with the user. This is particularly evident when 
Participant 4 underscores this tool’s ability to “save a lot of time rather than humans trying to 
figure it out”. An investigation by Sakirin(2023) and Said (2023) also examined user’s 
preference of ChatGPT powered conversational interfaces over traditional communication 
methods through a survey of 175 participants. This survey discovered that 70% participants 
preferred the Ai interfaces due to efficiency and convenience, suggesting that transformer-based 
models have significantly ameliorated user experience.  
 
Prompt sensitivity  

Prompt sensitivity was a major theme that was identified in the participant responses. 
Many had observed that they attained more accurate and higher quality responses depending on 
the phrasing of the prompt. This theme emerged due to transformer models’ dependency on 
linguistic pattern and style of the input to generate an output. Any minute alterations in the input 
immediately changes the response of the system, underscoring the significance of effective 
prompt engineering. For instance, the participants stated that “ machines respond to our inputs”, 
indicating that vague or overly complex prompts increase the probability  of irrelevant outputs. 
Prompting was further studied by Salinas(2024) and F.Mostratter(2024), who expanded on “ the 
butterfly effect of altering the prompt”. Even minute aspects like wording, formatting, spaces,and 
punctuations, impact the output indicating the extent of the models’  sensitivity. 
 
Human Judgments and Boundaries 

Human judgement and boundaries emerged as a prevalent theme that must be considered 
when discussing artificial intelligence models. Particularly for conversational AI models that 
directly interact with humans of varying backgrounds, experiences, and stages of life, it is 
significant to use AI merely as a tool to assist with decision-making or tasks rather than allowing 
it to overpower our conscious and human reasoning. This theme is extremely significant, as 
despite the progress in AI, transformer models still lack emotional understanding and 
consciousness, as it only reflects the ideas and information with which it is trained. Hence, 
threats such as misinformation, insecurity of personal information, and loss of human agency 
must be considered. This is apparent as numerous participants stated that “Nothing is private in 
the world” with regards to artificial intelligence systems and the fading boundary between 
humans and AI systems. Ruane et al. further delve into this concern, discussing the reflection of 
societal bias, misinformation, and anthropomorphism that is becoming prevalent with AI models. 
The investigation concluded by highlighting the significance of maintaining a strong ethical 
framework and human oversight over AI systems to prevent misuse and safeguarding threats.  
 
Confidence without accuracy  

Confidence without accuracy is a pertinent theme derived from the qualitative data 
collection in this investigation. The majority of the participants mentioned that they recognized 
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conversational AI systems’ pattern of sounding overconfident, even when the information or 
result it provides is inaccurate. This is an issue that emerged as these AI systems learn statistical 
patterns from a wide database - sources that may be biased or incorrect. The model “can’t exactly 
conduct reliable analytical study on each source”, resulting in hallucinations or false confidence 
during explanations. This is reinforced by the investigation conducted by Omar et al. (2025), 
where a study of 12 large language models with 1965 questions in 5 different areas of medical 
speciality showed that there was an  inverse correlation between the accuracy and confidence of 
the models. This is extremely detrimental in sectors like medicine, and requires effective 
calibration methods to improve the reliability and accuracy of these models before complete 
integration.  
 
Professional applications  

The professional applications of conversational AI systems emerged as the final theme in 
this investigation. Each participant discussed the application of conversational AI in their 
respective fields - education, computer science, healthcare, insurance banking and more. 
Transformer architecture has significantly improved AI systems’s ability to process natural 
language, allowing the integration of these models across a variety of fields to easily attain 
information regarding specific topics, organize effectively, and interact with customers. For 
instance, one of the participants, an insurance broker, talks about how he attains information 
regarding specific fields of insurance from ChatGPT, which also helps him assess whether to 
take the risk and how far the risk of insurance can be accepted. This is further bolstered  by 
Bhayana(2024), who discusses LLM-based transformer chatbots in radiology have been shown 
to improve imaging detection (in MRI, CT and X-Ray). Even though the risks and human 
oversight is  required, AI models improve the efficiency and speed at which decisions are made 
and information is retrieved, increasing its potential application in numerous industries.  
 
Implications of the Future 

The rapid development of transformer based conversational AI systems is a clear 
indication to how artificial AI will continue to evolve and revolutionise our current 
communication networking systems and digital environments. Conversational AI systems will 
penetrate even further into numerous sectors - deeply integrated into fields like medicine, 
finance, education, and more-  due to their efficiency, accessibility, and reduced cost for human 
labor. Furthermore, the future AI systems will also address some limitations of the current 
transformer models, by further improving context retention, response accuracy, multilingual 
communication, and more, enabling the systems to sustain extended, coherent,and human-like 
conversations.   

However, despite these future advancements, several potential ethical concerns must be 
acknowledged, mainly privacy and misinformation. Moreover, anthropomorphism will be a 
critical issue that artificial AI engineers must address and limit, as highly human-like AI systems 
tend to blur the boundary between humans and AI relationships. This increases our emotional 
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reliance on artificial systems , potentially distorting our  perspective of community and society 
and, thereby restricting meaningful human societal interactions. Therefore, it is significant that 
the future advancements in conversational AI systems must balance technological innovation, 
maintaining our ethical responsibility. These conversational AI systems must support rather than 
replace human judgment and social connection.  
 
Limitations and Suggestions  

There are numerous limitations of this investigation that must be acknowledged. Firstly, a 
relatively small sample size of 5 people, limits the ability to accurately identify patterns and 
generalize the study findings to a wider population. Though the participants were of extremely 
diverse backgrounds, stages of life, and experiences, 5 people can’t accurately represent the 
holistic perspective of all conversational AI users. Moreover, another limitation of this study was 
its qualitative nature. As the investigation primarily relied on semi-structured interviews, the 
findings and theme identifications were predominantly based on personal opinions and 
interpretations. The online nature of these interviews would have also limited the interviewer’s 
ability to notice and certain non-verbal responses, and could have limited the depth of the 
interaction. Further studies on this topic could potentially investigate the ethical implications of 
AI, giving pertinence to bias, misinformation, and data privacy  of transformer based 
conversational AI models. Moreover further investigation can be conducted between RNN, 
LSTM, and transformer models to evaluate and compare it quantitatively with respect to factors 
like response accuracy, efficiency, contextual retention, and more. Regardless of these 
constraints, this research paper overall was successful in analyzing both the advantages and 
disadvantages of transformer models in conversational AI models for a coherent evaluation.  
 
Conclusion  

Overall, this discussion depicts advantages and disadvantages of transformer based 
conversational AI systems, with regards to its personalization, convenience, and ethical 
constraints. It depicted the perspectives of a varied sample of individuals , who have each had 
distinct experiences, different opinions, and applications of conversational AI in various 
industries.  
 
Overarching conclusion  

In conclusion, this study  explored how transformer model architecture has improved the 
pattern learning in artificial neural networks for conversational AI systems, assessing the 
strengths and limitations. By collecting data throughout qualitative interviews and analysing the 
existing literature, this investigation has had a a significantly positive impact on conversational 
AI models, due to its features like the self-attention mechanism ( evaluating the importance of 
data points), parallel data processing ( reduces time), and more enable it to engage in more 
coherent human-like interactions with the users. The developments have improved 
conversational AI systems into tools that are now utilized on a daily basis by countless 
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individuals across the globe, and are gradually being integrated into various sectors like 
healthcare, customer service, and education. Factors like convenience, adaptability, and context 
retention have made it a critical tool with the potential to revolutionize numerous sectors. On the 
contrary, this investigation has also identified the underlying limitations and possible threats of 
conversational AI systems, including the prompt sensitivity, misinformation, algorithmic bias 
and lack of data privacy. As our societal dependence on these AI systems increases, it will 
change the way humans behave, work, and interact, blurring the line between human and AI 
relationships.  

In all, transformer architectures are just the beginning of revolutionising conversational 
IA, as more advancements are continuously being made to optimize this tool. While AI systems 
continuously evolve, it is essential to reinforce the reality that it is a powerful tool to aid humans 
and not replace profound human interactions and judgements.  
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Quantum Chemical Study of Neurotransmitters Associated with Neural Communication 
and Brain Function: A Foundational Approach Toward Understanding Neurotransmitter 

Receptor Mutations By Aanya shah 
 

Abstract 
Neurotransmitters are essential chemical messengers that regulate communication 

throughout the nervous system and play major roles in cognition, memory, emotion, motor 
coordination, and autonomic signalling. Abnormalities in neurotransmitter signalling pathways 
are strongly associated with neurological and psychological disorders, many of which arise from 
structural changes in neurotransmitter receptors caused by genetic mutations.[1] Since 
neurotransmitter-receptor interactions depend heavily on molecular electronic behaviour, 
understanding the intrinsic electronic properties of neurotransmitters is an important preliminary 
step toward investigating receptor-level dysfunction and mutation-induced signalling 
abnormalities. In this study, Density Functional Theory (DFT) calculations were performed using 
Gaussian 09 to investigate the electronic properties of three biologically important 
neurotransmitters: Acetylcholine, Dopamine, and Serotonin. Geometry optimization and 
quantum chemical descriptor calculations were carried out in the gas phase and aqueous phase 
using the Conductor-like Polarizable Continuum Model (CPCM). Parameters, including 
ionization potential, electron affinity, chemical hardness, softness, chemical potential, 
electronegativity, and electrophilicity index, were evaluated and compared. The results revealed 
notable differences in solvent sensitivity and electronic stabilization among the 
neurotransmitters. Dopamine showed pronounced solvent-dependent behaviour due to 
hydroxyl-mediated hydrogen bonding, while serotonin exhibited greater resonance stabilization 
because of its indole ring system. Acetylcholine demonstrated strong polarity associated with 
cholinergic signalling. These findings establish a computational foundation for future DFT-based 
studies involving neurotransmitter receptor mutations, amino acid substitutions, and 
mutation-driven neurological dysfunction. 
 
Keywords  
  Density Functional Theory, Neurotransmitters, Quantum Chemical Descriptors, Gaussian 
09, Dopamine and Serotonin, Neurotransmitter Receptor Mutations 
 
1. Introduction 

The human nervous system functions through highly coordinated electrochemical 
signalling processes that enable communication between billions of neurons. Central to this 
communication are neurotransmitters, specialized biomolecules released from presynaptic 
neurons that bind to receptors located on neighbouring neurons, muscles, or glandular tissues. 
These signalling molecules regulate essential biological processes, including movement, 
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cognition, emotional processing, memory formation, learning, sleep cycles, sensory integration, 
and autonomic regulation. Disturbances in neurotransmitter signalling pathways are associated 
with numerous neurological and psychiatric disorders such as Parkinson’s disease, schizophrenia, 
anxiety disorders, depression, epilepsy, and Alzheimer’s disease. In many cases, these disorders 
do not arise solely from abnormalities in neurotransmitter concentration but from structural and 
functional alterations in neurotransmitter receptors caused by genetic mutations. Recent 
advances in molecular neuroscience have shown that even single amino acid substitutions within 
receptor proteins can significantly alter receptor stability, conformational flexibility, ligand 
binding affinity, ion transport behaviour, and intracellular signalling efficiency. Mutations 
affecting dopamine and serotonin receptors, for example, have been implicated in mood 
disorders, addictive behaviour, cognitive dysfunction, and neurodevelopmental abnormalities. 
Understanding how such mutations alter receptor structure requires detailed investigation of 
molecular interactions occurring at the electronic level. 

Before studying receptor mutations computationally, it is necessary to understand the 
intrinsic electronic properties of the neurotransmitters themselves. Neurotransmitter binding 
depends strongly on intermolecular forces such as electrostatic attraction, charge transfer, 
hydrogen bonding, dipole interactions, orbital overlap, and solvent-mediated stabilization. 
Consequently, analyzing the quantum chemical behaviour of neurotransmitters provides an 
essential foundation for understanding receptor-neurotransmitter interactions and 
mutation-induced dysfunction. Computational chemistry, particularly Density Functional Theory 
(DFT), has emerged as a powerful tool for studying molecular structure and electronic behaviour. 
DFT enables calculation of molecular descriptors associated with reactivity, stability, charge 
distribution, and electron transfer behaviour.[2] Parameters such as ionization potential, electron 
affinity, chemical hardness, softness, chemical potential, electronegativity, and electrophilicity 
provide insight into molecular interactions and biochemical functionality.  

Neurotransmitters are released into synaptic clefts following neuronal depolarization and 
subsequently bind to highly specific receptor proteins embedded within postsynaptic membranes. 
This receptor-ligand interaction initiates intracellular signalling cascades that regulate neuronal 
communication and physiological responses.[1] The efficiency of neurotransmission depends not 
only on neurotransmitter concentration but also on (i) molecular charge distribution, (ii) receptor 
binding affinity, (iii) hydrogen bonding capability, (iv) electronic stabilization, (v) 
conformational compatibility, and (vi) solvent interactions. Small changes in any of these 
molecular properties may significantly influence receptor activation and signal propagation. 

Acetylcholine is among the most important neurotransmitters in both the central and 
peripheral nervous systems. It functions extensively at neuromuscular junctions and 
parasympathetic synapses. Acetylcholine is synthesized from choline and acetyl-CoA by choline 
acetyltransferase. The molecule contains a positively charged quaternary ammonium centre that 
contributes to strong polarity and electrostatic interaction with cholinergic receptors. These 
properties make acetylcholine an important model for studying charge-mediated receptor 
interactions.[3] 
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 Dopamine is a catecholamine neurotransmitter synthesized from tyrosine through 
L-DOPA intermediates. Dopamine regulates motor coordination, emotional behaviour, reward 
signalling, and cognition. Dopamine receptors belong to the G protein-coupled receptor family 
and are highly sensitive to structural and electrostatic changes within their binding domains. 
Several dopamine receptor mutations have been associated with schizophrenia, addiction 
disorders, and Parkinsonian dysfunction. The hydroxyl groups present in dopamine strongly 
influence hydrogen bonding and intermolecular interactions, making dopamine particularly 
useful for studying receptor-ligand electrostatics.[4]  

 
Serotonin, or 5-hydroxytryptamine, is synthesized from tryptophan and plays major roles 

in emotional regulation, mood stabilization, appetite, and sleep cycles. Mutations affecting 
serotonin receptors and transport proteins have been implicated in depression, anxiety disorders, 
autism spectrum disorders, and migraine pathophysiology. The indole ring structure of serotonin 
contributes to resonance stabilization and selective receptor interactions. Understanding 
serotonin’s electronic behaviour is therefore important for future computational analysis of 
receptor mutations and altered neurotransmission.[5] 
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In the present study, DFT calculations were performed to investigate the electronic 

properties of acetylcholine, dopamine, and serotonin in gas and aqueous environments. The 
primary objective is to establish a computational understanding of neurotransmitter electronic 
behaviour that can support future investigations involving neurotransmitter receptor mutations 
and protein structural instability. 
 
2. Materials and Methods 
 
2.1 Computational Methodology 

Quantum-chemical calculations were performed using Gaussian 09[6]. Molecular 
structures of acetylcholine, dopamine, and serotonin were constructed and subjected to geometry 
optimization using Density Functional Theory. Optimized structures were analysed in (i) Gas 
phase, (ii) the aqueous phase using CPCM solvent modelling. The aqueous environment was 
included because neurotransmission occurs under highly hydrated biological conditions. Solvent 
interactions strongly influence charge distribution, polarity, hydrogen bonding behaviour, and 
molecular stabilization. Frequency calculations were performed to confirm optimized structures 
and evaluate molecular stability. 
 
2.2 Quantum Chemical Descriptors 

The following descriptors were evaluated to characterize the electronic behaviour of 
neurotransmitters. 
 
Chemical Hardness 

Chemical hardness measures resistance to electron cloud deformation and provides 
information regarding molecular stability. 

 η =  𝐼−𝐴
2

 
Chemical Softness 
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Softness represents molecular polarizability and electronic flexibility. 
 𝑆 =  1

2η

Chemical Potential 
Chemical potential reflects the electron escaping tendency and intermolecular interaction 

capability. 
 µ =  − 𝐼+𝐴

2

 
Electrophilicity Index 

Electrophilicity measures the ability of molecules to accept electrons during molecular 
interactions. 

                                                                  ω =   µ2

2η 

 
These descriptors are particularly relevant for neurotransmitter-receptor interactions 

because receptor binding depends heavily on electron density redistribution and intermolecular 
stabilization. 
 
3. Results and Discussion 

Acetylcholine demonstrated strong polarity due to its quaternary ammonium group. The 
molecule exhibited stable electronic behaviour in aqueous conditions, suggesting efficient 
electrostatic compatibility with cholinergic receptor environments. The strong charge 
localization observed in acetylcholine may explain its rapid receptor recognition and fast 
synaptic transmission behaviour. These findings are important because receptor mutations 
affecting local charge environments could significantly alter acetylcholine binding efficiency. 
Thus, understanding acetylcholine’s intrinsic electronic structure establishes a basis for future 
receptor mutation studies involving cholinergic signalling dysfunction. 

 
Acetylcholine Gas Phase Solvent Phase  (water) 
Ionization Potential (I) -0.35595 -0.35781 
Electron Affinity (A) -0.11740 -0.11699 
Chemical Hardness (η) -0.119275 -0.12041 
Chemical Softness (S) -4.1919 -4.1524 
Chemical Potential (μ) 0.2366 0.2374 
Electronegativity (χ) -0.2366 -0.2374 
Electrophilicity Index (ω) -0.23481 -0.23402 

 
Dopamine exhibited the greatest solvent-dependent variation among the investigated 

neurotransmitters. The hydroxyl groups attached to the aromatic catechol ring contribute strongly 
to hydrogen bonding and solvent stabilization. The molecule demonstrated notable changes in 
chemical potential and electrophilic behaviour in aqueous conditions, indicating substantial 
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electronic redistribution during intermolecular interactions. This observation is highly relevant 
for future dopamine receptor mutation studies. Since dopamine receptor binding depends 
strongly on hydrogen bonding and electrostatic complementarity, mutations affecting amino acid 
polarity or local charge distribution could dramatically influence dopamine-receptor interactions. 
The present findings, therefore, provide foundational electronic information necessary for 
analysing mutation-induced receptor instability. 

 
Dopamine Gas Phase Solvent Phase  (water) 
Ionization Potential (I) -0.20451 -0.29757 
Electron Affinity (A) 0.00558 -0.15143 
Chemical Hardness (η) -0.105045 -0.07307 
Chemical Softness (S) -4.7598 -6.842 
Chemical Potential (μ) 0.099465 0.2245 
Electronegativity (χ) -0.099465 -0.2245 
Electrophilicity Index (ω) 0.4734 0.34487 

 
Serotonin displayed comparatively smaller solvent-induced fluctuations due to resonance 

stabilization within its indole ring system. This electronic stabilization likely contributes to 
selective receptor recognition and signalling specificity. The relatively controlled electrophilic 
behaviour observed in serotonin suggests stable intermolecular interaction patterns. Such 
characteristics are important when considering serotonin receptor mutations, in which even 
subtle structural changes within binding pockets can alter neurotransmitter affinity and signalling 
efficiency. Understanding serotonin’s intrinsic electronic properties is therefore essential before 
investigating how amino acid substitutions influence receptor functionality. 

 
Serotonin Gas Phase Solvent Phase  

(water) 
Ionization Potential (I) -0.18606 -0.19598 
Electron Affinity (A) 0.00509 -0.00674 
Chemical Hardness (η) -0.19115 -0.18924 
Chemical Softness (S) -2.6157 -2.6421 
Chemical Potential (μ) 0.090485 0.10136 
Electronegativity (χ) -0.90485 -0.10136 
Electrophilicity Index (ω) -0.021416 -0.02714 

 
The present study serves as an important preliminary step toward computational 

investigation of neurotransmitter receptor mutations. Neurotransmitter-receptor interactions 
depend fundamentally on electrostatic compatibility, hydrogen bonding, charge transfer, orbital 
interactions, solvent stabilization, and molecular polarity. When mutations occur within receptor 
proteins, local electronic environments can change substantially. Amino acid substitutions may 
alter charge distribution, disrupt hydrogen-bonding networks, destabilize receptor conformations, 
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modify binding-pocket geometry, or weaken neurotransmitter affinity. Before evaluating mutated 
receptor structures computationally, it is necessary to understand the electronic behaviour of the 
neurotransmitters themselves. The present DFT analysis establishes this foundational framework. 
Future studies may extend this work by extracting receptor fragments from protein databases, 
introducing point mutations computationally, optimizing mutated structures using DFT, 
comparing total energies and charge distributions, evaluating hydrogen bonding changes, and 
analysing neurotransmitter binding behaviour. Such investigations may help explain the 
molecular origins of neurological and psychological disorders associated with receptor mutations 
and may contribute to personalized therapeutic strategies. 
 
4. Conclusion 

The present study employed DFT calculations to investigate the electronic properties of 
acetylcholine, dopamine, and serotonin in gas and aqueous environments. Distinct differences in 
solvent sensitivity, electronic stabilization, and molecular reactivity were observed among the 
neurotransmitters. Dopamine demonstrated strong solvent-mediated electronic redistribution, 
serotonin exhibited resonance-driven stabilization, and acetylcholine showed pronounced 
polarity associated with cholinergic signalling. Importantly, the findings establish a molecular 
and computational foundation for future investigations involving neurotransmitter receptor 
mutations. Since receptor binding and neurotransmission depend heavily on molecular electronic 
interactions, understanding neurotransmitter electronic behaviour is essential before evaluating 
mutation-induced receptor dysfunction. The study therefore bridges computational 
neurochemistry and molecular neuroscience, providing a framework for future DFT-based 
investigations into receptor mutations, neurological disorders, and personalized medicine 
approaches. 
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Utilizing Machine Learning to Predict Splice Junctions in Gene Sequences  
By Ved Kamath and Consuelo Cuevas 

 
Abstract 

In genetics, gene splicing is a process where pieces of non-coding DNA called “introns” 
are removed to join the coding parts of DNA, called “exons”, together to form messenger RNA 
(mRNA). mRNA is necessary for carrying DNA information from the nucleus to the cytoplasm, 
enabling the building of proteins which control the entire set of functions. However, when done 
incorrectly, this can lead to a host of diseases and faulty proteins in humans. This study aims to 
use machine learning to identify gene splicing sites and diagnose mistakes in gene splicing. In 
doing so, we used three machine learning algorithms to not only understand the model, but also 
observe the accuracy in which these algorithms are able to predict splice locations and patterns. 
The data showed that all three algorithms (Logistic Regression, Random Forest, and Support 
Vector Classifier) were highly accurate in predicting splice locations and sequences, yet the 
Support Vector Classifier algorithm was the most accurate with a 96% accuracy.  

 
1.  Introduction  

Owing to imperfections in how DNA is spliced, mutations are an inevitable and 
unavoidable part of cell division and human development. Therefore, it is important to note that 
due to how mutations can be fatal, harmful, benign, or even helpful in some cases, identifying 
cases of harmful or fatal mutations are the main focus of this study. The diagnosis of these 
harmful mutations can potentially occur with sequencing. For example, around 25% of 
previously undiagnosed patients with suspected rare disease could be diagnosed by genome 
sequencing according to the UK 100,000 Genomes Project [2].  

For this paper, the dataset we used was a classification model which was categorical in 
nature. The main goal was to identify the type of splice junction it was, either IE, EI, or neither. 
In this case, IE stands for intron-exon and marks a transition from non-coding DNA to coding 
DNA, while EI stands for exon-intron and marks a transition from coding DNA to non-coding 
DNA. Meanwhile, “neither” meant that the sequence had no change between coding and 
non-coding DNA. The output would be testing which algorithms would be the most accurate in 
predicting the change between coding and non-coding parts. 
 
2. Background  

Previous studies on machine learning and gene splicing include numerous recent 
breakthroughs. First, Johns Hopkins researchers developed an artificial intelligence tool called 
Splam, with over 96% accuracy in predicting human splice junctions by looking at a 
400-base-pair window [3]. Notably, Spam claims to vastly improve on the accuracy of another 
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AI algorithm called SpliceAI, which also had very respectable accuracy, yet had difficulties in 
interpretation, adaptation, and performance with complex datasets [4]. Some positives of Splam’s 
performance include their notably improved performance on previous algorithms for predicting 
splice junctions, adaptation abilities evidenced by its testing on chimpanzees and mice, and a 
focus on not overfitting the data. The challenge of finding a correct balance for our data in order 
to prevent overfitting or underfitting was prevalent in our Random Forest model. 
 
3. Dataset 

The dataset used in this project was a classification and categorical model from the UC 
Irvine Machine Learning Repository focusing on Molecular Biology, specifically splice-junction 
gene sequences. The data consists of 3,190 DNA sequences with sixty bases in each sequence, 
with the appropriate nucleic acids of cytosine, guanine, adenine, and thymine. The data is also 
split into three classes of intron-exon (IE), exon-intron (EI), and neither exon-intron nor 
intron-exon.  Exons are the part of the DNA which contain actual protein-coding genetic data, 
while introns do not code for anything and are therefore removed during the process. The 
exon-intron class marks the boundary between a coding part of the DNA moving to a non-coding 
part of the DNA, while the intron-exon class is vice versa. In other cases, “neither” represents a 
sequence with no boundaries between an intron or exon, either being fully relevant or irrelevant 
for mRNA formation.  

The next step was preprocessing and cleaning up the dataset. Interestingly for this 
dataset, there were no null values to be removed. We used Label Encoder to create numerical 
labels for the IE, EI, and neither classes using an 80/20 test split.

 
Table 1: A table recording the sixty bases in each sequence and their classes. 

 
Table 2: A table recording data for the bases after preprocessing. 
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Figure 1: This is a bar graph showing the different classes (exon-intron, 

intron-exon, neither) among the sequences present in the dataset. 

 
4. Methodology / Models 

For the modeling portion of this dataset, we used Label Encoder to create numerical 
labels for the IE, EI, and “neither” classes. 80% of the data was used for training and 20% of the 
data was used for testing to prevent overfitting. Then, we used Principal Component Analysis 
(PCA) to transform the training data. PCA reduces dimensionality while preserving the variance 
of the genomic data. Then, we further used three classification models for the data: A logistic 
regression model, a Random Forest Classifier, and a Support Vector Classifier. In the 
methodology, we also used accuracy, recall, f1, and precision scores. Accuracy measures overall 
correctness, while precision shows how often identified sites are actually real to reduce false 
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positives. Recall scores determine if the model misses or catches all actual sites to reduce false 
negatives. Balancing of both the precision and recall scores are done with the f1 score.  

First, we used a logistic regression model to evaluate whether splice categories could be 
identified using linear data. For the logistic regression model, we used a random state parameter 
of 0 and used logistic regression on our training data to then evaluate the accuracy, precision,  

 
recall, and f1 scores for the data. We also ran a hyperparameter search on different 
hyperparameters of the models to find the best performing hyperparameter settings. 

Due to the highly varied nature of genomic data, we used a Random Forest Classifier to 
combine multiple decision trees and analyze whether they would be more effective in handling 
non-linear data. For the Random Forest model, we imported the Random Forest Classifier from 
the Scikit learn library. We then set the hyperparameter depth from 1 to 15. In this situation, 
depth controls how the model learns. A shallow depth will harm the model’s ability to capture 
any underlying structure, while a depth too extreme will incorrectly train the model, leaving it 
susceptible to testing errors. After setting two variables, with the y-variable being the error value 
from appending the y_test prediction accuracy score, and the x-variable being the 
hyperparameter depth. From there, we found the recall, precision, and f1 scores with a max depth 
of 4, which was a balance between capturing nonlinear relationships without overfitting the data.  

A Support Vector Classifier was also used to gauge its effectiveness in predicting and 
separating splice junctions. For the Support Vector Classifier model, we imported it from the 
Scikit learn library. We made a graph documenting the error values versus the coefficient values. 
We found the accuracy, precision, f1, and recall scores for SVC. 

 
5. Results and Discussion 
 

Model Accuracy Precision Recall F-1 score 

Logistic Regression 0.94 0.94 0.94 0.94 

Random Forest 0.91 0.92 0.89 0.91 

Support Vector Classifier 0.96 0.95 0.96 0.96 

Table 1: Accuracy, precision, recall, and f1 scores by model 
 
For the Logistic Regression model, we achieved the accuracy, precision, and f1 scores 

from comparing the actual y-values to the predicted y-values, keeping the average as ‘macro’ to 
calculate metrics by each class. From sklearn, we imported label binarize and visualized a 
Receiver Operating Characteristics (ROC) curve to document the true positive vs. false positive 
rate for all three classes (intron-exon, exon-intron, and neither) for the Logistic Regression 
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model. We also visualized the data by showing that as the depth increased, the accuracy scores 
for the model tended to decrease. 

 
 
 
 

 

Figure 1: Logistic Regression Multi-class Receiver Operating Characteristic 
(ROC) curve showing false positive vs. true positive rate 

 
Similar trends were observed for all three classes showing a hyperbolic-figure, indicating 

high performance in identifying true positives. As a result, the model was efficient in predicting 
splice junctions using linearized data.  

For the RandomForest model, we gained the accuracy, precision, and f1 scores in a 
similar  manner to the Logistic Regression ones, by comparing the actual y-values (y_test) to the 
predicted y-values (y_test), keeping the average as ‘macro’ to calculate metrics by each class. 
We also made a  curve documenting the error value compared to the hyperparameter for the 
RandomForest model. 
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Figure 2: Random Forest curve showing the error value and hyperparameter depth 

 
As we can clearly witness the error rate increasing as the depth increases, an increased 

hyperparameter depth directly results in overfitting. To avoid overfitting, the data for the 
accuracy, precision, recall, and f1 scores used a maximum depth of 4. Therefore, the data showed 
that while the RandomForest model was mostly accurate in predicting gene splicing areas, its 
accuracy was lower compared to the Logistic Regression model.  

Finally, the Support Vector Classifier model calculated the f1, accuracy, precision, and 
recall scores of the y_pred compared to the y_test, finding the highest accuracy scores out of the 
three classification models in all the categories. Using a regularization parameter of c, we also 
made a graph documenting the accuracy of the SVC model versus the c parameter to prevent 
overfitting and better visualize the data. 
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Figure 3: Curve documenting the SVC accuracy rate versus c 
 

The data showed a high accuracy rate for the SVC model. Combined with the accuracy 
scores being more robust compared to RandomForest and Logistic Regression, it implies that the 
data is generally broad enough to fit for both of the linear capabilities of Logistic Regression and 
the non-linear specialization of RandomForest, Some implications drawn from this data show 
that SVC better handles intricacies of genomic splicing compared to RandomForest and Logistic 
Regression, such as handling segments of DNA that aren’t spliced and handling the boundaries 
between introns and exons. 

 
 
 
 
 
 
 

 

 
Figure 4: Confusion Matrices for the models including: Logistic Regression 

(left), Random Forest (middle), and Support Vector Classifier (right). 

 
6. Conclusions 

The use of artificial intelligence in predicting gene splicing sequences and locations 
proves to be accurate. Consistent with other new developments on this, the use of new methods 
to prevent harmful and fatal mutations has an important role in shaping the future of human 
health and safety. The improved performance of the Logistic Regression, Random Forest, and 
most notably, the Support Vector Classifier show promise in advancing these goals. 

In the future, more state-of-the-art results can come from expanding the scope of our data 
to not only focus on human genomes but also the genomes of other species to test the accuracy of 
the models in different conditions. Another way to produce better results is to optimize the best 
conditions for testing our data. 
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From Protest to Oppression: The Effect of the Islamic Revolution of 1979 on Women’s 
Rights in Iran By Heeva Alavi  

 
In the spring of 1979, millions of Iranians protested in the streets in support of a new 

government that they hoped would change their lives for the better, bringing the Pahlavi era to an 
end. Among them were countless women from diverse backgrounds who believed that the new 
Islamic government would value their societal contributions and support their rights. They 
waved banners that read “freedom” and “independence”, with chants that echoed the hope in 
their eyes (Isfandiyārī 11). Instead, just a few short months later, the women who had protested 
were silenced and told to cover their hair with a chador. The Islamic Revolution of 1979 
transformed not only Iran’s political system but also its legal and social structures, particularly in 
ways that were harmful to women’s rights. Through the establishment of Sharia law, a system of 
Islamic law, all the rights women had been granted under the Shah, such as voting rights, access 
to education, and legal protections in marriage, were quickly taken away. Instead of retreating 
into the shadows of the chador, Iranian women have been defending their rights for decades. 
They began by expanding their access to education, which gave them the tools to resist 
repression through knowledge and advancement in their careers. In the legal system, they 
reinterpreted religious texts and advocated for reform within the bounds of Islamic law. Both 
publicly and privately, women led protests in many forms, despite threats of punishment. They 
utilized literature, journalism, and digital media to spread their voices, even while under 
censorship. Iranian women continue to resist changes to their fundamental rights imposed after 
the 1979 Islamic Revolution, contrasting with the relative freedoms they experienced during the 
Pahlavi Era, by mobilizing through education, legal reinterpretation, activism, and media. 
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The Islamic Revolution overthrew Mohammad Reza Pahlavi, the US-backed Shah, in 
1979, and replaced his secular monarchy with a new Islamic government led by Ayatollah 
Khomeini, which resulted in significant restrictions on Iranian women’s rights. The Pahlavi 
Dynasty was founded in 1925 by Reza Shah Pahlavi, who was succeeded by his son, Mohammad 
Reza Pahlavi, in 1941 (Sedghi). During the Pahlavi era, especially in the 1960s and 70s, Iranian 
women had made major advancements in both the law and society. The Women’s Party of Iran, 
founded in 1942, continued to lobby for suffrage until the revolution (Sedghi). Women gained 
the right to vote in 1963, enrolled in university and the workforce more than ever before, and 
benefited from the Family Protection Law (FPL) of 1967, which granted women more rights in 
marriage, divorce, and child custody (Bakhshizadeh 65). These efforts were part of the White 
Revolution of 1963, a wider modernization effort that was implemented top-down, which 
marked a period of relative progress for women (Sedghi). However, the Islamic Revolution 
brought these efforts to an abrupt end. Khomeini removed the Family Protection Law, lowered 
the legal marriage age for girls, made hijab mandatory, and restructured Iran’s legal system 
around Islamic law (Keddie 406). Women were also removed from positions of authority, and 
gender inequality was institutionalized through new laws and enforced by the state’s morality 
police (Bakhshizadeh 67). Despite the critical role women played in the revolution, they found 
themselves cast aside in its aftermath as the Islamic Republic redefined their place in both the 
public and private sectors (Isfandiyārī 11). 

Ayatollah Khomeini was born in 1902 in Qom, the city of Iran’s future leaders and 
religious heartland (Far). He was exiled in 1964 and spent 15 years away from home due to his 
speeches admonishing the royal family (Far). He criticized the Shah for conceding to Western 
powers, which he saw as a violation of Iranian sovereignty (Far). He was a Muslim leader, 
committed to Sharia law, which is what later led him to implement a Sharia-based Civil Code to 
bring back patriarchal norms (Rezai-Rashti and Moghadam 422). “I must tell you that 
Mohammad Reza Pahlavi, that evil traitor, has gone. He fled and plundered everything. He 
destroyed our country and filled our cemeteries. He ruined our country’s economy,” Khomeini 
said, which continued to embolden his supporters (Basravi). These comments paved Khomeini’s 
road to Tehran, lined with loyal supporters, ready to remove Pahlavi from power. 

Through expanded access to schools and universities, Iranian women have used 
education to gain independence and to build the intellectual foundation necessary to challenge 
discriminatory laws and societal expectations implemented by Khomeini. By the 1990s and early 
2000s, women made up most of the university students in Iran, as much as 57.2% by 2000, 
despite the regime’s efforts to restrict their educational opportunities (Keddie 430). Women 
understood the importance of gaining a higher education and pursued it in great numbers. “Over 
the course of 20 years, the number of girls taking the national university entrance exam increased 
by 23%, and by the late 1990s, 65% of female applicants passed” (Bakhshizadeh 73). Access to 
higher education allowed women to re-enter fields like law, journalism, and medicine. Women 
used professional credentials to push boundaries in these fields (Isfandiyārī 13). Without the 
proper education and credentials, they would be ignored and brushed aside. Women in religious 
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seminaries also pursued Islamic education, later using it to reinterpret the Qur’an in favor of 
women’s rights. This challenges the monopoly that male clerics had on religious authority 
(Keddie 417). Interviewees in Reconstructed Lives stay intellectually and socially independent, 
despite living under restrictions. One said, “Education was our weapon; it kept us from becoming 
silenced” (Isfandiyārī 10). Education was a key tool in gaining autonomy and independence, as it 
forced their male colleagues to value their opinions. Women were typically viewed as inferior, so 
being able to provide proof of an education by way of a degree was the only way for them to 
even begin to be seen as equals to their equally educated male peers. Through education, Iranian 
women laid the groundwork for social and legal resistance. 

Iranian women have reinterpreted religious texts to push for legal reform, proving that 
resistance can take root even within the framework of the Islamic Republic and that those same 
texts can be reclaimed as tools for justice rather than control. Article 4 of the Constitution of the 
Islamic Republic of Iran states that all laws must be based on Islamic criteria, making 
reinterpretation of the text essential to reform ("Iran (Islamic"). The idea of laws needing to pass 
“Islamic criteria” is how the country became an Islamic Republic to begin with, as the leaders 
were guided by Islamic methodologies. Many women believe that Islam itself is not the issue, 
but how the men in power interpret it. Consequently, women begin to use Islamic thought as a 
vessel for feminist legal resistance (Isfandiyārī 14). Through reinterpretation, they can prove 
their equality in Islamic ideology, and therefore in the state. Article 20 of the Constitution claims 
men and women enjoy equal protection under the law, but that protection is only valid if it 
conforms to Islamic criteria, which gives clerical authorities broad power to limit reforms ("Iran 
(Islamic"). This causes a huge roadblock for women, as they must fight at two different levels: 
through text reinterpretation and arguments with clerical authorities. Ayatollah Khomeini 
criticized the Family Protection Law, saying it was “against Islam” and that courts granting 
women divorces were invalid and adulterous (Khomeini). As the leader of the Islamic Republic, 
his thoughts on the Family Protection Law led to major setbacks for women, and claiming that it 
was anti-Islamic made it even harder for women to use legal and religious texts to defend their 
arguments. Reformist clerics like Saïdzadeh drew on Shi’a legal traditions to argue that women 
could serve as mujtahids (religious scholars) and that nothing in Islam explicitly prohibited a 
woman from holding the presidency (Bakhshizadeh 73). Despite these barriers, Iranian women 
have turned religious reinterpretation into a powerful tool of resistance, challenging the regime’s 
authority with the very texts it uses to justify their oppression. 

Despite strict state control and the threat of extreme punishment, Iranian women have 
remained at the forefront of protest movements, using both public demonstrations and quiet acts 
of defiance to challenge gender-based oppression that the regime perpetuates. Women protested 
mandatory hijab and gender segregation after the revolution. They also chanted slogans in the 
streets, despite knowing it could lead to arrest or violence. One woman recalled, “We shouted not 
because we thought they would listen, but because we couldn’t stay silent” (Isfandiyārī 16). Even 
when their efforts felt futile, they owed it to themselves and their peers to try the best they could. 
Women also took part in daily acts of resistance other than formal protests, such as speaking out 
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at work, mentoring younger women, or refusing to follow strict dress codes (Isfandiyārī 18). 
These small acts of defiance added up, especially as the movement grew in scale. During the 
1990s and early 2000s, women’s rights activists organized around issues like child custody, 
divorce law, and the right to work. They often formed unofficial NGOs, and while their 
public-facing activism was restricted, they still pushed. In a 2001 survey, nearly 40% of women 
activists reported facing interrogation for their efforts (Bakhshizadeh 80). This showcases the 
bravery of women, as a high percentage faced interrogation, and many more were treated poorly 
in their workplaces or in the streets. The One Million Signatures campaign of 2006 was a 
coordinated effort by Iranian women to collect signatures demanding the repeal of discriminatory 
laws. Though this campaign was nonviolent, it was treated as rebellious by the state (Far). The 
2022 Mahsa Amini uprising is an example of this resistance, as women removed their hijabs in 
public and posted videos online. Over 500 women were arrested within the first week (Far). 
Despite this, women continued to fight for their rights and what they believed in, avenging 
Mahsa Amini and many others. 

Literature, journalism, and feminist media have become vital platforms for resistance, as 
Iranian women use their voices to question restrictive laws, amplify reformist ideas, and navigate 
state censorship. Nasrin, a journalist who was interviewed in Reconstructed Lives, is committed 
to covering women’s issues under the Islamic Republic despite state pressure. She believed that 
writing truthfully and thoughtfully was a form of activism and mentorship (Isfandiyārī 10). Any 
form of getting women’s voices out there is critical in the larger scheme of gaining 
independence. Masoumeh, another interviewee, supported young writers and hosted literary 
salons at home, which is an example of how cultural spaces became hubs for resistance 
(Isfandiyārī 10). These were opportunities for women not only to socialize, but also to learn, to 
educate, to network, and to demonstrate resistance. Women’s magazines became central to the 
women’s movement, particularly in their reinterpretation of Islamic texts to argue for legal 
reform. Publications like Zanan used religious reasoning to critique polygamy and advocate for 
women’s rights (Bakhshizadeh 74). Zanan and other women-run journals were regularly targeted 
by the state, but the public outcry over their closures often drew more attention to the issues they 
covered, which had the opposite effect that the government was hoping for (Keddie 417). 
Despite frequent censorship, female journalists continued to raise questions about gender roles 
and legal inequality, even using veiled or metaphorical language to avoid confrontation and blur 
the line between compliance and critique. One journalist said, “metaphor became our mother 
tongue” (Bakhshizadeh 75). Journalists and activists have turned to Instagram, Telegram, and 
other blogs to speak freely despite government surveillance. Millions of Iranians use VPNs to 
gain access to digital media, which has opened new paths for resistance in recent years, 
especially after 2022 (Far). Through these platforms, Iranian women continued to resist the 
government’s attempts to erase their voices. 

The Islamic Revolution of 1979 was transformational for Iran’s government and 
detrimental to women’s rights. Iranian women have continued to resist these changes, which 
contrast with their relative freedoms under Pahlavi, through education, legal reinterpretation, 
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activism, and media. Women’s rights under the Shah, such as voting rights, access to education, 
and legal protections in marriage and divorce, were significantly reduced with the establishment 
of Sharia law under the Islamic regime. Iranian women understood the importance of education, 
leading to a significant increase in the number of female university students, hoping to expand 
their knowledge and prove to their male peers that they are equally capable. They reinterpreted 
the religious texts that the government built the laws around to restructure some of these unfair 
laws. They also held protests, both publicly and privately, to show and strengthen their alliance. 
Digital media was key in showcasing women’s voices and opinions without facing censorship. 
While the Islamic Revolution transformed Iran’s political and legal landscape, it also sparked a 
women-led resistance that continues to overcome challenges, using the regime’s tactics of 
education, law, protest, and media against them as ways to fight for their rights. 
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Bacillus Thuringiensis Cry Proteins: A Review of Anti-Tumor Potential and Clinical 
Applicability By Nico Gong, David Liu  

 
Abstract 

Bacillus thuringiensis is a bacterium that produces Cry proteins known for their cytotoxic 
activity in insects and some protists. Within the subclass of these Cry proteins are parasporins, a 
group of proteins which have also been found to possess unique anti-tumor properties, indicating 
their potential as a therapy for cancer. However, the applicability of these proteins to deliver 
practical, everyday targeted cancer treatments is still unverified. This review explores the 
effectiveness of each parasporin family, focusing on activities of these proteins to provide a 
summary of whether they are applicable in clinical oncology. Studies show the following across 
each studied cancer type: Parasporin Family 1(PS1) was found to be the most selective towards 
cervical cancer; PS4 was the most selective towards colon cancer; PS2 was the most selective 
towards endometrial cancer; PS2 was the most selective towards liver cancer and leukemia; 
finally, although all families compared in liver cancer showed little to no selectivity, PS5 showed 
the highest relative Selectivity Index. 
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Bacillus thuringiensis, Cry proteins, Parasporins, Anti-tumor properties, Cancer 
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Introduction 

Bacillus thuringiensis (Bt) is a gram-positive, rod shaped bacteria that has been 
recognized for its property of producing bioactive proteins(Palma et al. 2014). Known for its 
insecticidal properties and application in agriculture for deterring pests, recent decades have 
revealed a new purpose, emerging as a potential therapeutic treatment against cancer. 
 Most of Bt’s cytotoxic characteristics stem from crystal proteins(Cry proteins). These 
proteins are synthesized during the bacteria’s sporulation phase, accumulating insoluble crystal 
forms within the cell(Palma et al. 2014; Gonzalez-Vazquez et al. 2021). The resulting product is 
able to bind to specific cell membrane receptors, undergoing changes in shape to penetrate the 
cell membrane and create pores which damage the cell membrane’s integrity. As such, Cry 
proteins are Pore-Forming Toxins(PFTs), a category of  toxins capable of inducing rapid cell 
damage through membrane disruption. 
 Further within the broader umbrella of the Cry protein family is  the more specialized 
parasporin family(PS). These proteins, while sharing structural similarities with Cry proteins, 
show their own distinct characteristics. Parasporins can actually target mammalian cells, 
different from the Cry proteins which primarily bind to and target invertebrates and protists(Xu 
et al. 2014). After binding to receptors on the cell surface, parasporins oligomerize to form larger 
protein complexes to form membrane-spanning pore structures. The result is increased 
membrane permeability, and then apoptosis. 
 The structural organization of Cry proteins provides further insight into their modes of 
action and functional specificity. Cry proteins are composed of three unique domains, serving a 
different role. Domain I, the N-terminal region, is primarily a bundle of α-helices and also serves 
as the primary determinant for pore-forming  activity, with the hydrophobic helices believed to 
serve the purpose of membrane insertion and assembly(Xu et al. 2014; Shao et al. 2024). Domain 
II is responsible for receptor binding and recognition of target membranes, while Domain III, the 
C-terminal region, plays a complementary role in toxin stability and effectiveness. Together, 
these domains enable Cry proteins to execute a sequence from recognition and binding via 
Domain II, followed by changes in structure via Domain I, resulting in membrane disruption and 
pore formation(Chen et al. 2021). Parasporins also share this framework; however, parasporins 
often show a divergence in sequence especially in essential regions, such as the receptor-binding 
domains, accounting for an increased level of selectiveness compared to the broader Cry protein 
targeting.  
 Previously dominated by applications in agricultural technology, Bt’s research trajectory 
had been focused on pest management(Xiao and Wu 2019). However, when Mizuki et al. in 
2000 reported the observation that Bt strains carrying parasporins demonstrated selective 
cytotoxicity towards cultured mammalian cancer cells, the focus of Bt’s biological potential 
shifted towards an oncological scope(Mizuki et al. 2000). These discovered parasporins were 
further split into six subfamilies. To date, six distinct parasporin families (PS1 - PS6) have been 
characterized, each demonstrating unique structural characteristics and cytotoxic properties. PS1 
proteins are recognized for their potent apoptotic activity across various select cancer types. 
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Similarly, PS2 also exhibits mammalian cell toxicity through membrane disrupting features, 
while PS3, PS4, PS5, and PS6 each represent more recent, parasporin profiles with unique 
cytotoxic mechanisms(Ohba et al. 2009). Understanding the functional specialization and 
structural variations across the six families is essential for identifying which parasporins possess 
the most selective, promising characteristics for oncological application to particular cancers or 
tumor contexts.  
 
