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Perceptions of AI Among K–12 Educators and Administrators: 
A Mixed-Methods Study      

Snowden Lange        
Chatham High School, 255 Lafayette Avenue, Chatham, NJ 07928, USA; snowdenlange@icloud.com 
Mentor: Amanda Rothlisberger 

ABSTRACT: This project explores how teachers and school administrators in a New Jersey public school district perceive 
and use artificial intelligence (AI) in education. Using the Technology Acceptance Model (TAM) and the Zone of Proximal 
Development (ZPD) theory, the study examines educators’ perceptions of usefulness, ease of use, preparedness, beliefs about 
student learning, and intention to adopt AI in K–12 settings. Seventy-one educators completed a survey, and responses were 
analyzed using descriptive statistics, correlations, k-means clustering, and one-way ANOVA with post hoc comparisons. Cluster-
based analyses conducted with teachers identified three groups—AI Advocates, Curious but Cautious, and Skeptics—which 
differed significantly in their perceptions of AI’s usefulness, ease of use, preparedness, and intention to adopt it. An interview 
and open-ended responses provided qualitative insights into educators’ training needs, ethical concerns, and beliefs about student 
learning. Correlations between overall AI sentiment and TAM and ZPD measures highlighted the importance of mindset, 
confidence, and teacher beliefs in shaping AI adoption.   

KEYWORDS: Behavioral and Social Sciences, Clinical and Developmental Psychology, Artificial Intelligence in Education, 
Technology Acceptance Model, Zone of Proximal Development. 

�   Introduction
Artificial intelligence (AI) has become increasingly visible 

across many domains, including education, prompting dis-
cussion about its role in professional practice. With tools like 
ChatGPT, Gemini, and Microsoft Copilot becoming widely 
available, discussions about the benefits, challenges, and eth-
ical concerns of AI in education have become increasingly 
prominent in educational environments. However, rapid tech-
nological advancements have outpaced research into educators’ 
and administrators’ real-world experiences and attitudes about 
AI. 

Artificial intelligence (AI) is a term that encompasses a 
wide range of computational techniques and applications. In 
this study, AI is operationally defined as user-facing software 
tools that educators are likely to come across in contemporary 
K–12 settings. These include general-purpose AI assistants 
(e.g., ChatGPT, Gemini, Microsoft Copilot), AI-supported 
writing and grammar tools (e.g., Grammarly, Quillbot, Hem-
ingway Editor), AI-based research assistance platforms (e.g., 
Elicit, Scite, Consensus), and AI-powered instructional or les-
son-planning tools (e.g., Khanmigo, Curipod, MagicSchool 
AI). 

Prior research suggests that  AI-supported tools may sup-
port student learning in several ways, including assistance with 
homework and studying, personalized learning experiences, 
and skill development.1 In 2021, Zhai et al. analyzed studies 
from 2010 to 2020 to identify trends and challenges of AI in 
education.2 Much of this research was prior to the widespread 
availability of generative AI tools and focused on earlier forms 
of educational AI. From a theoretical perspective, these studies 
highlighted how AI systems were often designed to adapt con-

tent to learners’ current abilities, which aligns with Vygotsky’s 
Zone of Proximal Development (ZPD).

The Zone of Proximal Development (ZPD) is the range be-
tween what a student can do independently and what they can 
do with assistance from someone more experienced, such as a 
teacher, coach, or peer.  It represents the “sweet spot” for learn-
ing, where students are challenged just beyond their current 
abilities but can still succeed with the right support. In this 
sense, AI-supported tools can be conceptualized as aligning 
with the ZPD through features such as:

• Customized learning activities that address the student's 
current gaps in knowledge and skills. ​

• Adaptive content that adjusts in real time to deliver the 
appropriate complexity based on the student's ongoing perfor-
mance. ​

• Immediate feedback and corrections that help students un-
derstand their mistakes and learn from them in real time. ​

• Scaffolded support that provides temporary help for tasks 
just beyond the student’s current ability, and is gradually re-
moved as competence increases.

The use of AI in educational settings has raised substantial 
concerns. Educators and researchers have expressed appre-
hension about student overreliance on AI-generated content, 
erosion of critical thinking skills, accuracy of AI outputs, and 
challenges related to academic integrity and data privacy.5 
These concerns complicate educators’ decisions about when 
and how to use AI in classrooms and emphasize the impor-
tance of examining perceived risks and ethical implications in 
addition to potential instructional benefits.

Some studies report that educators perceive AI tools as 
time-saving, as they support instructional planning and con-
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tent development, but educators also have concerns about 
reliability, accuracy, and ethical use.¹,³ In particular, Bergdahl 
and Sjöberg found that teachers have greater confidence in 
using AI chatbots for teaching when they feel clear about the 
ethics and safety of the tools.3

One factor associated with educators’ use of AI in classrooms 
is their confidence in their ability to do so, which is often re-
ferred to as AI self-efficacy. Research shows that teachers with 
higher AI self-efficacy are more likely to have positive atti-
tudes toward AI and integrate it into their teaching practices.4 
Several factors shape this confidence, including previous ex-
perience with technology, professional training, and whether 
teachers view AI as relevant to their work.5

The Technology Acceptance Model (TAM), developed by 
Fred Davis in 1989,6 is one of the most widely used models to 
explain and predict the adoption of new technologies. While 
TAM originally focused on two core factors, this study incor-
porates two additional measures commonly used in extended 
versions of the model:

• Perceived Usefulness: how much a person believes a tech-
nology will enhance their job performance

• Perceived Ease of Use: how much effort they think it will 
take to use the technology effectively

• Preparedness: how ready they feel to integrate AI into their 
roles

• Intention to Use: how likely they are to adopt AI in the 
near future

In the original TAM framework, perceived usefulness and 
ease of use shape a person’s attitude toward the technology, 
which then influences their intention to use it and, ultimately, 
their actual use. Although educational settings are inherently 
collaborative, the focus of this study is on educators’ individual 
use of AI tools as professional supports (e.g., lesson planning, 
content creation, feedback, and administrative assistance), 
rather than on shared or mandated technologies. In this con-
text, individual beliefs, confidence, and perceived readiness are 
central to adoption decisions, making the Technology Accep-
tance Model particularly appropriate. Intention to use serves 
as a meaningful outcome measure for understanding educators’ 
likelihood of adopting AI in practice.

This study captures a comprehensive picture of educators’ 
readiness and likelihood of adopting AI by incorporating 
preparedness and intention, extending Davis’s model in ways 
supported by subsequent research, including Mun and Hwang’s 
work on teacher adoption of digital tools.7

Research in language instruction settings suggests that some 
educators perceive AI tools, such as ChatGPT, as improv-
ing their efficiency, reducing some aspects of their workload, 
and increasing their confidence in technology use.⁸ Similar-
ly, studies report that educators may view AI as helpful for 
streamlining lesson planning and content creation, enabling 
them to produce customized materials while saving time.⁹ 
Some research also indicates that school principals perceive AI 
as useful for automating administrative tasks and supporting 
data analysis.¹⁰

While AI’s potential in education is widely discussed, prior 
research has disproportionately focused on technical appli-

cations rather than educators’ perspectives, leaving gaps in 
understanding teachers’ readiness, attitudes, and self-efficacy 
related to AI use.5 There is also limited research examining 
training tailored to educators, as well as administrators’ atti-
tudes toward AI. Understanding these factors can help clarify 
how educators interpret, respond to, and make decisions about 
AI use in educational settings. Although AI is often framed 
as offering efficiency and instructional support, its education-
al value, particularly in the context of newer generative tools, 
remains contested, with educators weighing potential benefits 
against concerns related to ethics, learning, and student devel-
opment. 

This study uses a mixed-methods approach, based on the 
Technology Acceptance Model (TAM) and Vygotsky’s Zone 
of Proximal Development (ZPD) theory, to investigate how 
K–12 educators and administrators perceive, use, and evaluate 
AI in their professional roles.

�   Methods
This study employed a mixed-methods approach to in-

vestigate how educators and administrators in K–12 schools 
perceive AI. A mixed-methods design was appropriate because 
quantitative survey data were used to identify broad patterns in 
attitudes and adoption, while qualitative data from open-end-
ed responses and an interview were used to help contextualize 
and explain those quantitative findings, consistent with an 
explanatory mixed-methods approach. This explanatory ap-
proach enabled the interpretation of statistical results through 
educators’ experiences and concerns. We collected data from 
three sources: survey responses, written comments, and an in-
terview with a high school teacher. To analyze the results, we 
used a combination of statistical analysis, a review of common 
themes in written responses, and a machine learning meth-
od known as k-means clustering to group participants based 
on their responses to key questions related to the Technology 
Acceptance Model (TAM). This helped reveal patterns in at-
titudes toward AI that did not follow job roles or grade levels. 
By combining statistics with personal insights, the study cap-
tured both broad trends and deeper perspectives on educators' 
thinking about AI.