Methods 
 
Data 

To conduct this quasi-meta-analysis, a comprehensive search was performed across 
Google Scholar, PubMed, and Web of Science. The search queries “parasporin” and ”LC50” 
were used to identify relevant studies that compared the lethal concentrations of parasporin 
families (PS1-PS6).  

The primary outcome measured in these studies was the LC50 (µg/mL) of each 
parasporin family against a range of cancer cell lines. The cancer cell lines frequently 
investigated included: 

• Leukemia: MOLT-4, Jurkat, HL60, U937, K562 
• Liver cancer: HepG2 
• Cervical cancer: HeLa, TCS 
• Endometrial cancer: Sawano 
• Colon cancer: Caco2 
• Lung cancer: A549 

Data were pooled from four different datasets reporting parasporin LC50 values(E. N. 
Santos et al. 2022; Kitada et al. 2006a; Okassov et al. 2015; А. Okasov et al. 2019). The 
lethality of each parasporin was assessed by comparing its LC50 against these cancer cell 
lines. While specific effectiveness thresholds varied between studies, effective dosages were 
generally considered to have LC50 values greater than 10 µg/mL or greater than 2 µg/mL, 
depending on the specific parasporin and cell line being investigated. Selectivity indexes and 
mean LC50 values were calculated, paired with a Wilcoxon rank-sum test to compare each 
family to one another in order to determine which family treats which cancer type  the best. 

 
Analysis 
 
LC50 Determination and Selectivity Index Calculation 

Mean LC50 values (lethal concentration that kills 50% of a given cell population) were 
calculated for each parasporin variant (PS1-PS5) across all tested cell lines (leukemia, colon 
cancer, endometrial cancer, lung cancer, and control cells). LC50 values were collected across 
publicly available papers on the online databases listed above. 
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The Selectivity Index (SI) for each parasporin variant was calculated using the formula: 

 

 𝑆𝐼 = 𝐿𝐶50(𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙 𝑡𝑦𝑝𝑒) 
𝐿𝐶50(𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠)     

An SI value greater than 1.0 indicates a more selective toxicity toward the target cancer 
cell type relative to normal control cells. Higher SI values denote greater selectivity, while 
lesser SI values indicate little effect against target cells or a selective toxicity towards 
healthier, control cells. 
 
Statistical Analysis and Software 

Pairwise comparisons of mean LC50 values were conducted between all parasporin 
variants (PS1, PS2, PS3, PS4, PS5, and PS6) within each cell line using the Wilcoxon rank 
sum test in R version 4.4.3. We used this test to avoid assumptions of normality, accounting 
for potential differences in data collection parameters per study we collected data from. All 
pairwise comparisons were two-tailed tests with an α-level of 0.05. P-values from the 
Wilcoxon test are reported in a pairwise heatmap, with cells color-coded according to 
statistical significance: red indicates p < 0.05 (significant), yellow indicates p ≥ 0.05 
(non-significant). Gray squares indicate a lack of valid entries or comparisons between those 
groups.  

 
Results 

Main Effects on LC50 
To understand how each independent variable influenced the average LC50, we examined 

the main effects by reporting the Pr > (|t|) values (p-values) from our linear regression model. 
This value indicates the statistical significance of each independent variable’s relationship with 
LC50. 

Among the parasporin types, PS2 and PS3 showed a significant effect on LC50, with Pr 
> (|t|) = 0.003952 and Pr > (|t|) = 2.56e − 06, respectively. No other parasporin families 
demonstrated a statistically significant impact on LC50. 

However, several cancer types individually had a significant effect on LC50: 

• Colon Cancer: Pr > (|t|) = 1.44e − 0.5 

• Control Cells: Pr > (|t|) = 4.46e − 0.7 

• Endometrial Cancer: Pr > (|t|) = 1.44e − 05 

• Leukemia: Pr > (|t|) = 0.032765 

• Lung Cancer: Pr > (|t|) = 0.001207 
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Figure 1: Bar graph indicating above significant p-values for each cancer type’s individual effect on LC50. A log 
scale is used to fully visualize each bar. 

 
The remaining cancer types included in this study did not individually show a 

significant effect on LC50. 
For brevity, this paper only reports significant post-hoc comparisons from the analysis. 

 
Cervical Cancer 

 

Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 
variants PS1–PS6 against cervical cancer cells are labelled above. Blue bars represent cervical cancer LC50 values; 

grey bars represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate pairwise 
p-values; red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data points to 

compare. Mean LC50 values were capped at =10 µg/mL.  
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Mean LC50 values were collected for each parasporin family(PS1 - PS6) against cervical 

cancer cells. PS1 showed the lowest mean LC50 with a concentration less than 1 µg/mL, 
indicating high cytotoxic potential. PS3 and PS6 exhibited the highest mean LC50 values, 
capped at 10 µg/mL (for the sake of graph scale), suggesting low cytotoxic effect with larger 
required dosages. PS2, PS5, and PS6 demonstrated notable variability, with intermediate LC50 
values and large error bars. 

Selectivity index calculations show that PS1 holds the highest selective toxicity against 
cervical cancer cells over normal cells(SI ≈ 83), and that PS5 holds moderate selective toxicity 
towards cervical cancer(SI ≈ 53). All other parasporin families remained in SI values near or 
below 1, showing little preferential toxicity towards the target cells. 

Pairwise Wilcoxon rank sum tests identified several statistically significant differences in 
LC50 values between parasporin families. PS2 differed significantly from both PS3 and PS4 (p = 
0.0049 for both comparisons). PS3 and PS4 also differed significantly(p = 0.0018), likewise with 
PS3 and PS5(p = 0.0018). PS4 and PS6 (p = 0.035) and PS5 and PS6 (p = 0.035) were also 
significantly differing pairs. No other significant differences were observed. While PS1 holds the 
highest SI and lowest mean LC50, it does not compare significantly to any other parasporin 
family. 
 
 
 
 
 
Colon Cancer 

 
Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 

variants PS1–PS6 against colon cancer cells are labelled above. Blue bars represent colon cancer LC50 values; grey 
bars represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate pairwise 

p-values; red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data points to 
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compare. Mean LC50 values were capped at =10 µg/mL.  
 

Mean  LC50 values were collected per parasporin family against colon cancer cells. PS4 
showed the lowest mean LC50 concentration with a value of less than 1 µg/mL indicating high 
cytotoxic potential. PS5 is close as well, with an LC50 value close to that of PS4. PS2 exhibited 
a moderate mean LC50 value at approximately 2.5 µg/mL, however with high variance. The rest 
of the parasporin families showed high mean LC50 values, each capped at 10 µg/mL, showing 
low cytotoxic potential. 

Selectivity index calculations show that PS4 and PS5 held relatively high selectivity 
indexes (SI ≈ 15.5, SI ≈ 7.5 respectively). All other parasporin families exhibited SI values near 
or below 1, indicating a low preferential toxicity towards colon cancer cells. 

Pairwise Wilcoxon rank sum tests identified various  significant differences in LC50 
values between parasporin values. PS1’s LC50 value differed significantly from PS2, PS4, and 
PS5’s LC50 values (p = 0.0043, p = 0.0056, p = 0.042 respectively). PS2 differed significantly 
from PS3 (p = 0.0043), and PS3 differed significantly from PS4 and PS5 (p = 0.0056, p = 0.042), 
each indicating a significant difference in LC50 values.  PS4 holds the highest SI with the lowest 
mean LC50 value, also being shown to be a significantly more potent treatment over PS1 and 
PS3. 

 
 
 
 
 
 
Endometrial Cancer 

 
Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 

variants PS1–PS6 against endometrial cancer cells are labelled above. Blue bars represent endometrial cancer LC50 
values; grey bars represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate 
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pairwise p-values; red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data 
points to compare. Mean LC50 values were capped at =10 µg/mL.  

 
 Mean LC50 values were determined for five parasporin families (PS1 - PS5) against 
endometrial cancer cells. Due to a lack of PS6 data entries, PS6 was excluded from endometrial 
cancer analyses. PS1 and PS3 exceeded 10 µg/mL, showing the highest mean LC50 value and 
thus a minimum cytotoxic effect at shown concentrations. PS2 demonstrated the lowest mean 
LC50 (< 1 µg/mL), suggesting greatest cytotoxic potency against endometrial cancer cells. PS4 
exhibited a mean LC50 (≈ 0.5 µg/mL) with little variability, while PS5 showed an intermediate 
LC50 (≈ 3 µg/mL) with moderate deviation. 
 Selectivity index calculations reveal PS2 as a high standout, showing an exceptionally 
large SI (SI ≈ 250), showing an overwhelming selective toxicity towards endometrial cancer 
cells over healthy control cells. PS5 showed moderate selectivity (SI  ≈  25), while PS1, PS3, and 
PS4 showed SI values near or below 1, with little to no selective targeting of endometrial cancer 
cells. 
 Pairwise Wilcoxon rank sum testing underscored multiple statistically significant 
differences between variants. PS1 differed significantly from PS2 (p = 0.0036), PS3 (p = 
0.0056), PS4 (p = 0.0056), and PS5(p = 0.042). PS2 differed significantly from PS3 (p = 0.0036) 
and PS4 (p = 0.0036). PS3 and PS5 also differed significantly (p = 0.042). PS2 emerges as the 
most promising parasporin family, holding the highest SI with the lowest mean LC50, while also 
holding a significantly lower LC50 value than PS1 and PS3. 

 
 
 
 
Liver Cancer 

 
Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 

variants PS1–PS6 against liver cancer cells are labelled above. Blue bars represent liver cancer LC50 values; grey 
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bars represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate pairwise 
p-values; red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data points to 

compare. Mean LC50 values were capped at =10 µg/mL.  
 
 Mean LC50 values were determined for six parasporin families (PS1 - PS6) against liver 
cancer cells. PS2 and PS5 showed the lowest mean LC50 values (both < 0.1 µg/mL). PS1, PS3, 
PS4, and PS6 each showed intermediate LC50 values, with minimal variation, likely due to a 
lack of more data points per family in liver cancer. PS2 and PS5 show the highest cytotoxic 
potential, with the lowest LC50 values. 
 In the Selectivity Index analyses, PS2 and PS5 showed the highest SI. PS2 demonstrated 
the highest SI (SI ≈ 180), with PS5 following up with moderate selectivity(SI ≈ 70), 
demonstrating high selective toxicity for PS2 and PS5 against liver cancer. All other parasporin 
families showed values close to or beneath 1, demonstrating a low selective toxicity for each 
other parasporin family. 
 Pairwise Wilcoxon rank sum testing underscored multiple statistically significant 
differences between families. PS1 differed significantly from PS2 and PS4 (p = 0.011, p = 
0.0075 respectively). PS2 differed significantly from PS3(p = 0.011), and PS3 differed 
significantly from PS4 (p = 0.0075). PS2 emerges as the most selectively toxic towards liver 
cancer with the highest SI and lowest mean LC50, holding a significantly lower LC50 value than 
PS1 and PS3.  
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Leukemia 

Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 
variants PS1–PS6 against leukemia are labelled above. Blue bars represent leukemia LC50 values; grey bars 

represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate pairwise p-values; 
red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data points to compare. 

Mean LC50 values were capped at =10 µg/mL.  

 
  Mean LC50 values were determined for five parasporin families (PS1 - PS5), with 
PS6 excluded due to little valid data entries. PS2 again showed the lowest mean LC50 (< 0.1 
µg/mL), showing high cytotoxic potential, while PS1 and PS3 showed moderate LC50 values (≈ 
4 and 7 µg/mL respectively), both with high variability. PS4 exhibited a low mean LC50 (≈ 1.2 
µg/mL) with minimal deviation, and PS5 showed a moderate LC50 value (≈ 3 µg/mL).  
 Selectivity index analysis identified PS2 as the dominant variant by a large amount (SI ≈ 
125), reflecting PS2’s high preferential toxicity towards leukemia cells over normal control cells. 
All remaining variants (PS1, PS3, PS4, PS5) showed SI values near or below 1, indicating low to 
no selectivity towards leukemia cells relative to normal cells. 
 Pairwise Wilcoxon rank sum testing revealed the following interactions: PS1 differed 
significantly from PS2 and PS4 (p = 0.0075, p = 0.015 respectively), PS2 differed significantly 
from PS3(p = 0.0021), and PS3 differed significantly from  PS4 and PS5 (p = 0.0052, p = 0.02 
respectively). PS2 emerges as the most potent treatment against leukemia, showing a high SI and 
low mean LC50, holding a significantly lower mean LC50 value than PS1 and PS3. 
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Lung Cancer 

 
Mean LC50 values (µg/mL), Selectivity Index (SI), and pairwise Wilcoxon rank sum p-values for parasporin 

variants PS1–PS6 against lung cancer cells are labelled above. Blue bars represent lung cancer LC50 values; grey 
bars represent control cell LC50 values. Error bars denote ± standard deviation. Heatmap cells indicate pairwise 

p-values; red denotes p < 0.05 (statistically significant), grey squares indicate a lack of valid entries/data points to 
compare. Mean LC50 values were capped at =10 µg/mL.  

 Mean LC50 values were determined for five parasporin variants (PS1–PS5) against lung 
cancer cells, with PS6 excluded with a lack of PS6 datapoints. PS1 and PS3 reached the 10 
µg/mL cap, indicating minimal cytotoxic effect, while PS4 and PS5 demonstrated the lowest 
LC50 values (≈ 2 µg/mL), suggesting the greatest cytotoxic potency. PS2 showed an 
intermediate LC50 (≈ 5 µg/mL) with considerable variability.  
 Notably, all five variants demonstrated SI values below or near 1, indicating that no 
parasporin variant showed meaningful preferential toxicity toward lung cancer cells over normal 
control cells. PS5 exceeded the SI = 1 threshold (SI ≈ 2), representing the closest to selectivity 
among all tested variants. 
 Pairwise Wilcoxon rank sum testing confirmed significant differences between several 
variants. PS1 differed significantly from PS2 (p = 0.0092), PS4 (p = 0.004), and PS5 (p = 0.042). 
PS2 differed significantly from PS3 (p = 0.0092). PS3 differed significantly from PS4 (p = 
0.004) and PS5 (p = 0.042). Overall, lung cancer appears to be the least responsive cancer type to 
parasporin treatment among those tested, with no variant demonstrating clinically meaningful 
selectivity despite several showing statistically distinct LC50 profiles. 
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Discussion/Conclusions 
 Before interpreting results, several limitations should be addressed. Firstly, the  dataset 
was taken from four independently conducted studies, pooled together underneath potentially 
different experimental procedures or conditions. While factors like assay timepoints for LC50 
remained mostly constant, other procedural variables may introduce uncertainty to actual 
differences between parasporin families and their effects on cancer cells. Furthermore, PS5 and 
PS6 were underrepresented across cancer types, where for some cancer types PS5 and PS6 were 
lacking in LC50 data and thus failed to make comparisons. As such, this reduced sample size 
may account for why some pairwise comparisons failed to reach significance, even  with 
substantial differences in mean LC50 or SI indexes. Second, mean LC50 values were capped at 
10 µg/mL, with several parasporins exceeding this threshold in order to approach 50% lethality. 
As such, the capped LC50 magnitudes may not represent the true difference between high-LC50 
parasporin families and could also understate the SI in cases where actual LC50 values were 
substantially higher than 10 µg/mL. 
 
Cervical Cancer 
 In cervical cancer, PS1 is highly selective to these target cells. We may find reason 
behind its distinct mechanism of action relative to other parasporin families; unlike pore-forming 
parasporins such as PS2 and PS3 which compromise membrane integrity through lipid raft 
receptor binding, PS1 has been shown to trigger a rapid intracellular influx of calcium in HeLa 
cells, independent of the cell membrane, triggering apoptotic events within the cell(Shen et al. 
2016; Katayama et al. 2007). Apoptotic induction matches well with the weaknesses of cervical 
cancer cell lines, where studies have shown that HeLa cells were vulnerable towards apoptotic 
mechanisms as Bt strains with PS1 were found to hold cytotoxicity against HeLa cells with little 
effect on other uterine smooth muscle cells and little effect on other colon cancer cells 
(Aboul-Soud et al. 2019). As such, this specific pattern could account for the high SI observed 
for PS1 in our dataset. By contrast, PS3 and similar families demonstrate a comparatively weak 
selectivity in cervical cancer, being characterized with a narrow activity spectrum and a restricted 
cytotoxic range to leukemic and hepatic cancer cell types(Domanska 2016; Souissi et al. 2019). 
As such, HeLa likely lacks the proper environment for PS3-mediated pore formation. This 
potentially accounts for how PS1 emerged as the most selective treatment against cervical cancer 
in the analysis.  
 PS5 had also demonstrated a high SI.  While PS1 induces apoptosis through a calcium 
influx, PS5 shares similar structures to PS2, suggesting it acts more like PS2 via membrane 
permeabilization, possibly introducing secondary apoptotic effects. However, the precise 
mechanisms and conditions of PS5 remain uncharacterized, limiting the extent to which we can 
attribute structure to its selective outcomes(La Manna et al. 2020). 
  
Colon Cancer 
 PS4 stood out as the standout treatment for colon cancer with the highest relative 

211 



 
 
 
selectivity index (SI = 15.5), while holding significantly more potency than PS1 (p = 0.0056) 
and PS3 (p = 0.0056). PS4 is characterized by a broad cytotoxicity range, with the ability to 
induce cell death in other tested cell lines like CACO-2, Sawano, and MOLT-4 cells(T. N. F. 
Santos et al. 2025). This could also extend to PS4 being characterized by a receptor-binding 
mode of action  which allows a wider scope of engagement towards colon cancer cell 
membranes. PS4, although not as well characterized as PS2 or PS1, holds a classification 
similar to PS2 as a broad-spectrum parasporin, suggesting a possible broader-pore forming 
mode of action(Okumura et al. 2011). 
 PS5 had also demonstrated a relatively high selectivity (SI ≈ 7.5), however it did not 
reach statistical significance against PS4(p = 0.49) or PS6 (p = 0.054); while PS4 and PS5 act 
through similar LC50 dosages and cytotoxic potential in colon cancer, PS4 appears more 
selective towards colon cancer cells over healthy control cells. 
 PS2 showed poor selectivity, despite previous studies describing it for its high 
cytotoxicity against leukemia, lung cancer, and colon cancer, especially with PS2’s broad 
mode of action through binding to a putative receptor in the lipid raft before forming pores in 
the cell membrane, causing lysis(Kitada et al. 2006; Ohba et al. 2009). This difference may 
come from differences in the colon cancer cell lines used; our pooled dataset analyzed 
primarily the CaCo2 cell line, which potentially introduces biological differences between the 
other lines such as SW480 and SW620.  
 
Endometrial Cancer 

PS2 showed a dramatic selectivity for endometrial cancer (SI ≈ 250), combined with its 
significantly low LC50 relative to PS1 (p = 0.0036) and PS3 (p = 0.0036). This points towards 
the specific features of endometrial cancer. CD59 is a glycosylphosphatidylinositol (GPI) 
anchored complement regulatory protein, and PS2’s cytotoxic activity has also been  shown to 
depend on these GPI-anchored proteins to execute its mode of action(Alarcón-Aldana et al. 
2024). CD59 (alongside CD46 and CD55) is among the complement regulatory proteins mostly 
overexpressed in cancerous endometrial tissue, with studies revealing overexpression of all 
complement regulatory proteins in cancerous endometrial tissues(Murray et al. 2000). This 
overexpression has been linked to enabling immune evasion within endometrial tumor cells. 
However, CD59 also serves as PS2’s binding receptor, where this same overexpression creates a 
double layer which allows PS2 to operate efficiently and kill tumor cells selectively.   
 As such, this may also help frame why PS1, PS3, and PS4 do not show much selectivity 
with SI values near or below 1. Each parasporin family’s target receptors may not be 
overexpressed in malignant tissue compared to normal tissue in the same way PS2’s receptors, 
like CD59, is. Given the nature of PS2’s mechanism, other cancer lines which also overexpress 
PS2’s receptors or other GPI-anchored receptors may also help explain PS2’s selectivity. 
 
Liver Cancer 

Of all the cancer types examined, PS2 showed the highest selectivity for liver cancer 
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(SI ≈ 175). PS2 was originally characterized to hold high cytotoxicity against HepG2, while 
simultaneously showing little activity against HC, a normal hepatocyte line(Kanwal et al. 
2021).  PS2’s action in hepatoma cells exists as a twofold layer: it depends on a 
GPI-anchored receptor in order to execute its pore-forming function, but recent studies also 
show secondary apoptotic signalling (Alarcón-Aldana et al. 2024). Western blot analysis has 
revealed cleavage of PARP, caspase-3, and caspase-9 specifically in cancer cell lines, 
including HepG2; however, none of these toxic effects were observed in normal cell 
lines(Brasseur et al. 2015). As such, this dual mechanism of lytic and apoptotic modes may 
explain how PS2 holds dramatically more toxicity and selectivity towards this kind of liver 
cancer, as its target receptor may be abundant and necessary on liver cancer cell membranes.  

PS5 shows moderate relative selectivity (SI ≈ 60). Given its structural classification 
similar to PS2 as a light, pore forming parasporin, PS5’s mechanism, while not extensively 
covered in literature, could share similarities to PS2’s receptor dependency, although with 
other factors or conditions which prevent it from holding the same binding affinity. 

 
Lung Cancer 
 The lack of selectivity across all five compared families in lung cancer (SI < ~2) 
contradicts previously established literature given that PS2, PS4, and PS5 often exhibit highest 
anticancer potential against various types including lung cancer(Musiuk et al. 2026). One 
possible explanation lies within the difference between potency and selectivity. Previously, 
another study using parasporin proteins found that treatment induced 71% apoptotic cell death 
in A549 lung cancer cells, with caspase-3 activity nearly 7.5 times greater in treated A549 
cells than in untreated control cells(Kesik Oktay et al. 2025). This shows that parasporins can 
be potent against lung cancer cells; however, achieving selectivity within these families likely 
depends on the specific strain of cancer cell tested, or likely the strain of Bt tested. While 
parasporin families like PS4 and PS5 did show relatively low mean LC50 values, the control 
cells followed in close numbers. These families can be potent against lung cancer, however, 
they lack selectivity as they also seem equally potent against control cells. 
 The observed lack of selective cytotoxicity across each family highlights potential 
mismatches between each parasporin’s mechanism of action and characteristics of the 
cancerous tissue itself. Several potential biochemical barriers  exist: receptor deficiencies, 
different membrane behaviours, and an accelerated rate of membrane repair in cancerous lung 
cells to resist physical stress and environmental stress(Xia et al. 2022). Pore forming 
parasporin families rely highly on specific receptor docking with GPI-anchored proteins 
present within lipid rafts; the cell lines and samples analyzed within our study could have 
lacked the exact structures or optimal density required for stable binding. On the other hand, 
apoptotic inducing families like PS1 and PS3 also likely suffer from a lack of viable apoptotic 
receptor targets. Even if binding did occur, altered cholesterol to sphingolipid ratios often 
present in lung adenocarcinomas could interfere with the oligomerization of parasporin 
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monomers(Codini et al. 2021). Furthermore, lung epithelial cells also hold highly plastic 
plasma membranes, present with many repair mechanisms, allowing A549 cells to effectively 
repair formed pores(Crosby and Waters 2010). As such, it is likely the intrinsic characteristics 
and the environment within lung cancer cells are not well aligned  with parasporin activity. 
 
Leukemia 
 The analysis of five parasporin families (PS1- PS5) against leukemia cancer cell lines 
reveals a highly family-specific toxicity profile. PS2 stands out as the sole, most potent and most 
selective family against leukemia, with a low mean LC50 value (<0.1 𝜇g/mL) and high 
selectivity (SI ≈ 125). This preferential toxicity underlines the highly efficient receptor 
mechanism which can effectively target leukemic malignancies, unlike the rest of the families 
(PS1, PS3, PS4,  and PS5) which all exhibited SI values close to or below 1. Leukemia’s 
susceptibility to PS2 is likely driven through its core mechanisms. As a pore-forming toxin, PS2 
depends mostly on high-affinity binding to specific GPI-anchored proteins, like 
CD59(Alarcón-Aldana et al. 2024). Because leukemic cells exist in liquid environments, their 
surface membranes are especially vulnerable to PS2 binding as they lack the dense extracellular 
matrices found on solid tumor cells. This environment leaves most lipid-anchored receptors 
exposed, and thus open to binding(Huang et al. 2021). Furthermore, leukemic cells possess a 
highly fluid membrane with stable cholesterol structures. This fluidity removes many barriers,  
allowing PS2 to diffuse across the membrane with little resistance to begin oligomerization and 
pore formation.  The leukemic cell’s survival response- unlike specialized epithelial cells 
designed to endure physical and chemical stress- lacks plasma membrane repair pathways, 
rendering them vulnerable to membrane breaching or removing pore complexes(Dias and 
Nylandsted 2021; Iranpour et al. 2025). 
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SETDB1 in Breast Cancer Progression: Oncogenic Mechanisms and Subtype-Specific 

Prognostic Implications By Nico Gong 
 
ABSTRACT 

Breast cancer remains a significant global health issue, necessitating deeper investigation 
into the contexts, molecular environments, and mechanisms which dictate tumor progression. 
SETDB1 (SET domain bifurcated histone lysine methyltransferase 1) is a regulatory gene whose 
oncogenic function covers tumor suppressor silencing, cancer stem cell maintenance, 
AKT-mediated proliferative signalling, and further immune evasion through its primary 
mechanism of H3K9me3 deposition. This study investigates SETDB1’s influence on the 
progression of breast cancer through stratified Kaplan-Meier survival curves across TCGA, 
METABRIC, and public KM Plotter datasets. Analysis of TCGA samples demonstrated 
significant associations within Luminal B and HER2+ subtypes. METABRIC analyses yielded 
no significant associations across any subtype, but KM Plotter dataset analyses revealed a 
paradoxical association where higher SETDB1 expression was linked to improved patient 
relapse-free survival in Basal-like breast cancer. These findings suggest a context-dependent, 
subtype specific relationship between SETDB1 and breast cancer prognosis, warranting further  
study into the effect of molecular contexts and environments on the function of SETDB1. 

 
1. INTRODUCTION 

Breast cancer remains one of the most common cancers among women globally, where it 
also is one of the leading causes of death in women globally(Łukasiewicz et al. 2021). It is 
important to note that while incidence of Breast Cancer increases yearly, mortality decreases due 
to advances in technology, earlier screenings, and other beneficial therapies(Łukasiewicz et al. 
2021; Kashyap et al. 2022). However, while declining mortality rates do reflect advances in 
detection and treatment, rising incidence rates highlight the need to identify potential progression 
factors at the molecular level as more patients are diagnosed and monitored for prolonged 
periods of time. 
 Breast Cancer can be divided into four widely-recognized molecular subtypes: Luminal 
A, Luminal B, HER2+ (Human Epidermal Growth Receptor Positive), and Basal-like 
carcinoma(BLBC)(Orrantia-Borunda et al. 2022). Luminal A is classified by the presence of 
ER+(Estrogen Receptor Positive) and/or PR+(Progesterone Receptor Positive). This subtype of 
Breast Cancer exhibits a rather slow progression, being one of the least aggressive breast cancer 
subtypes and thus also possesses a greater survival and lower rate of relapse. HER2+ subtype can 
be classified by absence of ER and PR while having a high expression of HER2+. HER2+ may 
also be observed to be more aggressive and fast growing, with a higher rate of relapse compared 
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to the Luminal subgroups. Finally, BLBC is classified by its aggressiveness, early relapse, and 
high rate of proliferation with an unstable genome. 

Breast Breast cancer onset is often associated with various factors, such as sex, where 
less than 1% of all breast cancer cases are observed in men; aging, where most cases of breast 
cancer are observed in women over 50; lifestyle, where obesity and being overweight increases 
the risk of contracting breast cancer(Łukasiewicz et al. 2021; Ratajczak-Pawłowska et al. 2025). 
Other genetic factors too affect its onset. Famous oncogenes such as BRCA 1/2 , TP53, and 
PTEN also are prone to mutation, where these common oncogenes, when mutated, are often 
associated with increased cancer susceptibility and tumor progression when mutated(Godet and 
Gilkes 2017). However, these only represent a fraction of the genetic alterations which incur 
breast cancer. Behavior still varies considerably per patient, suggesting that additional genetic 
factors also contribute to cancer progression. 
 SETDB1, SET domain bifurcated histone lysine methyltransferase 1, is a regulatory gene. 
Its structure features three functional domains: the SET domain, Tudor Domain, and 
methyl-CPG binding domain(Markouli et al. 2021). The SET domain serves the epigenetic part 
of SETDB1 as the core for its histone methyltransferase activity(Dillon et al. 2005). The SET 
domain comprises necessary enzymes in order to transfer methyl groups from S-adenosyl 
methionine (SAM) to histone substrates, most commonly observed on histone H3 lysine 9 
(H3K9). The SET domain is formed of two split segments to create one enzyme active site, 
which recognizes and binds to H3K9. This domain allows SETDB1 to deposit up to three methyl 
groups onto H3K9, producing the trimethylated form H3K9me3 as its most predominantly 
repressive epigenetic mark. 
 SETDB1’s triple Tudor domains serve another purpose by allowing SETDB1 to directly 
bind to specific chromatin sites. They also serve as a site on SETDB1 which enable it to interact 
with important cofactors such as TRIM28/KAP1 and MCAF1/ATF7IP, which control its activity 
and location within the cell(Romanov and Koryakov 2026). Through these protein interactions, 
SETDB1 can be guided by transcription factors to recruit epigenetic activity to specific genomic 
sites. 
 The Methyl-CpG binding domain (MBD) function allows SETDB1 to recognize and bind 
to areas of methylated DNA, facilitating epigenetic silencing(L. Li et al. 2015). When binding to 
methylated DNA through the MBD, SETDB1 deposits H3K9me3 marks onto nearby histones. 
This domain allows SETDB1 to link both DNA methylation and histone methylation, where 
SETDB1’s collaboration between these two functions through the MBD allows for establishing 
and reinforcing silencing markers and repression.  
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Web of Influence 
 

 
Figure 1: Diagram of five important functions of SETDB1 in cancer: 1) Silencing of ERVs: SETDB1 couples with 

KAP1 and KRAB proteins, enabling methylation of ERV LTRs. 2): EMT and Metastasis: SETDB1 directly binding to 
the Snail promoter, upregulating mesenchymal markers. 3) Tumor Suppressor Silencing: SETDB1 can methylate a 

variety of genes, including RASSF1, P53BP2, p21, and CDKN2A. A ΔNp63α-SETDB1 complex helps recruit 
SETDB1 to these gene loci. 4) CSC Renewal/Maintenance: ΔNp63α-SETDB1 also methylates various lineage genes 

which control differentiation, allowing CSCs to maintain a stem-like state. It also prevents p63 degradation, promoting 
cell proliferation. 5) AKT Methylation: the binding of PIP3 to AKT  allows SETDB1 to attach and activate AKT. This 

results in the inactivation of important apoptotic proteins, and promoting glucose uptake and cell growth. 
 
Silencing of ERVs / Genomic Stability 

Endogenous retroviruses(ERVs) compose upwards 8-10% of the mammalian 
genome(Thompson et al. 2015). These sections are characterized as ancient, parasitic elements 
which contribute to genomic instability, responsible for approximately 10% of spontaneous 
mutations within mice(Maksakova et al. 2006). To prevent further instability, hosts have 
developed advanced epigenetic regulators and silencing mechanisms, amongst which SETDB1 
serves as a chief executor of ERV repression(Collins et al. 2015).  

ERV silencing through SETDB1 is through its primary mechanism of deposition of 
repressive histone mark H3K9me3(S. Liu et al. 2014). SETDB1 targets specific ERV families 
within the genome, particularly class I Moloney murine leukemia virus (MLV) and class II 
intracisternal A particles (IAPs) and MusD elements, ERV groups expressed during early 
embryonic development(Collins et al. 2015; Rowe and Trono 2011). The TRIM28/KAP1 
(KRAB-associated protein 1) co-repressor serves a major role in the cascade which eventually 
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recruits SETDB1(Czerwińska et al. 2017). The interactions begin with sequence-specific 
KRAB-zinc finger proteins(KRAB-ZFPs); these proteins have coevolved with ERVs in 
mammalian genomes and assist in recognizing ERV long terminal repeats (LTRs)(Cosby et al. 
2019). TRIM28, after guided to the ERVs, recruits SETDB1, depositing H3K9me3 marks onto 
the ERVs to create condensed heterochromatin regions(Geis and Goff 2020). 

Furthermore, this mechanism’s importance is illustrated by the consequences of SETDB1 
loss. In these stem cells, IAPs and other ERV families become re-expressed with abnormal 
expression of ERVs(Collins et al. 2015). SETDB1 works with DNA methyltransferases(DNMTs) 
to establish histone deposition and DNA methylation at ERV loci, creating a multi-folded level 
of repression. SETDB1 utilizes the DNMT plant homeodomain(PHD) to allow this mechanism 
combining H3K9me3 deposition and DNA methylation at ERV promoter sites(Karimi et al. 
2011).  

SETDB1’s importance in silencing ERVs is underlined in muscle stem cells(MuSCs). 
SETDB1, in adult somatic stem cells, plays a crucial role in skeletal muscle regeneration(Garcia 
et al. 2024). Loss of SETDB1 within these MuSCs have been observed to un-repress ERVs, 
leading to catastrophic consequences which ultimately lead to a massive inflammatory cascade, 
attracting immune cells which then in turn lead to myofiber necrosis.  

SETDB1 is also seen to be commonly overexpressed in many tumors, especially breast 
cancer(Lazaro-Camp et al. 2021). However, this abnormality serves as a double-edged sword. 
While SETDB1 seemingly would enhance ERV silencing in cancer cells, it may also enable 
immune evasion. An overexpression of SETDB1, while protective in healthy cells, would inhibit 
other important immune identification factors such as the potential production of 
double-stranded RNA(dsRNA), which is produced when ERVs are expressed(Robbez-Masson et 
al. 2017). The presence of these dsRNA places a target on these “infected” cells; thus, the 
enhanced silencing of these ERVs in SETDB1 amplified cancer cells could also contribute to a 
failure to detect cancer cells by the immune system. 

 
AKT Methylation/Promotion of proliferative signalling  

AKT(Protein Kinase B) is a kinase central to the PI3K/AKT pathway. Serving as an 
important regulator of cell  proliferation and survival, AKT holds a substantial role in the 
regulation of cell proliferation and survival(Buchner 2025). In healthy cells, AKT coordinates 
responses to growth factors, stress signals, and controlled processes like metabolism, protein 
synthesis, cell cycle progression, and apoptosis. Thus, irregularities within the AKT corresponds 
to disturbances in proliferation and survival of cancer cells. The PI3K/AKT pathway is one of 
the most frequently abnormally regulated pathways in cancer progression(Rascio et al. 2021). 

SETB1 can also directly methylate non-histone protein substrates, with AKT serving as a 
prominent example. AKT undergoes SETDB1-mediated lysine methylation in order to promote 
its activation(Guo et al. 2019a). SETDB1 catalyzes trimethylation at various lysine residue sites, 
amongst which  are K140 and K142 to promote AKT phosphorylation at T308 and S473 
activation sites, activating AKT following growth factors stimulation. As a result, the 
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methylation of AKT by SETDB1 results in enhanced AKT activity due to an overexpression of 
SETDB1. For K140 and K142 methylation, the interaction of 
phosphatidylinositol(3,4,5)-triphosphate (PIP3) with AKT facilitates its interaction with SETB1 
for further AKT methylation, which sustains its activity. This creates a loop where initial AKT 
activation promotes its own methylation, sustaining its state of phosphorolysis. As such, the 
overexpression of SETDB1 in cancerous cells contributes to the hyperactivity of AKT. 
 The SETDB1-mediated activation of AKT drives multiple cancerous 
phenotypes(Lazaro-Camp et al. 2021; Guo et al. 2019b). Activated AKT promotes cell 
proliferation through driving cell cycle progression. SETDB1-mediated AKT methylation leads 
to cancer cell formation through an increased glucose uptake. AKT drives cell survival by 
inactivating pro-apoptotic proteins while also activating survival signals(Chong et al. 2005).  
 
Cell Cycle Arrest Repression/Tumor Repressor Silencing 

SETDB1 has been observed to silence multiple tumor suppressor genes which normally 
enforce cell cycle checkpoints and arrests, and also prevent uncontrolled 
proliferation(Lazaro-Camp et al. 2021). For example, in colorectal cancer, p21 (CDKN1A) was 
identified as a direct target of SETDB1, with SETDB1 methylating the p21 promoter and 
depositing H3K9me3 marks(Cao et al. 2020). SETDB1 depletion corresponded with increased 
p21 expression and a functioning G1 phase cell cycle arrest, whereas SETDB1 overexpression 
decreased p21 and promoted proliferation. 

SETDB1 represses CDKN2A gene expression, which encodes the p16INK4a protein, 
which plays a critical role in the cell cycle by regulating CDK4/6 and cyclin D complexes(Zhao 
et al. 2016). It also interferes with p53 function through a dual silencing mechanism: SETDB1 
directly methylates p53 proteins at K370, stabilizing mutant p53 and preventing its degradation 
through histone H3K9 methylation(Fei et al. 2015). 

SETDB1 has been shown to silence specific important genes within breast cancer, such 
as RASSF1A and P53BP2(p53 Binding Protein 2). RASSF1A is an important gene in regulating 
the cell cycle, inducing apoptosis, and maintaining genome integrity(Dubois et al. 2019). 
However, it has been observed that SETDB1 deposits H3K9me3 marks at the RASSF1A 
promoter, inhibiting the gene’s critical growth-regulating functions(B. Pan et al. 2025). The loss 
of function of these tumor suppressors thus contributes to tumorigenesis of breast cells, 
underlining a mechanism of SETDB1 which contributes to the progression of breast cancer. 

 Previous studies have shown that SETDB1 interacts with DNA methyltransferases 
DNMT3A and DNMT3B, occurring at plant homeodomain DNMT3a and the N-terminus of 
SETDB1(H. Li et al. 2006). When these DNMT3s are recruited to the same location on DNA as 
SETDB1, DNMT3A/B deposits methyl to DNA cytosine bases alongside SETDB1’s H3K9me3 
marks on histones, creating a robust repression of DNA as DNMT3A/B cytosine methyl groups 
can recruit more SETDB1 to bind via its Methyl-cPg binding domain. SETDB1 H3K9me3 
markers work in tandem to recruit additional DNMT3, resulting in a loop which locks genetic 
sites into a permanent silenced state(Hassanie et al., n.d.).  
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This collaboration between SETDB1 and DNMT3A/B  allows for a highly repressive yet 
stable silencing of chromatin locations to repress tumor repressor genes, as it also applies beyond 
just RASSF1A and P53BP2, often silencing other crucial growth-regulating genes(Dubois et al. 
2019; H. Li et al. 2006).  

These target sites provide a potential target for therapy. Disrupting the interaction 
between SETDB1’s N-terminus domain and DNMT3A/B could prevent a coordinated repression 
complex for a robust repression of DNA, potentially allowing a re-activation of silenced tumor 
repressors within breast cancer(H. Li et al. 2006; Zolota et al. 2021). Similarly, targeting 
SETDB1’s Methyl-cPg binding domain provides a potential therapeutic opportunity, of which 
interference would result in SETDB1 failure to recognize and bind to DNMT3-methylated 
DNA(Trossini et al., n.d.). Together, these approaches could target and disassemble the 
SETDB1/DNMT3 complex’s robust dual repression. 

The ΔNp63α-SETDB1 complex functions by recruiting SETDB1 to the promoter regions 
of specific target genes, where SETDB1 deposits H3K9me3 markers to silence 
transcription(Carla Regina et al. 2016). As a result, essential regulatory mechanisms such as 
apoptosis, differentiation, and cell cycle checkpoints are inhibited, allowing cancer cells to 
flourish and evade normal regulatory checkpoints. Studies have demonstrated that disrupting the 
ΔNp63α-SETDB1 interaction can restate expression of silenced tumor suppressors while 
inhibiting breast cancer cell proliferation and invasion(C Regina et al. 2016). 
 
Maintenance of Cancer Stem Cells/Self-renewal 

Cancer stem cells(CSCs) represent a portion of tumor cells which is characterized by an 
ability to self-renew, resist therapies, and the ability to drive tumor recurrence and 
metastasis(Chang 2016). Their self-renewal is tightly regulated by signaling pathways like Wnt, 
Hedgehog, and Notch(Rajakulendran et al. 2019). 
However, SETDB1 is directly implicated in CSC maintenance. SETDB1 is required for 
transcriptional repression, pluripotency, and renewal in embryonic stem cells, and these same 
mechanisms appear in cancer to sustain CSC populations(Padelli et al. 2026). In breast cancer, 
SETDB1 was identified to interact with ΔNp63α, a transcription factor involved in breast cancer 
stem cell renewal(Carla Regina et al. 2016). This interaction consequentially contributes to p63 
protein stability. SETDB1-mediated epigenetic changes include reversible shifts in epigenetic 
states, allowing CSCs to evade therapy and thus forming the foundation of tumor recurrence and 
metastasis. 
 
Promotion of epithelial-mesenchymal transition (EMT) and metastasis 

Furthermore, SETDB1 has been studied where depletion of SETDB1 in breast cancer 
cells BT549 and MDA‑MB‑231 suppressed cell migration and invasion while overexpression 
had improved migration and invasiveness within human breast cancer cells MCF7 and 
T47D(Yang et al. 2019); more specifically, within MCF7 cells, SETDB1 overexpression 
facilitated epithelial-mesenchymal transition within these cells by binding to the promoter of the 
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Snail transcription factor, further showing its potential roles within the prognosis of breast 
cancer.  

SETDB1 in other studies have been observed interacting within breast cancer 
tumorigenesis. SETDB1 has been often found amplified in primary breast tumours, where its 
depletion has been conferred to slowed, lesser growth(Rodriguez-Paredes et al. 2014). 
Specifically, SETDB1 has also been observed to interact with ΔNp63α to repress tumor 
suppressor genes critical for maintaining epithelial status and preventing malignant 
transformations(Carla Regina et al. 2016). 
 Overall, each of these factors demonstrate SETDB1’s functionality at multiple levels to 
promote breast cancer progression from both silencing genes and facilitating invasive cancer 
phenotypes. However, gaps remain in SETDB1’s further clinical significance in the prognosis of 
breast cancer; specifically, the relationship between SETDB1’s overexpression within breast 
cancer and its correlations with patient outcomes especially between breast cancer subtypes, 
further studying SETDB1’s value as a prognostic marker. These many roles raise a question in 
the context of breast cancer: How does SETDB1 expression within breast cancer cells and their 
subtypes contribute to patient outcomes and survival?  
 
2. METHODS 
 
TCGA Pan-Cancer Atlas Dataset 

SETDB1 alterations were queried using the cBioPortal for Cancer Genomics 
(cbioportal.org)(Gao et al. 2013; Cerami et al. 2012) database using the TCGA Pan-Cancer 
Combined Study Atlas(Berger et al. 2018; Hoadley et al. 2018). Within the TCGA Pan-Cancer 
Atlas, patients were first isolated to Breast Invasive Carcinoma. SETDB1 expression was then 
filtered using an expression z-score threshold of greater than 2 (EXP > 2). Patients with high 
overexpression of SETDB1 were stratified  into the altered group. Patients not meeting this 
threshold were designated as the unaltered group. Following this, data were further stratified by 
PAM50 molecular subtype (Luminal A, Luminal B, Basal, and HER2-enriched) within 
cBioPortal to generate subtype-specific Kaplan-Meier survival curves for progression-free 
survival(PFS). Statistical significance was assessed using the log-rank test, using a significance 
level of ɑ = 0.05. 
 
METABRIC Dataset 

The METABRIC dataset was similarly queried through cBioPortal using an identical 
SETDB1 expression threshold (EXP > 2) to define altered and unaltered patient groups. Survival 
analyses were performed for relapse-free survival across the full cohort, further stratified using 
the 3-gene classifier subtype designations available within cBioPortal , generating 
subtype-specific relapse-free survival(RFS) curves across Luminal A, Luminal B, Basal, and 
HER2-enriched patient populations. Statistical significance was assessed using the log-rank test 
with a significance level of ɑ = 0.05. 
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Kaplan-Meier Plotter Dataset 

Survival analysis of SETDB1 expression was additionally performed using the KM 
Plotter online tool (kmplot.com)(Posta and Győrffy 2025), an independent platform integrating 
gene expression and survival data from multiple publicly available breast cancer datasets. 
SETDB1 expression was assessed using the gene chip probe, selected through the JetSet best 
probe selection algorithm, which identifies the best microarray probe for a given gene based on 
specificity, coverage, and reliability criteria(Q. Li et al. 2011). Relapse-free survival was selected 
as the primary endpoint. Patients were stratified into high and low SETDB1 expression groups. 
Statistical significance was assessed using the log-rank test, with hazard ratios (HR) and 95% 
confidence intervals reported. 
 
3. RESULTS 
 
TCGA Pan-Cancer Combined Study Atlas 

A) Luminal B PFS 

 

B) Basal PFS 

 

C) Luminal A PFS 

 

D) HER2+ PFS 
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Figure 3.1: Stratified progression-free survival (PFS) analysis across PAM50 breast cancer molecular subtypes based 
on SETDB1 overexpression. Quadrant comparison of Kaplan-Meier survival curves contrasting patient groups with 

SETDB1 overexpression (red, altered) against unaltered wild-type patient groups (blue) across distinct subtypes: 
Luminal A (p = 0.438), Basal-like (p = 0.352), Luminal B (p = 0.0218), and HER2-enriched (p = 0.0120) tumors. 

Statistical differences were evaluated utilizing a two-sided log-rank test. Numbers at risk (n) are detailed underneath 
each timeline. Data is sourced from the TCGA Pan-cancer Atlas(Berger et al. 2018; Hoadley et al. 2018) via 

cBioportal(Gao et al. 2013; Cerami et al. 2012).  
 

Kaplan-Meier analysis of progression-free survival(PFS), stratified based on PAM50 
molecular subtypes of breast cancer, revealed varying associations between SETDB1 
overexpression and patient outcomes. In the Luminal B subtype, SETDB1 overexpression was 
associated with significantly worse PFS compared to the unaltered group(p = 0.0216), with gaps 
emerging early in the follow-up period(Figure 3.1A). Similarly, HER2+ subtype demonstrated a 
significant relationship between SETDB1 overexpression and worse patient progression-free 
survival(p = 0.0120), with the overexpressed group showing lower survival probability from 
month 15 onwards(Figure 3.1D). 
 On the other hand, Basal and Luminal A subtypes showed no statistically significant 
difference in PFS between overexpressed and unaltered groups (p = 0.352 and p = 0.428, 
respectively), with survival curves showing much overlap for much of the time period(Figure 
3.1B and 3.1C), suggesting that SETDB1 overexpression or alteration does not independently 
affect patient outcomes in these molecular contexts. 
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Kaplan-Meier Plotter with gene chip  

A) Basal-Like RFS 

 

B) Luminal A RFS 

 

C) Luminal B RFS 

 

D) HER2+ RFS 

 

 
Figure 3.2: Stratified regression-free survival (RFS) analysis across PAM50 breast cancer molecular subtypes based 

on SETDB1 overexpression using gene chip. Comparisons between patient survival drawn between high 
expression(red) and low expression(black) show no significance between LumB (p = 0.7), HER2+(p =0.69), or 

LumA(p = 0.5). Basal-like BRCA shows a significant difference(p = 0.046). Statistical differences were evaluated 
utilizing a two-sided log-rank test on KM plotter. The number at risk is shown beneath each timeline. Figure adapted 

from Posta et al., KM Plotter. 
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Kaplan-Meier analysis of survival stratified by SETDB1 expression level across PAM50 
molecular subtypes revealed mostly non-significant interactions, with one exception. In the 
Basal-like subtype, high SETDB1 expression was significantly associated with better survival 
compared to low expression (HR = 0.8, 95% CI: 0.65-1, p = 0.046), with the high-expression 
group demonstrating consistently higher survival probability across the follow-up period (Figure 
A). This represents a shift in what SETDB1’s predicted effects show, instead showing that a 
higher level of expression predicts a higher probability of survival. 

In the remaining three subtypes, no significant association between SETDB1 expression 
level and survival was observed. Luminal A showed no significant difference between high and 
low expression groups (HR = 0.93, 95% CI: 0.76-1.14, logrank P = 0.5, Figure B). Luminal B 
demonstrated no significant association (HR = 0.97, 95% CI: 0.81-1.15, logrank P = 0.7, Figure 
C). The HER2+ subtype showed no significant difference (HR = 0.95, 95% CI: 0.75-1.21, 
logrank P = 0.69, Figure D). 

 
Breast Cancer (METABRIC, Nature 2012 & Nat Commun 2016) 

A) Luminal A RFS 

 
 

B)  Luminal B RFS 

 

C) Basal-like RFS 

 
 

D) HER2+ RFS 
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Figure 3.3: Stratified regression-free survival (RFS) analysis across PAM50 breast cancer molecular subtypes based 

on SETDB1 overexpression in the METABRIC database. Comparisons between patient survival drawn between 
high expression(red) and low expression(black) show no significance between LumB (p = 0.309), HER2+(p 
=0.693), LumA(p = 0.196), or Basal-like BRCA(p = 0.628). Statistical differences were evaluated utilizing a 

two-sided log-rank test on KM plotter. The number at risk is shown beneath each timeline. Data is sourced from the 
(METABRIC, Nature 2012 & Nat Commun 2016) dataset(Curtis et al. 2012; Pereira et al. 2016)on cBio Portal(Gao 

et al. 2013; Cerami et al. 2012). 
 
 

Kaplan-Meier analysis of RFS stratified by PAM50 molecular subtypes within the 
METABRIC dataset showed no statistically significant relationships between SETDB1 
overexpression and patient outcomes for any of the subtypes. Luminal A showed no significant 
difference between groups(p=0.196), with groups diverging initially early on in the period before 
converging later on the timeline(Figure 3.3A). Luminal B similarly showed no significant 
relationships (p = 0.359), both groups overlapping for most of the period(Figure 3.3B). The 
Basal subtype also showed no significant difference(p = 0.628), with the overexpressed group 
maintaining a higher survival probability throughout(Figure 3.3C). The HER2+ subtype did not 
show any significant associations(p = 0.693), showing a major overlap between both groups 
across the entire period(Figure 3.3D).   
 
Conclusions/Discussion 

First what must be considered is the approach  taken to stratify data from the TCGA 
dataset to generate these KM plots. Instead of relying on querying SETDB1 alteration based 
purely on copy number changes, this study instead applied an expression parameter of EXP > 2 
in cBioPortal in order to identify cases of true SETDB1 overexpression; thus, this avoids the 
potential risk of capturing the entire broad 1q21 amplification events. The chromosome 1q21 
cluster holds many co-amplified genes alongside SETDB1, such as BCL9, PIAS3, and 
MCL1(Chen et al. 2014): purely querying on copy-number based queries would risk conflating 
SETDB1-specific effects with the broader oncogenic scheme of these other genes. Through 
filtering for SETDB1 overexpression, this method targets the altered group for tumors and cancer 
cells where SETDB1 is more transcriptionally active, making the observed prognostic trends and 
associations more attributable to SETB1 overexpression itself. However, the threshold does not 
entirely address this concern. 1q21 amplification covers the amplification of multiple genes 
simultaneously, meaning that co-amplified genes may also be included above the thresholds in 
the same sample. Isolating SETDB1’s contribution to the oncogenic scheme would require 
further dedicated gene-specific knockdown experiments. Testing on specific, focused sections of 
DNA through focal  amplification analyses would also be required for deeper disentangling of 
SETDB1, representing a future direction of study. 

When analyzing the resulting TCGA graphs under these lenses though, the lack of 
divergence in the Luminal A and Basal-like groups reflects to an extent the biological boundaries 
of SETDB1. In the Luminal A group(Figure 3.1C), high overlap is observed(p = 0.438). Luminal 
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A is classified through slow-growing progressions and heavy reliance on estrogen receptor 
transcription, instead of aggressive growth-factor cascades(Clusan et al. 2023). This could 
potentially affect activation of PI3K to generate PIP3, where inactive AKT remains closed in the 
cytoplasm. Thus, even when SETDB1 is overexpressed in this subtype, AKT is not recruited to 
the plasma membrane(Guo et al. 2019a; Faes and Dormond 2015). This may partially account 
for the lack of divergence between curves in Luminal A, where patients may not express 
additional effects due to SETDB1 overexpression. 

The flat overlapping curves of the Basal-like cohort(Figure 3.1B, p = 0.352) point 
towards a different context. Basal-like breast cancers are intrinsically driven by genomic 
instability like the loss of TP53, and hyperactivation of redundant receptor tyrosine 
kinases(Weigman et al. 2012). As such, this major genomic instability may contribute to this 
highly aggressive proliferation- meaning downstream AKT and MAPK pathways are perpetually 
saturated(Xu et al. 2012). As such, introducing SETDB1 mediated AKT methylation would not 
likely provide any upscale in cancerous activity, and thus the curves, based on SETDB1 
overexpression, would not likely diverge. 
 Beyond these considerations, sample size variations across each subtype may be 
acknowledged. The HER2-enriched and Luminal B overexpressing groups were comparatively 
smaller (n = 13 and n = 18, respectively). While statistically significant p-values  were observed 
in both subtypes, there remains uncertainty around the number of observed survival differences. 
These findings should instead be taken as hypothesis-generating rather than definitive, requiring 
testing in larger stratified groups with sufficient numbers of altered/overexpressed samples.  
 Treatment heterogeneity within subtypes provides another barrier. PAM50 subtypes 
receive different treatments: Luminal A benefits from hormone therapy with limited 
chemotherapy benefits, while Luminal B tumors benefit from both hormone therapy and 
chemotherapy, while HER2+ patients receive HER2 targeted therapies(Rej et al. 2024). Since 
PFS reflects both intrinsic biology/characteristics of each tumor subtype and treatment responses, 
the differential prognostic  significance of SETDB1 overexpression across subtypes may only 
partly capture the extent of SETDB1-mediated treatment resistance rather than purely biological 
differences in tumor aggressiveness or environments. This is supported through evidence like 
SETDB1 overexpression promoting  tamoxifen resistance in ER-positive  breast cancer cells 
through its interaction with PELP1 and downstream AKT activation(Z. Liu et al. 2022). As such, 
this tangle between SETDB1’s effect on intrinsic tumor biology and its effect on treatment 
responses presents another inherent limitation of this population-level survival analysis. 
 This overlap between treatment response and tumor biology may also help account for 
the divergence observed in the positive cohorts. In Luminal B tumors, patients are treated with 
standard endocrine treatments(Rej et al. 2024). However, when SETDB1 is overexpressed, its 
interaction with the ER co-regulator PELP1 triggers local AKT methylation 
K140me3/K142me3, bypassing hormone blockades to maintain proliferative signalling and cell 
survival(Batham et al. 2019). Furthermore, the steep HER2+ survival curve reflects 
heterogeneous treatment responses. HER2+ tumors are characterized through upstream RTK 
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driving signalling, activating an abundance of membrane PIP3 which permanently recruits AKT 
to the membrane(L. Pan et al. 2024). Consequently, this provides a perfect environment for 
overexpressed SETDB1 to continuously methylate and hyperactivate AKT. As such, this 
provides resistance to upstream HER2+ inhibitors; while treatments may shut down HER2 
receptors at the surface, SETDB1 continues a layer beneath, continuing proliferating independent 
of HER2 signalling. As such, standard treatments are resisted, which may account for the 
divergence of survival curves within the cohort. 

The KM plotter gene chip analysis, also stratified by PAM50 subtypes, reveals a distinct 
pattern unlike that of the TCGA dataset. While most of the subtypes do not show a significant 
relationship between SETDB1 overexpression and different patient outcomes, the Basal-like 
subtype plot demonstrates a different result. Where the TCGA queried dataset fails to observe 
significant SETDB1 associations in the Basal subtype, the KM plotter gene chip dataset reveals 
significant SETDB1 associations; an improved survival in Basal-like breast cancer (HR = 0.80, 
95% CI: 0.65 - 1, P = 0.046). Basal-like breast cancer is characterized by its aggressive behavior 
and genomic instability with limited therapeutic responses(Rej et al. 2024), but patient outcomes 
demonstrated in this subtype are divergent. Some individuals show increased risk of relapse or 
were censored within five years while others demonstrated a longer term survival exceeding ten 
years. The improvement to survival probability associated with higher SETDB1 expression in 
this subtype reflects SETDB1’s context-dependent silencing activity: in the Basal-like 
environment, defined by broad genomic instability and loss of tumor suppressor function, 
SETDB1 overexpression in such a context may actually silence pro-metastatic or invasion 
promoting genes, with the resulting effect temporarily restraining the most aggressive aspects of 
it(Verdier et al. 2025). SETDB1 has been observed to contribute to the EMT process in breast 
cancer through interacting with the SMAD/TGF-β regulatory pathway which influences 
EMT-inducing transcription factors(Du et al. 2018); however, in certain cellular contexts, this 
interaction may actually repress instead of activate EMT pathways, consistent with the observed 
survival benefit corresponding with SETDB1 overexpression. Furthermore, ΔNp63 promotes 
tumor-initiating activity in basal and luminal breast cancer cells and controls mammary cancer 
stem cell homeostasis(Chakrabarti et al. 2014); SETDB1’s stabilization of ΔNp63 may produce 
different downstream transcriptional outcomes in the basal microenvironment versus luminal 
molecular environments, potentially accounting for the divergent prognostic associations across 
each subtype. The contrast between this finding and the non-significant Basal result in the TCGA 
queried dataset may also reflect a methodological difference: the KM Plotter analysis directly 
stratifies based on expression level profiles(high vs low), while the TCGA queried dataset was 
queried with an applied EXP > 2 overexpression threshold. As a result, the queried dataset could 
potentially have captured different ranges of SETDB1 activity that may have other, distinct 
outcomes within the heterogenous Basal subtype.  
 The Luminal A subtype did not show statistically significant associations between 
SETDB1 expression and survival (HR = 0.93, P = 0.5). As established previously, Luminal A 
tumors are already well-differentiated and respond well to endocrine therapy, and their overall 
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prognosis may obscure SETDB1-specific contribution to patient outcomes. SETDB1 
overexpression itself may not be enough of an oncogenic factor to significantly disrupt the 
epigenetic landscape of the Luminal A tumor microenvironment. Likewise, Luminal B did not 
show any statistically significant associations(HR = 0.97, P = 0.7). The non-significant Luminal 
B result here also contrasts with the TCGA queried dataset contrasts with the significant 
association observed in the TCGA queried analyses, reflecting differences in factors like patient 
group characteristics, dataset composition and treatments. Epigenetic dysregulation is a major 
factor in breast cancer progression and therapy resistance in luminal breast cancer, and epigenetic 
modulators alone or in combination with other therapies represent potential therapeutic 
agents(Thang et al. 2022); yet, the inconsistent SETDB1 associations observed across datasets 
suggest SETDB1’s predicted progression in luminal subtypes may be sensitive to cohort-specific 
variables. 
 The HER2+ subtype similarly showed no significant association (HR = 0.95, p = 0.69), 
contrasting with the significant association observed in the TCGA queried dataset. This 
inconsistency between datasets in the HER2+ subtype underlines a broader motif amongst 
datasets: SETDB1’s significance in the progression of breast cancer is not reliably reproducible 
across independent groups within the same molecular subtypes. However, this reinforces the 
conclusion that SETDB1 functions as a context-dependent factor whose impact is sensitive to 
cohort composition, treatment variability and the broader microenvironment and genomic 
makeup of the tumor. High SETDB1 expression classically has been observed to indicate worse 
overall survival and shorter RFS and PFS in breast carcinoma, yet the subtype-stratified plots 
presented suggest a non-uniform association: it is instead determined by the specific molecular 
environment which SETDB1 overexpression occurs, producing different signals and outcomes 
based on context. 
 Subtype-stratified RFS analysis within the METABRIC dataset further shows an  absence 
of significant associations across all PAM50 subtypes. This stands in a notable contrast to the 
TCGA queried dataset, where SETDB1 overexpression significantly predicted worse PFS for 
patients in Luminal B and HER2+ subtypes. The discrepancy between datasets likely reflects 
deeper differences amongst the patient population composition, sample sizes within each 
subtype, and most importantly, the distinction between SETDB1’s direct effect versus the 
broader amplification landscape. The Basal-like subtype showed no significant associations for 
SETDB1, further reinforcing the context-dependent and subtype specific nature of SETDB1’s 
influence on the progression of breast cancer. 
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Artificial Intelligence and Financial Markets: Productivity Growth or Speculative Bubble? 

By Suraj Kotnani 
 

ABSTRACT 
Artificial intelligence has caused a major shift in financial markets in recent years. 

Investors increasingly focus on future AI potential rather than current profitability, moving 
capital toward AI-driven assets. This paper examines how investing has changed in response to 
the rapid rise of AI computation, focusing on investor behavior, profitability forecasts, and 
economic growth. While greater computational power from AI has driven economic success for 
technology companies, the move from valuing current performance to speculative investing 
raises the question of whether this form of investing is sustainable. AI has real long-term 
economic applications, but earlier episodes such as the dot-com crash suggest that it may occupy 
a position similar to the speculative startup companies of that era. 
 
INTRODUCTION  

Over the past few years, financial markets have experienced a major shift driven by the 
rise of artificial intelligence. Investors have begun ranking companies by their expected future 
role in AI development rather than by current valuations. Companies such as Nvidia, Meta, and 
Microsoft are all seeing surges in market value because of their heavy investments in AI 
computation and infrastructure. The arrival of tools such as Claude, Gemini, and ChatGPT has 
raised investor expectations about the future economic potential of AI. 

The rapid growth of artificial intelligence has also raised concerns. Are markets 
responding to a genuine technological shift driven by greater computational power, or are 
investors creating an AI asset bubble? Historically, periods of technological innovation have also 
seen large increases in stock prices and market valuations before major corrections. Many 
experts debate whether AI-related surges are driven by real productivity growth or by hype and 
speculation. 

The purpose of this paper is to examine this growing concern and to assess whether AI 
growth is sustainable from a quantitative perspective. The paper analyzes the effect on economic 
growth, the change in investor behavior, and the lessons of earlier speculative periods such as the 
dot-com crash. By evaluating these factors, it aims to determine whether recent changes in the 
market are sustainable. 

 
KEYWORDS 

AI asset bubble; investor behavior; stock market valuations; speculation markets 
 
LITERATURE REVIEW 
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Productivity 

Recent literature argues that artificial intelligence has the potential to increase 
productivity and contribute to long-term economic growth, even as further analysis raises 
concerns about the timing and magnitude of those gains. Economists classify AI as a 
general-purpose technology (GPT), meaning that its effects span a broad range of industries 
rather than a few confined ones (Council of Economic Advisers). 

A review of empirical evidence on AI productivity finds that AI functions as a positive 
driver of productivity, with the strongest measurable outcomes in high-skill service industries. 
Researchers report productivity improvements of roughly 14–26% in workplace tasks when AI is 
used as a tool alongside workers rather than as a replacement for them (Fruits and Stout). These 
results reinforce the idea that AI can assist workers and improve efficiency rather than replace 
them. 

Despite these findings, researchers note that productivity gains have not yet produced 
dramatic increases in economic growth. The Council of Economic Advisers identifies this 
phenomenon as the modern productivity paradox, in which substantial improvements translate 
into relatively low gains in overall GDP (Council of Economic Advisers). This aligns with the 
Productivity J-Curve theory, which suggests that businesses must first invest in infrastructure, 
training, and organizational restructuring before AI can deliver productivity improvements 
(Council of Economic Advisers). These findings point to a low ROI, raising concerns about 
whether AI can contribute to long-term economic growth. 

The National Bureau of Economic Research offers further insight into AI productivity 
from a corporate perspective. In a survey of 750 corporate executives, the study found that labor 
productivity is projected to increase substantially in the coming years, with the highest 
anticipated benefits in high-skill sectors (Baslandze et al.). 

Overall, the literature shows broad agreement that AI investment is occurring at an 
unprecedented scale, with much of the speculation concentrated in high-skill sectors. 

 
Economic Growth 

Expectations about the economic benefits of AI have been shaped by corporate 
profitability. An AI productivity meta-analysis that examined workplace implementation reports 
found improvements of roughly 14–26% when AI is used alongside workers, leading to 
projections of higher growth and profit margins (Fruits and Stout). These expectations have 
encouraged firms to invest more heavily in AI infrastructure. 

The industries reporting the greatest change from heavier AI investment include 
semiconductors, cloud computing, software development, and data center infrastructure 
(Goldman Sachs). Major companies have emerged as key players in the AI economy and account 
for hundreds of billions of dollars in AI spending, according to Goldman Sachs' research. 
Growing confidence among major institutions reflects a broader belief that AI will become a 
central component of future economic growth (Council of Economic Advisers). 
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Overall, the literature indicates that AI has the potential to greatly increase the GDP and 
profitability of many industries. However, researchers continue to debate whether current 
valuations will produce measurable outcomes, leaving growth variables such as market 
capitalization and GDP subject to considerable speculation. 
 
Changes In Investor Behavior 

In several recent studies, researchers from GMO Research and the Michigan Journal of 
Economics investigate whether current AI market valuations are driven by economic 
fundamentals or by investor speculation. While they agree that AI represents a genuine 
technological advance, opinions differ on whether market valuations reflect current 
accomplishments (Leto). 

Several analysts raise concerns about inflated market valuations for AI companies. GMO 
Research argues that the current Cyclically Adjusted Price-to-Earnings (CAPE) ratio has reached 
levels associated with excessive speculation, comparable to earlier market downturns such as the 
dot-com bubble. From this perspective, investors may be pricing future AI growth far higher than 
financial fundamentals can justify (Grantham). 

Researchers also examine the behavioral side of the market. The Michigan Journal of 
Economics identifies trends in investor emotion driven by fear and impulse. According to this 
research, investors frequently respond to momentum and speculation, which inflates the prices of 
heavily speculated assets (Leto). The article notes that this can create a disconnect from intrinsic 
value, as investors buy on momentum and hype rather than on real results. 

 
Figure 1. AI Boom vs Dot-Com Bubble (figure generated by author) 
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Taken together, the literature study on behavioral implications in the market outlines 

growing concern for speculative tendencies surrounding AI markets, although researchers remain 
conflicted on whether or not current valuations represent a true asset bubble. However, the 
current trend with AI has followed trends of previous recessions and dangers may present 
themselves along with a continual trend of speculation.  

 
Macroeconomic Implications 

The rise of artificial intelligence has implications that extend beyond conventional 
stakeholders. If the current enthusiasm around AI valuations is supported by technological 
progress in the coming years, AI could contribute to higher productivity and corporate 
profitability across many sectors (Council of Economic Advisers). As firms adopt AI, efficiency 
gains may reduce costs and improve decision making, raising overall economic performance and 
extending AI's impact well beyond the technology sector to the broader world economy (Council 
of Economic Advisers). 

However, if current valuations are driven mainly by speculation, which is the central 
concern, the broader economy could be at risk. When market prices rest on weak fundamentals 
and overly optimistic expectations, investors are often disappointed and the market undergoes 
major corrections (Grantham). If expectations fail to materialize, the resulting correction could 
reduce household wealth, lower business investment, and damage consumer confidence. 

AI investment is also concentrated among a small group of firms, which adds to these 
concerns. Companies such as Nvidia, Meta, Amazon, Microsoft, and Alphabet have all attracted 
heavy AI investment (Goldman Sachs). If the market is indeed in a bubble, a sharp decline in 
their valuations could spread across the entire financial market, leading to an unusually severe 
correction (Grantham). 

Ultimately, the macroeconomic outcome depends on whether the market is truly in an AI 
bubble. If AI delivers on its high expectations, current valuations can be seen as reasonable and 
even beneficial to the broader market. If adoption falls short and economic gains do not 
materialize, the market may experience a correction similar to previous technology bubbles. 
Understanding the relationship between AI-driven speculation and measurable performance is 
therefore essential to evaluating the long-term effects of a possible AI bubble. 
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Figure 2. Nvidia Revenue Growth During AI Boom (chart generated by author) 

 
The chart above shows the growth in Nvidia's revenue in recent years. Demand for data 

center products has risen substantially, and AI computing infrastructure has seen a clear boom, 
making Nvidia one of the leading beneficiaries of the current AI surge (NVIDIA Corporation). 

 
Profitability Forecasts 

Research on AI profitability focuses mainly on the relationship between the rapid 
increase in capital expenditures and the uncertainty about whether that spending will produce 
sufficient long-term profits. Across the literature, scholars generally agree that the unprecedented 
capital being poured into AI development does not yet correspond to proven returns, and they 
differ in their opinions about whether these expenditures will ultimately deliver concrete results. 

An analysis by Allianz and Goldman Sachs describes a widening gap between spending 
and financial returns among major technology firms, including Amazon, Meta, and Alphabet. 
These companies projected more than $600 billion in capital expenditures in 2026 alone, with 
most of the funds directed toward AI infrastructure such as data centers, computing power, and 
model development (Goldman Sachs). 
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Figure 3. Projected AI related capital expenditures among major technology firms (figure 

generated by author) 
 
Figure 3 demonstrates the unprecedented scale of investment flowing into AI 

infrastructure. The capital expenditures of top technology firms are projected to increase 
dramatically in the coming years as companies expand their AI development. The chart 
highlights a clear disconnect between what these companies are investing in AI computation and 
the uncertain future returns that AI may produce (Goldman Sachs; Allianz Research). 

This trend can be described as a divergence between the “spending curve” and the “proof 
curve,” in which investment growth outpaces measurable revenue. Evidence on the return on 
investment of these expenditures remains limited relative to what the surrounding speculation 
would imply (Allianz Research). 

Additional research investigates whether the current pace of investment growth is 
sustainable. Goldman Sachs estimates that AI infrastructure investment could exceed $500 
billion by 2026, while also acknowledging investors’ conflicting opinions regarding whether 
future revenue growth will meet expectations (Goldman Sachs). Similarly, Allianz Research 
argues that AI capital expenditures have outpaced demonstrated profitability, leaving many 
analysts uncertain whether future revenue will justify current levels of investment (Allianz 
Research). 

Overall, the literature documents the unprecedented scale of AI investment while 
highlighting substantial uncertainty about whether future profits will justify current spending. 

 
DISCUSSION 
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The literature reviewed in this paper reveals broad agreement about the economic 
potential of artificial intelligence, alongside clear disagreement about its market implications. 
Many researchers agree that AI has produced measurable productivity improvements and holds 
considerable potential. Workplace use of AI has shown higher efficiency gains in high-skill 
service industries, suggesting that investor interest is justified to a degree. Although AI is 
surrounded by speculation, it can be distinguished from purely speculative assets by its practical 
use and its ability to generate measurable revenue for businesses. 

Despite this agreement, substantial controversy remains about market valuations and how 
accurately they reflect AI's economic benefits. Although researchers acknowledge its potential 
and practical use, many question whether current stock prices can be justified by observable 
outcomes. Economic growth has remained relatively small compared with the scale of the 
current boom. The Productivity J-Curve helps explain this disconnect between market value and 
AI productivity. It holds that AI companies must invest in infrastructure and training before gains 
become visible, which implies that future gains may not have fully materialized and adds to the 
uncertainty about whether current valuations can be justified. 

The literature also points to significant differences between the current AI boom and 
previous periods of speculation. The most common comparison is the dot-com bubble, when 
tech-sector valuations were elevated by growing investor enthusiasm, much like AI speculation 
today. However, AI firms differ from speculative startups because many companies in the AI 
boom have established profitable operations that provide greater stability. Nvidia's revenue, for 
example, reflects real demand for AI infrastructure and generates tangible results. Even so, the 
existence of genuine economic value does not rule out overvaluation. The current market shows 
that investors can correctly identify a transformative technology while still overvaluing it. 

 
CONCLUSION 

Taken together, the evidence suggests that artificial intelligence has the potential to 
transform technology while also driving heavy speculation. Researchers broadly agree that AI 
has real economic potential, and the controversy centers on how much of that potential is already 
reflected in current market valuations. Based on the literature, a reasonable argument is that AI is 
not a purely speculative bubble, but that investor hype and speculation currently outpace 
measurable economic outcomes. The long-term sustainability of AI valuations will depend on 
whether this unprecedented investment can be matched by real results. 
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Can Artificial Intelligence Be Used to Predict Sports Injuries? By Suraj Kotnani 

 
 
Abstract  

In this project, I aimed to train an artificial intelligence model to help predict sports 
injury. To begin, I first pulled up a dataset from kaggle and then converted my variables into 
numerical values so that the ai model could interpret my data. Doing this made my information 
more coherent. Then, I had the sports injury detection data run through 3 different classification 
models, random forest classifier, logistic regression, and neural network. I did this so that I could 
get optimal results from multiple sources in order to properly detect the rate of injury based on 
the given sport. Each model gave a different result, meaning that I could extract info from 
multiple perspectives. The main goal with this project was to see if AI could play a helpful role 
in predicting when an injury may occur when playing a sport. The ability of artificial intelligence 
is still somewhat new, and the results from the data set show that using AI to predict real-world 
scenarios is very possible. This could be very useful in real world scenarios, such as helping a 
growing athlete prevent injury before an upcoming game, or overall, maintaining good health. 
By utilizing artificial intelligence, we got some meaningful insight through the data that we 
inputted.  
 
Introduction 

Motivation: As an athlete, injuries were always prevalent in my tenure. Whether it was by 
sliding and falling on a ball or just tiring the muscles within my arms and legs, I was constantly 
getting injured, with no way to predict when or where it might occur. It made me start to wonder: 
Is there a way for me to predict when I might get injured based on my habits? Can I predict how 
one might get injured, and learn to prevent it entirely? So that athletes around the world can 
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pinpoint when they may get injured, where they might get injured, and prevent it? With artificial 
intelligence’s surge in everyday productivity, I thought this might be a good way to grasp AI’s 
real world applications. This made me think that maybe we can predict and prevent injuries after 
all. 

Why is machine learning a good tool for solving my problems? There are complex 
patterns that can’t be detectable by humans. AI can find things that humans may miss, such as an  
unrecognizable part among one piece of data, or patterns that injury might occur in. Some things, 
while not noticeable to the naked eye, can be caught by artificial intelligence. Artificial 
intelligence is trained to see things we might miss, making for an insightful companion, and is 
already incorporated in separate factors of professional sports such as aiding referees in making 
accurate calls, training plans, and even strategy recommendations. AI is already being utilized in 
aiding professional sports, so why can’t it help prevent injury as well? This project is to discuss 
AI’s usefulness in helping players detect, as well as prevent upcoming injury. 

My motivation for starting this project is that injury is very prominent in the lives of 
athletes, and finding a way to prevent them may help with overall performance on the field. 
These predictions can help people plan for how they may treat their body based on different 
factors that they might be facing. Based on these factors, we can infer when an injury may occur 
through artificial intelligence. How people should rest/recover, and how many days they should 
take off from playing their sport are few of the many things that we can receive from injury 
prediction. Whether it be on the field, on the court, or even on the track, AI can help athletes 
perform better.  
 

Data source: I chose to get my data from Kaggle, a dataset website with a wide variety of 
sports injury analysis datasets 
((https://www.kaggle.com/datasets/ziya07/college-sports-injury-detection)).  

Different sports represented: The sports that are represented in the dataset include soccer, 
football, basketball, baseball, and tennis. These are some of the most prominent sports in the 
world.  

Some of the variables that were tested in this project include heart rate, respiratory rate, 
skin temperature, blood oxygen, injury risk score, sport type, as well as what type of activity it 
was. (running heavy, jumping heavy, dribbling) 

Data preprocessing- categorical columns to quantitative conversion, Drop data points 
with null values 

For this project, I gathered my data from kaggle, a database for various topics of data. 
This dataset involved the following sports of soccer, football, basketball, baseball, and tennis.  
Data preprocessing: To prepare our dataset for training, we eliminated redundant or 
non-predictive columns, such as session data and athlete ID, we converted categorical columns 
to numerical data, and we scaled all quantitative feature columns according to a standard-normal 
distribution.          
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Methods 
Machine learning models 

In this section, we discuss the three types of machine learning models used in the paper: 
1) logistic regression classifier, 2) random forest classifier, and 3) neural network classifier.  

 
1) A logistic regression model is a machine learning model that predicts the probability of 

an event occurring based on given variables. The logistic regression model is a 
classification model, using numbers to differentiate between variables. In my project, for 
example, a logistic regression model takes in the data of different variables such as how 
much rest someone got before playing a sport, how many times someone has been injured 
prior to playing a sport, or what muscles they most commonly use in their sport, 

generating a statistical analysis based on the 
information given. A logistic regression model uses 
statistical reasoning in order to form an educated 
prediction on what may occur in the future.  
 

2) A random forest classifier is a machine 
learning model that combines the results of different 
branches of simple questions in order to come to a 
conclusion on something. It outweighs the pros and 

cons of multiple branches and makes a 
decision based on the information. 
Random forests build many branches 
of decision in order to tell if something 
is right or wrong. The way it does this 
is through the Hyper parameter search, 
which weighs the importance of 
variables in its decision matrix. 
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3) A neural network, a computing system based on the human brains, uses many nodes that 
work together to recognize patterns within data. This helps predict what might happen 
next given the data by incorporating lifelike reasoning within artificial intelligence 
models. 

 
Figure 1: Schematic of a Neural Network.  

 
Results 

In this section, we report performance metrics of the three models, along with details 
about training hyperparameters.  

Class Imbalance: The dataset contains roughly twice as many instances of class 1 (injury 
occurred) than of class 0 (no injury occurred). Class balancing the dataset (both through 
trimming the majority class and artificially boosting the minority class) did not significantly 
affect experimental results, so we left the dataset in its original form. 
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Hyperparameters: Table 1 indicates the results of 5-fold cross validation for the random 
forest classifier, along with hyperparameter choices for the neural network model. Selected 
hyperparameters are highlighted. 

 

 Hyperparameters 

Random Forest 
Classifier 

Maximum Depth: [2, 5, 10, 20, 50, 100] 
Number of Decision Trees: [2, 5, 10, 20, 50, 100] 

Neural Network Hidden Layer Dimensions: (50, 50, 50) 
Learning Rate: 0.001 
Optimizer: Stochastic Gradient Descent 
Loss: Log-(0-1)-Loss 

Train-Test Split 2:1 split for all three models →  
Training Set: 660 samples, Testing Set: 330 samples 

Table 1: Hyperparameters for the random forest and neural network models, along with 
train-test split. 

 
Model Performance: Table 2 reports accuracy (0-1), precision, and recall for all 

three models on the training and testing datasets. Both the logistic regression and random 
forest classifiers outperform the neural network, which indicates over-fitting on the 
training set. Overall, the random forest shows the best balance between precision and 
recall, indicating lowest propensity for false positive and false negative predictions 
amongst the three models. This observation is consistent with the confusion matrices 
shown in Figure 3. 
 

 Accuracy 
(train) 

Accurac
y (test) 

Precision 
(train) 

Precision 
(test) 

Recall 
(train) 

Recall (test) 

Logistic 
Regression 
Classifier 

0.64 0.62 Class 0:0.56 
Class 1:0.66 

Class 0:0.49 
Class 1:0.64 

Class 0:0.27 
Class 1:0.87 

Class 1:0.22 
Class 1:0.86 

Random Forest 
Classifier 

0.72 0.62 Class 0:0.7 
Class 1:0.83 

Class 0:0.5 
Class 1:0.7 

Class 0:0.74 
Class 1:0.8 

Class 0:0.54 
Class 1:0.66 

Neural Network 1.0 0.57 Class 0:1 
Class 1:1 

Class 0:0.45 
Class 1:0.66 

Class 0:1 
Class 1:1 

Class 0:0.47 
Class 1:0.64 

 
Table 2: Accuracy (0-1), precision, and recall of models on training and testing sets. 

Neural network training: Figure 2 shows the evolution of training log-loss of the neural network 
to convergence over approximately iterations. While training loss steadily declines to 0, this 
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more complex model overfits the training data, as shown by the model’s accuracy on the test 
dataset in Table 2. Adjusting the number of hidden layers and hidden-layer dimension did not 

meaningfully improve over-fitting, so we report results for 3 hidden layers, each of dimension 50 
(see Table 1). 

 

 
Figure 2: Training log-loss of the neural network to convergence over approximately 250 

iterations.  
 

Confusion Matrices: Figure 3 displays confusion matrices of all models on the test set. 
While the logistic regression and neural network models show high true positive rates, correctly 
classifying the presence of injury in most cases, they suffer from high false positive rates. The 
random forest classifier demonstrates the best balance between low false positive and false 
negative rates. 

 
Figure 3: Confusion matrices for three models on the test dataset. 

 
All experiments were coded in python, using the machine learning library sklearn^2. All 

code can be found at this google colab.  
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Discussion and Conclusion 

In this project, I trained 3 artificial intelligence models to help predict sports injury based 
on multiple variables. Some of those variables included blood rate, respiratory rate, heart rate etc. 
Using these variables, we can come to a conclusion on when an individual’s next injury may 
occur, and take measures to prevent it. I used 3 models, the logistic regression classifier, random 
forest classifier, and neural network in order to achieve the most accurate results.  
In the future, I may be able to cross reference my data for more accuracy by increasing the 
amount of data I input into my machine learning model, essentially giving the machine learning 
model more patterns within data to be able to make more consistent conclusions.  
To conclude, the results suggest that AI models can help identify patterns associated with sports 
injury and could possibly aid in injury prevention alongside other research tools. In many cases, 
AI is a useful application in aiding modern day issues. Despite that, there were still many 
difficulties in doing this study. Some of the limitations are as follows:  
 

● Limited data- the machine learning models are only trained using 1 data set, meaning that 
all data comes based off what the data says 

● Fails to account for endurance levels of individual players 
● More instances where injuries occurred in the dataset than where injuries didn’t- this 

leads to a bias where the model is better at predicting when an injury occurred rather than 
when an injury didn’t occur. 

 
In the future, I may invest in the newest AI models for the best results and also give 

myself a budget to get around any issues I may face. In addition, I may invest in the newest 
datasets in order to get the most up to date information that can be seen as applicable to modern 
day information.  
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The Effect of AI Implementation in Today’s Education Systems on Youth  
By Victoria Seoah Baek, Sanvi Kotha, Bella Huang, Khushi Gehani, Olivia Lee 

 
ABSTRACT 
 The rapid integration of artificial intelligence (AI) into education is transforming how 
adolescents learn, yet its effects on childhood and teenage neurodevelopment remain unclear. 
This paper examines how AI-assisted learning may influence cognitive reasoning, attention span, 
neuroplasticity, emotional regulation, motivation, and workforce readiness during critical stages 
of brain development. Particular focus is placed on the developing prefrontal cortex (PFC), 
which governs executive functions such as critical thinking, impulse control, and sustained 
attention. Neurobiological concepts including synaptic pruning, myelination, dopamine reward 
systems, and neuroplasticity are used to evaluate how repeated interaction with AI may shape 
neural pathways in adolescents. 

This study uses a mixed-methods narrative review combining quantitative findings from 
neuroimaging and cognitive studies with qualitative thematic analysis from psychology and 
educational research. Existing literature suggests that while AI can improve efficiency and 
personalize instruction, excessive reliance on AI tools may contribute to cognitive offloading, 
reduced critical thinking, shorter attention spans, and weakened self-regulated learning 
behaviors. However, evidence also suggests AI can support cognitive growth when used to 
encourage active engagement rather than replace independent thought. Ultimately, this paper 
argues that the developmental impact of AI is shaped by the frequency and manner of student AI 
reliance, particularly whether educational systems use AI to promote active cognitive 
engagement or to replace independent analytical thought. 
 
KEYWORDS  
 Childhood development; cognitive reasoning; artificial intelligence; workforce readiness; 
educational technology; neuroscience; AI literacy; prefrontal cortex development  
 
INTRODUCTION  

Artificial intelligence is entering classrooms faster than researchers can measure its 
consequences. Since the public release of ChatGPT in late 2022, AI tools have moved from 
novelty to fixture in K-12 education. The number of K-12 students using Khan Academy’s 
Khanimgo alone jumped from 40,000 to 700,000 between the 2023-24 and 2024-25 school years, 
with schools also integrating tools such as Google Gemini, Microsoft Copilot, and MagicSchool 
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into daily instruction (K-12 Dive, 2025). This raises the question of what this rapid integration 
means for the brains of the students experiencing it.  

This gap is particularly urgent because the adolescent brain is uniquely vulnerable to its 
environment. The prefrontal cortex (PFC), responsible for critical thinking, impulse control, and 
decision-making, does not fully mature until a person’s med-twenties. During this window, 
neuroplasticity allows the brain to reorganize and strengthen neural connections based on 
repeated experience, while unused neural connections are gradually eliminated and frequently 
used ones are strengthened. Myelination, the process that coats neural pathways to help signals 
move faster, also continues developing through adolescence. Together, these processes mean the 
habits and demands students experience during their school years do not just affect their grades, 
They directly shape how the brain is built.  
  This paper examines how the integration of AI into educational settings may impact the 
developing PFC of adolescents across six areas: reasoning, attention span, neuroplasticity, 
dopamine and self-regulation, emotional regulation and motivation, and academic pressure. 
While AI has real potential to support learning, this paper argues that its current use in schools 
without clear structure or limits poses risks to adolescent brain development that educators and 
policymakers need to address.  
 
METHODOLOGY  
 This research uses a mixed-methods narrative review consisting of quantitative and 
thematic analysis. The quantitative analysis involved meta-analyses with neuroimaging and other 
objective markers of brain activity and development. The scope and selection of sources were 
conducted through evaluation of relevance to the topic of the effect of AI implementation in 
education systems on youth neurodevelopment. The thematic analysis involved qualitative data 
like psychology. No original data was collected for this paper.  
  
LITERATURE REVIEW 
Reasoning  

The prefrontal cortex governs higher-order reasoning, including planning, working 
memory, and analytical thought. As the University of California, Santa Barbara notes, "critical 
thinking skills, such as problem solving, risk processing, analytical reasoning, and examining 
assumptions, are enacted in the prefrontal cortex of the brain, which develops primarily during 
adolescence and young adulthood" (AI 103). Because the PFC is still maturing during these 
years, the cognitive habits students build in school carry real neurological weight, much like the 
neural pathways strengthened through repeated behavior that the neuroplasticity section 
describes. 

Proponents of AI in education argue that by handling lower-order tasks, AI frees students 
to focus on deeper thinking. Research has shown that AI-powered classrooms can improve 
learning outcomes by 23 to 35 percent, with particularly strong effects in STEM and language 
learning (Parviz qtd. in Cheng et al., 2025). In the United Kingdom, more than 92 percent of 
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public schools have already implemented AI in their learning practices (Freeman qtd. in Cheng 
et al., 2025). In theory, this wide adoption could direct more cognitive effort toward the kind of 
reasoning the PFC is built for. 

In practice, however, research suggests the opposite often happens. The central concern is 
cognitive offloading, the delegation of mental effort to an external tool. Students who rely 
heavily on AI "demonstrate substantial declines in analytical reasoning capabilities and decrease 
their study motivation," often accepting AI-generated answers without critical scrutiny (Jose et 
al. qtd. in Cheng et al., 2025). A controlled laboratory study found that students using ChatGPT 
focused primarily on interacting with the tool rather than engaging in synthesis or analysis, a 
pattern researchers called "metacognitive laziness," meaning "a dependence on AI assistance, 
offloading thought processes to the bot and not engaging directly with the tasks that are needed 
to synthesize, analyze and explain" (Barshay, 2025). This mirrors what the Emotional Regulation 
section identifies as the brain's tendency to offload to the path of least resistance when AI 
provides the same reward for less effort. Neurologically, students assisted by a large language 
model "showed a lower connectivity profile and lower cognitive activation compared to the other 
groups" and "did not actively engage with the topics or delve into the provided material" 
(Observatory IFE, 2025). 

Age is a significant factor in dependence. A large-scale study of 666 participants across 
diverse age groups found that "younger participants exhibited higher dependence on AI tools and 
lower critical thinking scores compared to older participants" (Gerlich, 2025). Separately, a study 
of 580 university students concluded that "greater AI dependence was associated with lower 
levels of critical thinking, with cognitive fatigue partially mediating this relationship" 
(ScienceDirect, 2025). The risk is not AI itself, but unguided overreliance during a critical 
window of brain development. 
 
Attention Span 

The prefrontal cortex is also central to sustained attention, the ability to maintain focused 
cognitive engagement over time. Research confirms that "adolescence is a key period for frontal 
cortex maturation necessary for the development of cognitive ability," with sustained attention 
continuing to strengthen through this period in association with progressive frontal shifts in 
neural activity (Thillay et al., 2015). The implementation of AI in education directly impacts the 
development of the dorsolateral prefrontal cortex, the region responsible for sustained focus. 
According to research from the National Institutes of Health, when AI tools provide instant 
summaries, "they effectively remove the cognitive friction required to build these neural 
pathways," creating a risk where the developing PFC becomes habituated to immediate results 
rather than the sustained engagement needed to maintain a long attention span (NIH, 2024). 

This shift also alters the neurochemical environment of the developing brain, specifically 
the balance of dopamine and norepinephrine. As established in the dopamine systems section 
above, focus in the PFC is maintained by these chemicals working to sharpen relevant signals. 
However, "the rapid-fire interaction style of AI and digital platforms can overstimulate the 
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brain's reward system, making traditional academic tasks feel understimulating," leading to a 
state of chronic directed attention fatigue where the PFC is too exhausted by constant digital 
stimuli to perform the inhibitory work of blocking out distractions (Healthy Within, 2025). At 
the neurological level, excessive use of digital technology has been associated with "reduced 
gray matter density in the brain's frontal cortex" and "reduced activity in the prefrontal cortex," 
the regions responsible for decision-making and impulse control (Frontiers in Cognition, 2023). 
In particular, children who spend more than two hours daily on screens show higher rates of 
inattention, and teens who heavily use digital media "are twice as likely to develop ADHD-like 
symptoms compared to those with lower screen exposure" (Ahmed, 2025). 

Behavioral research reinforces this picture. Dr. Gloria Mark's longitudinal research found 
that the average attention span on a digital device dropped from approximately 150 seconds in 
2004 to 75 seconds by 2012, with recent 2024 data suggesting it has since fallen to "a staggering 
low of 47 seconds" (Mark qtd. in Swiss German University, 2026). Mark also found that "as our 
attention spans shrink, our perceived stress levels and heart rates rise," creating measurable 
psychological consequences alongside the cognitive ones (Mark qtd. in Swiss German 
University, 2026). The long-term risk is what a 2026 RAND Corporation report describes as 
"digital stagnation" within developing executive circuits, where heavy reliance on automated 
tools is linked to a decline in "mental stamina" as the brain becomes conditioned to immediate 
results (RAND, 2026). Consequently, by bypassing the cognitive friction of difficult tasks, 
students may lose the endurance required to engage with multi-layered problems, favoring the 
speed of an AI-generated answer over their own investigative persistence. 
 