A total of 71 educators from a public school district in New 
Jersey participated in the survey. Respondents included 57 
teachers and 14 administrators or staff members in student 
services. Because the sample included relatively few adminis-
trators (14 out of 71 respondents), most of the analysis focuses 
on patterns among teachers. Teachers represented a range of 
grade levels as shown in Table 1. Table 2 shows the number of 
teacher participants by subject area; participants could select 
more than one subject. Administrators held various leadership 
and support roles as shown in Table 3. Participants were re-
cruited through district-wide email outreach and completed 
the survey voluntarily and anonymously during a two-week 
window in April 2025. The survey was distributed broadly via 
email, so a precise response rate could not be calculated, but 
with 71 completed responses in a district with approximately 
600 total staff, the sample represents a sizable portion of the 
district’s workforce.

DOI: 10.36838/IJHSR812.1
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The survey consisted of 52 items across three main areas: 
(1) Technology Acceptance Model (TAM) constructs such as 
perceived usefulness, perceived ease of use, behavioral intention 
to use, and preparedness; (2) Zone of Proximal Development 
(ZPD) aligned items assessing the ability of AI to support 
adaptive and independent learning; and (3) ethical concerns 
and perceived challenges related to AI use in education. Survey 
items were designed from established Technology Acceptance 
Model (TAM) instruments and supplemented with items 
aligned with current AI-in-education concerns. Items were 
informally reviewed for clarity and relevance to K–12 con-
texts. To support consistent interpretation, examples of widely 
used AI tools (e.g., ChatGPT, Grammarly, MagicSchool AI) 
were embedded in relevant survey items. This helped anchor 
responses to common applications, while acknowledging that 
individual definitions of AI might vary. A copy of the sur-
vey instrument is available online for review (https://tinyurl.
com/5x9harxy). Most Likert-scale items used a 5-point scale 
ranging from 1 (strongly disagree) to 5 (strongly agree).

To assess the internal consistency of the TAM instruments, 
we used Cronbach’s alpha for each multi-item dimension. In-
ternal consistency was good for perceived usefulness (α = .825) 
and perceived ease of use (α = .826), and acceptable for behav-
ioral intention (α = .711). Preparedness was assessed using a 
single item, so Cronbach’s alpha was not applicable.

We used descriptive statistics and Pearson correlations to 
examine relationships between overall AI sentiment and the 
TAM and ZPD dimensions. One-way analyses of variance 
(ANOVA) with Tukey post hoc tests were conducted using 
SPSS to determine if mean differences across clusters were 
statistically significant.

To identify natural groupings in attitudes toward AI, ex-
ploratory k-means clustering was applied to the four TAM 
dimensions (perceived usefulness, ease of use, preparedness, 
and intention to use). This analysis was performed using the 
scikit-learn Python library (facilitated by ChatGPT). The re-
searcher maintained full analytical oversight by specifying the 
input variables, determining the optimal number of clusters 
(k=3), and verifying all cluster memberships against the raw 
data to ensure accuracy.

We grouped open-ended survey responses by overall senti-
ment and looked for common themes. These included concerns 
about ethics, the benefits of AI, its application in education, 
and challenges to its broader adoption. We also interviewed 
a high school German teacher who volunteered to partici-
pate and had been using AI in her classroom. Her answers 
helped us see how the survey results connected to the ideas in 
our study, like the TAM and the ZPD. What she shared also 
helped us better understand the differences between the three 
groups we found through machine learning.

�   Results 
To examine patterns in educators’ attitudes toward AI, 

k-means clustering was conducted using 13 Likert-scale items 
related to perceived usefulness, perceived ease of use, prepared-
ness, and behavioral intention to use. This analysis identified 
three distinct clusters (Cluster 1, n=21; Cluster 2, n=22; and 
Cluster 3, n=14). Mean scores for each Technology Acceptance 
Model (TAM) dimension by cluster are shown in Table 4. 

One-way analyses of variance (ANOVAs) were conducted 
to examine differences among the three clusters across the 
Technology Acceptance Model (TAM) dimensions using 
composite scores. Because the three clusters were generated 
from the TAM dimensions (Perceived Usefulness, Perceived 
Ease of Use, Behavioral Intention, and Preparedness), high 
F-statistics and significant p-values in the ANOVA results 
are expected. These analyses are presented not as independent 
hypothesis tests, but as a method of internal validation to pro-
file the distinct characteristics of each cluster and to confirm 
the statistical separation achieved by the k-means algorithm. 
Significant differences were found across clusters for perceived 
usefulness, F(2, 54) = 69.21, p < .001; perceived ease of use, 
F(2, 54) = 65.13, p < .001; behavioral intention to use AI, F(2, 
54) = 40.99, p < .001; and preparedness to integrate AI, F(2, 
54) = 31.88, p < .001. These results indicate that cluster mem-
bership was associated with meaningful differences across all 
core TAM constructs and preparedness.

Post-hoc Tukey HSD tests were conducted to identify where 
specific cluster differences occurred. For perceived usefulness, 
all pairwise comparisons were statistically significant: Cluster 

DOI: 10.36838/IJHSR812.1

Table 1: Number of teacher participants by grade level.

Table 2: Number of teacher participants by subject area. Participants could 
select more than one subject.

Table 3: Roles of administrator participants. 

Table 4: Mean Survey Scores by cluster across TAM dimensions.
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AI Advocates (Cluster 1):
Qualitative data showed that AI Advocates viewed AI as a 

helpful, intuitive tool that could support differentiated instruc-
tion, content creation, and student learning. Many already use 
AI regularly and are confident in their ability to integrate it 
effectively. Their comments reflected comfort, enthusiasm, and 
practical alignment with teaching needs.

“I've used AI to reword things for different reading levels. 
It’s been very helpful for students who need accommodations.”

“AI can scaffold learning, but only if you know how to 
prompt it at the right level.”

“Creating report card comments.”
“Generating multiple choice questions. I’m terrible at writ-

ing those.”
“Emails and writing report card comments!”
These educators believe in the ethical and purposeful use of 

AI and have already begun using it in their classrooms. 

Curious but Cautious (Cluster 2):
Survey comments from this cluster showed moderate opti-

mism about AI’s potential but lower confidence and readiness. 
Curious but Cautious educators saw potential in AI but ex-
pressed hesitation about its limits, ethical implications, and 
impact on student learning. They were interested in learning 
more, but often cited a lack of training or clarity.

“It’s helpful, but I don’t feel confident enough to use it con-
sistently yet.”

“Teachers shouldn’t lose that personal connection with their 
students’ abilities and progress.”

“I have limited knowledge of what is available and how to 
use it.”

“Training would be helpful for understanding the best ways 
to use it effectively and ethically.”

This group would benefit from more structured training, 
policy clarity, and real-world examples of how AI can align 
with their teaching goals.

Skeptics (Cluster 3):
This group scored lowest on perceived usefulness, behavioral 

intention, and preparedness, but reported slightly higher ease 
of use than the Curious but Cautious group. Skeptics were un-
sure of AI's educational value and were most concerned about 
its potential risks. Their comments reflected discomfort with 
AI as an instructional tool, particularly regarding student over-
reliance, loss of critical thinking, and academic integrity:

“Students… are not able to think critically anymore… they 
can barely write a complete sentence… AI just makes this more 
noticeable.”

“It’s like whack-a-mole… how am I going to figure out 
where the mole’s coming from next?”

“AI could be used for the wrong reasons / the potential for 
students to misuse it is high.”

“Plagiarism, not learning or creatively thinking, just copy-
ing.”

Although some Skeptics acknowledged that AI could be 
useful for administrative tasks, they were unlikely to adopt it 
without strong guardrails.

1 differed from Cluster 2 (p = .0003) and Cluster 3 (p < .001), 
and Cluster 2 differed from Cluster 3 (p < .001). For behavioral 
intention to use AI, all cluster comparisons were also signifi-
cant, including Cluster 1 versus Cluster 2 (p = .0326), Cluster 
1 versus Cluster 3 (p < .001), and Cluster 2 versus Cluster 3 
(p < .001). Similarly, preparedness differed significantly across 
all cluster pairs (Cluster 1 vs. 2, p < .001; Cluster 1 vs. 3, p 
< .001; Cluster 2 vs. 3, p = .0025). For perceived ease of use, 
Cluster 1 differed significantly from both Cluster 2 (p < .001) 
and Cluster 3 (p < .001), but the difference between Clusters 2 
and 3 was not statistically significant (p = .202). While a slight 
trend suggests Skeptics found tools marginally easier than the 
Curious but Cautious group, the two clusters demonstrated 
comparable levels of perceived ease of use.