Neuroplasticity  
 Adolescence is a critical period of heightened neuroplasticity, during which the brain, 
especially the prefrontal cortex (PFC), is highly responsive to the environmental input. The PFC, 
responsible for executive functions such as planning, decision making, and impulse control, 
continues developing into early adulthood, making it particularly vulnerable to changes in 
learning environments. According to the National Institutes of Health, adolescent brain 
development is highly responsive to environmental and behavioral input, meaning that repeated 
patterns of learning and cognitive engagement can significantly influence the organization and 
efficiency of executive-function networks within the developing brain (Raed Mualem et al.). 
 The introduction of AI into education alters this process by potentially reducing the need 
for sustained cognitive effort. When students rely on AI for generating answers or completing 
complex tasks, they may engage less frequently in the kinds of mental processes that strengthen 
the PFC. Research in Nature Reviews Neuroscience indicates that reduced engagement in 
demanding cognitive tasks is associated with decreased reinforcement of neural pathways 
involved in executive functioning (Client Challenge). However, AI also has the potential to 
enhance neuroplasticity if used intentionally, for example, by scaffolding difficult concepts and 
promoting deeper exploration. Drawing on Lev Vygotsky’s concept of the zone of proximal 
development, AI could support cognitive growth when it encourages active engagement rather 
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than passive reliance, highlighting that its impact depends heavily on usage patterns (McLeod, 
Saul). 
 Neuroplasticity also helps explain why repeated patterns of AI-assisted learning may 
become increasingly difficult to reverse over time. Because adolescent neural circuits are 
strengthened through repetition, frequent dependence on AI for summarization, problem-solving, 
or idea generation may condition students to expect immediate cognitive support rather than 
engage in effortful reasoning independently. Research in developmental neuroscience suggests 
that repeated engagement in cognitively demanding activities strengthens executive-function 
networks associated with working memory, attention regulation, and problem-solving, while 
underused pathways gradually weaken through synaptic pruning. As a result, educational 
environments that consistently prioritize convenience and automation over sustained metal effort 
may unintentionally reinforce passive learning habits during one of the brain’s most adaptable 
developmental periods. This creates concern that excessive AI reliance could shape not only 
short-term academic behaviors, but also long-term cognitive habits tied to independent thinking 
and intellectual persistence.  
 
Dopamine Systems and PFC-Mediated Self-Regulation  
 AI tools fundamentally alter the reward structure of learning by providing immediate 
answers and rapid feedback. Studies on digital reward systems and cognition suggest that 
instant-response technologies are associated with increased dopamine activity related to reward 
anticipation and task completion, reinforcing behaviors that prioritize speed and immediate 
gratification. In AI-supported learning environments, students can complete assignments more 
quickly and with less cognitive effort, which may strengthen preference for efficiency-based 
strategies over prolonged analytical engagement. Research on AI and cognition further indicates 
that frequent exposure to immediate-feedback systems can shift how students allocate attention 
and mental effort, reducing persistence on cognitively demanding tasks (Meng, Na, et al.). 

For adolescents, whose prefrontal cortex (PFC) is still developing, these behavioral 
patterns are particularly significant because the PFC is responsible for executive functions such 
as impulse regulation, sustained attention, persistence, and decision-making. Experimental 
research has found that students using AI tools often demonstrate lower levels of cognitive 
engagement and mental effort compared to students working independently, suggesting reduced 
participation in active problem-solving processes (Georgiou, Georgios P.). Over time, repeated 
reliance on rapid-reward learning systems may decrease opportunities to practice delayed 
gratification and sustained cognitive control, potentially affecting the development of neural 
pathways associated with self-regulation and long-term attentional endurance. 

The dopamine-driven reward structure of AI-assisted learning may also alter students’ 
tolerance for cognitive difficulty. Neuroscientific research demonstrates that dopamine is not 
only associated with pleasure, but also with reward prediction and motivational salience, 
meaning the brain gradually learns to prioritize behaviors that produce faster and more consistent 
rewards. In educational settings, AI systems often compress the effort-reward cycle by providing 

259 



 
 
 
immediate clarification, summarization, or task completion. While this can increase efficiency, it 
may simultaneously reduce opportunities for adolescents to practice persistence through 
uncertainty and delayed gratification. Because the prefrontal cortex develops through repeated 
engagement in effortful cognition, students who consistently bypass difficult reading processes 
may strengthen neural preferences for rapid resolution rather than sustained analytical endurance. 
Over time, this pattern may contribute to lower frustration tolerance and decreased willingness to 
engage with cognitively demanding material independently.  
 
Emotional Regulation  

The tendency for Large Language Models (LLMs) to prompt and encourage 
self-disclosure initiates a feedback loop within reward pathways that lessens emotional 
self-regulation. During Tamir and Mitchell's study 1a (n = 78), researchers found there was 
greater activity within the NAcc cluster (t(77) = 3.59, P < .001) and a moderate effect size (d = 
0.41) when participants disclosed their own beliefs (Tamir and Mitchell, 2012). The nucleus 
accumbens (often abbreviated to NAcc) is a structure within the ventral striatum that translates 
subjective pleasures into neurological reward. With respect to self-regulation, this study implies 
that the dopamine-hit we acquire from sharing makes it physically more difficult to stop 
engaging. Compounded with the everyday use of AI chatbots, self-disclosure becomes an 
instantly gratifying reward where management and control becomes progressively challenging.  

This feedback loop coincides with atrophy of brain regions responsible for emotional 
regulation. By rewiring the mPFC, AI takes control as means for self-disclosure, which in turn, 
weakens regions exercised in communication with biological beings. Researchers warn that  
"outsourcing of the thinking infrastructure" to AI leads to “metacognitive laziness” (University 
of Technology Sydney; OECD, 2026). The functional shift toward "metacognitive laziness" is 
substantiated by physical studies of neural atrophy. In a 2023 structural neuroimaging study (n = 
82), researchers found high reliance on digital offloading significantly correlated with reduced 
left and right amygdala volumes (r = −0.67, p < 0.01 and r = − 0.65, p < 0.01, respectively), 
suggesting that heavy dependence on LLMs results in quantifiable thinning of the very cortical 
regions required for emotional and cognitive regulation (He et al., 2023). Driven by synaptic 
pruning, the brain’s protocol of use-it-or-lose-it, invaluable metabolic resources are allocated 
away from underutilized pathways and atrophied neurons. Because of this, offloading the effort 
of impulse control and psychosocial situations to AI and LLMs with less cognitive demand 
directly harms the biological capacity to handle stress and human complexity.  

The developmental consequences of weakened emotional regulation may be especially 
significant during adolescence because this period is marked by heightened emotional sensitivity 
and incomplete maturation of executive-control systems. The prefrontal cortex and limbic system 
develop asynchronously,  meaning adolescents often experience stronger emotional reactions 
before fully developing the regulatory mechanisms required to manage them effectively. AI 
systems that provide constant reassurance, validation, or emotionally tailored responses may 
unintentionally reduce opportunities for adolescents to practice conflict resolution, frustration 
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tolerance, and emotional coping in real-world social environments. Over time, repeated reliance 
on emotionally responsive AI interactions could interfere with the development of resilience by 
minimizing exposure to the unpredictability and complexity that characterize human 
relationships. As emotional regulation skills are strengthened through repeated social experience, 
excessive dependence on AI-mediated communication may limit the development of the 
adaptive coping strategies necessary for long-term psychological and interpersonal functioning, 

 
Emotional Motivation 

Intensifying AI dependence redirects emotional motivation from independent thought and 
communication to increasingly isolating, instantaneous cognition. In a 2024 trial (n = 120), 
researchers observed the use of generative AI led to a significant reduction in self-regulated 
learning behaviors – a 70% decrease in orientation and evaluation steps – and a large effect size 
(d = 0.82, P < .001) that characterize the idea of “metacognitive laziness” (Fan et al., 2024). 
Additionally, students heavily using AI showed a 22% decrease in task persistence when the AI 
was removed, indicating a collapse in their internal motivational drive (Gerlich, 2025). These 
findings represent the shift of motivation from an intrinsic goal to solve a problem to the 
extrinsic reward received by simply obtaining an answer. With continued AI overreliance, the 
brain’s ventral striatum begins to prioritize the “easy” rewards over complex thinking that 
demand time, energy, and regulation.  

In addition to the gratification of tasks, AI affects the motivation-reward of human 
communication. Unlike LLMs, which are tailored to a user’s needs and tones, human beings are 
less consistent, with individual thought patterns, gestures, and social cues. Because of this, the 
effort to communicate with AI is a “low risk, high reward” alternative to the uncertainty of 
human connection. In Becker et al.’s 2025 study (n = 63), fMRI scans showed high NAcc 
activity when participants received positive AI feedback, but it was accompanied by a significant 
negative correlation between the mPFC and the amygdala, which is responsible for complex 
emotion (r = –0.38, P < .005). When later exposed to human social rewards, heavy AI users 
showed a significantly lower neural activation in the NAcc (t(62) = 2.84, P < .01) compared to 
control groups (Becker et al., 2025). This notable lack of reward in human connection fuels a 
trend of declined motivation, especially as the fight for human validation is deemed as less 
gratifying when compared to instantaneous AI pseudo-therapy. Current devaluation of social 
reward signifies a major shift in the human motivational landscape, where the effort required for 
genuine empathy and unpredictability is viewed by the brain as an increasingly unnecessary 
metabolic expense.  
 
Workload and Pressure 
 AI assimilation in today’s education and its standards of productivity create an academic 
“arms race” where the human brain is pushed to compete with algorithmic efficiency and 
effectiveness. To set expectations, the brain’s anterior cingulate cortex calculates an expected 
value of control (EVC). The EVC serves as a metabolic cost-benefit calculator that weighs the 
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mental effort required for a task versus the reward of a high grade or finished task it may yield 
(Shenhav et al., 2013; 2021). When AI produces the same reward for free, the EVC of human 
effort drops and the brain cognitively offloads to the path of least resistance to avoid 
“unnecessary” cognitive labor. In performing complex thinking and reasoning within seconds, AI 
enables advanced efficiency in academic settings by avoiding the cost of time and 
human-induced errors.  

The productivity of generative AI encourages a detrimental standard of perfectionism. 
The error-related negativity is an automatic electrophysiological response that occurs in the 
anterior cingulate cortex within minutes of making a mistake. In a large-scale neuroimaging 
study (n = 515), individuals with higher anxiety and checking tendencies were proven to exhibit 
a significantly larger error-related negativity response (β = -0.10, P < .05) (Weinberg et al., 
2016). In an environment where perfection is algorithmic programming, this error-related 
negativity becomes hypersensitized. AI’s “flawless” baseline is a catalyst for “perfectionistic 
paralysis,” where the brain is hyper-fixated on certain criteria and suppresses the creativity and 
trial-and-error process crucial for deep learning.  

These unrealistic standards similarly trigger a stress-induced shutdown within the 
dorsolateral prefrontal cortex (dlPFC). Under high pressure, the body releases a rush of 
catecholamines, which help focus in moderate amounts. The “perfectionistic paralysis,” 
however, can bring such an intense rush it causes the dlPFC to temporarily shut down, rerouting 
stress response to the lesser equipped amygdala (Arnsten, 2009). Furthermore, without the full 
optimization of the dlPFC, humans lose the capacity for slow thinking and critical processing, 
requiring LLMs to restore this thought. Together, AI-driven productivity, perfectionistic 
expectations, and pressure-induced neurological reactions perpetuate the broader dominance of 
AI dependence in today’s education system.     
 
DISCUSSION 
 
Skill Development And Workforce Readiness 
 The integration of Artificial Intelligence (AI) in the workforce requires a shift in method 
of gauging adolescent readiness from simple technical training to skills exclusive to humans. 
Specifically, adolescents must learn to ask questions and critically think about AI-generated 
myths or discriminatory information, a skill termed “AI literacy” (APA Staff, 2025). An 
estimated proportion of 64% of all teens use an AI chatbot. In addition, about three in ten teens 
admit to using these AI chatbots everyday (Faverio and Sidoti, 2025). Such high numbers 
suggest that AI is not novel, but instead, it is a primary source of information. This further 
mandates the ability to scrutinize that information to be a prerequisite for workforce integration. 
Additionally, teenagers have a relatively high speed of AI adoption compared to baby 
boomers—80% have not used AI (Hamilton, 2024).  This suggests a dramatic generational 
transition where younger workers, who have exposure to AI, are entering workforces where most 
tasks can be finished with AI. Future-ready adolescents may now be defined by how well they 
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can synthesize and identify misformation they encounter daily rather than soft skills critical to 
the workforce decades ago.  
 Figure 1 shows descriptive statistics data conducted with a study population consisting of 
undergraduate and graduate alumni from the National University Toribio Rodríguez de Mendoza 
of Amazonas. Out of the entire population, a majority (58.8%) work in sectors related to their 
degree, while 22.3% are still seeking employment. Some graduates deviated from their careers as 
14.9% work in sectors unrelated to their degree.  
 

FIGURE 1.  
Percentage distribution of the factors most determining success in obtaining employment among 

surveyed graduates and alumni  
 

 
Note. Figure generated by author. 
 
 Despite the increased integration of AI, internships and prior experience with hands-on 
experience is still relevant because many human-centered skills cannot be replaced by AI. 
Human-to-human interaction provides clear guidance as adolescents prepare to enter the 
workforce and explore career options (Goger et al., 2025). Previous experience or internships are 
the most important factors in finding a job, standing at 39.9% of all employment-related 
variables (Ramos et al., 2025). Real-world exposure remains as an important factor for 
employability. This variable surpasses education alone which is colloquially termed and limited 
to “textbook” knowledge. Although AI can enhance efficiency with technical and repetitive 
tasks, humans have a unique adaptive, friendly, and authentic way of engagement that a 
computer model cannot replicate. As adolescents prepare to enter the workforce, they may 
consider collaborating with AI rather than replacing large chunks of tasks with it as pedagogical 
and experience-related knowledge is not outdated. 
 
AI Integration And Policy 

To complement the rapidly expanding AI usage, federal policy shapes how adolescents 
should respond to the new technology. A Presidential Action outlined in The White House 
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website states that “early learning and exposure to AI concepts… sparks curiosity and creativity, 
preparing students to become… responsible participants in the workforce of the future” (Trump, 
2025). This initiative established an Artificial Intelligence Education Task Force and expanded 
funding for AI-related training programs across K-12 grades. These policies support that AI is 
intended as a supportive role in education. Six in ten teachers used AI during the 2024-25 school 
year (Guinn, 2025) (SAMPLE SIZE: 2,232 U.S. public school teachers; Study conducted by 
Gallup and the Walton Family Foundation). UNESCO reports that nine in ten educators and 
researchers use AI tools for research and writing (UNESCO, 2025). This data shows that Ai use 
has become normalized among adults in academic and professional environments. If more adults 
increasingly use AI tools for their work, adolescents are entering the workforce where AI 
reliance becomes a tool for productivity rather than non compliance. The most important skill for 
adolescents is not to avoid AI, but learn the balance of technological aid and creativity used in an 
ethical manner.  

However, over half of the respondents express uncertainty about ethicality regarding such 
technology. Institutional policies are continuing to address these uncertainties created from a lack 
of skill in AI related to human-centric abilities, such as human judgement and oversight, things 
that most likely cannot be replicated by a computer system.  
 
LIMITATIONS  
 This research has potential limitations. Conclusions are formed by strictly a 
mixed-methods narrative review. Therefore, the paper relies on existing studies and data. Second, 
the timeframe of available research is limited. Because widespread educational use of generative 
AI only began following the public globalization of chatbots in late 2022, most specific studies 
were conducted within 2023 and 2026. Consequently, there is little evidence examining how 
sustained AI exposure affects students in a longitudinal study. Still, studies used in this review 
draw upon established findings of developmental neuroscience, digital media use, regulation, and 
reward-system functioning that parallel potential effects of AI-assisted learning on students. 
Further, given that specific, case-sensitive information regarding adolescent neuroscience data is 
confidential and not available to the public, the methodological scope and analysis is narrowed. 
The AI field advances rapidly; therefore, it must be noted that future models of AI may or may 
not be relevant to claims and arguments made in this paper. Finally, educational, cultural, and 
socioeconomic differences may influence how students interact with AI technology. Most of the 
studies cited in this paper originate from samples of developed countries with high levels of 
technological access—United States, China, and Australia—and may limit the generalizability of 
findings to all educational settings worldwide.  
 
CONCLUSION  

Integration of AI in education has shown to have drastic neurological and psychological 
effects on development. AI in education can have positive effects if used correctly such as 
allowing students to focus on deeper thinking. Proper use of AI can also enhance neuroplasticity 
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by encouraging engagement and deeper exploration of topics. However, the risks outweigh the 
benefits. Students using AI displayed lower cognitive interaction with the material, lower 
attention spans, and caused students to prioritize efficiency over understanding of the material. 
These findings suggest that the integration of AI into the education system should be carefully 
regulated to help the overall well-being of students.  
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Abstract  

The integration of artificial intelligence (AI) into telemedicine is transforming how 
healthcare is delivered by improving efficiency, expanding access, and supporting clinical 
decision-making. This paper examines how AI-assisted telemedicine compares to traditional 
in-person care in terms of quality, accessibility, affordability, and equity. Evidence shows that AI 
can achieve similar diagnostic accuracy to physicians for minor illnesses, improve early 
detection through remote patient monitoring, and increase efficiency through automated triage 
and scheduling systems. It also enhances accessibility by reducing travel barriers and supporting 
communication for patients with limited English proficiency. However, important limitations 
remain, including the inability to perform physical examinations, risks of diagnostic errors, 
unequal performance across languages, and concerns about data privacy and security. 
Additionally, the use of AI raises ethical questions about responsibility and the loss of human 
connection in patient care. Overall, the findings suggest that AI telemedicine is most effective 
when used alongside healthcare professionals. A balanced approach that combines technological 
innovation with human oversight is necessary to ensure safe, equitable, and high-quality 
healthcare. 
 
Introduction  
 The rapid growth of telemedicine has already changed how patients access healthcare, 
but the addition of artificial intelligence (AI) is taking this change even further. AI tools are now 
used to help with diagnosing illnesses, monitoring patients, organizing appointments, and even 
translating languages during visits. While traditional in-person care has always been seen as the 
most reliable form of healthcare, AI-assisted telemedicine offers new ways to improve efficiency, 
increase access, and lower costs. At the same time, it raises concerns about accuracy, patient 
privacy, fairness, and the loss of personal connection between doctors and patients. As more 
healthcare systems begin to use these technologies, it is important to understand their overall 
impact. This research explores how the integration of AI into telemedicine is changing the 
quality, accessibility, affordability, and equity of healthcare compared to traditional care models. 
 
Diagnostic Accuracy and Quality of Care in AI-Assisted Telemedicine  
 As telemedicine is more and more included in the general healthcare process, an 
important question in this context is whether AI-assisted telemedicine can achieve the same level 
of diagnostic accuracy as conventional in-person care, particularly for common acute illnesses 
(such as respiratory infections), chronic conditions (like diabetes or hypertension), and certain 
mental health disorders. Due to the lack of physical interaction between patients and physicians 
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in telehealth care, there is a growing trend to use artificial intelligence in telehealth to assist in 
the assessment and diagnosis of patients and make medical decisions. This section will assess the 
impact of AI on the diagnostic quality of telemedicine care, particularly in comparison with 
in-person care and the consensus and concerns about its reliability. 

The consensus among researchers is clear: AI is more accurate and more efficient when it 
is properly utilized in telehealth settings. Comparing AI-assisted telemedicine with traditional 
doctor-patient interactions, research suggests that AI-assisted diagnoses are similar to those of 
physicians’ clinical judgments for minor illnesses. For instance, a research study examining over 
100,000 virtual doctor-patient interactions found a high degree of similarity between 
AI-generated preliminary diagnoses and physicians’ final diagnoses, showing AI is effective for 
use in decision-making for virtual doctor-patient interactions (Nagendran et al.). Another 
research study examining AI symptom checkers showed that, though accuracy rates for these 
programs differ greatly, those with the highest accuracy rates were equivalent to physicians’ 
accuracy rates for diagnosing minor illnesses (Gilbert et al.). AI-assisted virtual doctor-patient 
interactions are more effective and increase healthcare quality through AI-generated 
determinations of urgency, wait times, and appropriate healthcare services (Nguyen et al.). 
Researchers generally agree that AI is more effective and accurate when it is utilized alongside 
physicians, who organize and standardize symptoms and aid physicians rather than replacing 
them (Topol). 

However, there are limitations and disagreements regarding the reliability of AI-based 
diagnostic capabilities, as emphasized by other researchers. For instance, one of the limitations is 
that AI is not able to conduct physical examinations of patients and is not able to identify other 
non-verbal symptoms of illnesses, such as skin discoloration, abnormal gait, posture, and facial 
expressions, among other symptoms, which play a critical role in accurate diagnostic 
capabilities. Such limitations could potentially lead to missed and delayed diagnoses (Han et al.). 
Another limitation is digital diagnostic errors, which could arise from situations where patients 
provide limited and vague information regarding symptoms of illnesses, as emphasized by other 
researchers (Han et al.). Another limitation is that other researchers have emphasized that there is 
a possibility of errors and limitations regarding other research conducted on AI-based diagnostic 
capabilities, as they were conducted under simulated conditions and not actual situations 
(Nagendran et al.). However, it is evident that there is a consensus among researchers regarding 
AI-based diagnostic capabilities and its role in improving the efficiency of telemedicine services. 
 
Remote Patient Monitoring and Long-Term Care  

Artificial intelligence is fundamentally changing long-term care by shifting from episodic 
snapshots to continuous health tracking. While traditional telemedicine often relies on a patient 
calling when they feel sick, AI-integrated Remote Patient Monitoring provides a constant safety 
net by analyzing data from wearables in real time. Research from IntuitionLabs (2025) indicates 
that these systems are now capable of detecting subtle physiological shifts such as heart rate 
variability or respiratory changes up to 40 to 78 hours before a patient even realizes they are in 
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physical danger. This early warning system allows doctors to intervene while a condition is still 
manageable and prevent sudden crashes that typically lead to emergency room visits.  

The clinical success of this technology is best demonstrated by recent large-scale 
applications in chronic disease management. A landmark 2025 case study from IMJ Health 
followed the implementation of AI-synced glucose meters for diabetic patients in India. The 
study found that providing patients with immediate AI-driven feedback resulted in an objective 
40% reduction in hospital visits compared to those using traditional finger-prick testing. 
Furthermore, the automated reminder systems significantly improved medication adherence by 
closing the care gap between office visits. The evidence proves that continuous AI monitoring 
does not just collect data but actually transforms patient behavior and creates more stable 
long-term health outcomes.  

Despite these clinical benefits, the shift toward virtual care introduces a significant 
controversy regarding the human connection in medicine. Recent meta-analyses from medRxiv 
(2025) indicate that AI chatbots are often rated as more empathetic than human doctors and score 
approximately two points higher on a ten-point scale. However, researchers at Brown University 
(2025) argue that this phenomenon is actually a form of deceptive empathy. These AI models use 
programmed phrases such as “I understand” to mimic emotional support without processing any 
lived experience. The case study from Brown shows that simulated intimacy can be 
psychologically damaging if the technology fails to manage a patient during a crisis or if it 
inappropriately reinforces a patient’s negative self-belief instead of challenging them.  

The tension between life-saving data and simulated empathy suggests that AI should be 
viewed as a clinical partner rather than a replacement for human providers. While the 
controversy over deceptive empathy proves that algorithms cannot replicate the ethical judgment 
of a doctor, the consensus on efficiency confirms that AI is essential for managing the modern 
chronic disease crisis. A balanced implementation should involve regulating AI to manage 
data-intensive tasks like monitoring and triage while mandating human interaction for emotional 
support and high stake clinical decision. This dual approach protects the psychological 
well-being of the patient while fully utilizing the technical advantages of remote monitoring to 
improve long-term health outcomes.  
 
Patient Affordability 

Telehealth plays an incredibly important role in reducing the costs of medical services 
and improving overall affordability for patients. Research by PubMed shows that it eliminates 
the need for transportation, which helps reduce time away from work and lowers overall personal 
expenses. As a result of missing fewer work hours and traveling less, telehealth has been shown 
to increase affordability and accessibility, especially for people who struggle to make an 
in-person appointment due to factors such as financial hardships or the inability to travel that 
distance. 
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Additionally, a study reported by the Yale School of Medicine examined patients with 
advanced lung cancer and found that their overall satisfaction remained the same compared to 
telehealth and in-person treatment, despite the difference in reduced costs with virtual care. This 
highlights that telehealth can maintain comparable outcomes to in-person treatment while also 
being more cost-effective, with the time away from work and reduced travel times. Because 
telehealth provides similar outcomes while reducing barriers, such as travel and expenses, it has 
the potential to become a routine method of care delivery, especially when it comes to follow-up 
visits. 

However, despite these benefits, the overall cost difference from in-person to telehealth 
visits is relatively small. The graphs show that the mean cost for pre-COVID-19 in-person visits 
is approximately $57.56, whereas the mean cost for post-COVID-19 telehealth visits is 
approximately $51.03. There is only a difference of roughly 6.50 per visit. Even though 
telehealth costs less, the difference is so small that it is almost inconsequential, which raises 
questions about whether the overall economic impact is as high as many expect. Most of the 
controversy over the impacts of telehealth is due to the fact that there is no single method used to 
calculate its effectiveness. There are also many limitations on the studies, such as limited sample 
sizes, short time frames, and studies conducted in the COVID-19 era. Additionally, some studies 
only measure direct medical costs and fail to include indirect savings such as travel expenses or 
lost wages due to time away from work, which can cause an underestimate of telehealth's full 
economic impact. 

 
Figure 1: Comparison of Costs for a Telehealth vs an In-Person Visit, Pre- and 

Post-COVID-19, 2019-2020 
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Overall, telehealth improves accessibility, reduces patient burden, and provides similar 
outcomes when compared to in-person care. While telehealth clearly benefits patients through 
increased convenience and affordability, more long-term and large studies are needed to fully 
understand the extent to which telehealth affects patients and its economic impacts. 
 
Operational Accessibility 

AI-driven triage systems that assess patient urgency have been increasingly studied for 
their impact on clinical workflow, patient prioritization, and access to care. By analyzing 
reported symptoms, risk factors, and severity levels, these systems help determine whether a 
patient requires urgent care, emergency intervention, or a regular appointment. AI screening 
reduces wait times by directing patients to the necessary level of care more efficiently than it 
would manually, while preventing unnecessary use of emergency services and allowing 
clinicians to focus on patients requiring specialized treatment. For one instance, one children’s 
hospital reported an 80 % reduction in median waiting time after implementing optimized triage 
and care coordination as well as up to 37.5–58.8 % reductions in simulated waiting times through 
AI‑enhanced scheduling and bed management interventions (Khare et al.). Studies show that 
implementing AI-driven triage and scheduling increases efficiency by prioritizing patient needs 
and streamlining clinical workflows (Saini et al.). AI scheduling systems further improve 
efficiency by predicting no-shows, adjusting appointments, and minimizing scheduling gaps, 
with studies in pediatrics and community health centers correctly identifying around 80–90% of 
no‑shows with acceptable false‑alert rates (Määttä et al.). Together, these systems can prioritize 
urgent cases, maximize provider availability, and extend care to more patients.  

In addition, AI-driven telemedicine platforms expand access to care, reaching patients in 
rural areas or those who are unable to attend in-person appointments. By analyzing symptoms 
and prioritizing urgency before visits. AI improves workflow efficiency and structures remote 
care. However, overreliance and digital barriers may reduce usability and limit human 
interaction, highlighting the need to balance automation with human interaction. 
 While AI triage and scheduling improve efficiency and access, they also present 
reliability concerns and security risks. AI-driven triage systems demonstrate varying reliability 
across clinical settings. In real-world emergency departments, models using triage notes achieved 
about 74% accuracy. However, performance often drops after the system is actually put to use, 
showing the need for continuous monitoring and retraining (Akhlaghi et al.). GPT-4–based triage 
can closely match expert doctors in some studies (κ≈0.90), yet other research reports reduced 
accuracy for severe cases (Zaboli et al; Pasli et al) . AI scheduling systems can improve patient 
flow, staff shifts, and appointments, but their reliability can be limited by local data dependency.  

Cultural & Language Equity (Access) 
 Communication is essential for receiving proper clinical care, but many patients are 
prevented from receiving this treatment due to Limited English Proficiency (LEP). Research 
from the Healthcare Information and Management System Society(HIMSS) has shown that 
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between 26 million and 35 million people in the U.S. have LEP, making language accessibility a 
central equity issue in telemedicine. However, AI translation tools have emerged as a practical 
solution, with staffing constraints of human interpreters being common. These tools are being 
integrated into telemedicine to widen access to clinical care despite language barriers. Studies 
from BMC Health Services Research and PubMed evaluating tools like Google Translate found 
that AI can reliably support basic communication when translating from English, with an 
accuracy range of 83% to over 97%. Patients who have had telemedicine visits with AI 
translation tools are more confident going into their visit. In this way, AI translation tools expand 
communication access in healthcare for LEP patients who may otherwise struggle to get proper 
clinical care in telemedicine visits. 
 The benefits of these AI translation tools have been evident in a study conducted at Mayo 
Clinic, Rochester, which found that AI was a viable replacement for interpreters when in-house 
interpreters were unavailable. Additionally, in-house interpreters at Mayo Clinic saw the use of 
AI as a beneficial tool that could help them prepare and enhance their interactions with the 
patient in interpreting the complex discussions with medical terminology. Furthermore, research 
from BMC Health Service Research saw that AI had very few struggles with high-resource 
languages like Spanish or French, which have more training data, so the AI translation model is 
more mature. In these contexts, AI translation tools are a convenient and reliable tool that will 
increase confidence in patients and clinicians alike, as clinicians can reliably diagnose and aid 
the patient, while the patient will have an improved sense of clarity with their visit.  
 However, despite the benefits of AI translation tools, these tools suffer from poor 
accuracy when dealing with more minority or low-resource languages, like Haitian Creole and 
Somali. These disparities from other high-resource languages like Spanish have been a result of 
imbalanced training data sets favoring widely spoken languages and not accounting for regional 
dialects. A study done by the Jama Open Network found that the translations done for Simplified 
Chinese and Vientmase was noticeably inferior, and the translations done for Somali had errors 
that were clinically impactful. Clinicians are more skeptical of AI translation tools as AI 
struggles with cultural tones, and low-resource languages can cause mistranslations in complex 
clinical discussions that create unnecessary risk. These limitations highlight the risk of 
overreliance on AI translation tools and how they can endanger patient safety. 
 AI translation tools in telemedicine are beneficial as they improve communication and 
support millions of patients with LEP. They work as a replacement for high-resource languages 
like Spanish when in-house interpreters are unavailable. However, since they struggle with 
low-resource languages and some dialects, creating significant clinical errors, they should be 
used as a supplement to interpreters. Therefore, if monitored by human oversight and regulated 
with caution, AI translation tools will benefit telemedicine greatly and increase the access and 
quality of healthcare worldwide. 

 
PHI Risks and HIPAA Compliance  
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At the same time, these systems collect, store, and analyze mass sensitive patient health 
data, they are at increased risk of falling victim to cyberattacks. Triage platforms rely on cloud 
storage, making them vulnerable to hacking or interception by unauthorized parties. If a 
telemedicine triage platform is hacked, attackers could access thousands of patient reports, 
medical histories, and personal identifiers, all in the same place. This information could be 
exploited for identity theft, insurance fraud, or even blackmail.  

There are already numerous real-world examples of data breaches and cyberattacks 
affecting healthcare IT systems, including well-known healthcare companies Yale New Haven 
Health System and Episource, LLC. In March 2025, Yale New Haven Health System suffered a 
data breach, exposing 5.6 million people’s sensitive data. In the same year, Episource was victim 
to a ransomware attack affecting over 5.4 million individuals’ records (Olsen). Together, these 
issues emphasize the need for human oversight, continuous evaluation, and strong cybersecurity 
measures to ensure safe and effective use.  
 Telehealth systems generate large amounts of private health information, making clinics 
and hospitals vulnerable targets for cybercriminals and interception by third parties. For 
example, CSI Director Patrice Rapalus commented on an FBI and CSI study, saying that "the 
information age has already arrived, but most organizations are woefully unprepared . . . 
[making] it easier for perpetrators to steal, spy, or sabotage without being noticed and with little 
culpability if they are" (National Research Council (US) Committee). The study showed that 
42% of the organizations surveyed reported at least one intrusion or unauthorized access within 
the previous year. 20% were unsure whether their information had been jeopardized, and only 
17% reported the incidents to authorities (National Research Council (US) Committee). 
Additionally, during the COVID-19 pandemic, the widespread use of telemedicine exposed the 
weak existing legal protections, lack of private spaces in homes, and other limitations. 
Confidentiality is threatened especially when considering mental health patients, adolescents, 
and homeless individuals who may struggle to communicate in a virtual setting.  
 HIPAA establishes security standards for protecting personal health information, but 
existing policies and protections are inconsistent. PHI (Protected Health Information) includes 
names, addresses, Social Security numbers, dates of birth, medical record numbers, diagnoses, 
treatment plans, test results such as X-rays or labs, prescription information, and more. Not only 
personal identifiers but also digital identifiers qualify as PHI, such as email addresses, IP 
addresses, device serial numbers, biometric data, fingerprints, voice prints, and full-face photos. 
For example, Washington State’s My Health My Data Act goes beyond HIPAA by protecting 
inferred patient data based on purchases. Also, California’s Confidentiality of Medical 
Information Act calls for stricter boundaries for medical information consent, use, and disclosure 
held by providers. (Ivanova et al.) Because each state’s AI regulations vary, methods for 
addressing data breaches or medical errors are inconsistent. Under current U.S. medical 
malpractice law, physicians can be held fully accountable for errors, even if those errors are from 
AI systems that they may not understand. On the other hand, physicians may be condemned for 
not utilizing AI if it becomes a standard of care (“Fault Lines in Health).  
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 While artificial intelligence usage in telemedicine can increase the efficiency of 
healthcare systems, it degrades the doctor-patient relationship and causes significant controversy 
in unclear responsibility of AI-related errors. With AI, telehealth platforms create a large amount 
of sensitive health data that can be subject to hacking, insecurity, and data breaches, creating a 
lack of privacy for clients and patients. Policies such as HIPAA and state-level jurisdiction aim 
to regulate patient data, but it remains inconsistent especially because AI does not fall under a 
traditional medical device category, which already has well-established policies. Medical 
malpractice centers on physician fault, meaning that physicians can be responsible for AI-related 
errors that they often may not understand. 
 
The Effect of Telemedicine on the Medical Workforce and the  

A case study from the American Telemedicine Association (ATA) states that virtual visits 
grew 31-fold among healthcare systems serving 1.67 million beneficiaries that decided to partake 
in the study. Along with this, the total number of billed encounters per patient stayed flat, 
representing how telemedicine is an additive benefit rather than being a burden to the current 
healthcare system. Telemedicine served as a substitute to in-person visits, and the results were 
consistent with in-person visits, showing the reliability of telemedicine when used as a tool to 
increase patient accessibility of healthcare. 

Telemedicine benefits doctors, too. According to a case study done by Abid Haleem and 
colleagues, telemedicine optimizes clinical procedures and reduces travel expenses, lowering the 
cost per visit. They are able to examine more people more quickly while still providing 
personalized care to each patient. Telemedicine allows specialists to practice in a focused way 
instead of having to spend little bits of time with multiple patients. It also provides smaller 
benefits like preventing the spread of disease between doctor and patient, which is especially 
useful during epidemics such as COVID-19. 

However, these benefits are mainly only seen in research, and these full effects may not 
be seen in professional settings where telemedicine is implemented. Many small hospitals lack 
the funding and technology to implement telemedicine in their hospitals, or they may not have 
the knowledge to work the technology efficiently. Additionally, integration is difficult for larger 
hospitals because it is difficult to add technical information to already existing patient data. 
 
Conclusion 

Overall, the use of artificial intelligence in telemedicine improves efficiency, increases 
access to care, and helps doctors make decisions. AI can support early detection of health 
problems, reduce wait times, and improve communication for patients who speak different 
languages. These benefits show that AI can play an important role in healthcare when used 
correctly. However, there are still important challenges. AI cannot replace doctors because it 
cannot perform physical exams or fully understand every patient’s situation. There are also 
concerns about diagnostic errors, unequal accuracy, and risks to patient privacy. Ultimately, 
AI-assisted telemedicine works best when it is used alongside healthcare professionals. A 
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balanced approach that combines technology with human involvement is necessary to provide 
safe and effective care. 
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Blood vs. Patience: Two Paths to Revolutionary Change By Matthew Gilsenan 
 
In 1917, as Russian workers starved in the streets of Petrograd and Indian independence 

activists rotted in British prisons, two radically different visions of revolutionary change took 
shape. In Russia, Vladimir Lenin prepared to seize power through armed revolt, while in India, 
Mahatma Gandhi began developing his philosophy of non-violent resistance. These contrasting 
approaches to social transformation would test Otto von Bismarck’s 1862 assertion that “not 
through speeches and majority decisions will the great questions of the day be decided…but by 
iron and blood.” The experiences of both Russia and India demonstrate that while violent and 
non-violent methods could achieve revolutionary change, Bismarck’s claim proved more 
immediately effective in Russia. Lenin’s willingness to use force achieved faster and more 
substantial results than Gandhi’s gradual build-up of non-violent resistance, though this came at 
an enormous human cost.  

Despite the Provisional Government’s initial popularity and democratic promises in 
1917, their reliance on parliamentary debate and political compromise proved ineffective 
because the provisional government failed to harmonize significant issues like hunger, worker 
rights, and social division with moderates and more radical groups. The constant debate also 
caused political deadlock, which prevented the government from taking decisive action during a 
time of national crisis. After the Tsar abdicated, the Provisional Government was formed with 
the intention to fix Russian society; its failure eventually led to its downfall, priming the way 
for the Communist Revolution later that year. During this time, Russia continued to grapple 
with food shortages, inflation, protests, and the ongoing strain of World War I, as its troops were 
still engaged in battle. Despite their initial promises to implement meaningful reforms, the 
Provisional Government failed to address these problems: “The Provisional Government, which 
came to be led in July by Alexander Kerensky decided to carry on the war to preserve Russia’s 
honor a major blunder because it satisfied neither the workers nor the peasants who above all 
wanted to end the war” (Duiker 677). Because of the government’s reliance on lengthy 
parliamentary debates and compromises, no real solutions were ever put into action.  

Even though the Provisional Government made ineffective attempts at democratic rule, 
Lenin and the Bolsheviks succeeded in their revolution because they were willing to use 
military force to achieve decisive actions rather than wait for political consensus. To take power, 
Lenin first used propaganda to gain mass support through promises geared to the needs of the 
people: “an end to the war, redistribution of all land to the peasants, the transfer of factories and 
industries from capitalists to committees of workers, and the relegation of government power 
from the Provisional Government to the soviets” (Duiker 677). After gaining the support of the 
masses, Lenin enacted his theory of revolution, which operated from a similar logic to 
Bismarck, who said a violent government overthrow is necessary for progress. With decisive 
military force, Lenin led the November Revolution to seize power immediately: “This very 
evening, this very night, arrest the Provisional Government. We must not wait! … place our 
staff of the uprising at the central telephone station, connect it by wire with all the factories, the 
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regiments, the armed points of fighting” (Lenin). By using strategic military force, he swiftly 
brings about immediate change, ultimately establishing complete control over the government 
and effectively addressing Bismarck’s "great questions of the day." After taking control Lenin 
immediately implemented reforms and took action. Lenin ordered the troops to come home, and 
then he instituted the Cheka(secret police) and the Glavlit(censorship bureau). He then claimed 
all the land as the government and seized “heavy industry, banking, utilities, and mines”(Duiker 
689). Regardless of whether these changes were beneficial, the speed at which Lenin took 
power and implemented change using decisive action was much faster than debates and waiting 
for political consensus.  

Despite Gandhi’s speeches rallying Indians to desire independence from the British, his 
initial attempts to negotiate with British authorities failed to achieve much success because the 
British remained unmoved by his moral arguments. The British governing structure put absolute 
power in the Viceroy’s hands, allowing colonial authorities to maintain strict control while only 
making empty promises of reform. This pattern became clear in 1917 when the British cabinet 
made grand declarations about “the gradual development of self-governing institutions,” while 
simultaneously tightening their grip on power. As historian Daniel Brower notes, “Yet the 
institutions and habits of imperial domination remained in place… a year later, the Indian 
viceroy introduced new repressive laws to combat nationalist agitation” (Brower 109). The 
British response to peaceful protest at Amritsar in 1919 demonstrated their true stance - when 
ten thousand Indians gathered to protest these restrictions, colonial troops responded with 
deadly force, “shooting into the crowd and killing hundreds of unarmed Indians” (Brower 109). 
This massacre revealed the futility of purely moral appeals to British authority, leading the 
National Congress to declare that “all talk of reform is a mockery” (Brower 109). The British 
skillfully used limited concessions to maintain basic control, with reforms like the Montford 
Acts of 1921 preserving imperial power while making only surface-level changes, indicating 
that Gandhi’s initial strategy of appealing to British conscience and sense of justice was 
insufficient to achieve meaningful change.  
 Although Gandhi eventually achieved mass mobilization through events like the Salt 
March, his rejection of “iron and blood” in favor of non-violent resistance resulted in a 
decades-long struggle that failed to produce the impact and immediacy of his Russian 
counterparts. While Gandhi’s spiritual and political beliefs proved effective at building 
widespread support—as shown by his ability to unite Indians across caste and class 
divisions—the pace of change remained frustratingly slow. The Salt Act (The Salt Act banned 
Indians from collecting or selling salt, forcing them to buy overpriced salt from the British.)was 
a prime example of British economic exploitation, as it made it illegal for Indians to produce or 
sell independently, forcing them to buy heavily taxed salt from the British monopoly even 
though India had abundant coastlines where salt was naturally occuring. This helps explain why 
Gandhi chose this particular law as a target. Even after successful mass demonstrations against 
the Salt Act that captured worldwide attention, the negotiated settlement revealed the limitations 
of non-violent resistance against firm colonial power. The British government made only minor 
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concessions, allowing, “the poor in coastal areas to produce salt in limited quantities for their 
own use,” while the fundamental Salt Act remained in place. More importantly, the British 
deferred any meaningful discussion of independence to future talks, making no firm 
commitments to loosen their grip on power. A later roundtable conference in London in 1931 
“made little headway,” and the government even refused to investigate police brutality during 
the protests, a key demand of the Indian National Congress (Engler 2014). Many of Gandhi’s 
closest allies were “extremely dismayed by the terms of the agreement,” and historians have 
largely agreed that the campaign fell short of its objectives. While Gandhi’s approach would 
eventually succeed in mobilizing the masses and building international sympathy for Indian 
independence, the immediate results were far less transformative than Lenin’s decisive seizure 
of power in Russia. 

While both Lenin and Gandhi sought to overthrow the existing governing structures, 
their contrasting approaches to revolutionary change validated Bismarck’s assertion about the 
effectiveness of force over debate. Lenin’s immediate use of “blood and iron” achieved rapid 
transformation of Russian society, while Gandhi’s non-violent resistance, though ultimately 
successful, required decades of gradual progress against British colonial power. Rapid 
revolutionary change through force may achieve immediate results, but it often comes at a 
devastating human cost. 
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LEDs and Lasers – Characterization and Experimental Analysis of Their Characteristic 
Curves, Beam Profiles, and Distance Law By Jakob Konrad 

 
Abstract 

Lasers and LEDs are gaining importance in everyday life as well as in research and 
development of modern technologies. This academic paper compares LED and laser radiation 
with regard to their functionality and physical properties. Theoretical analyses and experimental 
measurements confirm their complementary strengths: LEDs offer broad spectra and high 
robustness, while lasers offer high monochromaticity and directionality. 
 
1 Introduction  

Electromagnetic waves are a fundamental phenomenon in physics, technology, and 
everyday life. They do not require a medium to propagate as oscillating electric and magnetic 
fields in space. The electromagnetic spectrum ranges from low-frequency radio waves to visible 
light and high-energy gamma radiation. Their applications are of great importance: they enable 
wireless communication such as Wi-Fi and mobile phones, form the basis for modern medical 
technology (such as X-rays or MRI), and are essential for astronomical observations. Today, they 
offer great potential for research in quantum physics, the development of new transmission 
technologies, and the design of new propulsion systems.  

This academic paper investigates electromagnetic waves of the visible spectrum emitted 
by LEDs and lasers, which are central components of modern optical systems. Although both 
light sources are based on semiconductor processes, they differ fundamentally in their physical 
properties and emission characteristics.  

 
1.1 Aim and research question of this academic paper  

The aim of this academic paper is to investigate the physical behavior of electromagnetic 
waves under certain conditions using a blue LED and a point laser, and to analyze their 
properties experimentally. The research question is: How do LEDs and point lasers differ in 
terms of their performance characteristics depending on voltage, current, and distance, and which 
physical laws can be verified as a result? The characterization of these two optical light sources 
is of central importance for numerous applications in communications technology, medicine, 
measurement technology, and lighting technology. While LEDs are ideal for area lighting due to 
their diffuse radiation and broad spectral distribution, lasers are characterized by their high 
directionality, coherence, and narrow bandwidth, which makes them ideal for precise 
measurement methods and data transmission. The theoretical part of the academic paper explains 
the physical principles of both light sources, including the theory of semiconductor physics, the 
inverse square law, and Gaussian beam optics. The experimental analysis comprises four central 
experiments: measuring the light power of the LED as a function of distance, measuring the 
characteristic curve of the blue LED, measuring the characteristic curve of the laser, and 
measuring the laser beam with the beam analysis camera. This academic paper thus provides not 
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only a practical comparison of the two light sources, but also an experimental verification of 
theoretical concepts in optics and semiconductor physics. By comparing the two light sources, it 
will contribute to applied optics and at the same time experimentally illustrate fundamental 
physical principles. 

 
1.2 Theoretical fundamentals of LED and laser light sources with special consideration of 
their properties 

In order to answer the question in detail, the necessary terms used in this paper are 
explained below. 

The light sources discussed in this paper include LEDs and lasers. Tipler and Mosca have 
defined the LED (Light-Emitting Diode) as pn semiconductor junctions to which a high voltage 
is applied in the forward direction (Tipler and Mosca 1303). The high voltage causes a large 
excess of electrons on the p-side and an absence of electrons on the n-side. When the p-side and 
n-side are connected, light is emitted. 

The other light source is the laser (Light Amplification by Stimulated Emission of 
Radiation), which is a device that generates a very intense beam of coherent photons through 
stimulated emission in an active medium; the ‘light amplification’ consists in the fact that the 
induced emission exceeds the absorption at the wavelength of the laser light. (Tipler and Mosca 
1237). 

The physical quantities relevant to this academic paper include power, luminous intensity, 
illuminance, and characteristic curve. They are defined as follows:  

● Power P, the rate at which work is done over time. Since work is the measure of energy 
transferred by a force, power is the rate of energy transfer (Tipler and Mosca 1303). 

● Luminous intensity, which is emitted in a specific direction from a light source, is defined 
as I = dΦ / dΩ, where Φ is the luminous flux (amount of light/time) in lumens (lm) and Ω 
is the solid angle into which it is emitted. Luminous intensity is measured in candelas 
(cd) (Bammel et al.). In addition, luminous intensity is proportional to power, as shown 
by the formula I = P/A (Sigrist 16).  

● Illuminance, E, density of luminous flux Φ relative to area A: E = dΦ / dA is the 
photometric equivalent of irradiance). The SI unit is the lux (1 lx = 1 lm m⁻² = 1 cd sr 
m⁻²). Illuminance is used for the photometric evaluation of the illumination of a surface 
(Bammel et al.).  

● The characteristic curve represents the dependence of the electrical voltage U on the 
current I in an electrical or electronic component (Bammel et al.).  

 
2 Characterization of LED and laser radiation 

Electromagnetic waves are fundamental carriers of energy and information in the 
universe. They are created by coupled oscillations of electric and magnetic fields that propagate 
through space at the speed of light. This waveform represents a solution to Maxwell's equations, 
the central theoretical framework of classical electrodynamics. While LEDs are characterized by 
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their broadband and diffuse radiation, lasers are distinguished by their high monochromaticity 
and directionality. In order to better understand the functioning and properties of LEDs and 
lasers, the laws of radiation required in this academic paper will first be explained before their 
functioning and properties are discussed.  
 
2.1 Laws of radiation 

In general, when a voltage U is applied to a light source or a current I flows through it, 
light with a certain power P is emitted. This can be calculated using the following formula 
(Tipler and Mosca 810): 

  (I)    P = U • I  
Electric and magnetic fields are coupled with each other and form different waves, 

depending on the wavelength, which are thus carriers of energy. One of these is visible light, 
which is examined in more detail in this paper. Tipler and Mosca define light as electromagnetic 
radiation with wavelengths between approximately 400 nm and 700 nm, which is visible to the 
human eye. (Tipler and Mosca 1007).  

Accordingly, light describes the time-dependent propagation of electric and magnetic 
fields. It is described by the following formula (O’Shea, Callen, and Rhodes 5):  

c = λν 
Here, ν indicates the frequency at which the fields oscillate, c ≈ 3 • 10⁸m/s is the speed of 

light, and λ is the wavelength in a vacuum.  
The propagation of the electric field of a wave in relation to place and time is described 

by Maxwell's general wave equation as (Tipler and Mosca 984):   
       E(x, t) = E₀ • sin (2π (νt - x/λ)) 

Here, E(x, t) is the propagation of the electric field, E₀ is the amplitude, ν is the frequency, t is the 
time, x is the location, and λ is the wavelength. The origin of the coordinate system is the light 
source.  

It follows from the two formulas and from the fact that the electric and magnetic waves in 
light are always at right angles to each other and have a phase shift of 0.5π:  
  (II)                           E(x, t) = B/x • cos(2π (νt - x/λ)) 
Here, B is the magnetic field. This formula is only valid if x > 0. Formula (II) is based on 
O’Shea, Callen, and Rhodes (10), but has been adapted to the one-dimensional coordinate system 
used in this academic paper, with the variable r (radial distance) replaced by x (location 
coordinate in 1D). In formula (II), it is noticeable that E(x, t) decays exponentially with x. 
According to Maxwell's equations for electromagnetic radiation (Tipler and Mosca 993), the 
following applies:  
  (III)                           w = P / (A•c) = I / c = ε₀ • E²  
Here, w is the electromagnetic energy density, A is the illuminated area, I is the luminous 
intensity, and ε₀ is the electric field constant. Formula (III) shows that I is proportional to E². 
Together with formula (II), this means that the further away the observer is from the light source, 
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the weaker the amplitude of the incoming wave and the lower the luminous intensity. This 
relationship is examined experimentally in section 3.2.  

To understand light waves, it is also important to know that the waves propagate 
uniformly from a point source as circular waves in all directions. The light waves together form 
wave crests and troughs, each of which has a distance of λ. When several waves overlap, their 
amplitudes are added according to the principle of superposition. This is of great importance for 
the functioning of the laser.  

 
2.2 Functionality of an LED and the properties of its light 

The LED is a light source of great importance not only as a means of illumination but 
also for optical communication technology and computers because it is small and has low energy 
requirements. An LED is a semiconductor device that generates light when electric current flows 
in the forward direction. Unlike conventional incandescent lamps, which use a filament, the light 
emission in LEDs is based on a physical effect in special semiconductor materials, which consist 
of silicon, among other things.  

In principle, an LED consists of a junction between heavily doped p- and 
n-semiconductors (e.g., gallium arsenide). An n-semiconductor has many highly mobile 
electrons, while p-semiconductor material has fewer mobile positive holes. When two such 
materials are connected, the mobile charge carriers rearrange themselves until the energy level 
structure shown in Fig. 1 is achieved (Young 89). 
 

 
Fig. 1. Energy level diagram of an LED (Young 89). 

 
The functioning of the LED is analyzed in more detail below based on publications by 
Cambridge University Press. The separation of the two sides is achieved by using a grid 
consisting of silicon, aluminum, and gallium particles on the p-side and a grid consisting of 
silicon, phosphide, and arsenide particles on the n-side.  

The phosphide and arsenide particles influence the lattice structure in such a way that 
electrons are left over. The material is even chosen so that the valence electrons can cross the 
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surrounding potential barrier Eg. As a result, the electrons can move freely within their n-side, 
whereas electron holes are present in the aluminum particles on the p-side.  

Near an unaffected p-n junction (shaded yellow in Fig. 1), electrons originating from 
donors on the n-side diffuse to the p-side, where they encounter many holes with which they 
recombine. A corresponding process occurs with holes that diffuse to the n-side (Schubert 59). 
The result is that a thin negatively charged layer forms next to the p-side and a thin positively 
charged layer forms on the n-side at the junction. An electric field now forms between these two 
layers, which prevents further electrons from crossing the junction, thus consolidating the 
separation of the positive and negative sides.  

However, if an external voltage is applied, for example by a battery, with the positive 
pole connected to the n-layer and the negative pole connected to the p-layer, the electrons (of the 
n-layer) flow through the battery to the p-layer, thereby filling the holes. This also causes the 
potential barrier to disappear. To achieve this, the energy source must supply a voltage that is at 
least as high as the threshold voltage. If the external voltage is below the threshold voltage, the 
electrons hardly react and the LED does not emit any light. If, on the other hand, the threshold 
voltage is exceeded and the resistance continues to be taken into account, the luminous intensity 
increases approx. linearly with the voltage (Schubert 62). Depending on the LED, the threshold 
voltage ranges from approx. 0.3 volts to approx. 3.6 volts. This is examined in Chapter 3.   

To understand light generation, it is also very important to take a closer look at the 
separation of valence electrons. According to Bohr's atomic model, atoms consist of a positive 
nucleus and several shells in which electrons accumulate. Electrons are bound to the positive 
nucleus by the electric field strength. It is also true that the electrons in the inner shells require 
less energy than those in the outer shells to remain in their orbit; they are therefore at a low 
energy level. Additional ionization energy is required to raise the electrons to a higher energy 
level (Eichler and Eichler 7). This can be supplied by a battery. In order for the electrons to 
detach themselves from their atom, they must also overcome the so-called potential barrier Eg. 
Elements such as phosphorus are used for this purpose, as their conduction bands are close to the 
outermost shell and the electrons therefore require less energy for this process.  

When the electrons arrive at a valence shell on the p-side, they have too much energy to 
close the holes. For this reason, the electrons release energy in the form of light. The color of the 
emitted light depends on the energy difference between the Fermi level Ef and the potential 
barrier Eg – this difference is called the band gap. It varies depending on the semiconductor used, 
which is why a mixture of different particles such as arsenide phosphide is always used. A large 
band gap results in short-wave light (e.g., blue or violet), while a smaller band gap produces 
longer-wave light (e.g., red or infrared). The following formula is used to calculate the energy of 
the emitted photon (Schubert 88): 

h • ν = Ee - Eh ≈ Eg 

Here, Planck's constant h together with the frequency indicate the energy of the emitted photon, 
Ee indicates the energy of the electron relative to the minimum of the potential barrier, and Eh 
indicates the energy of the hole relative to the maximum of the Fermi level.  
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To understand the properties of LED light, it is also important to note that its light is 
emitted spontaneously—i.e., randomly and without external influence (Eichler and Eichler 32). 
This means that the photons have a phase difference between them and radiate in different 
directions, making their light incoherent.  

The LED itself has other special features. First, it is extremely energy-efficient, as it 
converts most of the electricity directly into light and emits hardly any heat—unlike 
incandescent bulbs. Another feature is its fast switching capability—LEDs react in nanoseconds 
and are therefore suitable for applications such as data transmission via light (LiFi) or for 
flashing lights. They are also very durable, as they do not have a filament that could burn out. A 
high-quality LED often achieves more than 50,000 operating hours. They are also robust and 
vibration-resistant, as they do not contain any sensitive glass bulbs or thin wires.  

Thanks to their efficiency, durability, and flexibility in color, LEDs have revolutionized 
lighting technology. They are not only used in household lamps and street lighting, but also in 
displays, traffic signals, car headlights, and medical technology. The further development of 
technologies such as OLEDs and micro-LEDs shows that the potential of LEDs is far from 
exhausted. 
 
2.3 Functionality of a laser and the properties of its light 

Lasers differ from each other in terms of wavelength, power, pulse duration, and 
efficiency, but they differ from other light sources in terms of their extremely high 
monochromaticity and directionality. Understanding these properties is essential to 
understanding how lasers work. For this reason, these two properties will be explained in more 
detail.  
 
2.3.1 Monochromaticity 

According to the Spektrum Lexikon der Physik (Bammel et al.), the use of 
monochromatic light is usually of great importance in optical investigations due to the 
wavelength dependence of many physical effects. The electromagnetic waves of the laser are 
monochromatic when their electric fields have a single frequency or a single color (Greek: 
monos = single, chroma = color). For laboratory science, the particularly strong 
monochromaticity of a laser is its most important property. Lasers consist of several different 
colors, but unlike LEDs, their light waves overlap coherently and have no phase shift between 
them. The reason for this is the stimulated generation of laser light. This means that photons 
collide with stimulated electrons, causing them to fall into their ground state and then emit 
exactly the same photon. This second photon not only has the same energy, but also the same 
oscillation phase, the same direction of motion, and the same polarization as the first photon that 
triggered the emission. In this case, it is spoken of coherent photons (“Stimulierte (induzierte) 
Emission”). This process of stimulated emission of photons takes place in a laser like a chain 
reaction.  
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It is also very important that the first photon contains the right amount of energy, which 
explains why a minimum power is required for efficient laser operation. An investigation of the 
characteristic curve of the laser is carried out in Chapter 3.  

In lasers, photons are also emitted spontaneously, which is why laser light is only almost 
perfectly monochromatic. This slight error in monochromaticity can only be detected by the 
human eye with the aid of instruments. These instruments include, for example, prisms and 
diffraction gratings, which disperse the light into its spectrum. Rotating the prisms or diffraction 
gratings causes a change in wavelength (Bammel et al.). Consequently, monochromaticity 
depends heavily on the angle of incidence of the light, because no light source produces 
absolutely monochromatic light. Only lasers come very close to this. To indicate the laser line 
width—i.e., the width of the frequency or wavelength interval—the symbols Δν and Δλ are used, 
which are interdependent (O’Shea, Callen, and Rhodes 12): 

Δν = -(c/λ²) • Δλ  
 Δλ = -(c/ν²) • Δν  

The smaller the values for Δλ in the formulas, the more accurate the results. If Δλ < 0.05 • λ, the 
relative error is less than 5% and is in the very good to acceptable range. Depending on the light 
source and the energy state, emitted light can contain different light groups that vary in size. For 
white light, which consists of all colors, the wavelength interval Δλ = 300 nm, and for 
narrow-band light produced by gas-filled tubes, it is Δλ = 0.01 nm.  
When the monochromaticity of light is increased, narrow-band light, suitable filters, and 
single-mode lasers are used. Before the development of the laser, gas-filled tubes were used, but 
the laser is more efficient because the electrons introduced are selectively excited. In addition, 
they are very well reflected by the mirrors in the laser. This leads to a large emission of 
electromagnetic waves of the desired electromagnetic spectrum with a low loss of unwanted 
waves.  
 
2.3.2 Directionality 

In addition to monochromaticity, directionality is an important property of the laser. 
According to the Bundesamt für Strahlenschutz (i.e. the German Federal Office for Radiation 
Protection), directionality ensures that the diameter of the laser beam remains small even at a 
great distance from the source.   
The light in the laser is enclosed by two highly reflective mirrors. As an approximation, it can be 
assumed that they simultaneously focus the light and allow a tiny fraction to pass through. Due 
to their reflection, the light has to travel very long distances in the laser. This causes a very small 
curvature and the emitted waves are almost planar.  
In order to specify the directionality of a laser, the so-called full angle divergence indicates the 
angle between the two edge beams. They are located at the point where the laser intensity drops 
to 37%. The divergence is normally specified in radians. The principles of Huygens and 
diffraction explain how lasers are focused. 
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Huygens' principle 

The divergence of a laser beam results from the natural propagation of light in free space. 
This propagation can be described by a geometric wavefront construction based on the principle 
of superposition, first developed by Huygens in 1678. Today, this concept is known as Huygens’ 
principle: Every point of an existing wavefront is the starting point of a new spherical elementary 
wave that propagates at the same speed and frequency as the original wavefront in the same 
medium. The envelope of all elementary waves results in the wavefront at a later point in time 
(Tipler and Mosca 481). 
 
The diffraction of waves 

The diffraction of waves also results from Huygens' principle: When a wavefront is 
partially restricted by an obstacle, the wave not only continues to move in the direction given by 
the ray geometry, but a complex wave motion also occurs outside the geometric ray boundaries 
(Tipler and Mosca 486). An important example of diffraction is provided by (O’Shea, Callen, 
and Rhodes 15), which explains why the luminous intensity is higher in the center than in the 
outer rings.  

 
 

Fig. 2. The diffraction of light through a circular apparatus (O’Shea, Callen, and Rhodes 15). 
 
In Fig. 2, plane (coherent) waves strike a round hole with diameter D. A diffraction pattern then 
forms on the wall, consisting of a bright center (zeroth order maximum with intensity I₀) and 
bright concentric rings (±1st, ±2nd, … order maxima with intensities I±1, I±2, ...) between which 
there are also dark rings. The following formula is used to calculate the diffraction pattern 
(Bammel et al.): 

sin(Φ) = λ / d 
Here, Φ indicates the angle between I₀ and the edge beam (= diffraction angle) and d indicates 
the diameter of the round hole.  

If d >> λ, the diffraction angle Φ is very low and the following approximation can be 
made (O’Shea, Callen, and Rhodes 16):  

sin(Φ) ≅ Φ  
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For many applications, it is necessary to focus, stretch, and otherwise manipulate the 
laser light. This requires lenses, prisms, and other equipment, which in turn consist of “optical 
devices” such as lenses or mirrors. These cause what is known as additional diffraction 
scattering. More precisely, the laser beam is not shaped by external devices, but by the properties 
of the optical resonator itself, which determine the propagation and shape of the beam. These 
include the radii of curvature of the mirrors, the resonator length, the resonator size, the 
transverse mode structure, the wavelength, etc. 

To keep a laser in the resonator, the mirrors inside it have plano-concave curvatures that 
focus the light as it is reflected back and forth. The fundamental mode is a beam with an axially 
symmetric Gaussian radial intensity profile (Kull 165). Its greatest intensity is at the center.  
Outside the center, it decreases exponentially with:  
    (IV)  
Here, A is the amplitude of the electric field at the center of the beam, ω₀ is the beam waist (i.e., 
the radius at which the intensity has fallen to 1/e² of the maximum value), and r is the radial 
distance from the beam center.  
 
2.3.3 Characteristic curve 

Section 2.3.1 already discussed the minimum power required for efficient laser operation, 
which is relevant for investigating the characteristic curve of a laser.  
It is noticeable that a laser has a very low luminous intensity at a low voltage. This is caused 
solely by spontaneous emission, in which excited electrons randomly fall to their ground state 
and emit photons.  

However, when photons with a certain energy strike the excited electrons, stimulated 
emission also occurs, causing a dramatic increase in laser luminous intensity—the so-called 
lasing threshold. The lasing threshold only extends to the point of saturation, at which only 50% 
of the electrons are still at an excited state. An examination of the laser's characteristic curve 
follows in Chapter 3.  
 
3 Experimental investigation of the properties of LEDs and lasers 

To verify the formulas from Chapter 2, corresponding experiments were conducted in 
October 2024 at the Gesellschaft für Schwerionenforschung (i.e. Society for Heavy Ion Research 
or GSI for short), part of the Helmholtz-Gemeinschaft (i.e. Helmholtz Association), in Darmstadt 
in the GSI SIS100/SIS18 department. They were carried out in a darkened room to reduce 
systematic measurement errors. This chapter describes the methodological approach, the 
equipment used, and the experiments carried out.  
 
Methodological approach and materials 

The following steps were taken to answer the research question: 
1. Measurement of light power as a function of distance 
2. Measurement of the characteristic curve of the blue LED 
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3. Measurement of the characteristic curve of the laser 
4. Measurement of the laser beam using the beam analysis camera 

 
In the following chapters, the properties of an LED light source and a laser will be 

investigated experimentally. Thereby, a specific laser representing lasers in general will be used.  
 

The following equipment was used to carry out the experiments: 
● light detector: Gentec-EO PH100-SI-HA-D0  
● blue LED: 5 mm, wired, blue, 3000 mcd, 70°, 460 nm wavelength 
● Battery: Voltcraft VSP 2405 Labornetzgerät 
● Voltmeter and Amperemeter: Extech EX503 Multimeter 
● Ruler: 30 cm long 
● Pointlaser: Module 5mW 520nm, adjustable focus, insulated 
● Device for measuring power and accuracy (wattmeter): Maestro 

Touchscreen-Anzeigegerät zur Leistungs- und Energiemessung 
 

Note: The measurement of light power as a function of distance (experiment 3.1) can 
only be performed with an LED because lasers lose not enough power as the distance increases 
due to their directionality, meaning that the distance becomes too great to measure in the 
laboratory. Since this experiment is therefore not possible, the radiation distribution of the laser 
is measured instead to prove its directionality.  

Error estimation: The following experiments are slightly distorted by the fact that they 
were carried out in a room that was not completely darkened. As a result, other light sources also 
had an effect on the measuring instruments. This is a small systematic error that can be neglected 
here.  
 
3.1 Measurement of light power as a function of distance 

As can be seen in the circuit diagram, the light detector is illuminated by a blue LED 
powered by the battery. The applied voltage is checked by the multimeter (voltmeter). The 
device for measuring power and inaccuracy (wattmeter) is also used. In Experiment 1, the 
distance between the LED and the detector is gradually increased while the voltage remains 
constant at 3.5 V.: 
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Fig. 3. Circuit diagram for Experiment 3.1 

 
The following table shows the measurement data from the experiment. The first column shows 
the distance between the light detector and the LED light source. This is increased linearly by 2.5 
cm at a time. The second column shows the measured values for the average power in 
microwatts, and the third column shows the measurement inaccuracy in %.  
 

Distance (LED - Detector) / cm Measured Average Power / μW PTP Stability (Uncertainty) / % 

0.0 233.99 0.0257 

2.5 90.028 0.0376 

5.0 43.715 0.0000 

7.5 21.151 0.0000 

10.0 14.120 0.0382 

12.5 10.604 0.0496 

15.0 7.6980 0.0690 

17.5 6.1646 0.0249 

20.0 4.7114 0.0322 

22.5 3.7648 0.1310 

25.0 3.0375 0.6596 

27.5 2.54665 0.0602 

30.0 2.14695 0.1040 

 
The measured values show that the average power decreases exponentially with linearly 
increasing distance. However, the inaccuracy of the measurement also increases with increasing 
distance.  
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Measured Average Power over Distance 
The graph clearly shows that performance declines exponentially with increasing distance.  
 
3.2 Measurement of the characteristic curve of the blue LED 

The same experimental setup as in 3.1 is used. However, in this case, the applied voltage 
is increased step by step and the power and its inaccuracy are measured with the wattmeter.  

 

 
Fig. 4. Circuit diagram for Experiment 3.1 

 
The following are the measurements from this experiment:  
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Voltage / mV Measured Average Power / nW PTP / % 

1530 0 0 

1994 0 0 

2115 0 0 

2207 0 0 

2315 17.563 1.841 

2396 165.970 1.689 

2512 1779.580 0.2982 

2623 7489.900 0.6071 

2702 14103 0.1322 

2824 27602 0.2116 

3029 53724 0.0360 

3198 77252 0.0242 

3397 105570 0.0000 

3600 135220 0.0272 

4100 211220 0.1609 

4510 270520 0.0334 

 
 

Here, the graph shows the effect of the voltage increase more clearly than the table of 
values:  
 

 

 
Measured Average Power over Voltage 

 
Starting at a voltage of 1530 mV, it is gradually increased. At very low voltages, the 

power output is either non-existent or very low, and only starts to become positive above a 
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specific value (here: between 2207 mV and 2315 mV), before rising steadily. The power then 
increases linearly in proportion to the voltage from a voltage of approximately 2800 mV.  

 
3.3 Measurement of the characteristic curve of the laser 

The experimental setup is modified in that the blue LED is replaced by the point laser and 
an additional multimeter measuring the current. The applied voltage is increased step by step 
and, in addition to the current, the power and its inaccuracy are also measured. 

 

 
Fig. 5. Circuit diagram for Experiment 3.3 

 
 
 
 

The following table and graph show the effects of increasing voltage and the resulting 
slight increase in current on the measured light power: 
 

Voltage / V Current / A Measured Average Power / μW PTP / % 

1.48 0.00 3.0454 552.0 

1.70 0.01 2.63861 662.3 

1.79 0.02 2.09471 833.7 

1.91 0.05 2.66748 650.0 

2.00 0.07 12.199 1.869 

2.12 0.10 1335.5 0.5803 

2.19 0.11 2253.7 0.1114 

2.29 0.11 2494.0 0.1179 

2.49 0.12 2665.3 0.1191 

2.51 0.12 2885.5 0.1826 

3.03 0.14 3897.5 0.0930 
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3.50 0.13 3911.9 0.0875 

4.00 0.13 3888.7 0.1339 

4.53 0.13 3934.1 0.1507 

5.04 0.14 3924.8 0.0778 

 
It is also noticeable here that lasers have much greater power than LEDs.  

 

 
Measured Average Power over Voltage 

 
At a specific voltage between 2.00 V and 2.12 V or current between 0.07 A and 0.10 A, 

the laser's power increases significantly and reaches its maximum value between 3897.5 μW and 
3934.1 μW at a value between 2.51 V and 3.03 V or between 0.12 A and 0.14 A. Accordingly, 
the lasing threshold lies between 2.00 V and 3.03 V.  
 
3.4 Measurement of the laser beam using the beam analysis camera 

The experimental setup from 3.3 is retained.   
 

 
Fig. 6. Circuit diagram for Experiment 3.4 
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The light detector used can also perform beam analysis, which measures the absorbed 
photons in order to make statements about the distribution of luminous intensity. 
 

Name Value Units 

Power/Energy 
● Total 
● Peak 
● Min 

 
344.386.379,00 

3.703,00 
43,00 

 
cnts 
cnts 
cnts 

Spatial 
● Centroid X 
● Centroid Y 
● D4oM 
● D4om 
● D4o 
● Ellipticity 

 
3,412327 • 10³  
2,771373 • 10³  

5,246 • 10³  
4,041 • 10³  
4,683 • 10³  

0,770 

 
μm 
μm 
μm 
μm 
μm 

 

 
 

 
Fig. 7. Beam analysis showing the distribution of luminous intensity 

 
Formulas (III) and (IV) are proven by Experiment 3.4. The luminous intensity of a laser 

beam decreases exponentially with increasing radius.  
 
4 Analysis with regard to the question and evaluation of the results 

This chapter illustrates the difference in behavior between LEDs and lasers. First, the 
results of the four experiments are analyzed and evaluated. Then, the question of how an LED 
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and a point laser differ in terms of their performance characteristics as a function of voltage, 
current, and distance is answered, and which physical laws can be verified as a result. 

The analysis of the experiments carried out shows the following differences in the 
behavior of LEDs and lasers:  
 
Experiment 3.1: Light power measurement over distance 

The graph clearly shows that formula (II) from chapter 2.1 has been proven: E(x, t) 
decays exponentially with x. It follows that the further away the observer is from the light 
source, the weaker the amplitude of the incoming wave becomes and, consequently, the lower 
the luminous intensity. More precisely, the average power decreases exponentially with linearly 
increasing distance.  
 
Experiment 3.2: Measuring the characteristic curve of the blue LED 

At very low voltages, the power is either non-existent or very low, and only starts to 
become positive above a specific value (here: between 2207 mV and 2315 mV) and then rises 
steadily. However, the power only increases linearly in proportion to the voltage from a threshold 
voltage of approx. 2800 mV. The blue LED behaves in the same way as described in section 2.2. 
 
Experiment 3.3: Measuring the characteristic curve of the laser 

At a certain voltage between 2.00 V and 2.12 V, corresponding to a current between 0.07 
A and 0.10 A, the output power of the laser increases very sharply and reaches its maximum 
value between 3897.5 μW and 3934.1 μW at a value between 2.51 V and 3.03 V (0.12 A - 0.14 
A). The characteristic curve described in section 2.3.3 also applies to this laser. Its lasing 
threshold is between 2.00 V and 3.03 V.  
 
Experiments 3.2 and 3.3 also prove that the light power P depends on the voltage U and the 
current I, i.e. (I) P = U • I, as shown in section 2.1. With increasing current and increasing 
voltage (from a minimum value), the luminous intensity increases and, according to the formula  
I = P / A, the light power P also increases. 
 
Experiment 4: Measurement of the laser beam with the beam analysis camera  

The beam analysis from 3.4 proved the formulas (III) from chapter 2.1 and (IV) from 
2.3.2, as well as the fact that the luminous intensity of a laser beam decreases exponentially with 
increasing radius.   
 
Conclusion  

The conducted comparative investigation highlights the significant differences between 
LED and laser radiation in terms of their physical parameters. While LEDs are characterized by a 
broad emission spectrum, cost-efficient implementation, and high robustness, lasers are 
characterized by high monochromaticity and directionality. The experimental results confirm the 
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theoretical predictions: laser radiation exhibits higher beam precision over longer distances, 
whereas LED radiation shows greater spatial divergence.  
 
Author’s Note 

This article is based on a research project originally conducted as part of the MINT-EC 
program. The work was written independently by the author, and all sources have been properly 
cited.  
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Unequal Stroke Care: Stroke Care Disparities in Delaware and Potential Interventions  
By Tanisha Khandelwal 

 
Introduction & Literature Review 

In the United States, approximately 795,000 individuals experience a stroke every year, 
with someone having a stroke roughly every 40 seconds (Centers for Disease Control and 
Prevention). While stroke care persists as one of the most costly expenditures within healthcare, 
certain racial, geographic, and demographic groups readily experience disadvantages regarding 
stroke care. Siddiqi et al. emphasize that certain racial groups and individuals from certain 
geographic regions tend to have higher rates of stroke mortality (Siddiqi et al.). Factors including 
racial identity, geographic location, and demographics have significant effects on an individual’s 
access to stroke care, thus, many Americans struggle to recover from stroke, even when 
treatments and procedures are readily available.  
 
Post-Stroke Care 

 In the mid-1990’s, stroke care became more effective in improving survival and recovery 
outcomes, meaning that having a stroke no longer equated to death among any patient. However, 
this led to an emerging side of medicine: stroke recovery, which continued to grow and spread 
throughout the United States. Stroke recovery care includes inpatient rehabilitation for patients 
who require intensive care after leaving the hospital, as well as outpatient rehabilitation for 
patients who continue to live at home but require consistent therapy sessions to recover. Some 
therapies included in stroke recovery are physical therapy which focuses on mobility, 
occupational therapy, which helps patients relearn daily activities, speech therapy, which helps 
with speech and language, and cognitive therapy which addresses memory and attention deficits. 
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Stroke care can also include tele-rehab resources for patients at home as well as stroke support 
communities for patients and caregivers.  

 
Disparities in Care 

Many individuals are currently not able to afford or access the care they need to recover 
from stroke, leading to an increase in deaths and complications following a stroke among racial 
minority groups, residents of the Southern regions of the United States, and lower income 
groups. The roots of these disparities are in historical systemic issues in the United States that 
require heavy attention from governmental agencies to combat. While these disparities persist 
nationwide, they are also prevalent at the state level. In Delaware, where urban and rural 
communities coexist in a small geographic area, access to stroke care disparities – particularly 
between northern regions such as New Castle County, and the rural Sussex County areas – 
highlight how these national trends can persist locally.  
 
Demographic Factors 

Demographics have significant effects on an individual’s access to stroke care. According 
to the American Heart Association, disparities regarding stroke were higher in nonurban areas in 
comparison to urban areas. Additionally, people who were older, Native American, uninsured, or 
of low median income were found to live more distantly from certified stroke care than their 
urban, insured, younger, and higher income counterparts (Yu et al.). A variety of demographic 
factors including population make up, income, and insurance access significantly lowered rates 
of credible stroke care for a variety of Americans in the United States. Song et al. outlined how 
county-level mortality rates from stroke were largely associated with demographic composition 
(Song et al.). Yu et al. and Song et al. conclude that demographic factors such as location of 
residence, age, insurance accessibility, and income have significant impacts on an individual’s 
access to stroke care in the United States. In Delaware, these demographic disparities are 
observed within the increased elderly and low-income populations in the southern areas of the 
state, where access to healthcare facilities is already limited (Jacobson et al.). 

Racial identity additionally produces significant effects on access to stroke care. 
According to Buie et al., being Black, female, and of older age are associated with higher odds of 
challenges with daily activities after stroke. Black race increased the impact of comorbidities on 
Activities of Daily Living (ADL, e.g., eating, dressing and bathing) and Functional Mobility 
Status (FMS, including ability to move around) in comparison to White individuals (Buie et al.). 
Black stroke survivors experienced poorer post-stroke function outcomes than White stroke 
survivors, highlighting an explicit racial disparity. 

Flynn and Free additionally emphasized the racial disparities in stroke prevalence and 
treatment, specifically how systemic racism creates conditions for hypertension, which can lead 
to a variety of complications including stroke (Flynn and Free). Tran et al. additionally outlined 
how the risk of stroke is higher for those who are Black, female and/or lesbian, gay or bisexual 
(Tran et al.). Overall, this evidence together supports the presence of racial disparities among 
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stroke patients in the United States, and highlights trends that persist locally within smaller 
states. 

Lastly, geographic location has held a significant effect on an individual’s access to 
stroke care. According to Jafarli et al., stroke rates can vary depending on region, with a higher 
rate of stroke present in the South. According to the American Heart Association, about 60 
million Americans live in rural areas, and many rural hospitals, especially in the South, lack 
certified stroke centers or neurologists which lead to delays in treatment. (American Heart 
Association).  This higher prevalence may be attributed to socioeconomic factors and healthcare 
practices (Jafarli et al.). Simply due to their locations, stroke patients in this area experience a 
limited access to care and increased suffering from strokes as a result. Additionally, the 
American Heart Association conducted a study researching the trends regarding stroke rates and 
mortality within the United States, and found that “Some states are challenged by a combination 
of high baseline mortality and concurrently worsening trends, including Louisiana (2023 rate: 
47.19; APC + 0.57% ) and Mississippi (2023 rate: 51.09; APC: +0.51%),” agreeing with Jafarli 
that residence in the Southern region of the United States can hold dire consequences regarding 
access to stroke care (Jamil et al.).  

Although Delaware is not traditionally accounted for as a part of the “stroke belt,” the 
trends observed in these regions persist locally. Specifically, the southern regions of Delaware 
contain fewer healthcare facilities, and the waiting time for a primary care physician check-up 
has increased from 6.7 days to 28.4 days in Sussex County, in comparison to 20.3 days on 
average in New Castle County (Malayala et al.), highlighting prevalent differences in healthcare 
access for individuals in Sussex County. Additionally, the level one stroke trauma center is in 
New Castle County, while Sussex County has lower levels of stroke care centers. Due to this, 
stroke patients in Southern Delaware typically get sent to more advanced facilities in Northern 
Delaware, adding additional difficulties regarding recovery for these citizens (Christiana Care).  

 
Previous Programs 

In the past, programs such as the National Acute Stroke Care Program attempted to 
strengthen state-level stroke systems, but was limited to only participating states and hospitals, 
and did not gain enough funding to continue in poorer states (Centers for Disease Control and 
Prevention). Additionally, TeleStroke Programs such as the Mayo Clinic network connected rural 
hospitals to stroke specialists, however these programs were not ultimately successful as they did 
not combat the costs of treatment or follow-up care (Mayo Clinic). In Delaware, the Delaware 
Statewide Stroke System began in 2016 and was designed to ensure that every person within the 
system would receive the same high-quality post-stroke care (Delaware Department of Health 
and Social Services). However, this program required an immense amount of hospital 
participation and data reporting that was not readily received.  

 
Conclusion 
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Poorer post-stroke function among black individuals compared to white individuals, 
geographic disparities, and demographic disparities including low income, nonurban residing, 
uninsured, and older populations have remained prominent factors for poor stroke recovery in the 
United States, and have led to increased struggle regarding access to stroke care in the nation’s 
healthcare system. These national trends persist locally, as patients in the southern regions of 
Delaware experience struggles in access to stroke care due to their geographic location, lack of 
healthcare facilities, and increased prevalence of underserved demographic groups. 
 
Theory Paper 
 
The Ecological Model 

Ecological models explain how multiple levels of influence engage to shape health 
outcomes and attitudes. Specifically, ecological models recognize individual factors (factors that 
may influence behavior including knowledge and attitudes), interpersonal factors (such as 
interactions with others), institutional and organization factors (including rules or regulations), 
community factors (such as formal or informal social norms in groups) and public policy factors 
(including local, state and federal policies that relate to disease management). The Ecological 
Model was first implemented by scientist Urie Bronfenbrenner in 1870 as he observed the 
varying effects of “neighborhood on the development of child concepts” (Bronfenbrenner).  
 
Ecological Models in Practice 

An ecological model can be readily implemented into the Delaware healthcare system to 
combat the variety of influences that contribute to disparities regarding stroke care, including 
racial background, age, and geographic location. In Delaware, DSAI (Delaware Stroke Access 
Initiative) could combat disparities by influencing change within each level of the model. 
Specifically, in regards to the individual and its impact on health behaviors, DSAI will work to 
educate people on stroke symptoms. On the interpersonal level, DSAI will teach families how 
they can recognize a stroke and respond efficiently to reduce harm to a patient. Organizationally, 
DSAI will introduce additional certified stroke centers and telestroke programs, and will connect 
to the community aspect of the ecological model by targeting southern Delaware and rural areas 
in Delaware specifically. Regarding policy, DSAI will advocate for improved routing of EMS 
services, as well as insurance access for families. As a result of DSAI, not only will the lives and 
treatment of stroke patients improve, but families and communities will experience less difficulty 
regarding stroke care in Delaware. Additionally, citizens of rural Delaware (especially Sussex 
County) will experience a significant improvement regarding healthcare access.  
 
Program Description 

Currently, Southern Delaware is disadvantaged regarding stroke care due to its distance 
and lack of certified stroke care centers, as well as its prevalent population of low-income 
citizens. DSAI (Delaware Stroke Access Initiative) has the overarching goal of equalizing 
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treatment opportunities for residents of Northern and Southern Delaware, and decreasing 
post-stroke comorbidities.  
 The first programmatic goal of DSAI is education. Within this goal, DSAI will work to 
educate Delaware families regarding how they can recognize a stroke and respond efficiently to 
reduce harm to a patient. DSAI will begin by gathering education materials and hosting 
informational sessions for community members to attend. After 1-3 years, the public’s 
knowledge of stroke symptoms will contribute to earlier stroke detection and faster treatment 
long-term. DSAI will also train families and caregivers in assisting with post-stroke symptoms 
by hosting training sessions for families of stroke survivors, which will lead to an improved 
quality of life for stroke patients as well as a reduced prevalence of complications following a 
stroke. 
 DSAI will additionally localize treatment within Southern Delaware. Firstly, DSAI will 
implement additional stroke centers and TeleStroke programs in Southern Delaware by first 
partnering with local hospitals and submitting funding proposals, observing 2 more certified 
stroke centers available in Delaware within the next 1-3 years, and eventually experiencing less 
severe outcomes of stroke patients in Southern Delaware due to more localized treatment 
availability and improvements in survival rates. Additionally, to improve local treatment, EMS 
services will also be improved under DSAI. Immediately, EMS staff will receive updated 
training regarding stroke protocols, and will experience improved accuracy in routing to stroke 
centers within the next 1-3 years. Long-term, improved routing and training of EMS services will 
lead to faster treatment and overall improvement in patient outcomes following a stroke.  
 DSAI will additionally advocate for policy changes to improve conditions for stroke 
patients. Specifically, DSAI will work to advocate for EMS Routing and Insurance Reform. 
Firstly, DSAI will draft and submit proposals to change policy and meet with policymakers. 
Following 1-3 years, DSAI will have gained approval in policy change efforts and introduced 
improved EMS routing and more inclusive insurance coverage for residents of Southern 
Delaware. Long-term, this task will improve overall access to stroke care for low-income / 
Southern Delaware residents.  
 
Discussion 
 This paper is strongly connected to public health as it focuses on improving health 
outcomes not only for individual stroke survivors, but for entire populations within Delaware. 
DSAI addresses disparities in stroke treatment by targeting a variety of factors, including the 
social, environmental and systemic factors outlined by the Ecological Model. Through the targets 
of education, policy reforms, emergency response protocols and expansion regarding access to 
care, DSAI aims to improve outcomes for stroke patients in Delaware by reducing deaths and 
preventing complications following a stroke. 
 DSAI is additionally strongly connected to the Social Determinants of Health, as in 
Delaware, residents in the southern region of the state experience limited healthcare access due 
to higher travel times for treatment as well as an increased presence of low-income and 
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uninsured individuals who additionally face financial barriers to accessing treatment. DSAI 
works to combat these social determinants of health outcomes by increasing the availability of 
stroke centers in Southern Delaware as well as improved EMS routing and systems to increase 
efficiency of treatment. Additionally, DSAI implementation will work to expand telehealth and 
also advocate for insurance reform to improve access to care for uninsured or low income 
individuals within Delaware.  
 This topic is continually connected to Epidemiology, an important public health concept, 
as it identified the criteria that increase rates of stroke mortality within populations, including 
being of black race, older, living in a rural area and residents of the Southern regions of the 
United States. By using overall trends from the United States, programs such as DSAI can 
introduce targeted interventions to improve the outcomes of high-risk communities in Delaware.  
 The study of this issue additionally connects to the public health concept of Biostatistics, 
as statistical analysis was used significantly to compare mortality rates among differing 
populations and observe significant differences. 
 Additionally, DSAI reflects concepts of Health Equity and Inequity as Black stroke 
survivors, low-income and uninsured individuals and rural residents experience less favorable 
recovery outcomes as they have less access to care. DSAI promotes an increase in health equity 
as it introduces reforms that attempt to improve conditions for specific populations who are 
underserved regarding stroke treatment.  
 
Conclusion 
 Stroke disparities in Delaware are continually present today, and the black, low-income, 
uninsured and rural residents of Delaware are the most affected by a lack of access to stroke care. 
This analysis applies national trends and principles to a smaller state such as Delaware and in 
turn develops specific, targeted actions to combat these disparities.  
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Children on Both Sides: A Juvenile-Tailored Framework for Deepfake Abuse  
By Nia George 

 
Abstract 

In March 2026, a juvenile court in Lancaster County, Pennsylvania, sentenced two 
teenage boys to six months’ probation, sixty hours of community service, and $12,000 in 
restitution after they used artificial intelligence to generate roughly 350 sexually explicit images 
of fifty-nine classmates. Because the images depicted minors, the conduct fell under child sexual 
abuse material (CSAM) laws written for adult predators, and the boys avoided those penalties 
through the juvenile court’s discretion rather than through any statute calibrated to juvenile 
deepfake conduct. Similar cases in other states leave prosecutors with the same narrow choice. 
Adult CSAM charges carry mandatory minimums and sex offender registration built for 
predatory exploitation, while declining to prosecute leaves depicted minors without prompt 
takedown, restitution, counseling, or redress. Juvenile deepfake offenses require a federal 
framework distinct from adult CSAM law, one that defines a separate offense for intimate digital 
forgeries involving identifiable minors, keeps juvenile cases in juvenile court by default, 
reserving adult-court transfer for the most serious conduct, makes sex offender registration and 
notification unavailable, provides direct victim remedies, requires targeted safeguards from 
commercial deepfake services, and limits automatic adult collateral consequences. The empirical 
and constitutional record of sex offender registration and notification (SORN) shows why those 
adult collateral consequences should be prevented before they attach rather than left to 
prosecutorial restraint, judicial discretion, or later constitutional litigation, so that the law 
protects depicted minors, preserves accountability for serious conduct, and keeps adult 
consequences out of juvenile cases. 
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Keywords  juvenile justice, deepfakes, child sexual abuse material, sex offender registration, 
SORN, AI and the law, victim redress 
 
I. The Lancaster Moment 

On March 25, 2026, a Lancaster County, Pennsylvania judge sentenced two 
sixteen-year-olds to six months of probation, sixty hours of community service, and $12,000 in 
restitution (Downard). When they were fourteen, the boys had used artificial intelligence to 
generate roughly 350 sexually explicit images of fifty-nine female classmates. Dozens of victims 
described the traumatic experience of being shown their own faces in pornographic images by 
detectives during identification; neither defendant apologized in court. The judge told the boys 
they likely would have faced state prison had they been adults, because the serious charge 
categories available paralleled adult child sexual abuse material (CSAM) offenses. These felony 
provisions were designed for serious child-exploitation cases and can carry mandatory 
minimums and, in some circumstances, lifetime sex offender registration (18 U.S.C. §§ 
2251–2252A, 2256; 34 U.S.C. §§ 20913, 20915). Probation came through juvenile-court 
discretion, not through a statute calibrated to the conduct. 

The National Center for Missing and Exploited Children’s CyberTipline received nearly 
400,000 reports involving AI-related child sexual exploitation in 2025 (Vaughan). Incidents like 
Lancaster involving juvenile offenders have occurred in Westfield, New Jersey; Aledo, Texas; 
and Miami, Florida (AI Incident Database, “Incident 597,” “Incident 652,” and “Incident 799”). 
Outcomes have varied widely across these cases because prosecutors and judges must fit the 
conduct into statutes not designed for it. Where the only charging options are felonies designed 
for adult predatory conduct, prosecutors face a binary choice: either decline prosecution, leaving 
victims without a remedy, or bring full felony charges, thereby attaching CSAM-based 
consequences to adolescents whose culpability differs categorically. 

Juvenile deepfake offenses need a juvenile-tailored federal framework calibrated to 
adolescent culpability and victim redress, distinct from adult CSAM law. That framework should 
define a distinct offense for intimate digital forgeries involving identifiable minors, keep covered 
cases in juvenile court by default, make sex offender registration and notification (SORN) 
unavailable, provide prompt victim remedies, require reasonable safeguards from commercial 
deepfake tools, and set a federal floor against adult collateral consequences. The term “deepfake” 
here refers to intimate digital forgeries; political deepfakes, voice-cloning fraud, and other 
nonintimate synthetic-media harms are outside the paper’s scope. The sections that follow first 
identify the classification problem, then the remedial problem, and finally explain why SORN’s 
history provides the warning for juvenile deepfake law. 
 
II. Why the Current Statutory Framework Does Not Fit 

The problem is not simply that federal and state law are incomplete. Existing statutes 
reach juvenile deepfake conduct by borrowing from legal regimes designed for other problems: 
adult CSAM, adult NCII, harassment, school discipline, platform liability, civil privacy 
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remedies, and sex offender registration. Those regimes provide useful tools, but they do not 
address juvenile culpability, victim redress, and collateral consequences together. 
 
A. Criminal Classification and Collateral Consequences 

Federal law reaches intimate digital forgeries through adjacent regimes rather than 
through a distinct juvenile offense. The PROTECT Act of 2003 amended the federal definition of 
what the statute calls “child pornography.” The current definition reaches visual depictions 
“created, adapted, or modified” to appear as if an identifiable minor is engaging in sexually 
explicit conduct. That provision can bring some AI-generated sexual depictions of real minors 
within federal CSAM law (PROTECT Act of 2003; 18 U.S.C. § 2256). The Adam Walsh Act of 
2006 then links qualifying convictions and juvenile adjudications to SORNA’s offense-based 
tiers, with registration periods up to life (Adam Walsh Child Protection and Safety Act of 2006). 
The REPORT Act and the TAKE IT DOWN Act update the reporting, preservation, and 
takedown rules for online platforms (REPORT Act; TAKE IT DOWN Act). The pending 
ENFORCE Act, passed by the Senate in December 2025, would expand federal CSAM coverage 
to AI-generated images of identifiable minors without an intent-to-distribute element and would 
attach SORNA registration to the federal obscenity-of-minors statute, 18 U.S.C. § 1466A 
(ENFORCE Act; Obscene Visual Representations of the Sexual Abuse of Children). None of 
these statutes establishes a rule directed at juvenile deepfake cases. 

State law shows the same problem in more fragmented form. Legislatures have generally 
addressed AI-generated sexual imagery by amending existing criminal, civil, school-discipline, 
and registration provisions, leaving juvenile cases to be governed by rules designed for other 
conduct. Pennsylvania illustrates the problem within a single code. Its provisions divide related 
conduct among artificial-CSAM, unlawful-dissemination, and minor-transmission offenses: the 
CSAM provision covers artificially generated child sexual abuse material; the 
unlawful-dissemination statute covers artificially generated sexual depictions; and the 
minor-transmission statute covers sexually explicit images sent by minors, includes artificially 
generated depictions, and provides diversion only for the lowest-level summary offense. More 
serious artificial-CSAM, nonconsensual creation, or dissemination conduct is covered by 
separate felony or misdemeanor provisions (18 Pa.C.S. §§ 3131, 6312, 6321). 