Based on these distinct statistical profiles and the qualita-
tive themes described below, the clusters were labeled to reflect 
their overall perspectives on AI: Cluster 1 (AI Advocates), 
Cluster 2 (Curious but Cautious), and Cluster 3 (Skeptics). 
These differences are visualized in Figure 1, which illustrates 
the mean TAM scores across dimensions for each group.

To provide context for these clusters, we examined general 
usage patterns across the district. A moderate correlation (r = 
0.41, p < .001) was found between the frequency of teachers' 
use of AI assistants and their overall positive feelings about 
AI. This suggests that teachers who used AI more frequently 
were also more likely to hold favorable attitudes toward it. Ed-
ucators and administrators reported moderate use of AI tools 
overall, though most had at least some experience with them. 
Writing tools like Grammarly appeared to be the most com-
monly adopted AI applications among teachers, with a large 
majority reporting at least occasional use. Elementary teachers 
were especially likely to use lesson planning platforms such 
as MagicSchool. Use of general AI assistants like ChatGPT 
varied. While some teachers used them often, most reported 
using them only occasionally or rarely. Data tools, such as AI 
dashboards or gradebook analytics, were the least used, with 
over half of teachers stating they never used them. In contrast, 
administrators reported using both data tools and general AI 
assistants more regularly, likely due to their operational re-
sponsibilities. These findings reflect self-reported usage trends 
rather than statistically tested differences.

DOI: 10.36838/IJHSR812.1

Figure 1: Average TAM scores by cluster. AI Advocates exhibited the highest 
mean scores across all four TAM dimensions: perceived usefulness, behavioral 
intention to use, preparedness, and perceived ease of use. Skeptics scored 
lowest on all dimensions except ease of use, where their scores were slightly 
above those in the Curious but Cautious cluster. 
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ue of AI in scaffolding learning, they remain cautious about its 
potential to replace teacher-led guidance or foster autonomy.

Concerns and Challenges:
Educators expressed a range of concerns about using AI in 

schools. Figure 2 shows the frequency of concerns selected by 
respondents in a “select all that apply” survey item assessing 
perceived challenges related to AI use in education. Percent-
ages reflect the proportion of respondents who selected each 
concern. The most commonly cited issues were the poten-
tial inaccuracy of AI-generated content, followed closely by 
the need for more training and the risk that AI could hin-
der student critical thinking. Ethical concerns, including bias, 
fairness, and privacy, were also frequently mentioned. Some 
respondents were skeptical of AI’s guidance or reliability, and a 
smaller number felt that school or district policies limited their 
ability to use AI effectively.

These results highlight the importance of policies, profes-
sional development, and implementation strategies. While 
many educators are open to using AI in their work, their con-
cerns suggest that effective integration depends not only on 
access to tools but also on support, trust, and alignment with 
educational goals.

Ethical Concerns:
Most teachers and administrators agreed that AI is accept-

able for generating study materials, tutoring, and offering hints 
or suggestions as long as it helps students think for themselves 
rather than solving the problem for them. Unsurprisingly, 
nearly all strongly opposed using AI during tests or to com-
plete assignments, reflecting shared concerns about academic 
integrity.

Teachers expressed greater concern about student over-re-
liance on AI (median 3.6) than administrators (median 2.36), 
as indicated by their agreement with the statement, “Students 
are becoming overly reliant on AI, which may negatively affect 
their ability to problem-solve without technological assis-
tance.”

Many teachers were especially concerned about how AI 
could affect student independence and long-term learning. 

Training Needs:
Training emerged as a common theme across all groups, 

but was especially important for the Curious but Cautious 
group. While this group rated AI as useful, they reported low-
er confidence in their ability to implement it effectively. Their 
Preparedness and Ease of Use scores were both substantially 
lower than their Usefulness and Intention scores, revealing a 
gap between interest and readiness.

The German teacher interviewed for this study echoed this 
sentiment:

“You can’t just tell students to use AI and expect it to go well. 
You need to know how to prompt, guide, and set limits. That 
takes time and training.”

Additional quotes reinforced this theme:
AI Advocate: “The potential is there, but we need time and 

training to do it right.”
Curious but Cautious: “I want to use it more, but I don't 

know where to start or what tools are even allowed.”
Curious but Cautious: “I feel like I’m being asked to use 

something I don’t fully understand yet.”

Technology Acceptance Model (TAM) Findings:
In addition to clustering, we also examined how teachers’ 

overall perception of AI correlated with four TAM-related 
items. More positive sentiment about AI was associated with 
higher levels of:

• Perceived Usefulness (r = 0.54, p < .001)
• Behavioral Intention (r = 0.57, p < .001)
• Preparedness (r = 0.37, p < .001)
• Ease of Use (r = 0.47, p < .001)
All reported correlations were statistically significant (p < 

.001). These moderate correlations are consistent with the 
TAM framework, suggesting that as teachers view AI more 
favorably overall, they are more likely to find it useful, feel con-
fident in integrating it, and intend to adopt it. The strongest 
correlation was between overall perception and Behavioral In-
tention.

Among administrators, the same sentiment question cor-
related even more strongly with TAM variables, including 
Perceived Usefulness (r = 0.88, p < .001), Behavioral Intention 
(r = 0.82, p < .001), and belief in AI’s ability to personalize 
learning (r = 0.78, p < .001). These results suggest that ad-
ministrators may be more attuned to AI’s strategic potential in 
education, although the small sample size (n = 14) limits the 
strength of this conclusion.

Zone of Proximal Development (ZPD) Findings:
Teachers who felt more positively about AI were moder-

ately likely to agree that it can support adaptive learning at 
the right level (r = 0.54, p < .001), but less so with its ability 
to support independent learning (r = 0.31, p < .001). Among 
all items, “Support adaptive learning” had one of the highest 
mean scores, showing broad agreement that AI can help tai-
lor instruction. The related item about providing feedback for 
independent learning received lower but still favorable ratings. 
These findings suggest that while educators recognize the val-
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Figure 2: Frequency of top concerns about AI in education reported by all 
respondents. The most common concerns included the potential inaccuracy 
of AI-generated content, the need for more training, fears that AI could 
hinder students’ critical thinking, and ethical concerns. A smaller number of 
respondents indicated distrust in AI’s ability to provide reliable guidance to 
students, and a few noted that school or district policies limited their ability 
to use AI effectively. 
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One wrote, “I worry about students becoming over-reliant on 
AI. I also worry that they will not be able to discern whether or 
not what AI has provided is reliable or applicable to the situa-
tion.” Another teacher noted, “Many students currently use it 
simply to complete assignments and are not able to or do not 
vet the accuracy of information that AI generates.”

Some responses went beyond academic concerns and spoke 
to broader issues of motivation, curiosity, and skill develop-
ment. One teacher explained, “It is essential to address several 
logistical, ethical, and critical thinking concerns that arise 
when students engage with this technology… With growing 
concerns about student independence and motivation, we must 
consider how the introduction of AI could either challenge or 
enhance these dynamics.”

The most consistent message was that AI should support 
learning, but not replace the thinking and effort students need 
to grow.

�   Discussion 
This study reveals that K–12 educators and administrators 

hold distinctly different perceptions of AI that cannot be ex-
plained by frequency of use or awareness alone. Through a 
mixed-methods approach combining clustering, survey data, 
and qualitative insights, three profiles emerged—AI Advo-
cates, Curious but Cautious, and Skeptics—each characterized 
by differing views of AI’s usefulness and ease of use, and their 
preparedness and intention to use it. These differences were 
also reflected in educators’ beliefs about how AI should sup-
port student learning and in recurring concerns about training 
needs, ethical risks, student over-reliance, critical thinking, and 
academic integrity. 

While survey-based research at the higher-education level 
has explored educators’ attitudes toward AI, far fewer studies 
have examined the K–12 context, where instructional demands, 
developmental needs, and accountability pressures differ sig-
nificantly. This study helps fill that gap by offering one of the 
first mixed-methods investigations of AI adoption in K-12 
schools. These patterns echo findings from a 2025 multi-state 
study in which educators expressed both optimism and con-
cern about AI’s role in schools. While nearly 60% of educators 
in that study strongly agreed on the importance of having 
school or district policies guiding AI use, a high percentage 
disagreed that their district provided sufficient support or in-
frastructure for effective implementation.¹¹ That study, like the 
present one, revealed that many educators believed AI could 
enhance student learning, yet simultaneously worried about 
cheating, overreliance, and ethical boundaries. This tension was 
especially pronounced among the Curious but Cautious and 
Skeptics clusters in the current study, reinforcing the need for 
district-level policies and targeted professional development.

At the same time, a national survey of US K-12 educators 
found that many teachers were already using AI for instruc-
tional tasks, including personalizing learning (56%), providing 
real-time feedback (52%), lesson planning (44%), and proof-
reading (47%).¹² These use cases align closely with comments 
from AI Advocates in this study, who described using AI to re-

word content for different learners, co-create lesson materials, 
and scaffold student learning. The national survey and this local 
study suggest that when teachers see an instructional benefit, 
they are more likely to experiment with AI, particularly in ways 
that support differentiated instruction and reduced workload. 
Taken together, these findings can be interpreted through the 
lens of the Zone of Proximal Development (ZPD). Educators 
across groups in this study were more comfortable using AI to 
scaffold learning, such as adapting content or providing feed-
back at an appropriate level, than to support fully independent 
learning. This pattern reflects a view of AI as a supplementa-
ry tool that operates within students’ proximal learning space 
rather than as a replacement for teacher guidance or student 
effort.

Limitations of the Research:
This study has several limitations that should be considered 

when interpreting the findings. First, the study was conducted 
with a small sample size within a single public school district 
in New Jersey, which may limit generalizability to districts with 
different demographics, governance structures, resources, or 
policies. The district examined is relatively well-resourced and 
higher-performing than many public school districts, which 
may influence educators’ access to technology, profession-
al development opportunities, and perceptions of AI. These 
variables were not directly measured in the present study and 
therefore cannot be shown through the reported data. Future 
research should examine how district-level context interacts 
with educators' attitudes toward AI to better assess the gen-
eralizability of findings across diverse educational settings. 
Additionally, the selection of a three-cluster solution represents 
one analytic choice; alternative cluster solutions may yield dif-
ferent groupings and should be explored in future research. 
Because k-means clustering requires the number of clusters to 
be specified a priori, its use in this study reflects an exploratory 
analytic judgment rather than a definitive determination of the 
true number of latent groups.

Participation was voluntary, introducing potential self-se-
lection bias, as respondents may have had stronger opinions 
about AI or greater availability to complete the survey than 
non-respondents.

Although respondents were provided with examples of 
specific AI tools, participants may still have had differing in-
terpretations of what the researcher meant by “AI,” particularly 
regarding the differentiation between traditional education-
al software and newer generative AI systems. This construct 
ambiguity may have influenced self-reported usage levels, atti-
tudes, and cluster membership. However, this limitation does 
not invalidate the findings. It suggests that reported percep-
tions reflect educators’ understanding of AI as they experience 
it in their daily work. Future research could reduce ambiguity 
by focusing on specific categories of AI tools or by asking par-
ticipants to define AI before completing the survey.

Several items in the survey were newly developed or adapted 
to address emerging AI-in-education contexts and have not 
undergone formal psychometric validation. As a result, some 
constructs, particularly those outside the core TAM measures, 

DOI: 10.36838/IJHSR812.1

ijhighschoolresearch.org



	 7	

should be interpreted as exploratory. Future research should 
further refine and validate these items using larger samples and 
psychometric techniques.

The qualitative component included a single interview and 
open-ended survey questions. The interview was conducted 
with an educator supportive of AI use, which may have biased 
some of the qualitative data toward more favorable insights. 
As a result, the qualitative findings may not fully represent the 
range of educator viewpoints. Future studies should include 
interviews with educators representing multiple sentiment 
groups and roles to capture a broader range of perspectives. 
Additionally, responses to the open-ended survey questions 
were optional, which may have introduced selection bias, as 
participants with stronger opinions or greater interest in AI 
could be more likely to respond. This could have influenced the 
themes that emerged from the qualitative data.

Given the exploratory nature of this study, findings that did 
not reach conventional levels of statistical significance should 
be interpreted as trends that point toward directions for future 
research. 

While the Technology Acceptance Model (TAM) is useful 
for examining adoption attitudes, it does not explicitly model 
ethical concerns or perceived risks, which emerged prominent-
ly in qualitative responses. Although educational settings are 
inherently collaborative, the present study focused specifically 
on educators’ individual perceptions, intentions, and prepared-
ness related to AI use, rather than collective or policy-driven 
adoption. In this context, the TAM is well-suited to the re-
search questions examined. Future research could extend this 
work by pairing TAM with complementary frameworks that 
more directly capture ethical considerations, perceived risk, and 
the collaborative dynamics of educational environments.

Because significant differences and correlations involving 
perceived usefulness were still observed despite lower internal 
consistency, these findings may represent conservative esti-
mates of the true relationships, suggesting that effects could be 
stronger with a more refined instrument.

�   Conclusion 
The three educator groups identified through k-means 

clustering—AI Advocates, Curious but Cautious, and Skep-
tics—differed significantly across all Technology Acceptance 
Model (TAM) measures. This suggests that attitudes toward 
AI reflect patterns in mindset, confidence, and instruction-
al philosophy. Teachers who viewed AI more positively were 
more likely to feel confident using it, believe it was helpful, and 
report a stronger intention to adopt it in the future. Most ed-
ucators saw value in AI’s ability to adjust content to individual 
students’ needs, but were less confident in its ability to support 
independent learning or replace teacher feedback. They were 
especially confident in AI’s ability to scaffold learning at the 
right level, though less so in its potential to foster independent 
learning, which is consistent with Vygotsky’s Zone of Proximal 
Development.

To support the responsible and effective use of AI in schools, 
leaders should prioritize teacher training, establish clear ethi-

cal guidelines, and provide real-world examples. Teachers need 
time and support to explore how AI can enhance planning, 
instruction, and differentiation while also ensuring that stu-
dents stay engaged in thinking and learning for themselves. 
Schools that invest in this kind of support are more likely to 
see thoughtful, effective, and ethical adoption.

Future research should examine how AI use affects student 
outcomes over time, particularly how students at different de-
velopmental stages engage with these tools. This study suggests 
that teacher perception and preparation matter as much as the 
technology itself. To ensure AI enhances learning rather than 
undermines it, schools must invest in the people who use it by 
providing clear policies, strong training, and time to experi-
ment.

�   Acknowledgments 
The author would like to thank Dr. Michael LaSusa, Super-

intendent of the School District of the Chathams, for granting 
permission to conduct the study and for helping distribute the 
survey to teachers and administrators. Special thanks also go to 
Mrs. Amanda Rothlisberger, AP Statistics teacher at Chatham 
High School, for her thoughtful guidance and multiple reviews 
of the survey design and data analysis.

�   References
1. Labadze, L.; Grigolia, M.; Machaidze, L. Role of AI Chatbots 

in Education: Systematic Literature Review. Int. J. Educ. Technol. 
High. Educ. 2023, 20, 56. DOI: https://doi.org/10.1186/s41239-
023-00426-1

2. Zhai, X.; Chu, X.; Chai, C. S.; Jong, M. S. Y.; Spector, M.; Liu, 
J.-B.; Yuan, J.; Li, Y. A Review of Artificial Intelligence (AI) in Ed-
ucation from 2010 to 2020. Complexity, 2021, Article ID 8812542. 
DOI: https://doi.org/10.1155/2021/8812542

3. Bergdahl, N.; Sjöberg, J. Attitudes, Perceptions and AI Self-Effica-
cy in K–12 Education. Comput. Educ.: Artif. Intell. 2025, 6, 100358. 
DOI: https://doi.org/10.1016/j.caeai.2024.100358

4. Viberg, O.; Cukurova, M.; Feldman-Maggor, Y.; Alexandron, 
G.; Shirai, S.; Kanemune, S.; Wasson, B.; Spikol, D.; Milrad, 
M.; Coelho, R.; Kizilcec, R. F. Teachers’ Trust and Perceptions 
of AI in Education: The Role of Culture and AI Self-Efficacy in 
Six Countries. arXiv 2023, arXiv:2312.01627. DOI: https://doi.
org/10.48550/arXiv.2312.01627

5. Zawacki-Richter, O.; Marín, V. I.; Bond, M.; Gouverneur, F. Sys-
tematic Review of Research on Artificial Intelligence Applications 
in Higher Education—Where Are the Educators? Int. J. Educ. 
Technol. High. Educ. 2019, 16, 1. DOI: https://doi.org/10.1186/
s41239-019-0171-0

6. Davis, F. D. Perceived Usefulness, Perceived Ease of Use, and User 
Acceptance of Information Technology. MIS Q. 1989, 13(3), 319–
340. DOI: https://doi.org/10.2307/249008

7. Mun, Y. Y.; Hwang, Y. Predicting the Use of Web-Based Informa-
tion Systems: Self-Efficacy, Enjoyment, Learning Goal Orientation, 
and the Technology Acceptance Model. Int. J. Hum.-Comput. 
Stud. 2003, 59, 431–449. DOI: https://doi.org/10.1016/S1071-
5819(03)00114-9