Other states confirm that statutory placement can determine consequences. Arkansas 
grades a first general deepfake-visual-material offense as a Class A misdemeanor, while 
Louisiana classifies sexual deepfakes involving minors as felonies punishable by imprisonment 
at hard labor (Ark. Code Ann. § 5-14-139; La. Stat. Ann. § 14:73.13). Iowa separates harassment 
from child exploitation: its harassment statute covers altered sexual depictions and limits the 
related registration trigger to adult offenders, while its sexual-exploitation statute separately 
reaches AI-modified depictions of identifiable minors. That structure provides partial protection 
from registration in one category, but it does not supply a general rule for juvenile AI-generated 
sexual images (Iowa Code §§ 708.7, 728.12). Alabama uses school policy by requiring local 
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boards to address discipline and education for private images, CSAM, and AI-generated private, 
explicit, or pornographic images (Ala. Code § 16-3-41). 

A smaller set of states addresses juvenile handling more directly, but still only partially. 
Massachusetts creates educational diversion. South Carolina and West Virginia route certain 
minor-offender AI-CSAM or computer-generated-image cases to family court or delinquency 
treatment, avoiding registration. Wisconsin lowers the felony class for offenders under eighteen 
but keeps the offense within sex offender-reporting provisions unless a court grants relief (Mass. 
Gen. Laws ch. 12, § 36; S.C. Code Ann. § 16-15-390; W. Va. Code § 61-8C-3b; Wis. Stat. § 
948.125). The result is more than variation across jurisdictions. Similar adolescent conduct can 
be routed toward CSAM prosecution, NCII treatment, harassment, school discipline, delinquency 
handling, or registration depending on how the state has amended its existing law. 
 
B. Civil Remedies and Victim Redress 

The remedial side has the same problem. Federal civil enforcement remains narrow: a 
CSAM-based civil statute is in force while NCII and platform-liability proposals remain 
pending. Masha’s Law creates a civil action for persons victimized as minors by enumerated 
federal child-exploitation offenses (Masha’s Law). It allows recovery of actual damages or 
$150,000 in liquidated damages, but the claimant must prove a predicate statutory violation and 
resulting personal injury. The DEFIANCE Act would provide the NCII analogue by extending 
that remedial model to intimate digital forgeries and allowing a legal guardian to act for an 
identifiable minor (DEFIANCE Act). The STOP CSAM Act would impose civil liability on 
platforms that host CSAM by creating a child-exploitation exception to Section 230 (STOP 
CSAM Act of 2025). The existing immunity provision otherwise generally bars suits that treat 
platforms as publishers of third-party content (Communications Decency Act). 

State law provides additional statutory and common law pathways, but those routes 
remain fragmented and require jurisdiction-specific litigation (Citron 1929). California creates a 
civil remedy for nonconsensual digitized sexually explicit material, including claims against 
creators, disclosers, facilitators, and certain deepfake pornography services (Cal. Civ. Code § 
1708.86). Illinois provides comparable damages and injunctive remedies for private or 
intentionally digitally altered sexual images, but limits its civil cause of action to dissemination 
or threatened dissemination by a person over eighteen (740 Ill. Comp. Stat. 190). Colorado and 
Tennessee follow a similar liquidated-damages model, allow representatives to sue for minor 
victims, and authorize fees, costs, punitive or exemplary damages, and injunctive relief (Colo. 
Rev. Stat. §§ 13-21-1503, 13-21-1506; Tenn. Code Ann. §§ 39-17-1903, 39-17-1904). Texas 
assigns responsibility more broadly, reaching producers, solicitors, disclosers, promoters, website 
or application owners, nudification applications, and payment processors, while tying some relief 
to notice-and-removal duties (Tex. Civ. Prac. & Rem. Code Ann. §§ 98B.0021, 98B.0022). 
These statutes can provide meaningful remedies, but the extent of redress depends on the state’s 
chosen cause of action, the covered defendant, the notice rule, the takedown mechanism, and the 
damages provision. Some provisions reach creators or disclosers; others impose duties on 
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platforms, application owners, nudification tools, payment processors, or other commercial 
intermediaries. 

Taken together, the criminal and civil provisions leave children on both sides exposed. 
Depicted minors must navigate state-specific definitions, covered defendants, notices, takedown 
rules, and remedies to obtain redress. Adolescents accused of creating or distributing the images 
face consequences that depend on charging labels rather than on a consistent assessment of 
culpability, victim harm, and rehabilitative capacity. The problem is not variation alone; it is that 
the available charge, remedy, and collateral consequence depend on statutory vehicles designed 
for other conduct. 
 
III. The SORN Warning 

Registration illustrates how the offense classifications described above can produce 
continuing consequences. Under SORN, a covered juvenile adjudication can require registration, 
ongoing reporting and updates to identifying information, in-person verification, and community 
notification or public disclosure requirements for years, sometimes for life. Modern registration 
regimes may also include residence, school-zone, and internet-related restrictions. For juvenile 
defendants, the risk is that a CSAM or registration-triggering classification will allow a 
delinquency adjudication to become a continuing legal status, burdening education, housing, 
family stability, and reintegration during the years when juvenile law ordinarily emphasizes 
rehabilitation. 

The empirical record does not justify imposing that status on juveniles. Research has 
shown that SORN laws do not reduce sexual recidivism (Agan and Prescott 102); community 
notification may worsen reintegration outcomes by destabilizing education, housing, 
employment, and social support. For juveniles, matched comparisons find no significant 
difference in recidivism between registered and unregistered youth (Walker 451), and sexual 
recidivism rates are 3 to 8 percent. A national survey of 265 juvenile sex-offense treatment 
providers found that collateral harms are severe, with 92.8 percent reporting client shame and 83 
percent reporting hopelessness (Harris et al. 778). Human Rights Watch’s 2013 report, Raised on 
the Registry, documented children placed on public registries for offenses committed as young as 
eleven, facing lifetime registration with no realistic path to removal (Human Rights Watch 16). 
In South Carolina, prosecutors sometimes dismiss cases rather than place a teenager on the 
registry for life (Logan 410). 

Courts have steadily narrowed SORN’s reach; the central question is whether it counts as 
punishment or civil regulation. In Does #1-5 v. Snyder, the Sixth Circuit held that modern SORN 
regimes, with school-zone restrictions and in-person reporting requirements, are sufficiently 
punitive to violate the Ex Post Facto Clause. That holding marks a substantial departure from the 
Supreme Court’s earlier treatment of Alaska’s less burdensome first-generation law as civil in 
Smith v. Doe. State supreme courts have gone further on the juvenile-specific question. In In re 
C.P., the Ohio Supreme Court held that automatic lifetime registration of juveniles violates the 
Eighth and Fourteenth Amendments. In In re J.B., the Pennsylvania Supreme Court struck down 
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SORNA’s lifetime juvenile registration as a due process violation resting on an irrebuttable, 
empirically unsupported presumption of high recidivism. These holdings build on the Supreme 
Court’s juvenile sentencing line (Roper, Graham, Miller, and Montgomery), which holds that 
children are constitutionally different from adults for the harshest punishments. Packingham v. 
North Carolina separately forecloses sweeping internet bans as a registration consequence, a 
doctrine directly relevant to deepfake cases arising from ordinary online use. 

Lancaster shows why that risk must be addressed before adult consequences attach. The 
juvenile defendants avoided CSAM-track consequences because juvenile-court discretion 
intervened. Under federal law and many state regimes, comparable conduct can carry mandatory 
minimum sentences and registration periods extending to life. The outcome should not depend 
on prosecutorial restraint, judicial discretion, or later constitutional litigation. A juvenile-tailored 
federal framework must therefore provide accountability proportionate to the conduct and 
safeguards against registration and other automatic adult collateral consequences. 
IV. A Juvenile-Tailored Framework 

A federal response should begin by separating juvenile deepfake conduct from adult 
CSAM and registration regimes. The statute should create a distinct offense for intimate digital 
forgeries involving identifiable minors and pair that offense with rules governing forum, victim 
redress, commercial safeguards, and collateral consequences. 

Congress should begin with the charging rule. The statute should create a federal offense 
for the creation, possession, or distribution of intimate digital forgeries depicting identifiable 
minors. The offense would turn on harm to the depicted person, not on whether the image 
records an actual act of abuse. It would distinguish private creation and retention, distribution to 
others, and coercive or commercial use, and it would grade penalties accordingly. When a 
juvenile commits covered conduct, this offense would be the presumptive federal criminal 
charge, displacing federal CSAM and other AI-generated-imagery statutes absent a specific 
judicial finding that adult prosecution or adult penalties are warranted (ENFORCE Act). The 
United Kingdom’s Online Safety Act 2023 and Australia’s Online Safety Act 2021 offer useful 
models for the harm-based approach (Online Safety Act 2023; Online Safety Act 2021). 

When the defendant is a juvenile, the case should proceed through juvenile court. 
First-time and lower-level cases would be eligible for diversion programs that include treatment, 
AI-literacy education, restorative processes, supervised service, restitution to victims, and 
image-removal obligations. Restorative processes would require the victim’s consent and would 
be consistent with victim safety. More serious cases would be resolved through graduated 
juvenile dispositions. Transfer to adult court would require a specific judicial finding that 
juvenile-court resources are inadequate to the conduct. Sex offender registration would be 
unavailable for any juvenile adjudication under the new offense. 

Victim redress should be built into the federal statute. Minor victims and their guardians 
need prompt image removal, counseling support, restitution for removal costs and related harms, 
and access to trained advocates. The TAKE IT DOWN Act notice-and-removal mechanism can 
supply the platform-takedown process (TAKE IT DOWN Act). The Victims of Crime Act 
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framework can supply the victim-assistance funding channel (Victims of Crime Act of 1984). 
These remedies would be accessible by right whenever the depicted victim is a minor, regardless 
of whether the case is prosecuted in juvenile or adult court. 

Commercial deepfake tools have expanded the scale of the harm (Hawkins et al.; 
Williams). Congress should impose reasonable safety duties on commercial deepfake services, 
including prompt response to verified victim notices, AI-origin labels or provenance signals, and 
age-appropriate access controls. These duties would support the juvenile statute, not serve as its 
central mechanism. 

Finally, federal law should set a limited floor against adult collateral consequences for 
juvenile conduct covered by the new offense. That floor would bar sex offender registration, 
automatic adult-court transfer, and CSAM-based collateral consequences in federal cases and as 
a condition of federal juvenile-justice or registry funding. States would remain free to define 
offenses, handle delinquency cases, order restitution, provide victim remedies, and use 
rehabilitative or educational programs. The point is not to replace state juvenile systems, but to 
prevent the most serious adult consequences from attaching automatically. Federal and state 
courts have struck down the most severe registration requirements, but only after litigation in 
individual cases (Does #1-5 v. Snyder). A limited federal floor would make the protection 
automatic from the outset. 
 
V. Conclusion 

The Lancaster, Westfield, Aledo, and Miami deepfake cases illustrate a recurring 
classification failure. Adolescents create AI-generated sexual images of their classmates, and 
existing law divides the conduct among categories that were not designed for juvenile deepfake 
abuse. That mismatch produces two bad outcomes. Full prosecution can attach CSAM-based 
penalties and collateral consequences to adolescents whose culpability differs categorically. 
Non-prosecution can leave depicted minors without prompt takedown, restitution, counseling 
support, or a reliable civil remedy. The lesson from SORN is that courts should not be left to 
correct the damage after automatic consequences are attached. 

Recent federal lawmaking addresses parts of the problem. The REPORT Act, TAKE IT 
DOWN Act, and the pending ENFORCE Act strengthen reporting, preservation, takedown, 
NCII, and CSAM tools, but they do not resolve the juvenile mismatch (REPORT Act; TAKE IT 
DOWN Act; ENFORCE Act). A federal statute should separate intimate digital forgeries from 
adult CSAM law, keep juvenile cases in juvenile court by default, reserving adult-court transfer 
for the most serious conduct, provide victim redress, require targeted safeguards from 
commercial deepfake services, and prevent automatic adult collateral consequences. That 
approach would give prosecutors a workable charge, victims reliable remedies, and juveniles a 
constitutionally sound path to accountability. 
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Emotional Effect of Crumbl Cookie vs Balanced Healthy Meal By Roshini Madaboosi 
 
 
Abstract 
 
Purpose or Problem 

This study addresses the impact of high-sugar foods on adult mood and physical state. 
The purpose is to evaluate the short-term psychological and physical effects of consuming high- 
sugar, high-fat foods compared to healthier, balanced alternatives. This research is critical for 
increasing public awareness of how common dietary choices can immediately affect mood and 
well-being, contributing to the development of effective strategies for promoting long-term 
healthy eating habits. 
 
Procedure 

The experiment will recruit 16 adults (ages 18-65) without a history of diabetes or 
chronic mood/mental health conditions. The study employs a within-subjects design across two 
days. On Day 1, participants will consume a high-sugar cookie, and on Day 2, they will consume 
a balanced salad. On both days, participants' emotional and physical states will be assessed 
immediately after consumption and again several hours later using the Positive and Negative 
Affect Schedule (PANAS) Scale. Data will be collected anonymously and kept strictly 
confidential. 
 
Conclusion 

Both the high-sugar food and the healthy meal were associated with increases in mood 
and decreases in hunger. The healthy meal produced a larger average improvement in mood, 
while the high-sugar food appeared to produce a more noticeable short-term reduction in anxiety 
and a subtle increase in energy. However, due to the small sample size and tied values in some 
variables, several statistical tests could not be reliably computed, and results should be 
interpreted with caution. 
 
Problem Statement 

The purpose of this study is to evaluate the short-term psychological and physical effects 
of consuming a high-sugar, high-calorie food compared to a balanced, healthier meal in adults. 
Specifically, this study focuses on self-reported mood, anxiety, energy level, hunger, and fullness 
following consumption of each food type. This is a critical area of research because many 
individuals frequently consume unhealthy foods without fully realizing the potential short-term 
positive or negative effects on their emotional state. Therefore, we asked the research question: 
How does the consumption of high-sugar foods influence mood and related subjective states in 
adults compared to a balanced, healthy meal? We hypothesized that participants will report more 
stable and positive mood, higher energy levels, and greater satiety after consuming the balanced 
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healthy meal compared to after consuming the high-sugar Crumbl cookie. While the cookie may 
produce a short-term increase in positive affect, it is expected that this effect will be less stable 
and may be accompanied by higher hunger, lower energy, or more negative mood several hours 
later. 
 
Background Research 

Diet plays a critical role in both physical health and psychological well-being, yet many 
individuals regularly consume foods high in sugar, fat, and calories without fully understanding 
the short- and long-term consequences of these choices. In modern food environments, ultra- 
processed and fast foods are widely accessible, heavily marketed, and often preferred for their 
convenience and palatability (Martinez-Lacoba et al., 2018; Fransen et al., 2017). While the 
long-term physical health risks of these foods—such as obesity, cardiovascular disease, and 
metabolic disorders—are well documented (Jardim et al., 2021; Martínez-González et al., 2019), 
their immediate psychological effects, particularly on mood and emotional state, remain less 
clearly understood. 

Previous research has consistently shown that frequent consumption of unhealthy and 
Ultra-processed foods are associated with negative physical health outcomes. Large population 
studies indicate that diets high in processed foods are linked to poorer overall diet quality and 
higher risk of obesity and related conditions, especially among adolescents and young adults 
(Chin et al., 2018; Martinez-Lacoba et al., 2018). In addition, Jardim et al. (2021) reported that 
high intake of ultra-processed foods is associated with adverse health effects, further 
emphasizing the broader health consequences of diets dominated by highly processed 
ingredients. These findings suggest that dietary patterns established early in life may contribute 
to long-term health risks (Chin et al., 2018). 

Beyond physical health, diet also appears to influence psychological functioning and 
emotional well-being. Growing evidence links ultra-processed food consumption to poorer 
mental health outcomes, including depressive symptoms (Adjibade et al., 2019; Lane et al., 
2022). Additionally, research on glycemic variability suggests that fluctuations in blood glucose 
may be associated with changes in mood and quality of life (Penckofer et al., n.d.). However, 
while long-term associations between diet quality and mental health are increasingly well 
established, fewer studies have focused on the short-term emotional and psychological effects of 
consuming specific types of foods, such as high-sugar desserts versus balanced meals. 

Some evidence suggests that high-sugar foods may temporarily increase positive affect 
due to their palatability and rapid effects on blood glucose levels, but these effects may be short 
lived and followed by fatigue, irritability, or decreased mood (Gillespie et al., 2024). Conversely, 
balanced meals containing healthy carbohydrates, fats, and proteins may promote more stable 
energy levels and mood regulation. Despite these plausible mechanisms, there remains a gap in 
the literature regarding direct, short-term, within-subject comparisons of mood following the 
consumption of unhealthy versus healthier meals. 
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Design Plan 
 
Participants 

Sixteen adults aged 18–65 participated in the study. Exclusion criteria included a history 
of diabetes, eating disorders, known food allergies to study ingredients, or diagnosed chronic 
mood or mental health conditions. 
 
Procedure 

Participants were recruited using a combination of random, purposive, and snowball 
sampling methods. The study used a within-subjects design across two days. On Day 1, each 
participants consumed one Crumbl cookie, a food known for its high sugar and calorie content. 
Participants completed an adapted version of the Positive and Negative Affect Schedule 
(PANAS) immediately after consumption and again several hours later. On Day 2, the same 
participants consumed a balanced, healthy salad containing recommended proportions of 
carbohydrates, fats, and proteins. Participants again completed the PANAS immediately after 
consumption and several hours later. 
 
Measures 

This study used a within-subjects design with two independent conditions which 
corresponded to eating two different items: Crumbl Cookie (high-sugar condition) and Healthy 
Meal (balanced meal condition). 

Participants rated their current state on a scale from 1 (very negative / not at all) to 7 
(very positive / extremely) for the following variables: mood, anxiety, energy level, hunger, and 
fullness. 
 
Results and Discussion 

Wilcoxon signed-rank tests were conducted to examine changes in mood, anxiety, hunger 
level, and energy level before and after consumption of the high-sugar food (Crumbl Cookie) 
and a healthy meal. 
 
Mood 

For the Crumbl Cookie condition, participants showed an increase in self-reported mood 
after consumption, with a mean difference of 2.5. The Wilcoxon signed-rank test yielded a W 
value of 9, a p-value of .84, with the sum of positive ranks (9) slightly lower than the sum of 
negative ranks (12), indicating mixed individual responses but an overall trend toward mood 
improvement following consumption (Figure 1). 
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For the healthy meal condition, participants also showed an increase in mood, with a 

mean difference of 3.2. The Wilcoxon signed-rank test produced a W value of 6.5, a p-value of 
.06 with the sum of positive ranks (8.5) exceeding the sum of negative ranks (6.5), suggesting 
that mood improvements were generally more consistent after consuming the healthy meal than 
after consuming the high-sugar food (Figure 2). Both conditions were associated with increases 
in mood; however, the healthy meal produced a larger mean improvement than the high-sugar 
food. Although the Wilcoxon signed-rank test did not reach conventional statistical significance 
(p = .06), the greater mean difference and higher sum of positive ranks suggest a more consistent 
pattern of mood improvement following the healthy meal. 
 

 
Anxiety 

For the Crumbl Cookie condition, anxiety levels decreased after consumption, as 
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indicated by a negative mean difference of −2.6. The Wilcoxon signed-rank test produced a W 
value of 6, a p-value of .06 with the sum of positive ranks (6) and negative ranks (9) indicating 
that most participants experienced reduced anxiety following consumption of the chocolate. 

For the healthy meal condition, a Wilcoxon signed-rank test could not be reliably 
computed due to tied values and the small sample size. However, descriptive trends suggested 
minimal change in anxiety for several participants, indicating that the healthy meal may have 
produced more stable, but less pronounced, changes in anxiety compared to the high-sugar 
condition (Figure 3). Although the decrease in anxiety following the Crumbl Cookie did not 
reach conventional statistical significance (p = .06), the negative mean difference and rank 
patterns suggest a trend toward reduced anxiety in this condition. In contrast, the healthy meal 
condition showed relatively stable anxiety levels, indicating a smaller and less variable effect on 
anxiety compared to the high-sugar condition. 
 

 
Hunger Level 

For the Crumbl Cookie condition, hunger levels decreased substantially after 
consumption, with a mean difference of −4.2. The Wilcoxon signed-rank test yielded a W value 
of 6.5, a p-value of .06, with the sum of negative ranks (8.5) exceeding the sum of positive ranks 
(6.5), indicating that most participants reported feeling less hungry after eating the chocolate. 

For the healthy meal condition, hunger levels also decreased, with a mean difference of 
−2.4. The Wilcoxon signed-rank test produced a W value of 7.5, a p-value of .06 with equal 
sums of positive and negative ranks (7.5 and 7.5), suggesting that although hunger generally 
decreased, the magnitude of change varied across participants. Both conditions were associated 
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with reductions in hunger; however, the Crumble Cookie produced a larger mean decrease than 
the healthy meal. Although neither result reached conventional statistical significance (p = .06), 
the greater mean difference and rank pattern in the cookie condition suggest a more pronounced 
short-term reduction in hunger compared to the healthy meal, whereas the equal rank sums in the 
healthy meal conditions indicate greater variability in individual responses. 
 
Energy Level 

For the Crumbl Cookie condition, energy levels increased after consumption, with a 
mean difference of 1.6. The Wilcoxon signed-rank test yielded a W value of 6.5, a p-value of 
.06, with balanced sums of positive and negative ranks (6.5 and 8.5), indicating modest and 
variable changes in energy across participants (Figure 4A). 

For the healthy meal condition, a Wilcoxon signed-rank test could not be reliably 
calculated due to tied values and the small sample size. Descriptively, energy levels appeared 
relatively stable for several participants, suggesting that the healthy meal did not produce sharp 
short-term changes in energy but may have contributed to more consistent energy levels overall 
(Figure 4B). Energy levels showed a modest increase following consumption of the Crumbl 
Cookie, but this effect did not reach conventional statistical significance (p = .0625) and was 
characterized by substantial interindividual variability. In contrast, descriptive trends for the 
healthy meal condition suggest relatively stable energy levels, indicating a smaller but 
potentially more consistent effect on short-term energy compared to the high-sugar condition. 
 

 
Conclusion 

In summary, both the high-sugar food and the healthy meal were associated with 
increases in mood and decreases in hunger. The healthy meal produced a larger average 
improvement in mood, while the high-sugar food appeared to produce a more noticeable short- 
term reduction in anxiety and a subtle increase in energy. However, due to the small sample size 
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and tied values in some variables, several statistical tests could not be reliably computed, and 
results should be interpreted with caution. 
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Nutrition Information 
Nutrition Facts: Crumbl Dubai Chocolate Cookie 
Nutrient Amount per Cookie 
Daily Value % (Based on 2,000 kcal) 
Calories: 1,010 kcal, 50.5% 
Total Fat: 56g, 72% 
Saturated Fat: 28g, 140% 
Total Carbohydrates: 119g, 43% 
Total Sugars: 77g, 154% 
Protein: 14g, 28% 
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Sodium: 419mg, 18% 
Fiber: 7g, 25%Madaboosi 
16 
Research Survey Questions 
Participant Information & Consent 
1. I have read the instructions and I agree to participate in this study. (Yes / No) 
2. Participant Initials (First and Last) 
3. Age 
4. Gender 
5. Do you have any food allergies or dietary restrictions? 
SECTION 2 — Crumbl Cookie Dubai Chocolate Cheesecake Session - BEFORE Eating 
6. Date of Cookie Session 
7. Time of Cookie Session 
8. Hunger level (Scale 1-7: Not hungry to Very hungry) 
9. Mood right now (Scale 1-7: Very negative to Very positive) 
10. Anxiety level (Scale 1-7: Not anxious to Very anxious) 
11. Energy level (Scale 1-7: Very low to Very high) 
SECTION 3 — Crumbl Cookie Dubai Chocolate Cheesecake Session — AFTER Eating (10 
minutes later) 
12. Fullness level (Scale 1-7: Not hungry to Very hungry) 
13. Mood right now (Scale 1-7: Very negative to Very positive) 
14. Anxiety level (Scale 1-7: Not anxious to Very anxious) 
15. Energy level (Scale 1-7: Very low to Very high) 
16. Enjoyment of Cookie (Scale 1-5 Stars) 
17. Did the Crumbl Cookie change your mood overall? (A lot more positive, A little more 
positive, No change, A little more negative, A lot more negative) 
SECTION 4 — Balanced Healthy Meal Session - BEFORE Eating 
18. Date of Meal Consumed 
19. Time of Cookie Session 
20. Hunger level (Scale 1-7: Not hungry to Very hungry) 
21. Mood right now (Scale 1-7: Very negative to Very positive) 
22. Anxiety level (Scale 1-7: Not anxious to Very anxious) 
23. Energy level (Scale 1-7: Very low to Very high) 
SECTION 5 — Balanced Healthy Meal — AFTER Eating (10 minutes later) 
24. Fullness level (Scale 1-7: Not hungry to Very hungry) 
25. Mood right now (Scale 1-7: Very negative to Very positive) 
26. Anxiety level (Scale 1-7: Not anxious to Very anxious) 
27. Energy level (Scale 1-7: Very low to Very high)Madaboosi 
28. Enjoyment of Healthy Meal (Scale 1-5 Stars) 
29. Did the Healthy Meal change your mood overall? (A lot more positive, A little more 
positive, No change, A little more negative, A lot more negative) 
SECTION 6 — Final Comparison 
30. Which food had a stronger emotional effect on you? (Dubai Chocolate Cheesecake / 
Healthy Meal / Both the same) 
31. Which made you feel more positive overall? (Dubai Chocolate Cheesecake / Healthy 
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Meal / Both the same) 
32. Which would you choose to eat when you want to feel better emotionally? (Dubai 
Chocolate Cheesecake / Healthy Meal / Neither/Depends) 
 
 

Investment Banking and IPOS: What Drives Success, What’s Next in 2026, and How AI 
Changes the Game? By Bhargava Janga 

 
Abstract 

This paper provides an overview of Initial Public Offerings (IPO) and their role in 
investment banking. It examines first-day IPO performance by sector, the largest IPOs in history, 
the 2024-2025 IPO market recovery, several notable recent IPOs, possible IPO candidates about 
2026, and the growing influence of artificial intelligence on investment banking. The paper 
argues that IPO performance depends not only on company fundamentals, but also on investor 
sentiment, sector trends, market timing, underwriter credibility, and broader macroeconomic 
conditions.  
 
Initial Public Offerings (IPOs) in Investment Banking: A Research Overview 
 
Introduction 
 An IPO (Initial Public Offering) is a major event for both the company and investment 
bankers. It is when a private company sells shares to the public in an effort to raise money and 
become publicly traded. IPOs play an important role in the capital markets by allowing 
companies to fund growth and by giving new investors access to public ownership. This paper 
discusses IPOs in relation to Investment Banking and analyzes them in six parts: 1) IPO 
performance per sector and what industries are normally involved in strong IPO day-1 stock 
price "pops"; 2) Top 10 Largest IPOs by value, company, sector, raised capital, valuation at the 
IPO day and current market cap, as well as their success post-IPO; 3) IPO Market performance 
of 2024-2025 and its recovery after the negative IPO markets in 2022-2023 in comparison to the 
IPO boom prior to 2022; 4) Top 5 IPOs of 2024-2025 and the related performance; 5) A selected 
5 potential companies that may be candidates for investment in IPOs around 2026, including 
what each company does, its sources of revenue and clients, competitors, and available financial 
metrics; 6) Artificial Intelligence influence over the future of investment banking: it will allow 
banks to automate routine activities while leaving judgment-based functions to humans. The 
work is developed based on available information from investment banking industry sources 
such as IPO Scoop, Ernst & Young (EY), Investopedia, Deloitte, Reuters, and StockAnalysis 
(EY, 2026; Deloitte, 2023; StockAnalysis, 2026).  
 
1. IPO Performance by Sector: Why Some Sectors Pop on Day One 
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Solid Performance in the First Day of Certain Sectors: Historically, IPOs in specific 
sectors, particularly Consumer Goods, Technology, and Financial Services, have had higher 
chances of closing above the offering price in their first trading day. As of 2025, for example, 
technology IPOs listed on the New York Stock Exchange saw the largest first-day share price 
jump, at an average of +36.3%, compared with other sectors(EY, 2026). Consumer goods have 
consistently accounted for the highest number of IPOs opening above the expected range, 
showing strong investor demand. The financial sector, a broad classification that includes banks, 
insurers, and fintech firms, has also frequently performed well at its debut, given investors’ 
positive perceptions about established business models and revenue streams. Several reasons 
contribute to these solid first-day gains in specific sectors: transparency of the business model, 
recurring revenue streams, scalability, general investor sentiment, and prevailing 
macro-economic conditions. 

General Reasons for First Day IPO success: Other reasons also drive performance of 
IPOs on the first day. Macro-economic factors, in general, also play a crucial role in IPO 
performance. IPOs launched during positive macro-economic conditions, like a healthy 
economy, low inflation and either falling or stable interest rates-tend to benefit from greater 
investor demand and price expectations. However, higher interest rates make fundraising costlier 
and decrease the present value of future earnings, thus affecting the overall value of the IPO. 
Investor sentiments, cycling through bullish and bearish markets, also influence this; generally, 
first day "pop" is bigger during bull markets and when risk appetite is higher, while conservative 
pricing during bearish times reduces first day gain. The credibility of investment banks managing 
the IPO could also influence the potential price gains, as high-reputation banks can signal quality 
and attract investor interest. Last but not least, pricing strategy during IPO, i.e., aggressive and 
conservative pricing of the IPO relative to a perceived fair value, is of great importance; even a 
great company can have an unsuccessful first day with a highly overpriced offering, while some 
price discount, even small, is intentional and thus ensures good first day performance and a 
positive image. Finally, issues like lock-up expirations (when insiders can start selling shares, 
which usually takes place around 6 months after the listing) and early investor departures could 
create negative press and additional selling pressure. Overall, the Consumer Goods, Tech and 
Financial Services industries often boast suitable fundamentals and investor attraction for 
impressive first day gains and do particularly well in positive macro-economic conditions. 

 
2. Top 10 Largest IPOs of All Time: Companies, Sectors, and Success Factors 

Some IPOs are not only market milestones but also case studies in long-term success or 
challenges. Table 1 below lists the ten largest global IPOs ever by capital raised, along with each 
company’s core business, sector, IPO proceeds, and current valuation (Investopedia, 2015): 

 
Table 1: Top 10 Largest Global IPOs in History 
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Company (IPO 
Date) 

Core Business 
Industry 
Sector 

IPO Capital 
Raised 

Current Valuation 

Saudi Aramco (Dec 
2019) 

Oil & gas exploration, 
production, and sales 

Energy $25.6 billion ~$1.6–1.8 trillion 

Alibaba Group 
(Sept 2014) 

E-commerce platforms, cloud 
computing, digital payments 

Technology $21.8 billion ~$350–400 billion 

SoftBank Corp (Dec 
2018) 

Mobile telecommunications 
services (Japan) 

Communicat
ion Services 

$21.3 billion ~$30–40 billion 

NTT DoCoMo (Oct 
1998) 

Mobile telecom (NTT’s 
wireless network arm in Japan) 

Communicat
ion Services 

$18.1 billion 
N/A (acquired in 
2020) 

AIA Group (Oct 
2010) 

Life insurance and financial 
products (Asia-Pacific focus) 

Financial 
Services 

$17.8 billion ~$100–110 billion 

Visa Inc. (Mar 
2008) 

Global digital payments 
network (credit/debit card 
processing) 

Financial 
Services / 
Tech 

$17.4 billion ~$450–500 billion 

Enel SpA (Nov 
1999) 

Electric and gas utility (major 
focus on renewable energy 
generation) 

Utilities $16.4 billion ~$45–55 billion 

Meta Platforms 
(Facebook) (May 
2012) 

Social media platforms and 
digital advertising 

Technology $16.0 billion 
~$900 billion–$1 
trillion 

General Motors 
(Nov 2010) 

Automotive manufacturing 
and financing (cars, trucks, 
and related services) 

Consumer 
Discretiona
ry 

$15.8 
billion 

~$45–55 billion 

ICBC (Industrial & 
Commercial Bank 
of China, Oct 2006) 

Banking and financial services 
(China’s largest bank) 

Financial 
Services 

$14.0 billion ~$200–220 billion 

Sources: IPO data from Investopedia; current market capitalizations as of early 2026. 
 
The factors that contributed to the success of these IPOs can be boiled down to these: 
 

● Each company was at the time of the IPO either the leader or on the path to becoming a 
leader in a massive market or industry. Therefore investors, seeing an opportunity for 
enormous future profit and market capture, crowded into each of these IPOs, pushing 
prices higher and higher on massive amounts of capital inflows. Each of these IPOs, in 
essence, were proxies for huge, growth-intensive industries, either now, or in the future, 
with large profits to be extracted by whoever possessed the market position to do so. 

● Scale of business and dominant market position: Most of these IPOs were, and in many 
cases continue to be, companies at the top of the field, and leading colossal industries. 
Saudi Aramco is the world's largest oil producer, acting as a pure proxy for the global oil 
market, and is one of the largest publicly traded companies, and the biggest IPO ever at 
$25.6 billion, based on the size of its oil reserves, and subsequent ability to extract 
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massive profits. Alibaba had dominance in China's burgeoning e-commerce market with 
an enormous and expanding ecosystem of online services (payments and cloud 
computing). Investors globally were more than willing to part with $21.8 billion in 2014 
to be on board at the beginning, leading to a huge IPO that was oversubscribed multiple 
times, a situation duplicated by Visa Inc., a key company for all global electronic 
transactions (which was and continues to be a dominant force) at its 2008 IPO of $17.4 
billion, and many of the others in the list which commanded either market share or a 
monopoly in their specific, gigantic sector. 

● Company's prospects and financials at IPO: All of the largest IPOs that had huge 
successes also possessed either very impressive financials or huge future prospects and 
growth expectations, leading to incredible initial enthusiasm. Companies like General 
Motors, the ones mentioned earlier in technology and finance exhibited characteristics of 
either having immense and profitable revenues, or the ability to rapidly and consistently 
grow their revenues based on factors like innovative technologies or a unique, 
difficult-to-replicate business model, leading to a profitable scenario with many potential 
returns. AIA Group Limited and Industrial and Commercial Bank of China, both 
financially focused firms, offered investors a glimpse of enormous capital gains within 
the lucrative, traditional banking and insurance markets of Asia and China respectively at 
their massive IPOs, justifying their high market values. 

● Timing: Some of the other most successful IPOs benefited from opportune timing. 
Alibaba, at its 2014 IPO, provided the opportune moment for western capital to 
participate in China's technological boom, whereas at a different point in time, many of 
the companies in this list would have been far less successful. Similar dynamics were 
present at the 1999 IPO of Enel SpA, which raised over $16 billion in a market that was 
receptive to large privatizations and utility listings. Meta Platforms, then Facebook, had a 
mixed initial reception after its 2012 IPO due partly to concerns about mobile advertising, 
though it certainly has proven the market wrong over the years. The timing was, in 
almost every instance, opportune, with investors more than willing to pay a premium for 
exposure to these promising companies, with enormous growth, and the capital markets 
able to support the enormous amounts raised and injected. 

● Long-term Creation of value: An IPO having a strong beginning does not automatically 
translate to sustained long-term success (for instance, SoftBank Corporation's 2018 IPO 
raised about $21.3 billion and its market capitalization is now a tiny fraction of this). 
Nevertheless, the majority of IPOs in this top-10 list (such as Visa, Alibaba, and Meta), 
are giants still in operation, whose sustained value creation has justified their 
astronomical opening numbers and prices. Still, each of these huge IPOs shares these key 
characteristics of market leadership and potential for enormous profit extraction, and each 
are underpinned by the belief of investors that they represent value that will grow over 
the next, say, decade. 
 

331 



 
 
 
3. IPO Market Trends in 2024 and 2025: Rebound from the Downturn 

The years 2022 and 2023 marked a significant decline in IPOs, as investors experienced 
high inflation rates, rising interest rates, geopolitical tensions, and declining risk appetite. Indeed, 
2022 broke the record for all-time low US IPOs, with just 90 traditional IPOs and raising just 
over $8.6 billion, an extreme contrast to the surge in the IPO market of 2021 (StockAnalysis, 
2026). This downward trend continued into 2023, with approximately 100-150 US companies 
listing in an IPO, this figure changing from one source to another. The 2023 numbers were 
dramatically lower than the 2020s, with the data stating an 85% drop compared to 2021's high. 
The reasons for this "drought" varied, with investors being deterred by increasing rates of 
monetary policy, fears of a looming recession and companies themselves choosing to postpone 
their IPO until conditions were more favorable. 

By 2024, investors were regaining confidence, and a recovery in the IPO market seemed 
to be happening with considerable evidence. US companies had 176 IPOs in 2024 with over $33 
billion raised (StockAnalysis, 2026). The pace of the IPO market increased even further in 2025 
with 216 IPOs and $47.4 billion being raised (EY, 2026; StockAnalysis, 2026). As the graph 
below shows, both the number of IPOs and their values in the previous two years have seen an 
increase from the low point of 2022-2023. Though the numbers seen in 2025 of just 216 IPOs 
and $47.4 billion in proceeds are lower than that of 2021 with 416 offerings and $155.8 billion, 
the trend points towards a strong opening of the IPO window (StockAnalysis, 2026). 

Several market and sector specific factors contribute to the strong resurgence in IPO 
activity in 2024-2025. By the second half of 2024 and going into 2025, US equity markets 
regained strength with major indices achieving new highs in 2025 and having moderate 
volatility. It also encouraged investor risk appetite, cooled inflation, and the Fed ending the 
period of rate rises. Higher growth stocks valuations were achieved encouraging unicorns and 
other private companies to go public with an attractive offer price. 

The resurgence in IPOs in 2025 saw the dominant force being the technology media and 
telecommunications (TMT) sector with the theme of AI and digital transformation spurring 
demand for tech-related offers, and seven of the ten biggest US IPOs by value were in the tech 
space in 2025. Deals such as CoreWeave, an AI workload cloud infrastructure provider, and 
SailPoint, an identity security software firm, showcased investor confidence with impressive 
valuations and trading volumes and gave strong indications of investors' eagerness to invest in 
technology-related firms. Traditional sectors such as financial services saw their share of IPOs 
boom in 2025, with a number of large insurance firms finally deciding to go to market. The 
health sector was equally impressive with a pharmaceutical listing bringing in $7.2 billion. 

Despite the impressive revival in IPOs in 2024-2025, the market has still failed to reach 
the same heights as that of 2020-2021, when speculative activity and the SPAC trend led to a 
surge in activity; over 400 offerings and $150 billion in capital raised. It can be argued that 2024 
and 2025 are more "normalized" IPO market volumes and are similar to what has been observed 
pre-2020. Some IPOs, although increasing in 2025, are not as successful as the previous years, 
and the global market has become more selective with investors favouring either large companies 
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with strong profit/growth prospects or smaller, riskier ones. Due to high volatility a few offers 
have also been postponed. 

All in all, the year 2024-2025 represents a tentative but noticeable increase in the number 
of IPOs on the market thanks to the recovery of investors' confidence, strengthening equity 
markets and boom in certain sectors such as the TMT sector. However, the number of IPOs and 
their values has not yet reached the levels seen in 2021, thus reflecting a more measured and 
cautious approach taken by companies, underwriters and the market as a whole. The stage now 
looks to be set for the possibility of a robust IPO market to continue throughout late 2026, 
assuming economic conditions remain stable. 
 
4. Top 5 IPOs of 2024 and 2025 

While hundreds of companies went public in 2024–25, a few stood out for their sheer size 
and market impact. Table 2 below highlights five of the largest IPOs across 2024 and 2025, 
along with their business profiles, sectors, capital raised, and current valuations. These offerings 
underscore the diversity of industries driving the IPO rebound: 

 
Table 2: Five Notable IPOs of 2024–2025 

Company (IPO 
Date) 

Core Business Sector 
IPO Capital 
Raised 

Market Cap 
(Early 
2026) 

Lineage, Inc. 
(July 2024) 

Operates temperature-controlled 
cold storage warehouses and 
logistics for food supply chains 
(largest REIT IPO). 

Real Estate / Logistics 
(Industrial REIT) 

$4.4 billion 
~$8.8 
billion 

Venture Global 
(Jan 2025) 

Produces and exports liquefied 
natural gas (LNG) from U.S. 
terminals (energy 
infrastructure). 

Energy $1.75 billion 
~$24.2 
billion 

CoreWeave (Mar 
2025) 

Provides cloud infrastructure 
optimized for GPU-intensive 
computing (AI and machine 
learning services). 

Technology 
(Cloud/AI) 

$1.5 billion 
~$46.9 
billion 

SailPoint, Inc. 
(Feb 2025) 

Develops identity security and 
access management software for 
enterprises. 

Technology 
(Cybersecurity) 

$1.38 billion 
~$8.3 
billion 

Medline 
Industries (Dec 
2025) 

Manufactures and distributes 
medical and surgical supplies, 
devices, and healthcare products 
to hospitals, clinics, and other 
healthcare providers.  

Healthcare / Medical 
Supplies  

$6.3 billion 
~$48 
billion 

Sources: IPO proceeds and company data from Reuters, IPO Scoop, and StockAnalysis; market 
capitalization estimates as of early 2026.  
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Brief Analysis of Each IPO 

Medline Industries (Healthcare): The Medline IPO was significant for the healthcare 
sector. Medline is one of the largest manufacturers and distributors of medical supplies, 
providing hospitals and clinics with products ranging from surgical gloves to equipment. The 
IPO raised about $6.3 billion in December 2025, making it the largest IPO of 2025 (Reuters, 
2025). Medline's success can be attributed to a strong balance sheet and defensive 
business-supplying essentials means stable, recurring revenues. Investors were drawn to 
Medline's profitability and dominance in a non-cyclical (healthcare) sector, leading to strong 
post-IPO performance. As of its first trading day, Medline’s market capitalization was estimated 
in the tens of billions, though the exact figure may change with share price movement. The rise 
likely stems from expanding healthcare demand and Medline's scale (one of the world's largest 
private manufacturers of medical supplies).  

Lineage, Inc. (REIT - Logistics): The largest operator of cold-storage warehouses 
globally, Lineage is a vital part of the food supply chain, storing and transporting perishable 
products. In July 2024, the company raised about $4.4 billion in the largest IPO of 2024 
(Reuters, 2024; Paschal, 2024). As a REIT, it was unusual because REIT offerings typically raise 
less and attract yield-seeking investors. The large sum points to high institutional demand for this 
unique logistics business. With an IPO valuation of about $19 billion, Lineage's market cap 
adjusted to $8.8 billion as of 2026-a decline post-IPO. REITs are sensitive to rising interest rates 
(through 2024-25) and debt, with Lineage using a substantial part of IPO funds for debt 
repayment. Nonetheless, the underlying business model addresses the growing need for food 
distribution infrastructure, showing investor interest in logistics outside tech. 

Venture Global (Energy): Venture Global LNG went public in January 2025, raising 
$1.75 billion. The company develops and operates liquefied natural gas export terminals, 
capitalizing on high global LNG demand (in Europe and Asia) and the U.S. Shale gas surge. 
Coming at a time of elevated energy prices, its IPO benefited from optimism around energy 
infrastructure. The company's valuation rose to over $24 billion as of 2026, indicating strong 
post-IPO performance. This might be attributed to long-term contracts and geopolitical drivers 
(e.g., European countries seeking alternatives to Russian gas). Going public enabled Venture 
Global to raise capital for facility expansion, a growth story that attracted investors to this 
traditionally capital-intensive sector. 

CoreWeave (Technology - Cloud/AI): The March 2025 IPO of CoreWeave raised $1.5 
billion and highlighted intense investor interest in AI and cloud computing. CoreWeave offers 
cloud infrastructure specifically for AI and machine learning, acting as a next-generation, 
GPU-focused cloud provider. Its timing was perfect-2025 saw booming AI investment, and its 
services are in high demand for AI model computation. By 2026, its market cap reached about 
$47 billion, an exceptional increase. This growth reflects investor confidence in CoreWeave's 
revenue potential, as many AI startups and companies require its high-performance cloud 
compute services. The success of its IPO signals strong market reward for companies at the 
intersection of cloud and AI with scalable infrastructure models. 
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SailPoint, Inc. (Technology - Security Software): SailPoint is a provider of enterprise identity 
and access management software, offering cybersecurity solutions to control user access. The 
February 2025 IPO raised $1.38 billion. Interestingly, SailPoint had been public before; it was 
taken private by private equity in 2022, so its return was a "re-IPO." The growing demand for 
identity security due to increasing cyber threats and compliance needs makes SailPoint an 
attractive business for its recurring revenue from enterprise customers. As of early 2026, its 
market cap was around $8.3 billion-just above the IPO amount, suggesting modest post-IPO 
gains. This could be due to competition or the resale of shares by private equity. Nevertheless, its 
successful listing marks a comeback for enterprise software IPOs in 2025, particularly for firms 
with proven business models. 

Overall, the leading IPOs of 2024-25 spanned healthcare, logistics, energy, and advanced 
technology. The largest deals typically involved market leaders or firms in high-growth 
industries (AI, cybersecurity, energy infrastructure). Post-IPO performance varied; some saw 
significant gains (Medline, CoreWeave), while others were more cautious (Lineage, SailPoint) 
due to sector-specific challenges or market dynamics. These examples show that in a recovering 
IPO market, investors prioritized clear value propositions and strong fundamentals. 

 
5. Five IPOs to Watch in 2026: Investment Picks and Rationale 

Looking ahead to 2026, we predict an IPO boom with a handful of high-profile private 
companies set to make their public debuts. For investment bankers (or investors) considering this 
future onslaught of IPOs, it's crucial to perform due diligence on each company's underlying 
fundamentals - what they do, how they make money, who their customers and competitors are, 
and their financial health - and pick the few that could prove to be great long-term investments. 
Here are five that have generated considerable interest that should hit public markets in 2026 and 
a breakdown of each. 

 
I. Generate Biomedicines (AI Biotech - Drug Discovery) 

What the Company Does: Generate Biomedicines uses machine learning to design novel 
protein based drugs. In contrast to traditional drug discovery involving lab testing, Generate 
employs generative AI to create novel protein structures that may better target diseases. 