8. Ghafouri, M.; Hassaskhah, J.; Mahdavi-Zafarghandi, A. From 
Virtual Assistant to Writing Mentor: Exploring the Impact of a 
ChatGPT-Based Writing Instruction Protocol on EFL Teachers’ 
Self-Efficacy and Learners’ Writing Skill. Lang. Teach. Res. 2024. 
DOI: https://doi.org/10.1177/13621688241239764

DOI: 10.36838/IJHSR812.1

	 ijhighschoolresearch.org



	 8	

9. Ma, S. How Generative AI Tools Assist with Lesson Planning. 
Edutopia 2024. DOI: https://www.edutopia.org/article/how-gen-
erative-ai-tools-assist-lesson-planning

10. Banerji, O. How Principals Are Outsourcing Their Busywork to 
AI. Educ. Week 2024. DOI: https://www.edweek.org/technology/
how-principals-are-outsourcing-their-busywork-to-ai/2024/01

11. Riegel, C.; Brown, B.; Medley, A. Exploring AI in Education: A 
Multi-State Study on K–12 Teachers’ and Administrators’ Knowl-
edge, Use, and Perceptions of Artificial Intelligence. Issues and 
Trends in Learning Technologies 2025. DOI: https://journals.library-
publishing.arizona.edu/itlt/article/id/7512/

12. Cambium Learning Group. K–12 Educator + AI Survey Report. 
2024. DOI: https://www.cambiumlearning.com/user_area/up-
loads/CambiumK-12EducatorAISurveyReport.pdf

�   Author
Snowden Lange is a high school senior interested in cog-

nitive science, psychology, and human-computer interaction. 
His research explores how mindset, tools, and environments 
shape growth. His independent project examines educator 
perceptions of AI in schools, using behavioral frameworks and 
statistical methods to understand how technology intersects 
with learning and development.

ijhighschoolresearch.org



© 2026 Terra Science and Education	 9	

Predictors of Subjective Cognitive Decline in Adults Aged 45 
Years and Older: Findings from the 2022 BRFSS      
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ABSTRACT: Subjective cognitive decline (SCD) is a frequent early symptom of Alzheimer’s disease and other dementias. This 
study used national survey data and machine learning to identify factors linked to SCD. Adults aged ≥45 years who completed 
the 2022 Behavioral Risk Factor Surveillance System cognitive decline module were included (n=62,743). The outcome was a yes/
no report of worsening confusion or memory loss. Thirty-seven variables were selected from multiple domains and analyzed using 
four models: least absolute shrinkage and selection operator (LASSO), random forest (RF), extreme gradient boosting (XGB), 
and artificial neural network (ANN). A total of 11.0% of respondents reported SCD. Model accuracy was 0.818–0.834, and the 
area under the receiver operating characteristic curve (AUROC) ranged from 0.751 to 0.755. Aggregated feature importance 
ranked depression highest, followed by chronic obstructive pulmonary disease, lack of emotional support, unemployment, arthritis, 
stroke, low income, no physical activity, chronic heart disease, and short sleep duration. Logistic regression confirmed these 
associations, with depression showing an odds ratio of 2.46 (95% CI 2.23–2.72). SCD was associated with several modifiable 
factors. Interventions addressing mental health, chronic disease management, social support, and adequate sleep may reduce the 
risk and the burden of cognitive decline.  

KEYWORDS: Medical and Health Sciences, Public Health, Subjective Cognitive Decline, Depression, Chronic Diseases and 
Social Support.

�   Introduction
Subjective cognitive decline (SCD), a frequent early symptom 

of Alzheimer’s disease (AD) and other dementias, is reported 
by 9.6% of adults aged ≥45 years in the United States.1 SCD is 
defined as a self-reported observation of worsening confusion 
or memory loss and is usually identified by the Subjective Cog-
nitive Disorder Questionnaire (SCD-Q). While the incidence 
of SCD is on a steady rise among older adults, the number 
of individuals who experience age-associated cognitive decline 
is expected to grow. The estimated lifetime risk of AD for a 
45-year-old is currently 19.5% for women and 10.3% for men.2 
In 2023, the national cost for Alzheimer's and other dementias 
was an estimated $345 billion, and this figure is projected to 
rise to nearly $1 trillion by 2050, as stated in the Alzheimer's 
Association's 2023 Facts and Figures report.3 In addition to 
the financial burden, the disease places a significant amount 
of emotional and physical distress on caregivers.4 Given such 
profound impact of cognitive diseases on individuals and their 
families, there is an urgent need to identify modifiable risk 
factors that could lead to better prevention and management 
strategies.

A series of studies have analyzed national survey data, such 
as the National Health and Nutrition Examination Survey 
(NHANES) and the Behavioral Risk Factor Surveillance Sys-
tem (BRFSS), to investigate the predictors of cognitive decline. 
A past NHANES study suggested that certain dietary factors, 
such as an anti-inflammatory diet like the Mediterranean diet, 
could have a positive impact on cognitive performance.5 Re-
search using BRFSS data has identified multiple modifiable 
factors associated with SCD; state-level analyses revealed that 

poverty, diabetes, and hypertension were strongly correlated 
with SCD and functional impairments.6 Smoking also showed 
a graded association with SCD, with the highest prevalence in 
current smokers compared to never smokers.7 Sleep problems, 
particularly comorbid insomnia and sleep apnea, were related 
to almost double the odds of SCD compared to healthy sleep 
patterns.8 Additionally, insufficient social and emotional sup-
port was associated with a higher prevalence of SCD.9 These 
findings demonstrate the value of BRFSS data for identifying 
modifiable risk factors at a population level; however, the pre-
vious studies were limited by outdated datasets and a narrow 
focus on specific factors rather than a comprehensive evalua-
tion of a wide range of potential predictors.

In the past decade, machine learning techniques have pro-
vided new analytic ways for large-scale survey datasets, such 
as NHANES and BRFSS, which enable the identification of 
complex relationships and the discovery of unexpected predic-
tors in the field of epidemiology. By leveraging methods such as 
clustering, predictive modeling, and feature selection, machine 
learning can process high-dimensional data and reveal nuanced 
patterns often missed by traditional statistical approaches.10 
This capability is particularly valuable in exploring the interac-
tions between socioeconomic, behavioral, and medical factors 
and their collective impact on cognitive health, which can lead 
to more tailored and effective interventions.11

Our study sought to apply various machine learning al-
gorithms to identify risk factors associated with SCD, using 
data from the 2022 BRFSS. The findings of this research were 
intended to guide interventions and help reduce the burden 
of cognitive decline on society as well as individuals and fam-
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ilies. To achieve this, we selected a broad range of variables 
from multiple domains and applied different machine learning 
algorithms to determine the factors linked to SCD. Feature 
importance was calculated for each algorithm, and the scores 
were combined to identify variables that were consistently sig-
nificant across all models.

�   Methods
Study population:
The BRFSS is a nationwide, population-based survey that 

includes a large sample size and collects a wide range of de-
mographic, socioeconomic, and health-related data. Among 
the most recent publicly available BRFSS datasets, the 2022 
BRFSS provides the widest coverage of non-clinical risk fac-
tors, including socioeconomic indicators and health-related 
behavioral factors. Therefore, it was selected for this study to 
examine the associations between memory loss and modifi-
able, non-clinical risk factors among U.S. adults. In the 2022 
BRFSS dataset (n = 445,133), only adults aged 45 years and 
older (n = 311,176) were eligible for the Cognitive Decline 
Module. Among these respondents, adults who answered ei-
ther “yes” or “no” to the question, “During the past 12 months, 
have you experienced confusion or memory loss that is happening 
more often or is getting worse?” were included in this analysis. 
The final study population consisted of 62,743 adults.