How It Makes Money:Generate is still currently generating no commercial drug sales 
revenues. It is able to generate revenue from strategic partnerships with large pharmaceutical 
companies in exchange for an upfront fee, research funding, and milestones as its partnered drug 
candidates advance through the clinical trials process. 

Customer Base and Why They Choose Generate:Its customers are large pharmaceutical 
companies seeking a speedier, cheaper drug discovery process. Partners may select Generate for 
its potential to use AI-powered protein design to shorten development times and to have an 
increased chance of drug candidates succeeding by being more effectively designed initially. 

Key Competitors:Companies like Recursion and Insitro and major pharmaceutical 
companies that rely on their internal R&D teams for drug discovery. Traditional pharmaceutical 
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companies generally have better financial backing, but their disadvantage relative to Generate is 
the lengthy timeline of drug discovery. 

Financial Highlights and Risks:Judging by Generate's filing to go public, its revenues are 
still relatively small, are largely driven by partnerships, but are increasing year-over-year. 
Margins are steeply negative with Generate spending huge on R&D; a classic trait of a clinical 
stage biotech. The risk/reward nature of this IPO relies on strong clinical outcomes of a drug 
candidate and the capacity to successfully commercialize that drug once it is discovered. 
Generate could revolutionize protein-based drugs by creating them via AI. 
Potential for reduced timelines in R&D. 
Potentially huge upside in the stock price with a single drug success. 
 
II. SOLV Energy (Renewable Infrastructure – Solar & Storage) 

What the company does: SOLV Energy develops and constructs large-scale solar and 
battery storage projects. SOLV works as an energy infrastructure contractor providing 
utility-scale solar-plus-storage. 

How it makes money: Instead of the early-stage clean tech model where the startup's 
current revenue is near $0, SOLV earns revenue right now via EPC (engineering, procurement, 
and construction) contracts with utilities and commercial energy developers. The revenue earned 
as the company designs, constructs and maintains energy infrastructure. 
Customers and why they choose SOLV: The Company’s customers are typically electric utilities, 
independent power producers and companies looking for renewable energy alternatives. The 
reasons for choosing SOLV typically stem from the Company’s capacity to construct solar plus 
storage and from the long backlogs the company often has, implying capability for executing 
many projects across multiple sites. 

The Company’s competitors: competitors to the company include larger and more 
diversified players in energy and infrastructure, such as First Solar, MasTec and Quanta Services. 
While the other players may have much stronger balance sheets, SOLV’s strength lies in its 
focus. 

Financial Summary and Investment Profile: From the company’s IPO documentation, the 
company’s revenue is supported by a backlog of over a billion dollars, implying a strong 
visibility to future revenue streams. Typically, construction businesses have slim margins, 
however, through scale and operational improvements SOLV could potentially increase margins. 
Unlike a clinical-stage biotech IPO, SOLV is a tangible infrastructure play, dependent on cash 
flow. 

The Company’s advantage is that it can be awarded large solar + battery EPC contracts 
thereby providing revenue. 

It also has a backlog of more than a billion dollars, offering significant visibility unlike 
other earlier stage companies. 

There is high sustained demand driven by climate pressure. 
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III. Veradermics (Clinical-Stage Biopharma – Dermatology) 

Company What It Does: Clinical-stage biopharmaceutical company working on an oral 
pill that aims to treat androgenetic alopecia (pattern hair loss). They are targeting a very large 
market that currently doesn't have the kind of options available to it for hair loss treatment with 
the limitations of minoxidil or finasteride. 

How It Makes Money: It's currently not generating product revenue, it relies on the 
investors for cash flow for clinical trials. If and when it gets approved, it will make money from 
selling its pill through the dermatology channels, as well as perhaps direct-to-consumer use. 

Customers: They eventually hope that the customers for its products would be 
dermatologists, but millions of consumers seeking hair restoration therapies as well. Doctors and 
consumers will likely opt for Veradermics if its hair loss therapy turns out to be more effective or 
if it is easier and safer to use. 

Competitors: Its competitors are both the generic drug providers for current hair loss 
therapies and other biopharmaceutical companies with other drug options that they are hoping 
will be viable hair loss treatments. While current drugs will be more affordable and have wider 
recognition, if Veradermics can prove its therapy's effectiveness, they can demand higher pricing. 

Key Financial Highlights and Risks: According to Veradermics' SEC filing it does not 
have any repeating commercial revenues, and it is also running in a deficit due to research 
expenses. The IPO is largely speculative depending on the success of clinical trials and 
government approval but is targeting a very large addressable market. 
Millions of people around the world suffer from hair loss and that has created a massive potential 
market 

The trials' results could lead to high sales revenues 
Dermatology products are often high-margin products if patented. 
 
IV. SpyGlass Pharma (Ophthalmology – Sustained-Release Drug Delivery) 

What it Does: SpyGlass Pharma targets chronic eye conditions such as glaucoma and its 
lead development candidate and strategy focus is on sustained delivery of drug therapies for 
chronic eye diseases, specifically by developing implanted or extended-delivery therapies 
designed to reduce dependence on eye drop administration, which could lead to improved patient 
compliance and treatment outcomes. 

How it Makes Money: SpyGlass is not generating meaningful commercial revenue 
currently, as it is in late stage development. Its business is funded by the capital it raised in the 
IPO as well as in previous private funding rounds and operations are intended to eventually drive 
its products through approval and to market. 

Customer Base and Why they Would Buy from SpyGlass: Potential customers would be 
ophthalmologists, as well as patients who treat their chronic eye conditions with ongoing 
medication. Physicians will likely favor sustained release delivery systems if these products 
result in better compliance and long term clinical benefits. 
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Key Competitors: Competition comes from larger, established ophthalmology 
pharmaceutical companies, and even from existing medical device firms who currently sell a 
variety of glaucoma treatments. These incumbents have far more experience, but SpyGlass 
differentiates by its long-lasting drug delivery mechanisms. 

Financial Highlights and Risks: SpyGlass reports operating losses as of its IPO 
prospectus, mostly due to R&D spending, and revenues were in the low-single digits, if 
pre-commercial. As with all late stage clinical-stage biotech investments, the stock represents a 
binary, clinical outcome-driven investment, that depends heavily on trial outcomes, regulatory 
success and adoption by consumers. 

Chronic eye conditions such as glaucoma will have ongoing demand for treatment. 
Long-lasting drug delivery systems could lead to increased patient compliance and better 
treatment outcomes. 

Novel drug delivery technologies could be targets for acquisition by larger 
ophthalmology companies. 
 
V. ARKO Petroleum (Retail Fuel & Convenience) 

What It Is: ARKO Petroleum is an operator of gas stations and convenience stores 
throughout the United States. They combine fuel sales with convenience offerings that offer 
higher margin items than fuel alone. 

How It Makes Money: The company makes money from ongoing fuel and convenience 
store sales. The fuel revenue is stable while convenience store sales often offer better margin 
revenue. Fuel price volatility can impact revenues, but demand generally remains fairly 
consistent. 

Who the Customers Are: The typical customer is your average driver and local resident 
who prioritizes location and convenience. There is a high repeat factor given ongoing fuel 
demands and convenient in store purchases. 

Key Competitors: Competitors include large branded oil retailers such as ExxonMobil 
and Shell and regional convenience store chains. While large companies possess the advantage 
of strong brand recognition and supply chains, ARKO's competitors benefit from strategic 
locations and aggressive expansion strategy in the market through acquisitions. 
Financials and Investment Appeal: ARKO revenue is meaningful and stable according to its 
filing with the SEC, as demand is continuous as opposed to pre-commercial milestones required 
in Biotech companies. The growth revenue tends to be moderate rather than exponential, with 
stable profitability over earlier-stage Biotech companies. Some of the main risk factors impacting 
the company are fuel price volatility impacting the bottom line and hyper local competition. One 
of the main upward leverages of the company is its constant market share increase due to 
acquisition of local fuel chains. 
Has consistent and stable cash flow streams and revenues. 
Fuel and convenience purchases appear to have inelastic local market demand. 
Is constantly increasing its market share by buying smaller chains. 
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6. AI and the Future of Investment Banking: Automation vs. Human Expertise 

Artificial intelligence (AI) will revolutionize investment banking (IB) just as it is in other 
industries. Investment banks are now embracing AI, especially generative AI (such as large 
language models) to automate and augment various aspects of their processes, from drafting 
pitches to crunching numbers. It's important to differentiate those IB activities that are highly 
automatable (repetitive, data-heavy work) and those that require high levels of judgment (human 
nuance, relationships, ethical considerations). Here we detail the distinctions: AI will increase 
efficiency and transform the skills needed for the IB workforce. According to a Deloitte study in 
2023, generative AI could lead to increases of 30% or more in front-office IB productivity by 
taking over tasks that junior bankers currently perform such as content generation and analysis. 
Already, IBs are experimenting with AI to create first drafts of pitches, build valuation models, 
source comparable companies for deal analysis, and generate financial forecasts in seconds 
rather than minutes/hours for analysts. Natural language processing AI tools are reading through 
earnings calls, news releases, and research reports and summarizing them to give bankers the key 
takeaways before client meetings. On the trading desk, AI (including machine learning) has been 
a part of algorithmic trading and risk management for years; the latest generative AI can now 
draft trading code or parse Federal Reserve statements for implications on interest rates. 

For areas such as compliance and fraud detection, AI has become essential as the 
technology is far more effective than traditional rules-based systems at monitoring transactions 
and flagging suspicious activity. HSBC and JPMorgan are just two examples of investment 
banks that have adopted AI for these purposes and seen substantial reductions in both errors and 
processing time. Chatbots and virtual assistants have also entered the IB and wealth management 
space by allowing client services to respond to standard requests, thereby enhancing client 
experience. 

The most crucial aspect of AI in IB, however, will be the power for data analysis and 
generation of insights that was previously unattainable. The algorithms can identify patterns in 
stock or corporate performance that humans would miss. Generative AI, for instance, could 
analyze numerous financial statements and suggest potential acquisition targets based on those 
identified patterns (growth rates, margins, etc.). While not replacing a strategic judgment made 
by a human banker, AI will speed up the idea generation process immeasurably. IBs also utilize 
AI tools for IPO pricing models-analyzing client sentiment through news and social media data 
to inform the valuation. 

While AI is taking over many lower-value, data-driven tasks that junior bankers and 
associates perform, for the most part, it will not completely replace human bankers. Investment 
banks’ core value is providing strategic advice and financial solutions based on human judgment, 
trustworthiness and relationships. Complex negotiations in high-stakes M&A deals, or winning a 
mandate from a corporate client over a competitor involves persuasion, creative problem solving, 
and an element of human trust that AI cannot replicate. Senior bankers are still responsible for 
making strategic decisions and evaluating AI-generated data. Since AI can "hallucinate" 
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plausible but inaccurate information, all AI outputs must be reviewed by humans for accuracy 
and logical consistency. 

Therefore, the near-future for IB will involve a human-AI partnership whereby junior 
bankers and analysts are freed from the repetitive nature of traditional IB work, potentially 
allowing for smaller teams, and enabling them to acquire higher-value skills. Human bankers can 
focus more on relationship management and client advisory, a shift already occurring with a 
focus on communication, adaptability, and ethical reasoning being placed higher importance 
when recruiting. The traditional notion of an IB analyst manually building models could 
therefore shift to one where analysts are supervising and critiquing AI-generated models. 

Overall, AI is transforming IB through automation, increasing efficiency and reducing 
costs for IBs, similar to what the introduction of Excel brought about many decades ago. The 
complex decision-making required in IB still requires human judgment. We expect that in the 
next few years, AI will become integrated into more IB workflows such as deal sourcing, due 
diligence and report writing, freeing up bankers to focus on the tasks that AI tools cannot 
complete, such as relationship building. As Deloitte pointed out, those banks that are able to 
effectively leverage generative AI could reap significant advantages in productivity and new 
insights. The days of late-night, number-crunching on every pitch will begin to fade, making way 
for the business of advising clients. 
 
Limitations 

This paper relies mainly on public market reports, company filings, financial news 
articles, and investment banking industry sources. Since market capitalization, IPO performance, 
and 2026 IPO plans can change quickly, the figures in the paper should be treated as approximate 
and time-sensitive rather than permanent. In addition, some private companies disclose limited 
financial information before going public, so any discussion of future IPO candidates involves 
more uncertainty than analysis of already completed IPOs. 
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The Moral Logic of Strangers By Matthew Gilsenan 
 
If you were told a story about an adult brother and sister‚ Julie and Mark‚ who went to 

the south of France and one night in a little cottage by the beach decided‚ all alone‚ to make 
love‚ and she was on the pill‚ and he was wearing a condom‚ and even though they both enjoyed 
it they swear never to do it again‚ and they promise each other to keep it between themselves 
because it has brought the two of them closer together‚ what would you say? 
 
Now you ask: was that wrong? 
 

Almost all of them say yes immediately․ Then social psychologist Jonathan Haidt asks 
why․ After they place the order of the genetic risks‚ Haidt reminds them they have two options 
for contraception: either emotional wounds or a ruined sibling bond․ However‚ neither of these 
occured․ Julie and Mark instead became closer to one another․ They try again: family trust, social 
taboo, the sanctity of the bond. Every time the damage begins where it ends․ And eventually‚ 
subject after subject arrives at the same wall․ They all know it is wrong. They're not sure why 
(Haidt)․ 

Haidt called this moral dumbfounding: the stubborn maintenance of a moral judgment 
after every offered reason has been defeated․(Haidt). Haidt proposed this as evidence for what is 
now often called the social intuitionist model‚ the claim that moral judgment is produced by fast‚ 
automatic intuition‚ and that reasoning is largely a post hoc rationalization generated to defend a 
verdict the mind has already reached (Haidt)․ The dog wags the tail; the tail does not wag the 
dog․ The implication is that those in the study are not failing to find the right reason․ There is no 
right reason․ There is only a feeling‚ dressed up afterward in the borrowed clothes of argument․ 
The clearest example for Haidt was the taboo against incest‚ which appeared to him to be 
entirely emotional․ 

This essay argues that Haidt got the experiment right‚ but the interpretation wrong․ 
The group was not making mistakes in reasoning‚ they were succeeding at something that 
Haidt's way of thinking did not see․ The reason each answer is not right is not that moral 
judgment is irrational or that it presupposes too much․ It is wrong because each answer is aimed 
at the wrong target․ They were trying to locate the wrongness inside the act‚ between two 
individuals․ But the wrongness of incest does not live there․ The dumbfounding is real․ The 
diagnosis is mistaken․ What is not clear to the participants is not that there is no reason‚ but that 
there is a reason that they have never been taught to look for‚ because it is one level higher than 
philosophy has taught them to look․ 

Three candidate explanations include that the wrongness of the act is that given by major 
ethical theories․ None of these explanations work․ Recognizing that they fail reveals where the 
underlying wrongness must be located․ 

A consequentialist  response follows: incest is wrong because it produces genetic harm․ 
The most natural view within Singer's consequentialism is that wrongdoing consists solely in 
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producing bad consequences‚ such as suffering or prevented preferences (Singer)․ Since 
inbreeding increases the chance of  recessive disease‚ incest is wrong in proportion to that․ Nor 
does this argument apply to  incest between sterile siblings‚ same-sex siblings‚ or between a 
couple who are using reliable contraception‚ as Haidt assumes they are when he tells subjects 
they used two methods of contraception․ They condemn the act with undiminished force (Haidt)․   
 
If they are condemning anything‚ it is not the genetic probability table․ 
 

One deontological answer is  that incest commodifies a relationship that should be 
non-commodified․ The sibling-sibling relationship is non-instrumental‚ but that relationship  
would be commodified if it were sexualized․ Kant says that  the mere use of someone as a means 
is wrong (Kant)‚ but the argument has real work to do in cases of dependency or coercion․ But  it 
generalizes badly․ Two adults brought up in isolation who discover at a late stage in life that  they 
have a biological parent in common․ But  no bond to corrupt‚ no regard to instrumentalize․ If 
wrongness tracked relational corruption‚ it would  be attenuated to nothing‚ but it is not․ The 
condemnation follows them with the same force that it follows Julie and Mark‚ since the 
wrongness is a fact about  the biological category they enter‚ and not the relation they share․ 
The disgust answer: incest is wrong because we feel‚ immediately‚ that it is․ This is Haidt's 
descriptive answer and Leon Kass's normative answer: repugnance is "the emotional expression 
of deep wisdom‚ beyond reason's power fully to articulate it" (Kass)․ But as philosophy this is 
circular: the "yuck factor" has also decried interracial marriage‚ inoculation and actually digging 
up dead bodies for medical study (Nussbaum)․ Repugnance is thus a register of what a culture 
has trained its members to find unthinkable‚ not a moral compass․ 

What all three failures have in common is that the wrongness is found in the act's relation 
to the two people as dyad․ The consequentialist finds the wrongness in the effect on the dyad‚ the 
deontologist in the relation between the people‚ and the disgust theorist in their reactions to each 
other․ All three views have in common the assumption that the relevant moral facts concern 
(hold for) the dyad․ It is this assumption which the rest of the essay rejects․ 

The wrongness of incest is not located in what Julie and Mark do, on that one night, in 
isolation. It is located in what the practice — universalized, sustained across generations — does 
to the social world. 

One philosopher came closer than anyone. Kant's Formula of Universal Law — "Act 
only in accordance with that maxim through which you can at the same time will that it should 
become a universal law" (Kant) — is not a test of whether the act in front of you produces good 
outcomes. It is a test of what the world would look like if everyone acted on your maxim. The 
unit of analysis is not the dyad. It is the universalized practice. 

But standard applications flatten Kant back to the individual level. The right question is 
not whether the universalized maxim contradicts itself. It is what the universalized maxim 
produces. 
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What it produces — hidden in a thousand years of European Church policy — is the topic of the 
next section. 

What does universalized endogamy actually produce? The answer is‚ in part‚ a natural 
experiment among the most influential in social science․ Starting with the Western Catholic 
Church in the second half of the sixth century‚ Jonathan Schulz and Joseph Henrich proposed a 
Marriage and Family Program consisting of prohibited cousin marriage‚ levirate marriage and 
polygyny that became ever more restrictive over the centuries‚ eventually covering all cousins up 
to the sixth degree (Schulz)․ No other major institution went anywhere near this far․ Islam 
permitted cousin marriages․ Confucian China advocated cousin marriage․ The Western Church 
was the outlier․ Church exposure alone explains 40% of the variation in the Kinship Intensity 
Index․ When cousin marriage diminishes‚ something else grows in its place: individualism‚ 
willingness to cooperate with strangers‚ donating blood‚ participating in voluntary associations‚ 
and obeying impersonal rules․ This is not mysterious․ The trust kinship lends is limited in its 
scope․ Trust among cousins makes sense because the closed networks assume reciprocal dealing. 
Scaling trust beyond local kin networks cannot really happen without market mechanism and 
supporting liberal institutions that guarantee rights and laws․ Greif‚ in his analysis of the 
medieval Mediterranean trade‚ empirically shows the tipping point: the Maghribi traders 
operated on a kin-based reputational coalition and the Genoese developed third-party legal 
enforcement․ When trade extended beyond the closed Maghribi coalition‚ the latter no longer 
worked but the former scaled (Greif)․ To a high degree‚ it is also why the huge majority of 
societies throughout history could not capture the economic gains of social cooperation: as 
Douglass North explains‚ they got stuck in an institutional matrix that did not evolve into the 
impersonal exchange essential to capturing the productive gains (North)․This was not something 
the Church desired either: it wanted to regulate marriage for inheritance and ecclesiastical 
reasons․ The resulting transformation of the marriage institution‚ an inadvertent byproduct‚ is‚ in 
Henrich's phrasing‚ philosophically more interesting‚ not less (Henrich)․  

According to the modern Kantian interpretation, best represented by Christine 
Korsgaard’s reading, what is contradictory, only in the case of willing and not of conception, is 
that a description under which I act and which I take to be an appropriate description under 
which anyone acts should, if universally followed, make my action impossible (Korsgaard). This 
is the correct interpretation. Moreover, it is the interpretation through which Kant’s account can 
be connected to nonmoralizing empirical questions. 

It produces the closed-kin society — the world that, as Henrich's Science paper measures 
with dose-response precision, cannot scale to impersonal exchange (Schulz). It produces the 
institutional matrix that, as North showed, has trapped most societies in history (North). Which 
conditions are assumed by an agent acting on this maxim? Trust within a family. Trust between 
families. A social order in which the family is open to strangers. The genetic and affective 
eugenic unboundedness of the family destroys every one of these conditions. 

They couldn't put their feelings into words because nobody had trained them to make that 
kind of connection. The problem was at the higher level. In social technology. In the subtle 
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changes that universal endogamy makes across generations to the circumstances that allow 
strangers to cooperate. 

The incest taboo is one of the most ancient moral universals in human societies. It 
persists while almost every other taboo is up for grabs. The standard explanations for its 
existence are unsatisfactory: it's not genetic book-keeping, not the maintenance of relationships, 
not the yuk factor. All of these explanations look for the wrongness in the relationship between 
two people. And that is not where it is. 

The mistake lies in the human world that the universalized behavior creates. The 
prohibition of endogamy, which has been most zealously imposed by the Western Catholic 
Church but has existed in weakened forms in virtually all human societies, is one of the implicit 
rules of generalized trust. Prohibition of endogamy makes it possible for marriage to serve as a 
bridge between clusters of relatives, rather than a rampart within which they may isolate 
themselves. Prohibition of endogamy allows the moral order to grow beyond the extended 
family. Prohibition of endogamy, in the profoundest sense, gives us strangers. 

Haidt is correct in asserting that we emote before we engage in logical reasoning. 
However, he is mistaken in concluding that this indicates our moral judgment is formulated after 
the fact. It’s possible that in certain circumstances, the emotion is in fact responding to 
something meaningful that current language hasn’t yet managed to describe. Those individuals in 
his study understood what they were declaring. They were expressing support for an open 
society. They just weren’t able to explicitly state that. 
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Abstract 

Lung cancer is one of the top ten cancers that cause death from cancer in all parts of the 
world. While advancements in immunotherapy and targeted treatments have resulted in 
improved outcomes for some lung cancer patients, the prognosis for lung cancer patients is still 
poor overall, especially for patients with small cell lung cancer. The development of small cell 
lung cancer is most strongly linked to tobacco exposure over a long period of time. Non-small 
cell lung cancer accounts for approximately 85% of all lung cancer cases in the world. 

To help improve treatment selection and ultimately, treatment personalization (or 
matching medications to patients), the development of patient-derived organoid (PDO) models 
has gained increasing popularity in lung cancer research. PDO technology for lung cancer, 
referred to as lung cancer organoids (LCOs), are more than simple 3D culture dishes, as they 
maintain the histology, genetics, and molecular characteristics of the cells that were obtained 
from the patient’s primary lung cancer and enable researchers to identify effective treatments 
based on the patient’s unique genetic makeup. Several studies are currently utilizing PDOs for 
drug screening, mutation profiling, and predicting a patient’s treatment response. Organoid 
models for lung cancer can be created from various sources, including fresh surgical specimens, 
tumor biopsies, pleural fluid samples, and liquid-phase tumor samples (white blood cells). Organ 
crypto-biobanks (or crypto-banks) exist to allow for long-term storage of orgin bases and allow 
for study in the future. 

An association with many advantages, PDOs also have multiple downsides. Some of the 
biggest limitations to PDOs are contamination with cells that are not cancerous, which will cause 
the purity of the tumor to be lowered, thus affecting how the experiment is conducted. The 
development of several organoid culture methods (i.e., Hanging drop systems, three-dimensional 
dome embedded cultures, air-liquid interface platforms, bioreactors, and microfluidic organoids 
on a chip) has addressed the issues associated with PDOs. Each of these methods has specific 
advantages and disadvantages as each method attempts to model the tumor environment. Overall, 
lung cancer organoids are becoming critical parts of preclinical research and are positioned to 
lead to personalized cancer therapy and drug development. 
 
Introduction 

Lung cancer remains one of the most common and lethal forms of cancer around the 
world, presenting many challenges for oncologists due to the continued nature of the disease. 
The Disease will cause approximately 1.8 million deaths annually (Siegal, et al. 2023). Lung 
Cancer can be classified into Histological Subtypes with multiple types of lung cancer existing 
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that are inconsistent in terms of presentation. The most common histological types include; 
Adenocarcinoma, Squamous Cell Carcinoma, and Small Cell Carcinoma. However, there are 
also other less common forms of Lung Cancer such as; Adenosquamous Carcinoma and Large 
Cell Neuroendocrine Carcinoma. 

Approximately 85% of the lung cancers diagnosed within the United States are classified 
as non-small cell lung cancer (NSCLC), whereas small cell lung cancer (SCLC) represents 
approximately 15%. SCLC has historically been seen almost exclusively in smokers due to the 
aggressiveness of this type of lung cancer and its very short life expectancy if left untreated 
(Govindan et al., 2006). Systematic chemotherapy continues to help some patients; however, the 
majority still have a low likelihood of survival if diagnosed with an aggressive subtype like 
SCLC. Therefore, continued research and advances in preclinical models will aid researchers in 
developing and identifying new treatments for patients with SCLC. 

The classic patient-derived xenograft (PDX) mouse model has been used to predict 
patient response to treatment by using tumor tissue from the patient and implanting it into an 
immunocompromised mouse. Although PDXs are a good model for simulating how cancer 
behaves and how sensitive it is to drugs, their use has been limited due to high cost, extended 
time frames for generating these models, and inherent technical difficulties in working with these 
types of models. The limitations of PDXs hinder their ability to be utilized in large-scale clinical 
studies and drug screening efforts. 

Patient-derived organoids (PDO) are emerging as a powerful alternative to PDXs. PDOs 
are three-dimensional cultures that are derived directly from patient tumor biopsy samples, and 
they can be created from a variety of sources, such as lobectomies, wedge resections, core needle 
biopsies, various body fluids (e.g., pleural effusions or ascites), cerebrospinal fluid, and 
circulating tumor cells obtained from peripheral blood samples (Drost & Clevers, 2028). PDOs 
replicate the morphological and biobehavioral aspects of patient tumors and allow researchers to 
perform functional drug response assays based on morphology, size, and viability. PDOs can also 
be used to study genomics and transcriptomics; discover and validate biomarkers; and 
manipulate the genetic composition of PDOs for precision oncology purposes. 

In addition, PDOs can be expanded long term or cryopreserved, which has enabled the 
development of living PDO biobanks that will serve as sources of PDOs for ongoing research 
and development efforts for drug development. 

Lung cancer research has greatly benefited from the incorporation of patient-derived 
organoids into lung cancer research; they represent a major change since they are a biologically 
relevant model system that is capable of more accurately reproducing the complexity of tumours 
than conventional in vitro or in vivo systems. 

Through the use of patient-derived organoid technology, researchers can now develop 
tailored treatments that are much more effective for lung cancer patients, enabling them to 
receive the best and most appropriate treatment for their specific disease. 
 
Lung Cancer Organoids 
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Lung cancer organoids fall under the category of organoids derived from patients, and 
they have proven to be valuable resources for investigating both tumor biology and therapeutic 
responses in non-small cell lung cancer. They preserve the histological architecture, molecular 
characteristics, and functional properties of the original tumors, allowing for individualized drug 
testing and increased translational relevance. 

External references are not provided here, but two studies discussed here were both 
performed by scientists. Both studies determined that they were able to use PDOs 
(patient-derived organoids) as a predictive/preclinical model system for testing drug efficacy 
against advanced NSCLC (non-small cell lung cancer (NSCLC)). In addition to establishing 
PDOs from NSCLC patients, both studies utilized them as an experimental platform to determine 
the effectiveness of various chemotherapy drugs, utilizing drug sensitivity assays to evaluate 
multiple anticancer agents against PDOs and the corresponding primary tumor tissue samples. 
Both studies confirmed that there is a good correlation between drug response and the expected 
clinical response of PDOs. For example, over 80% of PDO drug responses matched the clinical 
response seen in the patients with advanced NSCLC, further demonstrating that PDOs retain the 
molecular and histological characteristics of the original tumors from which they were derived 
and therefore have potential as an effective preclinical model system. 

These findings demonstrate that lung cancer organoids are reliable platforms for 
preserving tumor-specific characteristics and are effective tools for drug sensitivity testing and 
personalized treatment planning. 
 
Limitations of LCOs 

Lung cancer organoids continue to face serious issues despite their success. One of the 
biggest problems is contamination from non-cancerous (benign) cells. When normal cells around 
a tumor multiply faster than the cancerous cells, it can lead to lower purity of tumor cell lines. 
For instance, a study on lung adenocarcinoma organoids found healthy (norm) cell contamination 
in 58% of the cases analysed (Kim et al. 2024), highlighting the importance of continuing to 
refine organoid culture conditions and improve methods for selecting the most reliable and pure 
organoid cultures. 
 
Three Dimensional Dome-embedded Organoid Culture Method 

As a result, the three-dimensional dome culture system is also one of the most common 
methods used to generate organoids. In this process, cells obtained from patients are grown in the 
gel-like material called Matrigel (extracellular matrix) prepared at a low temperature. If Matrigel 
is not kept cold when made, it will polymerize too quickly and this will impede the growth of the 
organoid. 

Once cells have been resuspended, they are placed inside Petri dishes after being handled 
with extreme care and kept at a constant temperature until they are ready to go to the Petri dish. 
Often times, researchers use pre-coated pipette tips to reduce the amount of product lost due to 
the size of the pipette tip and to achieve equal dome formation. Prior to embedding cells into 
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Matrigel, they were washed in phosphate buffered saline with bovine serum albumin. The cells 
were mixed with an equal amount of Matrigel on ice in a (1:4) ratio to minimize bubble 
formation. After the Matrigel and Cell mixture were plated, they were placed in a 37 oC and 5% 
carbon dioxide incubator until they solidified into a dome. Fresh organoid culture was added to 
the Matrigel Dome every three days after being placed in a 37 oC and 5% carbon dioxide 
incubator (Kim et al., 2024; Sachs et al., 2022). 
 
Conclusion 

Due to its high death toll and various biological pathways, treating lung cancer is among 
the most challenging areas of oncology. Historically, patient-derived xenograft (PDX) models 
have helped elucidate much of what we know about lung cancer; however, many barriers such as 
cost, scalability and efficiency limit the use of these systems across a wider spectrum. 
Patient-Derived Organoid (PDO) models, particularly lung cancer PDO’s, provide compelling 
alternatives because they successfully maintain many of the primary tumor's histological and 
molecular characteristics, while allowing for personalized drug testing and molecular 
characterisation of the same. 

In several studies, strong relationships have been documented between the responses of 
patient-derived organoids and patient outcomes, thus lending support to the reliability of 
organoids as predictive models. However, a number of challenges continue to hinder the 
establishment of patient-derived organoids, such as contamination of culture with nonmalignant 
cells; other issues include the impact of variable culture conditions on both the growth and 
function of the cultures. Ongoing advances in culture systems including dome-embedded 
systems, along with new technologies, such as microfluidics and bioreactors, will continue to be 
necessary for establishing reliable organoid models. 

Because they are continuing to develop and improve, lung cancer organoids will have a 
key position in precision oncology, serving as platforms for drug discovery and treatment 
development studies that are specific to the biological characteristics and needs of each patient's 
lung cancer. The progress of lung organoids represents a major step forward in the development 
of effective and personalized therapies for lung cancer patients. 
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An Analysis of High Intensity Blue-enriched White Lighting and High Intensity 
Yellow-Toned Appearance on Student Performance and Vocabulary Test Scores By Giselle 

Ospedales 
 
Abstract 

This study will investigate the extent to which LED lighting temperature influences short 
term memory retention amongst high school upperclassmen. Many studies that were conducted 
mainly examine how focus, cognitive thinking, attention, and concentration are affected by these 
environmental conditions. This experiment will focus on how LED lighting impacts memory 
retention. It’ll address the gap in how lighting temperature impacts a student's ability to 
memorize and recall unfamiliar vocabulary terms, short term, under two different lighting 
conditions, cool bright LED lights (10 watts) and warm bright LED lights (10 watts). 
Participants, in the grades 11 and 12, will be placed in two separate classrooms. One in warm 
bright lighting and another group in cool bright lighting. Overall, there will be 25-30 
participants.  

The participants will be given a list of 10-12 vocabulary words with short, 
dictionary-style definitions that are unfamiliar to them. They’ll be granted a fixed amount of time 
to study the material. After this, they will receive a filler activity to make sure they aren’t 
rehearsing the definitions in their head. Then, they will be given another worksheet that will 
question them on the words they recently learned. This process will be used in another classroom 
with the same group in order to ensure an accurate draft of data. 

This allows the measurement of efficiency and accuracy to take place. The data that’ll be 
collected, include recalled definition accuracy and a questionnaire that will be given at the end to 
assess comfort levels of the student in the present lighting and evaluate the alertness of the 
student. The scores from the different rooms will be averaged and compared as well as the 
questionnaire responses.  

By conducting this experiment, it’ll allow insight for educators on possible effects of 
LED lighting on students. If this experiment shows lighting temperature impacts memory 
retention, schools and learning environments may consider switching/adjusting LED settings to 
create an optimal learning environment for students. 
 
Introduction 
 An academic learning environment plays a significant role in a student's ability to 
memorize and absorb information, specifically, in areas such as retention of information and 
focus. There are many studies that have explored how environmental factors play a role in a 
student's performance. For example LED lighting, in particular, has become increasingly 
important because of its increased use in learning environments such as classrooms. To 
elaborate, one factor that may not remain constant in every classroom is LED lighting 
temperature. It's important to understand whether the variation of lighting temperature can affect 
how high school students' memory (short term) functions in the process of vocabulary learning. 
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LED Lighting temperature & Cognitive Performance 

Lighting temperature is an imperative environmental factor that influences cognitive 
functioning in a variety of settings such as professional and academic settings. Lighting 
temperature refers to the color appearance of light which is usually measured in Kelvin (K). Cool 
bright LED lighting is also known as high-intensity, blue-enriched white lighting and warm 
bright LED lighting is defined as high-intensity, yellow-toned appearance. It's important to 
recognize the different characteristics in these two lightings because they distinguish the 
independent variable being tested.  

Many studies suggest that lighting temperature plays a role in functions like cognitive 
performance. A study done by Viola et. al. (2008) talks about how lighting in a work 
environment plays an important role in the performance of an individual because it's found to 
improve alertness, decrease fatigue, and increase the ability to think clearly and concentrate in a 
formal setting1. A study done by Emily Westwood (2023) is similar to this topic of performance. 
This study talks about how light affects a child's ability to perform cognitive thinking and their 
social emotional habits. She concluded that daylight and bright lights in general improve a child's 
ability to perform everyday tasks and increase their ability to cognitively think.2 Both Viola et al. 
and Westwood identify lighting to play a role in the performance of their variables but their 
findings don't directly target the same audience. While Westwood targets children's ability to 
cognitively think and process in lighting, Viola et. Al., focus more on the adult work 
environment. Collectively, both these studies state that lighting plays a role in how an individual 
cognitively thinks and memorizes information, while helping form the claim that lighting 
temperature plays a role in a students short term memory.  

On that same topic, studies done by Cajochen et al. (2011) and Chellappa et al. (2011) 
were able to draw similar conclusions. They found blue light exposure increases attention span 
and reaction time. This is because of its effect on circadian rhythms and brain activity.3 Both 
findings demonstrate blue-enriched lighting was able to enhance and improve cognitive 
performance and daytime alertness.4 Adding on, Lockley et al. (2006) was able to conclude that 
short wavelength (blue) light affects brain function and relative alertness compared to longer 
wavelengths.5 

On the other hand, research done by Knez (1995) and Baron et al. (1992) suggests that 
warmer lighting may support comfort and reduce eye strain. These studies found that 
environments based in warmer lighting are able to positively influence mood and comfort, which 

5 Lockley, S. W., et al. "Short-wavelength sensitivity for the direct effects of light on alertness, vigilance, and the waking 
electroencephalogram in humans." (2006)  

4 Chellappa, S. L., (2011). “Can light make us bright? Effects of light on cognition and sleep.” 

3 Cajochen, C., et al. (2005). “High sensitivity of human melatonin, alertness, thermoregulation, and heart rate to short 
wavelength light.” 

2 Westwood, E., et al. (2023). “The effects of light in children: A systematic review” 

1 Viola, A. U., James, L. M., Schlangen, L. J., & Dijk, D.-J. (2008). Blue-enriched white light in the workplace improves 
self-reported alertness, performance and sleep quality 
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has a possibility to affect cognitive function.6 While both these studies have differing 
perspectives, they suggest, as a collective, that lighting influences physiological alertness and 
comfort.7  

 
Attention and Learning Environments 

A classroom environment can affect how a person learns. There are many outside 
variables that play a role in a student's ability to memorize material such as noise, lighting, and 
more. Researchers may focus on physical conditions present in the classroom that may hinder or 
prevent a student's learning process from progressing. A case study done by Busamante-More et 
al. discovered that environmental factors like lighting, air quality, and room temperature assisted 
a student's ability to focus and perform academic tasks.8 This study was able to conclude that 
in-class conditions can negatively affect a student's focus. To add, this study by Busamante-Mora 
et al. concluded that environmental factors in a classroom affect students' ability to pay attention. 
Brink et al. performed a study that was able to identify the relationship between indoor 
environmental factors and academic performance.9 Both of these research studies show how the 
environment can affect how a student learns and focuses.  

On top of that, both of these studies were able to conclude that lighting plays a major role 
in a student's ability to complete academic assignments. Busamente-Mora et al. discovered 
lighting quality was closely associated with the students ability to concentrate and learn. 
Similarly, Brink et al.’s study confirmed the suspicion that lighting may play a role in how a 
student performs and focuses.  

Adding on, to reinforce these findings, Heschong Mahone Group (1999) found that 
improved lighting conditions were associated with higher academic performance.10 On that same 
note, Barrett et al. (2015) demonstrated that classroom arrangements and lighting impacts a 
students learning progress.11 Scheider (2002) and Tanner (2009) further support the idea that 
environmental design and conditions affect a student's performance. Scheider (2002) emphasizes, 
the physical conditions of a learning environment such as lighting, temperature, and air quality 
influence the student's ability to process information and concentrate.12 Tanner (2009) explains 
how classroom designs such as arrangement and overall comfort impact students' performance 
ability. 13  

 

13 Tanner, C. K. (2009). “Effects of school design on student outcomes.” 
12 Schneider, M. (2002). “Do school facilities affect academic outcomes?” 

11 Barrett, P., Davies, F., Zhang, Y., & Barrett, L. (2015). “The impact of classroom design on pupils' learning: Final results of a 
holistic, multi-level analysis.” 

10 Heschong, L. (1999). “Daylighting in Schools an Investigation into the Relationship between Daylighting and Human 
Performance Condensed Report” 

9 Brink, H. W., et al., (2020). “Classrooms' indoor environmental conditions affecting the academic achievement of students and 
teachers in higher education: A systematic literature review.”  

8 Busamante, Ana et al., (2025) “Environmental conditions and their impact on student concentration and learning in university 
environments: A case study of education for sustainability” 

7 Baron, R. A, et al. (1992). “Lighting as an environmental influence.” 
6 Knez, I. (1995). “Effects of indoor lighting on mood and cognition.” 
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Memorization, Vocabulary Words, and Focus within Students 

Short-term memory can also be defined as the ability to temporarily recall and store 
information over a brief period of time (Baddeley, 2012).  In learning environments,  this is 
relevant for vocabulary learning,  students must be able to comprehend and retrieve new words 
quickly. The retention of vocabulary serves as an effective measure of cognitive ability to 
perform because it requires memory processes and focus.14  

Many research experiments consistently demonstrate, focus plays a critical role in 
short-term memory. Gathercole and Alloway (2008) argue that memory capacity poses a direct 
impact on a student's ability to retain information;15 To contrast, Sweller (2011) elaborates on 
how environmental distractions interfere with the ability for the brain to perform cognitive 
load.16 Similarly, Mayer (2009) was able to conclude that a minimal amount of distractions 
improve retention and comprehension.17 

Diving deeper into this topic, Unsworth and Engle (2007),  support this relationship.  
Their research studies demonstrate that the ability to control attention span and focus is strongly 
linked with memory performance.18 Similarly, Evans and Maxwell (1997),  were able to 
conclude that environmental conditions directly affect cognitive functioning and memory.19 

 
Common Research Methods found in this field 
 Researchers studying lighting and cognitive performance typically employ an 
experimental design. Many studies such as Viola et al. (2008) and Cajochen et al. (2011) perform 
experiments in a controlled laboratory where participants are exposed to different lighting 
conditions while completing tasks measuring attention, reaction time, or performance.  
 On that same topic, educational studies often use field experiments or classroom-based 
studies,  this allows for environmental conditions to be manipulated and student performance to 
be measured through assessments. Barett et al. (2015) and Heschong Mahone Group (1999),  
performed experiments like these ones. They relied on quantitative data collection methods such 
as test scores, reaction time measurements, and performance-based tasks to allow them to draft a 
conclusion. 
 Additionally,  some studies used self-reported measures such as visual alertness and 
mood such as a study done by Viola et al. (2008). Others seem to incorporate systematic reviews 
to analyze broader patterns in the literature such as Westwood et al. (2023).  
 
Research Gap and Purpose 

19 Evans, G. W., & Maxwell, L. (1997). “Chronic noise exposure and reading deficits” 

18 Unsworth, N., & Engle, R. W. (2007). “The nature of individual differences in working memory capacity: Active maintenance 
in primary memory and controlled search from secondary memory.” 

17 Mayer, R. E. (n.d.). “Multimedia learning” 
16 Sweller, J. (2011). “Cognitive load theory.” 
15 Gathercole, Susan & Alloway, Tracy. (2004). “Working memory and classroom learning.”  
14 Baddeley, A. (2012). “Working memory: Theories, models, and controversies.” 
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 Many existing literature pieces demonstrate that lighting plays an influence in cognitive 
performance, attention, and learning environments. Studies such as Viola et al. (2008), Cajochen 
et al. (2011), and Chellappa et al. (2011) all emphasize how cool lighting is more beneficial for 
learning environments because it improves alertness. On the other hand, Knez (1995) and Baron 
et al. (1992)  highlight the importance of warmer lighting conditions because it maximizes 
comfort levels. To continue, research on classroom environments (Barrett et al., 2015; 
Gathercole & Alloway, 2008) allows for a stronger foundation for understanding how factors in 
the environment influence academic prosperence. 
 However a clear gap exists in the literature. A few studies directly compare cool bright 
LED lighting and warm bright LED lighting, and a smaller amount examine their effects on 
specifically upperclassmen short-term memory retention of vocabulary. Adding on, high school 
upperclassmen remain underrepresented in this area of research even though they should be the 
primary subject of research. This is important because as people advance to higher grades the 
curriculum gets harder and vocabulary memorizing becomes more prominent in their academic 
journey. By finding ways to improve this in a learning environment, this may help them perform 
higher academically. 
 
Research Question - Sub Questions 

Given the existing research on lighting and cognitive performance,  a gap remains in the 
understanding of how specific lighting temperatures influence memory-based learning tasks 
among upperclassmen students. Therefore, this study is conducted to seek out more answers to 
investigate the following research question: To what extent do cool bright LED lighting and 
warm bright LED lighting influence upperclassmen's short term memory retention of 
English vocabulary words? To expand one's knowledge in this topic several sub questions are 
set to guide the investigation. (1) To what extent does lighting temperature affect students' 
attention to vocabulary memorization tasks? (2) How does exposure to cool bright LED lighting 
compared to warm bright LED lighting affect short-term vocabulary retention of a student? (3) Is 
there a measurable difference in recall accuracy between the two  lighting demonstrated in their 
test scores? (4) How do students perceive their levels of comfort and alertness under each 
lighting condition? The purpose of this study is to examine the effect of different LED lightings 
on upperclassmen short-term memory retention of English vocabulary words by comparing and 
analyzing the performance outcomes under two controlled environments such as cool and warm 
lighting conditions.  

By focusing on a specific population that is measurable, this study aims to provide a more 
precise understanding of how environmental factors, such as lighting temperature, influence a 
student's learning ability.  
 
Method 
Analysis Description 
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In order to conduct this experiment and test this hypothesis, a case study method was 
used in order to gather data. This study is a quantitative sample due to the gathering of data from 
the assessment given. It studies lighting temperature and how it affects a student's ability to 
memorize vocabulary. Their scores were analyzed in Descriptive analysis and Quantitative 
analysis. Descriptive statistics and Quantitative analysis, including mean scores of each student 
and the standard deviation of the data collected, were analyzed in order to summarize the overall 
trends and performance that occurred in both rooms. This enables a more precise and detailed 
evaluation to see if lighting correlates to short term memorizing vocabulary words.  

 To begin, the participants are upperclassmen in high school gathered by the use of 
convenience sampling. A sign up survey (Appendix A) was sent out to upperclassmen, in one 
high school, so they could volunteer for this experiment. This survey was sent out via email. 
They were also informed of what it consists of prior to the experiment. 

 
Procedure 

First, the participants entered a room with warm bright LED light (10 watts). When 
entering the room, they received 7 minutes, starting the second they walked in the door, for their 
eyes to adjust. This allows their eyes to either dilate or constrict based on the different lighting 
conditions. This 7-minute adjustment period was included in order to allow the participants eyes 
to adapt and adjust accordingly to the lighting in the room. In a study conducted by Boyce 
(2014), they were able to conclude that light adaptation is imperative in the process before taking 
part in tasks like cognition and vision.20 

The instruction layout was explained and handed out on a sheet of paper prior to the start 
of the experiment (Appendix B - Part 2). The vocabulary packets were distributed to the 
participants (Appendix C - All parts). This is a packet of 7 pages total but the consent page, 
directions page, and definitions were handed out first. The consent form will be on the cover 
page in order to ensure definite consensual action (Appendix B - Part 1). Word lists are standard 
in memory research. In a study done by Alduais, A. M. S. (2015) they measured the ability to 
recall words using short term memory. The experiment uses word recall tasks to test retrieval and 
retention of information.21 

The first part is vocabulary memorization. They received a total of 10 words that are 
uncommonly used. Definitions, context, and lexical categories are included on this worksheet 
(Appendix C - Part 1). The word lists were chosen at random using common SAT vocabulary 
found on a teacher's website.22 All of these words are about the same level of difficulty on both 
worksheets to ensure the best results. To allow for most efficient memorization, a timer was set 
to measure this 15 minute duration. In order to avoid long term encoding and rehearsal, a 15 
minute timer was used in order to measure the memorization time. Short term memory tends to 

22 The 1000 Most Common SAT Words. (n.d.). Spark Notes. 

21 Alduais, A. M. S. (2015). “Examining the effect of interference on short-term memory recall of Arabic abstract and concrete 
words using free, cued, and serial recall paradigms.” 

20 Boyce, P. R. (2014). “Human Factors in Lighting” 
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fade quickly. In a study done by Fisher, J. S., & Radvansky, G. A. (2019)., it focuses on how 
information is lost over time. It was able to conclude that memory drops rapidly right after 
learning. It states, “Much of what we forget is lost soon after it is originally learned.” A 
“forgetting” curve was also constructed to demonstrate a sharp initial decrease in retention when 
information is not rehearsed.23 So in order to get the best results possible this exam would have 
to be done in short intervals in order to test short term memory rather than long term memory.  

 
Prevention of Rehearsal 

In the middle of this process, there was a word search handed out which was chosen by 
random24 and it was handed out to prevent the rehearsal of words (Appendix F). An interruption 
task was implemented in order to disrupt rehearsal and test the real ability to retain information. 
According to a journal written by Berman, M. G., Jonides, J., & Lewis, R. L. (2009)., it states, 
“Short-term memory is worsened by interference more than by time alone.” By giving the 
participants a break, it allows an accurate measure of how well they can memorize by limiting 
their ability to rehearse information.25 This happened over the span of 10 minutes in order to 
reduce cognitive fatigue. Prior research on this topic, done at Stanford University called, 
“Strategies for Improving Working Memory,” explained that short breaks enhance working 
memory and enhance retention accuracy.26 

 
Questionnaire Justification 

After their break, they received a 20 question worksheet consisting of the vocabulary 
words they were exposed to (Appendix C - Part 2,3). By giving them this assessment, it allows 
them to see how well they memorized the information. The first sheet of the assessment is a 
multiple choice questionnaire (Appendix C - Part 2). This depicts whether they were able to 
memorize the words on the sheet and the spelling of them. Researchers, Arochman, T et al., 
focused on how students were able to memorize vocabulary. They were able to assess these 
students through a multiple choice exam. By giving them this structure of a test, it allowed them 
to test their recognition memory and retrieval process.27  

The other sheet is a fill in the blank activity (Appendix C - Part 3). This demonstrates, if 
they were able to memorize how the words are used. They were given 20 minutes to complete 
the entire worksheet. This whole process is repeated in the second room with cool bright LED 
lighting (10 watts). Their levels of concentration were taken into consideration during this 
process as well as cognitive thinking. 
 When the time ran out, the tests were collected and graded against the answer key 
(Appendix C - Part 4). This process will be done in both lighting conditions and the scores will 
be analyzed. A different vocabulary test will be given in the cool bright LED room (Appendix 

27 Arochman, T., et al. 2023). Exploring students' difficulties in memorizing English vocabularies in a higher education. 
26 StanFord Center for Teaching and Learning. (n.d.). Strategies for Improving Working Memory  
25 Berman, M. G., Jonides, J., & Lewis, R. L. (2009). In Search of Decay in Verbal Short-term Memory. 
24 Summer word search with answer key [Summer word search with answer key]. (n.d.).  
23 Fisher, J. S., & Radvansky, G. A. (2019). “Linear forgetting.” 
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D). The participants will remain anonymous during the data collection process and have been 
informed that their responses will be destroyed on June 30th 2026.  
 
Participant organization 

The scores have been organized based on English gpa and averaged based on the lighting 
conditions that the test was taken in (Appendix E - Part 1,). These serve as the controls for 
experiment and it reduces bias. Sunengsiha, N., et al. analyzes how language ability relates to 
performance. The researchers in this experiment collect and organize data based on English 
GPA. They explain, a student with a 95 average will naturally do better than a student with a 75 
average.28 This is used as a baseline indicator to organize and draft participants without skewing 
the results.  
 
Analyzing scores and Data 
 In order to examine to what extent lighting conditions, such as temperature, affect short 
term memory retention of English vocabulary words, a total of 30 students (15 juniors and 15 
seniors) were drafted by English GPA to widen the range and increase the efficiency of this 
experiment. They were tested in warm bright LED Lighting (10 Watts) and Cool Bright LED 
Lighting (10 Watts), and their scores were analyzed by a series of methods (Descriptive analysis 
and Quantitative analysis). Descriptive statistics were calculated such as the mean scores of each 
student and the standard deviation. They were compared across both lighting conditions as well 
as pattern identification.  
 
Broad Performance patterns 
 Throughout both grades, both the 11th and 12th grade students' scores show incremental 
growth in the cool bright LED lighting rather than the warm bright LED lighting. This trend 
implies that cool bright lighting is more effective in assisting students to retain information more 
effectively rather than in warm bright lighting.  
 These conclusions fall in line with research done by Mostafavi, A., et al. (2014) which 
was able to conclude that lighting conditions exerts a direct influence on memory performance 
and cognitive thinking. Considering the similarities between the conclusion drafted from this 
experiment and theirs, it's evident that lighting, in a learning environment, does not remain a 
neutral factor in how an individual absorbs information.29 
 
 
 
 

29 Mostafavi, A., Xu, T. B., & Kalantari, S. (2024). Effects of illuminance and correlated color temperature on emotional 
responses and lighting adjustment behaviors.  

28 Sunengsiha, N., et al. (n.d.). English Proficiency as a Predictor of Academic Performance in the Context of Non-English as a 
Medium of Instruction 
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Quantitative Analysis 
Data was gathered from this experiment in order to compare performance within two different 
lighting conditions: 

 
Considering the chart, juniors and seniors scores, in cool bright LED lighting, averaged to 

about an 83.67 and had a standard deviation of 10.82. This indicates, it had a wider spread of 
collected scores amongst the population taken. In warm bright LED lighting the overall scores 
resulted in a mean of 79.50 which demonstrates a modest decline in their scores.  

A larger mean score in cool lighting suggests that the students outperformed in that 
condition. Conversely, due to a greater standard deviation value, it signifies that the performance 
under cool bright lighting was not as consistent across the population size. Under cool bright 
lighting, the scores were increasingly dispersed compared to warm bright lighting. The data 
shows, several students either scored in a lower interval and some students were able to achieve 
a higher interval.  
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Analyzing Frequency 

The bar graph demonstrates the distribution of test scores and number of students within 
each interval. Both conditions illustrate similar frequencies in terms of participants but varying 
quantities within the region. The bar graph demonstrates left skewed data. A high majority of 
scores were concentrated in the mid to high ranges even though there were minor variations in 
each interval.  

 A high concentration of participants landed in the 60-90% region and 80-90% contained 
the highest concentration of people within both conditions. The cool bright lighting demonstrates 
an upward trend of data compared to the warm bright lighting. This indicates a higher 
performance rate within the cool bright light conditions.  In the 60-75% range the scores were 
concurrent in both lighting. Because of their parallel frequencies, it implies, warm lighting may 
facilitate better scores for people with moderate performance levels but not inevitably higher 
performance levels.  

Strikingly, in the 0-60% interval, only warm lighting participants obtained these scores. 
This allows the conclusion of how there is a higher probability to get a lower score in the warm 
bright lighting to be made. This can also facilitate the hypothesis that decreased attention span or 
worsened cognitive ability may have occurred in this lighting condition. 

Lastly, in the 95-100% interval both lighting conditions contain a lower frequency of 
participants. But, cool bright lighting does appear to have a slightly higher frequency compared 
to warm bright lighting. This can reinforce the conclusion that cool bright lighting may be 
closely associated with a higher performance level.  

 
Comprehensive Analysis  
 Even though both lighting conditions possessed corresponding data, cool bright lighting 
does appear to optimize performance and produce slightly higher scores and warm bright 
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lighting can be closely associated with lower level performance due to its lower achieved scores 
and wider range of data.  
 
Data Correlation Description 

 
The data correlation chart illustrates a consistent pattern within both student groups. It 

shows, students performed better under cool bright LED lighting than under warm bright LED 
lighting. For 11th grade students, the mean score in the cool lighting is about 82 while under 
warm lighting it is lower around 76-77.  This demonstrates an apparent difference of around 5-6 
points,  suggesting that cool LED lighting may support a stronger short-term memory 
performance.  
 A similar trend is observed within 12th grade students. Scores under cool lighting 
average around  85 compared to warm lighting which average around 81. Both conditions show 
improved performance compared to 11th grade, but there is still a consistent gap between the 
lightings reinforcing the same pattern shown in 11th grade students.  
 While further examining the correlation between this data, the same relationship persists.  
There are higher scores found in the cool lighting area compared to the warm lighting area 
further confirming that this trend is not isolated to one grade level but is consistent overall.  
 This chart suggests a positive relationship between cooler lighting conditions and 
improved academic performance,  specifically in tasks involving short-term memory and  
academic performance. This consistency of this pattern across grade levels strengthens the 
argument that lighting temperature may influence cognitive performance. However, the 
observation of this trend may not be statistically significant without further testing; this means 
results show a reliable trend but not definitive proof of causation 
 
Statistical Significance 
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 In order to further analyze the statistical significance of the relationship between lighting 

temperature and student test performance (N = 60), a 
Pearson correlation analysis was performed in order to 
evaluate this relationship. The analysis displays a weak 
positive correlation between the two data sets in 
different lighting and combined test scores, r (58) = .16, 
p = .21.  
Even though students testing under cool bright lighting 
achieved a higher average score (M = 83.50, SD = 

10.92) than those under warm bright lighting (M = 79.50, SD = 13.41), The result did not reach 
statistical significance at a standard level of 5. The p-value of .210 infers that there is a 21% 
probability that the difference observed in performance is due to a sampling error or abstract 
chance rather than having a direct effect from the environmental lighting variable. To add, there 
is an upward trend in performance in the cooler lighting environment but the data does not 
provide sufficient evidence to conclude that lighting temperature has a statistically significant 
effect on these variables.  

 
 
 

Limitations 
Method Limitations 
 Regardless of the fact that this study managed to yield further insight of how lighting 
temperature affects short term performance, this study contains various limitations that should be 
taken into account when examining the presented results. One vital limitation is the population 
and drafted sample size of this experiment. The sample size runs on the particularly small side 
and it's a homogenous group due to the fact that the student population used is from the same 
school. This restricts the generalizability of the data acquired since the results don't directly 
affect a big population in order to draft a general statement. Lighting may be an impactful and 
influential factor in a learning environment. Even though it made a subtle difference in the test 
scores, if there were to be a greater population size, it may display a greater impact that the 
lighting had on the performance of the student. 
 To add on, uncontrollable external factors, such as noise, stress levels (mental state), time 
of day, sleep amount, or prior cognizance of the words they were tested on, play a role in the 
performance of an individual. This study was not able to control factors such as these and these 
could have influenced their performance, as well.  
 Overall, the parameters of this study were restricted to only two lighting conditions (cool 
bright lighting and warm bright lighting), which does not allow other general statements about 
other lighting conditions to be made. The measurement of memory retention was also confined 
to short term memory of English vocabulary words, which is not able to be compared or grouped 
with other types of learning or even long term memory.  
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 Due to the environmental inconsistencies considered, such as dissimilarity in classroom 
settings or overall distractions, it may have influenced a procedural skew or compromised the 
validity of one's performance. 
 
Data Limitations 
 Even though the data collected is able to illustrate a series of trends between the two 
lighting conditions, there are limitations within the data collection and analysis. To begin, due to 
the sample size being on the lower size, the observations made such as the mean scores and even 
standard deviations calculated are more likely to have been influenced by other factors other than 
lighting temperature.  
 
 Implications 
 Considering the information gathered through this experiment, the study suggests that 
lighting conditions could potentially play a minor role in short term memory retention and the 
performance of an individual academically. A higher concentration of participants managed to 
score in the higher intervals in the cool bright lighting. This data may imply that cool bright 
lighting provides better support to an individual's attention and cognitive ability to process 
information as well as retain it.  
 Since classroom lighting is a manipulable factor, it can be utilized to improve and 
enhance a students’ performance, specifically during activities that require memorization. These 
results can help conclude the fact that lighting does play a role in how the brain processes and 
functions. This lighting can also be implemented beyond classrooms in other working or 
professional settings such as libraries and offices.  
 Although this study focuses on memorization and information retention, it only hones in 
on the ability to memorize and withhold information short term. Since this study takes no part in 
studying long term memory, it will not be able to draft any conclusions on the topic of long term 
memory retention. In the future, researchers should investigate how lighting interacts with 
different memorization methods and how long someone can withhold information in their brain 
and see how different lighting affects this cognitive process.  
 
Conclusion 

The primary reason that this study was conducted is to find out how much of an impact 
both warm bright LED lighting (10 watts) and cool bright LED lighting (10 watts) had on an 
upperclassmen's ability to memorize voca\bulary words and retain it for a short period of time. 
The results of this experiment had a consistent pattern that allows the conclusion of how cool 
bright lighting is more beneficial in this process than warm bright lighting to be made. This 
conclusion is reflected in the mean difference and even the standard deviation which illustrates 
how spread out the data was in both environments. By looking at this data, it demonstrates that 
cool bright lighting may be more beneficial in the memorizing process for vocabulary words.  
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 Considering these findings, it helps reinforce a more general understanding of how 
environmental factors such as lighting do play a role in a learning space and they are not neutral 
components. Factors such as lighting are an active variable when it comes to cognitive processes 
such as memorization. Because there were a larger number of people getting higher scores in the 
cool bright lighting room, it indicates how this lighting has a positive impact on learning. This 
study contributes to the discipline of cognitive psychology by providing evidence that cool bright 
lighting has more beneficial results compared to warm bright lighting.  
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Abstract 

Diabetic foot ulcers (DFUs) affect approximately 18.6 million people annually, precede 80% of 
all diabetes-related lower-extremity amputations, and carry a five-year post-amputation mortality 
exceeding 70%. Because up to 65% of healed DFUs recur within five years and many are 
preceded by clinically silent tissue stress in patients with peripheral neuropathy, prevention, and 
the achievement of durable ulcer-free remission, rather than late-stage wound treatment, offers 
the greatest potential to change outcomes. Two technologies have matured independently and 
now converge to enable a genuinely preventive paradigm: (1) artificial intelligence (AI) applied 
to continuous, in-shoe multimodal sensing (plantar pressure, temperature, and gait) that can 
identify pre-ulcerative tissue stress days to weeks before skin breakdown, and (2) 
photobiomodulation (PBM), the application of red (620–700 nm) and near-infrared (700–1,100 
nm) light that mechanistically reverses the mitochondrial, inflammatory, and microvascular 
deficits driving tissue vulnerability in diabetes. This narrative review argues that AI-guided, 
PBM-delivering wearable platforms, exemplified by the SoleIQ research framework described 
herein, constitute a coherent preventive system: AI detects latent risk, targets therapy to the 
correct anatomical zone at the correct dose, and closes the loop with continuous outcome 
monitoring. We synthesize the clinical evidence base for AI-based DFU early risk prediction, the 
biological rationale and dosimetry for prophylactic PBM, and the engineering and regulatory 
requirements for closed-loop preventive devices. Optimal prophylactic PBM parameters cluster 
in the 630–850 nm range at fluences of 1–4 J/cm² delivered three to five times weekly, while 
published AI risk-prediction models for DFU onset report area-under-curve (AUC) values of 
0.80–0.95 on multimodal sensor data. We conclude that the principal obstacle to clinical 
deployment is no longer scientific or technical, but translational, specifically, the need for 
prospective trials validating integrated AI + PBM platforms as primary-prevention medical 
devices. 

Keywords: artificial intelligence, machine learning, photobiomodulation, diabetic foot ulcer 
prevention, remission, smart insole, wearable therapeutics, closed-loop system, predictive 
analytics 
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1. Introduction 

Diabetes mellitus affects an estimated 537 million adults worldwide and is projected to reach 783 
million by 2045 (International Diabetes Federation). Diabetic foot ulcers, open wounds on the 
plantar or dorsal foot arising from the combined effects of neuropathy, ischemia, and repetitive 
mechanical stress, are among the most consequential complications of the disease. 
Approximately 18.6 million DFUs occur globally each year, including 1.6 million in the United 
States (Armstrong, Tan, et al.). These ulcers precede roughly 80% of diabetes-related 
lower-extremity amputations, a relationship first established in the foundational pathways 
analysis of Pecoraro et al.; a lower limb is amputated somewhere in the world every 20 seconds 
because of diabetes complications; and five-year mortality after major amputation exceeds 70%, 
worse than most common cancers (Armstrong, Tan, et al.). 

Despite decades of effort, late-stage wound care achieves closure in only 21–46% of DFUs 
within 12–16 weeks (Raizman and Gavish), and roughly 65% of healed ulcers recur within five 
years (Armstrong, Boulton, and Bus). For this reason, Armstrong, Boulton, and Bus reframe a 
“healed” DFU not as a cure but as a state of remission, a clinical concept that captures both the 
ongoing biological vulnerability of the tissue and the need for sustained preventive intervention. 
Meaningful population-level impact therefore requires shifting the center of gravity from 
treatment to the active maintenance of remission: continuous monitoring of pre-ulcerative tissue 
stress, early intervention before skin breakdown, and durable reduction of the biological 
vulnerabilities that make diabetic tissue prone to ulceration. 

Two technologies, until recently developed in isolation, have matured to the point where their 
convergence makes such a preventive system clinically plausible. The first is artificial 
intelligence applied to multimodal wearable sensing. In-shoe sensors can now continuously 
capture plantar pressure, skin and subsurface temperature, and gait parameters at high sampling 
rates and low cost. Machine-learning models can integrate these signals to produce 
patient-specific risk scores, in several published studies with area-under-curve (AUC) 
performance of 0.80 to 0.95 for prediction of ulcer onset or recurrence (Abbott et al.). The 
second is photobiomodulation, a non-thermal light therapy that, through well-characterized 
effects on mitochondrial cytochrome c oxidase, reverses the core biological deficits of diabetic 
tissue: impaired ATP production, chronic inflammation, deficient angiogenesis, and slow cellular 
repair (Hamblin). Although PBM has historically been studied as a wound-healing adjunct, its 
mechanisms apply equally, and arguably more powerfully, to tissue that has not yet ulcerated but 
is biologically vulnerable. 

This review advances a single thesis: that AI and PBM, delivered together through a closed-loop 
wearable platform, constitute not merely a device but a preventive system for DFUs. AI 
identifies where and when tissue vulnerability is emerging. PBM restores the biological 
resilience of that tissue at the right dose and the right time. Continuous sensing then measures 
whether the intervention worked and adjusts accordingly. We review (a) the pathophysiology that 
makes diabetic tissue ulcer-prone, (b) the AI methods used to detect that vulnerability, (c) the 
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biological basis for PBM as a prophylactic (rather than curative) intervention, (d) the engineering 
and regulatory requirements for AI-guided closed-loop PBM devices, and (e) the specific 
research program needed to validate such systems as primary-prevention medical devices. The 
SoleIQ research framework, a shoe-integrated platform that combines multimodal sensing, AI 
risk prediction, and embedded PBM emitters, is used throughout as a concrete reference 
implementation. 

A narrative literature search was conducted using PubMed, MEDLINE, IEEE Xplore, and 
Google Scholar with combined terms including “diabetic foot ulcer prevention,” 
“photobiomodulation,” “machine learning,” “smart insole,” “plantar pressure,” “infrared 
thermography,” and “closed-loop.” Randomized controlled trials, systematic reviews, consensus 
statements, and representative engineering/AI studies published between 2010 and 2025 were 
prioritized. The structure and reporting of this review were guided by the Scale for the 
Assessment of Narrative Review Articles (SANRA), with explicit attention to the justification of 
the topic, articulation of aims, transparency of the search strategy, scientific reasoning across the 
AI–biology–engineering disciplines, and appropriate presentation of quantitative findings. Where 
current evidence is preliminary or contested, this is identified explicitly rather than smoothed 
over. 

2. The Case for a Preventive Paradigm 

2.1 Pathophysiology Converges on Silent, Predictable Tissue Stress 

DFUs do not appear spontaneously. They emerge from an identifiable sequence of 
pathophysiological events that unfolds over days to weeks and that, crucially, is largely silent in 
the patient with peripheral neuropathy. Symmetrical sensorimotor neuropathy affects roughly 
50% of patients with longstanding diabetes and is present in the vast majority of patients who 
develop ulcers (McDermott et al.). The loss of protective sensation eliminates the pain signal that 
would otherwise prompt the patient to offload a vulnerable region. Motor neuropathy causes 
intrinsic muscle atrophy, altered foot biomechanics, and concentration of plantar pressure over 
bony prominences such as the metatarsal heads, creating localized high-pressure zones. 
Autonomic neuropathy leads to anhidrosis and arteriovenous shunting, reducing nutritive 
capillary flow to the plantar skin. Peripheral arterial disease, present in 20–50% of diabetic 
patients, compounds the problem by limiting tissue oxygen delivery (McDermott et al.). 

The resulting pre-ulcerative state has two measurable signatures. First, sustained elevation of 
plantar pressure over specific anatomical zones, detectable by force-sensing resistor arrays in an 
insole. Second, localized inflammation and microvascular stress, which raise skin temperature by 
2.2°C or more relative to the contralateral site, a signal well-validated as a predictor of 
impending ulceration days before visible skin changes appear (Lavery et al.). Because these 
signals emerge before the ulcer forms, they define the operational window in which a preventive 
system must act. 
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2.2 Biological Deficits That Make Diabetic Tissue Ulcer-Prone Are Addressable 

The biological environment of diabetic tissue is characterized by several specific failures: 
mitochondrial dysfunction at Complex IV of the electron transport chain, driven by 
hyperglycemia-induced cytochrome c oxidase (CCO) inhibition; chronic low-grade 
inflammation, with persistent M1 macrophage polarization and elevated TNF-α and IL-1β; 
impaired angiogenesis, with reduced vascular endothelial growth factor (VEGF) expression and 
signaling; and slowed keratinocyte and fibroblast function (Hamblin; Torkaman et al.). These 
deficits collectively explain why diabetic skin is fragile, heals slowly, and is vulnerable to 
mechanical breakdown under pressures that would be harmless to healthy tissue. 

Each of these deficits is directly addressed by the mechanism of action of PBM. This 
congruence, between the specific biological problems of pre-ulcerative diabetic tissue and the 
specific biological effects of red and near-infrared light, is what makes PBM a mechanistically 
appropriate preventive intervention, not merely a generic wound-healing adjunct. We return to 
this point in Section 4. 

2.3 Existing Preventive Approaches Are Insufficient 

Current standard preventive care for high-risk patients, periodic clinic-based foot examinations, 
patient education, therapeutic footwear, and handheld spot thermometry, captures only a fraction 
of the at-risk population’s actual foot biomechanics and thermal state. Patient-held thermometry 
has well-documented adherence problems, clinic visits occur weeks or months apart, and 
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therapeutic footwear offloads pressure but cannot verify that offloading is achieved during 
real-world walking. 

The adherence problem is particularly severe for removable offloading devices. In a landmark 
activity-pattern study, Armstrong, Lavery, et al. found that patients with active plantar ulceration 
wore their prescribed removable cast walkers during only approximately 28% of their daily 
steps, despite being advised to wear them during all weight-bearing activity. This decoupling 
between prescribed and actual offloading exposure is exactly the gap that continuous, real-time 
pressure feedback is designed to close. None of the current standard-of-care approaches 
generates the continuous, granular signal needed to detect a transient pressure-temperature 
co-elevation event that may precede ulceration by only a few days. 

The 2023 update of the International Working Group on the Diabetic Foot (IWGDF) prevention 
guidelines (Bus, Sacco, et al.) recognizes the centrality of this gap, recommending integrated 
preventive foot care that combines risk stratification, structured education, therapeutic footwear 
with documented in-shoe pressure relief, and regular foot temperature self-assessment for 
high-risk patients. The framework laid out in this review can be read as a technological extension 
of the IWGDF prevention principles, automating the continuous monitoring and intervention 
loop that current guidelines describe in essentially manual terms. 

A preventive system must therefore satisfy three functional requirements: continuous multimodal 
monitoring, automated interpretation (since raw data exceed human analytical bandwidth), and 
an intervention delivered at the time and location the model identifies as risky. These three 
requirements map directly onto sensing, AI, and PBM. 

3. Artificial Intelligence for Preventive DFU Risk Detection 

3.1 Why AI Is Required, Not Optional 

A preventive foot platform generates signals at rates that exceed any human interpretive capacity. 
A single smart insole with 21 pressure cells sampling at 20 Hz produces roughly 72,500 pressure 
readings per foot per hour, plus continuous temperature and kinematic streams. Over a week, a 
bilateral device produces tens of millions of data points per patient. The clinically relevant 
events, brief, localized pressure-temperature co-elevations that precede tissue breakdown, are 
rare needles in this haystack, and their predictive relationship to future ulceration is non-linear, 
patient-specific, and dependent on interactions between features (peak pressure combined with 
prolonged contact time combined with thermal asymmetry combined with gait instability). No 
rule-based threshold system can reliably extract them. Machine learning is therefore not an 
optional enhancement to a preventive foot platform; it is a necessary condition for the platform 
to function. 

3.2 Input Signals: The Multimodal Feature Space 

A well-designed preventive platform draws on four modalities, each contributing complementary 
information: 
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Pressure features: peak plantar pressure, pressure–time integral, hotspot persistence, left–right 
symmetry, and regional load distribution (hallux, metatarsal heads, midfoot, heel). These capture 
mechanical stress, the proximate cause of most DFUs. 

Thermal features: absolute plantar temperature, ΔT between anatomically symmetric sites, 
sustained elevation over a personalized baseline, and diurnal patterns. Persistent ΔT ≥ 2.2°C has 
long been a validated early warning signal (Lavery et al.); continuous monitoring improves on 
spot thermometry by capturing transient events. 

Gait and kinematic features: cadence, stance time, step-to-step variability, and heel-strike 
characteristics. Najafi et al. (“Smarter Sole Survival”) and related work have shown that gait 
variability is itself elevated in patients in DFU remission, suggesting that gait instability both 
reveals and compounds biomechanical vulnerability. 

Contextual features: patient-level variables such as HbA1c, prior DFU history, duration of 
diabetes, presence of PAD, and medication use. These act as priors that calibrate the model’s 
interpretation of sensor signals. 

3.3 Model Architectures 

Published and ongoing work on AI-based DFU risk prediction spans several architectural 
classes, each with distinct trade-offs for a preventive wearable: 

Gradient-boosted decision trees (XGBoost, LightGBM). These operate on engineered tabular 
features extracted from sensor windows, for example, 30-second summary statistics of pressure 
and temperature. They are computationally cheap, interpretable (SHAP values directly identify 
which features drive a given risk score), and robust on the modest sample sizes typical of early 
clinical datasets. They are the pragmatic first-line choice for a regulated medical device where 
explainability is as important as raw accuracy. 

Temporal convolutional networks (TCNs) and LSTMs. These operate directly on raw 
time-series and capture sequence patterns that engineered features may miss, for example, the 
specific evolution of a pressure hotspot over an hour of walking. Recent work on wearable smart 
insoles has used such architectures to achieve reported AUCs of 0.88–0.95 for ulcer prediction in 
diabetic cohorts, though sample sizes remain small and external validation is limited. 

Lightweight transformer encoders. Self-attention is well suited to multimodal fusion, for 
instance, learning that a pressure anomaly is only clinically meaningful when it co-occurs with a 
thermal anomaly on the same anatomical zone. Compact transformer variants are now small 
enough to run on-device, a requirement for a privacy-preserving, latency-minimizing preventive 
platform. 

Hybrid / hierarchical models. The most robust designs combine a lightweight on-device model 
for real-time alerting with a heavier cloud-side model for longitudinal risk trajectory analysis and 
therapy recommendation. The on-device model prioritizes low latency and battery efficiency; the 
cloud model prioritizes accuracy, personalization, and population-scale learning. 
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3.4 Outputs: From Risk Score to Actionable Prescription 

The output of a preventive AI model must be more than a binary alert. A clinically useful system 
produces: (a) a continuous risk score on 0–1, calibrated so that absolute values are interpretable; 
(b) hotspot localization, identifying the specific anatomical zone(s) driving the risk; (c) a 
recommended intervention (e.g., targeted PBM dose, offloading guidance, activity modification, 
or clinician escalation); and (d) feature-level explanations (e.g., “risk elevated because right 
second metatarsal pressure × dwell time has exceeded personalized threshold for 72 hours, 
combined with ΔT = 2.4°C”). Explainability is essential both for clinician acceptance and for 
regulatory approval as a Software as a Medical Device (SaMD). 

3.5 Training, Validation, and the Generalization Problem 

The single most important methodological issue in AI-based DFU prediction is generalization. 
Most published models have been trained on relatively homogeneous cohorts and evaluated with 
internal cross-validation rather than prospective external validation. The distribution of pressure 
and temperature signals varies substantially with age, body mass, skin tone, footwear, climate, 
and activity pattern. A model with AUC 0.92 on a development cohort may perform 
considerably worse in deployment. 

Best practice for a preventive device therefore includes: prospective external validation in 
cohorts distinct from training data; subgroup performance analysis across sex, race/ethnicity, age, 
and neuropathy severity; continuous post-deployment monitoring of calibration drift; and 
federated or on-device personalization that fine-tunes a shared base model to each patient’s 
individual baseline. The latter is particularly important because the meaningful signal in this 
domain is often deviation from the patient’s own norm rather than absolute values. 

3.6 Current Clinical Evidence 

Clinical evidence for AI-guided preventive foot monitoring, distinct from AI for wound 
classification once an ulcer has formed, is still early but increasingly compelling. Abbott et al., in 
a prospective randomized proof-of-concept trial of a continuous-monitoring intelligent insole 
that alerted patients to sustained pressure elevations (90 patients enrolled, 58 completing the 
18-month follow-up), reported a 71% reduction in plantar ulcer incidence in the intervention 
group versus control (incidence rate ratio 0.29, 95% CI 0.09–0.93; p = 0.037). In a pre-specified 
exploratory analysis restricted to good compliers (n = 40, defined as wearing the insoles ≥ 4.5 
hours per day), the reduction reached 86% (incidence rate ratio 0.14, 95% CI 0.03–0.63; p = 
0.011). The dose-response between adherence and effect size is itself important evidence: it 
demonstrates that the intervention, continuous pressure feedback, is doing the work, rather than 
enrollment effects or generalized increased clinical attention. 

Killeen et al. extended this paradigm by demonstrating the feasibility of remote temperature 
monitoring as a standard-of-care augmentation, particularly for patients with visual impairment 
due to diabetes for whom self-inspection is unreliable. More recent work combining pressure 
with temperature and gait, often under the broad label of “multimodal smart insole” studies, has 
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reported predictive AUCs between 0.80 and 0.95 for ulcer onset prediction on held-out data (see 
Table 1). These figures should be interpreted cautiously given small samples and limited external 
validation, but they are consistent with a technology approaching clinical viability. Parallel 
evidence supports AI-based remote temperature monitoring: randomized and observational 
studies have shown that home-based thermometry with automated alerting reduces DFU 
incidence compared to standard of care, with the magnitude of benefit tracking adherence 
(Lavery et al.). AI systems that fuse pressure and temperature should, in principle, outperform 
single-modality approaches. 

Table 1. Representative AI-Based Studies for Preventive DFU Risk Detection 

Study (Year) N Modalities Model / Method Key Preventive Outcome 

Lavery et al. 
(2007) 

173 Infrared dermal 
thermometry 
(bilateral ΔT) 

Threshold alert 
(ΔT ≥ 2.2 °C) 

~3× reduction in ulcer 
incidence vs. standard care; 
foundational evidence that 
automated alerting changes 
outcomes 

Abbott et al. 
(2019) 

58 
(full) 

40 
(compl

iers) 

Continuous 
plantar pressure 
(smart insole, 
RCT) 

Rule-based 
alerting with 
adherence 
analytics 

71% reduction in plantar ulcer 
incidence overall; 86% 
reduction in good-complier 
subgroup; proof-of-concept 
for continuous alerting 

Killeen et al. 
(2020) 

Feasibi
lity 

cohort 

Remote dermal 
thermometry 

Threshold-based 
remote alerting 

Demonstrated feasibility of 
remote temperature 
monitoring for high-risk 
patients (including visually 
impaired); supports scalable 
RPM model 

Multimodal smart 
insole studies 
(2023–2025) 

Varies 
(small) 

Pressure + 
temperature ± gait 

Gradient boosting, 
TCN, LSTM 

Reported ulcer-onset 
prediction AUC 0.80–0.95 on 
held-out data; external 
validation still limited 

Thermography + 
CNN studies 

Varies Infrared foot 
images 

Convolutional 
neural networks 

High sensitivity for detection 
of pre-ulcerative thermal 
asymmetry; supports use of 
thermal features in fusion 
models 

Note. AUC = area under the receiver operating characteristic curve; ΔT = temperature difference 
between contralateral sites; TCN = temporal convolutional network; LSTM = long short-term 
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memory network; RPM = remote patient monitoring; RCT = randomized controlled trial. Figures 
are reported as in source studies; most cohorts are small and external validation is limited. 

4. Photobiomodulation as a Preventive Intervention 

4.1 Reframing PBM: From Treatment to Prophylaxis 

The existing PBM literature in DFU is dominated by treatment studies, patients already have an 
ulcer, and PBM is applied to accelerate closure. This framing understates PBM’s potential. The 
cellular effects of PBM, restoration of mitochondrial ATP production, suppression of chronic 
inflammation, upregulation of VEGF and TGF-β, and macrophage repolarization from M1 to 
M2, are exactly the deficits that make pre-ulcerative diabetic tissue vulnerable in the first place. 
Applied prophylactically to high-risk zones identified by an AI model, PBM should be able to 
raise the biological resilience of that tissue so that normal mechanical stress does not produce 
breakdown. 

This reframing is consistent with what is already known mechanistically but has not been the 
focus of most clinical trial design. It defines a specific, testable hypothesis: in high-risk diabetic 
patients, preventive PBM delivered to AI-identified vulnerable zones reduces first-occurrence 
and recurrence of DFUs compared to sensing alone. 

Systematic reviews of PBM as a treatment for established DFUs, including Cochrane-level 
analyses, have historically been equivocal, with positive effect sizes in many randomized trials 
but heterogeneity in dosimetry, device class, and outcome definition limiting the strength of 
pooled conclusions. Far from undermining the argument of this review, that pattern is consistent 
with our central thesis: PBM may simply be better matched, mechanistically and dosimetrically, 
to the pre-ulcerative tissue state, where its mitochondrial and angiogenic effects can act on intact 
skin and vasculature, than to the chronically inflamed wound bed where many other variables 
dominate the healing trajectory. 

4.2 Biophysics and Mechanism (Brief) 

PBM uses low-power, non-thermal red (620–700 nm) and near-infrared (700–1,100 nm) light. 
Red light penetrates 1–5 mm, reaching epidermal and papillary dermal structures; NIR penetrates 
5–10 mm, reaching deeper dermis, microvasculature, and peripheral nerve fibers (Hamblin). The 
primary chromophore is cytochrome c oxidase in the mitochondrial electron transport chain. In 
metabolically stressed cells, including hyperglycemic diabetic tissue, inhibitory nitric oxide 
occupies the CCO active site, suppressing electron transport and ATP synthesis. PBM photons 
dissociate this inhibitory NO, restoring electron flow and increasing mitochondrial membrane 
potential (Hamblin; Wong-Riley et al.). Downstream effects include sub-toxic ROS signaling 
that activates NF-κB, AP-1, and HIF-1α, leading to increased VEGF and FGF-2, increased 
TGF-β1, suppression of TNF-α and IL-1β, enhanced eNOS-mediated nitric oxide production, 
and M1-to-M2 macrophage polarization (Arany et al.; Dhlamini and Houreld). 
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A critical feature of this mechanism is the biphasic dose-response: low-to-moderate doses 
stimulate cellular function while excessive doses inhibit it (Hamblin). A preventive platform 
must respect this window, a point we return to in the context of AI-adaptive dosing. 

 

4.3 Dosimetric Parameters for Prophylactic PBM 

The clinical evidence base, though developed primarily for treatment indications, converges on a 
parameter window that is reasonable to carry forward to preventive applications while 
prospective preventive trials are conducted. Validated ranges are: wavelengths in the 630–680 
nm and 780–850 nm bands (combined red + NIR outperforms either alone); fluences of 1–4 
J/cm² per session for superficial tissue targets, up to approximately 10 J/cm² for deeper targets; 
irradiances of 10–100 mW/cm²; session durations of 2–10 minutes per anatomical zone; and 
treatment frequencies of three to five times weekly (Costa et al.; Dungel et al.). Both 
continuous-wave and pulsed delivery appear clinically effective. 

For preventive use specifically, three adaptations are important. First, because the goal is 
sustained biological resilience rather than rapid wound closure, dosing should err toward the 
lower end of the therapeutic window, respecting the biphasic response. Second, because AI 
models localize risk to specific anatomical zones, irradiance delivery must be spatially selective 
rather than diffuse. Third, because skin melanin absorbs red and NIR light, devices must include 
skin-tone-adaptive irradiance to maintain therapeutic consistency across diverse patient 
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populations (Dhlamini and Houreld), an equity requirement made urgent by the disproportionate 
amputation burden in Black, Hispanic, and Native American patients with diabetic foot 
infections (Tan et al.; McDermott et al.). 

 

4.4 Safety Profile 

PBM has an excellent safety record across decades of clinical use. The 2025 Journal of the 
American Academy of Dermatology international consensus statement affirmed PBM as a safe 
treatment modality for adult patients and confirmed that red-light PBM does not induce DNA 
damage (“Evidence-Based Consensus”). Because the irradiances used are well below the thermal 
damage threshold (~150 mW/cm² sustained), PBM does not cause tissue heating, ionization, or 
mutagenic effects. Adverse events in published DFU trials have been limited to occasional mild 
erythema at high fluences. Standard precautions, avoidance over active malignancy, eye 
protection, caution with photosensitizing medications, do not typically apply to the plantar foot, 
supporting broad patient eligibility for preventive use. 

5. The Integrated Preventive System: AI + PBM 

5.1 Closed-Loop Architecture 

An AI-guided preventive PBM platform operates as a closed loop with four phases that cycle 
continuously during normal patient activity. First, sensing: multimodal signals (pressure, 
temperature, gait, contextual data) are collected by the wearable. Second, inference: an AI model 
converts those signals into a risk score, a localized hotspot map, and a recommended action. 
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Third, intervention: PBM is delivered, at the correct wavelength, fluence, irradiance, and 
anatomical zone, based on the model’s recommendation, with dose tracking for dosimetric 
compliance. Fourth, outcome monitoring: the next cycle of sensing measures whether the 
intervention reduced the risk signature. Persistent or worsening signals escalate to clinician 
review through a connected application. 

The loop structure is what makes this a system rather than a feature bundle. Each element adds 
value only because the others are present: sensing without inference overwhelms the clinician; 
inference without intervention produces alerts that cannot be acted on; intervention without 
outcome monitoring cannot demonstrate effect or adapt to non-response. 

 

5.2 The SoleIQ Reference Implementation 

SoleIQ, the platform under ongoing research and development by the author, is a shoe-integrated 
platform implementing this architecture. Its design elements map directly onto the closed loop: a 
21-zone force-sensing resistor array for spatially resolved pressure mapping; distributed 
temperature sensors for plantar thermal monitoring and contralateral ΔT computation; an 
embedded dual-wavelength LED matrix (660 nm and 850 nm) capable of zone-selective 
irradiation; a power-managed microcontroller running a lightweight on-device inference model 
with periodic cloud synchronization; and a companion application providing patient-facing 
alerts, adherence tracking, dose logs, and clinician escalation. The system is conceived as a 
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preventive Software as a Medical Device with embedded therapeutic emitters, drawing on 
regulatory precedent from FDA 21 CFR Part 880 (Class II PBM devices) and IEC 62304 
(medical device software). SoleIQ is used throughout this review as an illustrative reference 
implementation rather than as a system whose efficacy has been established; the research agenda 
in Section 6 outlines what would be required to validate it or any comparable platform. 

 

 

5.3 Engineering Constraints 

Several engineering factors distinguish a deployable preventive platform from a research 
prototype. Light delivery geometry must ensure uniform coverage of irregular plantar surfaces 
while maintaining a thin, comfortable form factor; this typically requires flexible LED matrices 
integrated into the insole substrate. Power management must balance therapeutic irradiance 
against battery life and thermal budget, a non-trivial optimization given that PBM sessions 
consume meaningful energy and that the device is worn continuously. On-device inference 
constrains model complexity; a well-engineered platform uses quantized, compressed models 
(typically under 1 MB) for real-time alerting and defers heavier computation to the cloud. 
Privacy architecture must treat continuous biometric streams as sensitive data, with end-to-end 
encryption, on-device processing where possible, and HIPAA-aligned data handling. 
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5.4 Integration with Standard of Care 

A preventive platform complements rather than replaces existing diabetic foot care. Podiatry 
visits, glycemic control, vascular assessment, and therapeutic footwear remain core, as 
articulated in the IWGDF prevention guidelines (Bus, Sacco, et al.). The platform’s distinctive 
contribution is between visits: continuous visibility into what is actually happening on the plantar 
surface during daily life, automated interpretation of that signal, and targeted biological 
intervention at the moments that matter most. Clinician dashboards summarizing longitudinal 
risk, adherence, and response to PBM make the platform’s data actionable within existing 
clinical workflows without adding interpretive burden. 

6. Research Agenda for Validating AI + PBM as Primary Prevention 

Moving from mechanistic plausibility and component-level evidence to validated clinical 
practice requires a structured research program. Priority studies include: 

Prospective external validation of multimodal AI risk models on cohorts distinct from training 
data, with pre-registered performance thresholds and subgroup analyses across sex, 
race/ethnicity, skin tone, age, and neuropathy severity. 

Dose-finding studies for prophylactic PBM specifically, distinct from treatment dosing, to 
identify the lowest effective dose and schedule for tissue-resilience effects in pre-ulcerative 
zones. 

Randomized controlled trials of integrated closed-loop systems versus sensing-only controls, 
with DFU incidence (first occurrence and recurrence) as the primary outcome, time-to-event 
analyses, and adequate power (hundreds of patients, multi-site, 12–24 month follow-up). These 
trials should be designed with explicit attention to the adherence dose-response established by 
Abbott et al., reporting both intent-to-treat and pre-specified per-protocol analyses. 

Head-to-head comparisons of AI architectures (gradient boosting vs. TCN vs. transformer vs. 
hybrid) on standardized multimodal datasets, with explicit attention to calibration, explainability, 
and on-device feasibility. 

Health economic evaluations quantifying cost per DFU prevented and cost per amputation 
avoided, needed to support payer coverage decisions. 

Human factors studies on adherence, alert fatigue, patient comprehension of risk scores, and 
clinician integration into workflow. 

Equity-focused studies validating performance in under-represented populations and confirming 
that adaptive dosing compensates for melanin-related absorption differences, given documented 
disparities in amputation outcomes among racial and ethnic minorities (Tan et al.). 

These studies are not speculative. Several are already underway in various forms, registered on 
ClinicalTrials.gov and related registries. What has not yet occurred is their coordinated 
integration around an end-to-end preventive system, rather than around individual components. 
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The principal obstacle to clinical deployment is no longer scientific or technical, it is 
translational. 

7. Limitations of Current Evidence 

The evidence base reviewed here has limitations that temper the strength of individual 
conclusions. Published AI studies for DFU prediction are dominated by small, single-site cohorts 
with limited external validation; the gap between development-set AUC and real-world 
deployment performance is likely non-trivial. PBM dosimetric parameters have been established 
in treatment populations and extrapolated to prevention, prospective preventive dose-finding 
studies are needed. As noted in Section 4.1, systematic reviews of PBM as a treatment for 
established DFUs have produced equivocal pooled effects, a pattern that does not invalidate the 
prophylactic hypothesis advanced here but that does demand that preventive PBM trials be 
designed with careful attention to dosimetric standardization. Most preventive foot-monitoring 
trials have measured surrogate outcomes or short-term incidence rather than long-term 
amputation rates. Blinding is inherently difficult in trials involving a visible wearable device 
with perceptible light emission. And the specific combination of AI-guided sensing with 
embedded PBM therapy has not, to our knowledge, been evaluated in a published randomized 
controlled trial as an integrated system; the evidence for this combination currently rests on 
mechanistic plausibility and positive component-level results. 

Readers should therefore interpret the overall argument of this review as a reasoned synthesis 
rather than as a summary of definitive efficacy evidence for the integrated system. The case for 
the preventive paradigm is strong; the case for any specific device implementation, including 
SoleIQ, still requires the research agenda outlined in Section 6. 

8. Conclusion 

Diabetic foot ulcers represent a preventable global health crisis. The existing model of clinical 
care, episodic assessment and late-stage wound management, has produced only marginal 
improvements in outcomes over two decades, and the human and economic cost of that 
stagnation is enormous. Genuine progress requires a conceptual shift, articulated clearly by 
Armstrong, Boulton, and Bus, from treating DFUs as discrete healing episodes to maintaining 
patients in active, ongoing remission, with the same continuity of care expected for any other 
chronic condition. 

Two mature technologies make such a shift clinically plausible for the first time. Artificial 
intelligence applied to continuous multimodal in-shoe sensing can identify pre-ulcerative tissue 
stress days to weeks before skin breakdown, with reported predictive performance approaching 
clinical viability. Photobiomodulation delivers, at the cellular level, precisely the biological 
restoration, mitochondrial, inflammatory, microvascular, that vulnerable diabetic tissue needs in 
order to withstand normal mechanical stress. Neither technology alone constitutes a preventive 
system. Integrated through a closed-loop wearable platform such as SoleIQ, they plausibly do. 
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The principal obstacles to clinical deployment are no longer scientific or technical. They are 
translational: prospective external validation of AI models, dose-finding studies for prophylactic 
PBM, adequately powered randomized trials of integrated systems with DFU incidence as a 
primary outcome, equity-focused studies in diverse populations, and health-economic 
evaluations to support payer coverage. This research agenda is within reach. Executing it would 
not only validate a new class of medical device; it would represent the first credible opportunity 
in a generation to extend ulcer-free remission, and so to reduce the global burden of 
diabetes-related amputation, at scale. 
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