Variable selection:
In the study, the outcome variable, SCD, was a binary de-

pendent variable determined through a yes/no response to the 
CMEMLOS questionnaire item. During the variable selec-
tion process, we excluded variables that were directly related to 
sampling methods, inherently sex-specific (e.g., mammogra-
phy, prostate-specific antigen testing), consequential to SCD 
(e.g., decision-making difficulties and self-reported health 
status), or derived or overlapping variables of other variables 
under consideration. As a result, a total of 37 variables were 
selected. These variables were classified into six categories 
(1) Demographic variables: sex (male or female), age groups 
(45–65 or 65+), race (non-Hispanic white or others), living ar-
rangements (living alone or together), marital status (married, 
separated/divorced/deceased, and unmarried), veteran status, 
and living with children; (2) socioeconomic variables: income 
levels (<35,000, 35,000-70,000, or 70,000+), educational lev-
el (graduated college, some college, high school or less than 
high school), housing type (own or rent), and current employ-
ment status; (3) medical condition variables: the presence of 
chronic diseases such as asthma, chronic obstructive pulmo-
nary disease (COPD), chronic kidney disease, cancer, stroke, 
coronary artery disease/myocardial infarction, diabetes, arthri-
tis, depression, tooth loss, and obesity (body mass index > 25); 
(4) accessibility to medical care variables: having a personal 
medical care provider, health insurance, and doctor visit in the 
preceding year; (5) health-related behavioral variables: heavy 
drinking (more than 14 drinks per week for males and more 
than 7 drinks per week for females), smoking status (never 
smoker, former smoker or current smoker), flu vaccination, 
frequency of intended physical activity in the past 30 days, and 

sleep duration; and (6) social and emotional well-being vari-
ables: presence of adverse childhood experiences, frequency of 
feeling socially isolated (always/usually or sometimes/never), 
and the availability of social and emotional support (always/
usually or sometimes/never).

Data preprocessing:
To address multicollinearity, predictors were evaluated using 

the variance inflation factor (VIF). Variables with VIF values 
greater than 10 were removed iteratively. Missing data was 
handled using multivariate imputation by chained equations 
(MICE), which imputes missing values while accounting for 
relationships between variables.12 Variables with more than 
20% missing responses were excluded from imputation to 
reduce bias.13 In this process, three variables were excluded: 
living with children (high multicollinearity), frequency of 
feeling isolated, and COVID-19 vaccination status (high pro-
portion of missing responses).

Machine learning models and feature importance aggrega-
tion:

Four advanced machine learning models were used to eval-
uate predictors and determine their importance. These models 
included least absolute shrinkage and selection operator (LAS-
SO) regression, a random forest classifier (RF), an extreme 
gradient boosting algorithm (XGB), and an artificial neural 
network (ANN). LASSO is a linear model with L1 regular-
ization that selects features by shrinking irrelevant coefficients 
to zero.14 Both XGB and RF are tree-based models capable 
of exploring non-linear relationships. XGB uses boosting, a 
sequential process where trees are constructed to correct errors 
from previous ones,15 whereas RF uses bagging. In this par-
allel process, multiple decision trees are independently built 
on bootstrapped subsets of the data.16 ANN is a nonlinear 
model composed of interconnected layers of neurons that can 
learn complex patterns.17 Each model was trained and vali-
dated using a 5-fold stratified cross-validation procedure to 
ensure robustness and reduce overfitting. Model performance 
was evaluated using accuracy, area under the receiver operating 
characteristic curve (AUROC), and F-1 score.

Feature importance was primarily calculated using mod-
el-specific methods if available intrinsically. For LASSO, the 
absolute values of the coefficients were used, as it performs 
variable selection by shrinking irrelevant coefficients to zero. 
In XGB and RF, split-based metrics were applied, with gain 
used for XGB and mean decrease in impurity for RF, to eval-
uate how features improved model splits. In contrast to the 
other three algorithms, ANN lacks internal measures of fea-
ture importance; therefore, permutation-based importance 
scores were calculated to measure the effect of each feature on 
model performance.18 To ensure comparability, the importance 
scores were normalized by dividing each score by the total 
importance within each model. Then the normalized scores 
were summed across models to produce aggregated feature 
importances to identify variables consistently important across 
models. Additionally, to provide an interpretable measure of 
the relationships between predictors and the outcome (i.e., 
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SCD), the ten most significant predictors identified through 
machine learning were further evaluated using logistic regres-
sion and presented as odds ratios (ORs) with 95% confidence 
intervals (CIs).

Statistical analysis:
All analyses were conducted using Python (version 3.10.11). 

Data preprocessing was performed using pandas (version 
2.2.3) and NumPy (version 1.25.2). LASSO and RF were 
implemented using scikit-learn (version 1.7.2). XGB was 
implemented using XGBoost (version 3.1.3), and ANN was 
implemented using PyTorch (version 2.4.1). GLM analyses 
were performed using statsmodels (version 0.14.3). A P-value 
of less than 0.05 was considered statistically significant.

�   Results 
Study population characteristics:
The study included 62,743 adults aged 45 years and older, 

representing 14.1% of survey respondents. Among them, 6,912 
(11.0%) reported SCD. Compared with adults without SCD, 
those with SCD were more likely to be aged ≥65 years, non-
White or Hispanic, unmarried, veterans, and living alone (all 
p<0.001; Table 1). They had lower income, lower educational 
attainment, lower home ownership, and higher unemployment 
(p<0.001). Depression (43.7% vs. 16.5%), asthma, chronic ob-
structive pulmonary disease, chronic kidney disease, cancer, 
coronary heart disease, stroke, diabetes, and arthritis were 
more prevalent in the SCD group. In contrast, obesity showed 
no significant difference (p=0.379). Adults with SCD were 
less likely to report having a personal healthcare provider or 
health insurance and more likely to have shorter sleep dura-
tion, lower physical activity, and current smoking (all p<0.001). 
Adverse childhood experiences, lack of emotional support, and 
frequent social isolation were also more common in the SCD 
group (all p<0.01).

Performance of the prediction model:
The performance of the four machine learning models was 

evaluated for predicting SCD using accuracy, AUROC, and 
F1-score (Table 2). Overall, model performance was compa-
rable across algorithms. Accuracy ranged from 0.818 to 0.834, 
and AUROC values ranged from 0.751 to 0.757. F1-scores 
were similar across models, ranging from 0.359 to 0.363.

Identif ication of signif icant predictors across all models:
Figure 1 shows both consistent and model-specific patterns 

in variable importance measures. Depression was the most 
important predictor, ranked first across all models. Lack of 
emotional support and unemployment were also consistent-
ly ranked among the top five across models. Arthritis, stroke, 
low income, and no physical activity were generally ranked 
within the top 10, indicating their relevance across multiple 
approaches. Some variables displayed model-specific differ-
ences. For example, COPD was ranked second in XGB and 
RF but had lower importance in LASSO (rank 17) and ANN 
(rank 14). Similarly, short sleep duration was ranked 9–10 in 
XGB and RF but lower in LASSO and ANN (ranks 19 and 
10). Variables such as no flu vaccination, no health insurance, 
and heavy alcohol consumption were consistently among the 
least important predictors across all models.

The aggregated feature importance analysis identified 
depression as the most important variable, with a higher im-
portance score (0.7625) compared to other variables (Figure 
2). COPD, lack of emotional support, unemployment, and 
arthritis were among the top five variables, with scores rang-
ing from 0.2200 to 0.3127. Other predictors in the top 10 
included stroke, low income, no physical activity, heart disease, 
and short sleep duration, with scores ranging from 0.1065 to 
0.1854.
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decline (SCD). Adults with SCD had a higher prevalence of depression and 
multiple chronic diseases, along with socioeconomic disadvantage and lower 
levels of protective health behaviors.
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�   Discussion 
Main Findings:
This study analyzed predictors of subjective cognitive de-

cline (SCD) among adults aged 45 years and older using the 
2022 BRFSS. The prevalence of SCD was 11.0%, similar to 
prior BRFSS reports.19 Depression was the most significant 
predictor. Other significant predictors included lack of emo-
tional support, COPD, arthritis, unemployment, stroke, low 
income, no physical activity, chronic heart disease, and short 
sleep duration.

Depression and Dementia Risk:
A series of large population-based studies has demonstrat-

ed that depression significantly increases the risk of cognitive 
decline and dementia.20-22 Additionally, each episode of depres-
sion is associated with an increased risk of all types of dementia, 
with a 14% increase per episode.23 Multiple biological mech-
anisms are known to link depression to dementia, including 
steroid and neurotransmitter dysregulation, hippocampal atro-
phy, inflammation, increased deposition of beta-amyloid, and 
cerebrovascular changes.24,25 Animal and human studies have 
suggested that antidepressant medication may reduce dementia 
risk by attenuating hippocampal structural damage, enhancing 
neuroplasticity, and reducing amyloid and tau pathology.26 
Depression should therefore be considered an important mod-
ifiable risk factor in strategies to prevent or delay dementia.

Data are presented as means with 95% confidence intervals 
in parentheses.

Abbreviations: AUROC, area under the receiver operating 
curve; LASSO, least absolute shrinkage and selection opera-
tor; XGB, extreme gradient boosting algorithm; RF, random 
forest; ANN, artificial neural network.

Conf irmation of signif icant predictors using logistic regres-
sion:

Logistic regression was conducted to evaluate the association 
between the top 10 variables identified through aggregat-
ed feature importance and SCD (Table 3). Depression was 
the strongest predictor (OR: 2.461; 95% CI: 2.229–2.717). 
Lack of emotional support (1.936; 1.773–2.114) and stroke 
(1.698; 1.556–1.854) also showed strong associations. COPD, 
arthritis, unemployment, and chronic heart disease showed 
moderate associations with ORs ranging from 1.289 to 1.516, 
all statistically significant (p<0.001). Low income, no physi-
cal activity, and short sleep duration were also significant, with 
smaller effect sizes (OR, 1.119–1.361).
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Table 2: Comparison of performance to predict subjective cognitive decline 
among the four machine-learning models. All four models demonstrated 
comparable predictive performance, indicating stable and reliable identification 
of factors associated with subjective cognitive decline.

Table 3: Odds ratios estimated by logistic regression for the top 10 predictors 
identified by aggregated feature importance. These results indicate that the 
highest-importance factors identified by the machine-learning models were 
statistically significant predictors of subjective cognitive decline.

Figure 1: Variable importance ranks across models. Several factors, such as 
depression and lack of emotional support, maintained high importance across 
all models, whereas others varied substantially among models. This pattern 
indicates both shared and model-specific determinants of subjective cognitive 
decline. Darker red indicates higher importance (lower rank), and darker 
blue indicates lower importance (higher rank). COPD = chronic obstructive 
pulmonary disease; LASSO = least absolute shrinkage and selection operator; 
XGB = extreme gradient boosting algorithm; RF = random forest; ANN = 
artificial neural network.

Figure 2: Top 10 variables by aggregated feature importance across the four 
advanced machine-learning models. Depression showed the highest overall 
importance, followed by COPD, lack of emotional support, unemployment, 
and arthritis. Stroke, low income, no physical activity, chronic heart disease, 
and short sleep duration also ranked among the top ten. COPD = chronic 
obstructive pulmonary disease; LASSO = least absolute shrinkage and 
selection operator; XGB = extreme gradient boosting algorithm; RF = random 
forest; ANN = artificial neural network.
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ty Over-sampling Technique combined with Tomek Links 
(SMOTE-Tomek) are often used in previous studies to ad-
dress imbalance by generating synthetic minority samples.37 
While these methods can enhance predictive performance, 
they may also distort the original associations between vari-
ables and outcomes, which was a central concern in this study.38 
Our primary aim was not to optimize model performance but 
to identify and evaluate predictors of SCD. To this end, we 
aggregated feature importance scores across models, which 
helped reduce bias inherent to any single method and provid-
ed more robust rankings of predictors. This approach also has 
limitations, as normalization and aggregation may dilute mod-
el-specific signals and obscure predictors that are important in 
one model but not in others. In some cases, consensus across 
models may overemphasize shared predictors while underrep-
resenting unique insights from individual models.

Limitations:
This study has several limitations. The cross-section-

al design of the BRFSS limits causal inference. Reliance on 
self-reported measures of both SCD and predictor variables 
may also introduce recall bias. Excluding variables with a high 
proportion of missing responses, such as adverse childhood ex-
periences, may have reduced the scope of the analysis. Future 
research should use longitudinal designs to clarify causal path-
ways and validate these findings.

�   Conclusion 
In this study, we identified key predictors of SCD us-

ing machine learning models applied to 2022 BRFSS data. 
Depression was the most consistent risk factor, and chronic 
medical conditions, inadequate emotional support, and insuf-
ficient sleep were also significant contributors, indicating the 
multifactorial nature of SCD. These results clarify the asso-
ciations between multiple predictors and SCD. Combining 
statistical approaches with machine learning may improve the 
interpretability of large survey data and inform public health 
strategies.
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ABSTRACT: This study examines the effects of traditional LEGO brick interventions on creativity and problem-solving 
among primary school students from low socio-economic backgrounds in under-resourced Indian schools. While extensive 
research has investigated LEGO robotics in Western contexts, limited empirical evidence exists regarding the utilization of 
conventional LEGO bricks in developing countries. Creativity, conceptualized by Torrance as the ability to generate novel ideas 
and relationships, and problem-solving, defined as the application of higher-order cognitive functions to achieve goals, are critical 
skills often underdeveloped in India’s rigid, instruction-focused education system. This research employs a structured “Brick-by-
Brick” intervention with 3rd and 4th-grade students, utilizing the Alternative Uses Test (AUT) as a pre- and post-intervention 
measure of creativity. It is hypothesized that participants will demonstrate significant gains in creativity and problem-solving 
scores following the intervention. By addressing gaps in context, population, and longitudinal research, this study contributes 
to the evidence base for low-cost, scalable pedagogical tools that foster 21st-century skills in socioeconomically disadvantaged 
educational settings.

KEYWORDS: LEGO Bricks, Creativity, Problem-Solving, Socio-Economic Status, Alternative Uses Test (AUT). 

�   Introduction
This research paper aims to understand the improvement 

traditional LEGO bricks can make to creativity and prob-
lem-solving in under-resourced schools in India, with students 
and parents belonging to a low socio-economic status. The 
term creativity was defined by Torrance March as “the capaci-
ty to detect gaps, propose various solutions to solve problems, 
produce novel ideas, re-combine them, and intuit a novel rela-
tionship between ideas.”1 For this research, the term “problem 
solving” is established as “the process by which individuals at-
tempt to overcome difficulties, achieve plans that move them 
from a starting situation to a desired goal, or reach conclusions 
through the use of higher mental functions, such as reasoning 
and creative thinking.”2 While the present study focuses on 
creativity as measured by the AUT, references to problem-solv-
ing are framed as related cognitive processes supported by task 
design rather than as a directly measured outcome using a val-
idated problem-solving instrument. Finally, according to the 
American Psychology Association, socioeconomic status “en-
compasses not only income but also educational attainment, 
occupational prestige, and subjective perceptions of social sta-
tus and social class. SES encompasses quality-of-life attributes 
and opportunities afforded to people within society and is a 
consistent predictor of a vast array of psychological outcomes.”3    

Traditional schools in India follow a rigid curriculum, with 
little to no freedom given to the teachers to improve the qual-
ity of education. Although there has also been some priority 
toward a holistic education by the Indian government, which 
highlights the importance of the environment, there has been 
little action taken towards the enhancement of creativity and 
problem-solving skills. Additionally, traditional schooling fo-

cuses on well-structured instructions, which directly hinders 
problem-solving and creativity. A majority of LEGO-based 
research is carried out using LEGO robotics, while very lit-
tle research uses conventional LEGO bricks [such as]4. A few 
attempts have been made to define the relationship between 
creativity and LEGO bricks. One study showed that using 
pre-established, instruction-based LEGO kits has an inverse 
effect on creativity. This 90-minute study was conducted with 
136 undergraduate college students and aimed at differentiat-
ing the effects of ill-defined vs. well-defined tasks on creative 
thinking.5

Another study at Canterbury Christ Church University 
College explored the positive correlation between limiting 
the number of LEGO bricks used and creativity.6 The cor-
respondence between LEGO and problem-solving has not 
been explored to the same depth as the one between creativ-
ity and LEGO. Previous research on this topic ranged from 
using LEGO with 3rd-grade students to higher education 
learners. For example, a study conducted with 40 elementa-
ry school children saw an increase in mean scores from 9.22 
(pre-intervention) to 12.2 (post-intervention). Whereas, in a 
study conducted in China, the use of LEGO has been used by 
engineering students to heighten problem-solving.7 

While some studies provide successful primary research, 
multiple pieces are missing in the research. Firstly, many studies 
have taken place in Western contexts, China,8 and Hong Kong, 
but no study related to traditional LEGO bricks, creativity, and 
problem-solving has been conducted with the Indian popula-
tion (adults or children). Secondly, this research also aims to 
work with students from a lower socioeconomic background. 
A majority of studies are based in private schools, such as the 
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D1 district in Iran.9 Additionally, a longitudinal study has not 
been conducted to explore the effects of creativity and prob-
lem-solving using LEGO bricks. The research, which was 
conducted for younger students in Tabriz, Iran, aimed to dis-
cover the advantages of using Lego in science.10

With the rise of artificial intelligence, creativity and 
problem-solving are more important than ever. Artificial in-
telligence can help conduct everyday tasks, but we need these 
skills to build originality. Students in private schools, studying 
in international programs, still might have the opportunity 
to learn with a holistic education, but children belonging to 
a lower socioeconomic status have no way to learn these im-
portant life skills. Moreover, these skills will help them excel 
in different fields that require a certain way of thinking. If the 
Lego toolkits do improve creativity in lower socioeconomic 
backgrounds, the goal of the study is to give access to the tool-
kits to multiple government schools and education-focused 
NGOs. 

As a result, it is hypothesized that students in under-re-
sourced Indian schools will demonstrate significantly higher 
scores on the Alternative Uses Test (AUT) after participation 
in the traditional LEGO-based intervention (Brick-by-Brick) 
compared to their baseline scores. 

�   Methodology
Participants: 
This research aimed to study whether exposure to the 8 

Lego problem-solving and creativity toolkits over 8 days leads 
to significant improvement in participants' (3rd and 4th grad-
ers, aged 11-12 years) problem-solving abilities and creative 
thinking, as measured by the Alternate Usage Test. 

Students aged between 11 and 12 years of age (3rd & 
4th grade) were recruited for this study. Ensuring their resi-
dence in Mumbai (India), selected students were from lower 
SES (the children participating were either paying less than 
₹15,000($174) in yearly fees, or were sponsored by the Teach 
For India Foundation). Recruitment was undertaken through 
a government school in Mumbai, and a convenience sampling 
strategy was used to include an equal number of boys and girls. 
An important criterion for consideration was a lack of previous 
exposure to LEGO bricks. Participants were given the option 
to be a part of the study by the principal as a free after-school 
activity.

The data was gathered from the school and parents of the 
children through a demographic survey and past exposure to 
Lego bricks of the children. The Lego bricks were assembled 
into 8 unique kits. Each kit had its own difficulty and required 
the students to work together in groups of 4-5 to build creativ-
ity and solve problems. 

Materials and Measures:
The first toolkit was built to promote creativity among learn-

ers. This was done to try to educate students using a holistic 
curriculum. This type of education would not only improve 
creativity but also allow the students to enjoy the learning pro-
cess. 

•	 Storytelling with Bricks:
○ The first kit, “Storytelling with Bricks”, Figure 1, 
helped students get a feel of the pieces through building 
objects and creating stories as a group. 

•	 Stability Test:
○ Next, the students were made to perform a stability 
test as shown in Figure 2. The students built a bridge-
like structure with the stands 6 inches apart. After this, 
a one-kilogram weight was placed on the structure to 
check its integrity.

•	 Drawing to Lego: 
○ Thirdly, the “Drawing to Lego”, Figure 3, activity 
was introduced. This consisted of students drawing 
anything they could imagine and converting that im-
age into a tangible and 3-dimensional structure made 
of Lego. 
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Figure 1: Storytelling with Bricks.

Figure 2: Stability test. 

Figure 3: Drawing to Brick Models. 
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•	 Non-functional to functional: 
○ For toolkit 4, the students received cars and planes, 
which were incomplete and ‘non-functional’ as seen in 
Figure 4. The activity aimed to fix these objects to the 
best of the students’ ability.

•	 Instructions to Object:
○ Next, learning was incorporated into an activity by 
teaching the students the intricacies of the concept of 
‘inventions’ (Figure 5). After learning what inventions 
are, the candidates start building a unique invention 
that hasn't been built before. 

•	 2-D to 3-D: 
○ For activity 6, the toolkits contained cards with pic-
tures of different shapes on them, which can be seen 
in Figure 6. The goal of the activity was to make the 
shapes into objects made of Lego.

•	 Lego Relay: 
○ The next day, the students performed a Lego relay as 
shown in Figure 7. In this exercise, each group member 
built half of an object and passed it to the next mem-
ber. The new member has to add to that object without 
communicating with other members. This princess 
continued until every member worked on every object. 

•	 Rube Goldberg Machine:
○ Lastly, the candidates took part in a culminating ac-
tivity, in which they built a Rube Goldberg Machine 
(Figure 8). The objective was to build a ramp to take 
a marble from the top to the bottom. The students 
worked creatively on balancing the ramp perfectly to 
align with the wooden block bases. 

To quantify the data received pre- and post-testing, the Al-
ternative Use Test ( J.P. Guilford) was used. The purpose of 
this test is to generate useful and original uses for everyday 
objects. The Alternative Usage Test is used to measure an in-
dividual's creativity. The goal of the test is to name as many 
possible unique uses for 4 regular objects (a brick, a newspaper, 
a hanger, and an envelope). The test is scored based on 4 as-
pects: originality, fluency, categories, and elaboration. 

Multiple software applications were used during this study. 
Canva played an important role in creating the design for the 
toolkits. Microsoft software was also used to digitize the data 
from the Alternative Use Test. Moreover, studio.io was used 
to list the Lego bricks needed and to create the instruction 
manuals for some of the activities.
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Figure 4: Fixing Non-Functional Objects. 

Figure 5: Teach and Build. 

Figure 6: 2-D to 3-D.

Figure 7: Brick Relay.

Figure 8: Rube Goldberg Machine. 
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There were a few results that could not be used due to reasons 
that were not controlled by the researchers. A few question-
naires were nameless, which prevented them from being used 
as a result. Another group of students was present for only the 
pre-test or post-test. This meant no change in creativity could 
be observed. 

Standard AUT scoring conventions were used to score the 
responses of the participants in four dimensions, namely orig-
inality, fluency, categories (flexibility), and elaboration. Two 
independent raters were trained on the same scoring rubric 
and sample answers before the scoring. The differences would 
be discussed and agreed upon. The score on originality was de-
termined using the infrequency of responses statistically in the 
sample as the measure, and category score as the number of 
conceptual groupings (distinct) represented.

�   Results 
Students in under-resourced Indian schools demonstrated 

significantly higher scores on the Alternative Uses Test (AUT) 
following participation in the traditional LEGO-based inter-
vention, Brick-by-Brick, compared to their baseline scores. 
The AUT assesses creativity by requiring participants to 
generate multiple solutions to a single problem across four 
dimensions: originality (uniqueness of responses), fluency 
(number of ideas), categories (range of ideas), and elaboration 
(level of detail). The study included n = 30 participants, with 
a mean age of 10.20 years (SD = 0.961). Measures of skew-
ness and kurtosis fell within the acceptable range, indicating 
normality of the sample distribution. A paired-sample t-test 
was conducted, confirming that the differences observed were 
statistically significant. Given the sample size and normal dis-
tribution, the results can be considered representative of the 
target population. Of the students initially recruited, 30 partic-
ipants provided complete matched pre- and post-test data and 
were included in the final analyses; incomplete or unmatched 
responses were excluded.

The final sample consisted of 30 students enrolled in 3rd 
and 4th grade, ranging in age from 9 to 12 years (M = 10.20, 
SD = 0.96).

In this experiment, each participant completed the AUT 
(Alternative Uses Test) twice, before and after using the Brick-
by-Brick Toolkits. There were a total of 8 kits, which consisted 
of the following: 

•	 Storytelling with Bricks 
•	 Stability Test 
•	 Drawing to Lego 
•	 Non-functional to functional 

Ethical Considerations:
Permission to conduct the study was obtained from the 

school administration. Written parental consent and verbal 
student assent were secured prior to participation. Partici-
pation was voluntary, and students were informed that they 
could withdraw at any time without penalty. All data were an-
onymized prior to analysis.

�   Procedure 
The process began by brainstorming different ideas for the 

activities in the toolkit. 12 possible ideas for toolkits were 
listed. Next, each toolkit was broken down into the follow-
ing categories: materials required, aim, and procedure. After 
analyzing each one, the 8 most effective toolkits were chosen 
based on the skills the kit develops. Then, the design for the 
boxes was created, within which the Lego bricks, a guide, and 
other miscellaneous items were included. These kits were then 
assembled one at a time with bricks, sand timers, and miscella-
neous items into the boxes; the kits were also checked multiple 
times to ensure no box was incorrectly assembled. Next, the 
pretest was conducted using the Alternative Use Test. The 
students were given 2 minutes per category (newspaper, brick, 
envelope, hanger). To accommodate language diversity, the 
AUT instructions were read aloud with clarifications provided 
in Hindi when needed. Students were permitted to respond in 
either Hindi or English, and responses were later translated 
where necessary for scoring. For the next 8 days, each of the 
different kits was deployed in order. 

Each activity was given an average time of 1 hour in the 
same classroom. There were 2 teachers present on behalf of the 
school. These teachers were given the role of making sure the 
class was quiet when the instructions were being given. The 
teacher-to-student ratio was 1:20. All instructions were given 
in the toolkit and were read out as given in the toolkit.

Design: 
An experimental research design was used. The independent 

variable was the use of the Brick-by-Brick toolkits. The depen-
dent variables were creativity and problem-solving measured 
through the Alternative Use Test. There were multiple control 
variables that were kept constant during the pre- and post-test 
and the study period. The first control variables were the age, 
grade, and socio-economic status of the students; these were 
major constants during our study. Next, the variables in the 
school were kept constant through the location and time of 
day of the study. Moreover, the duration of the study on each 
day was averaged at 1 hour. 

Data Analysis: 
A Paired Sample T-Test was used to compare the results 

between the pre-test and the post-test. First, the data was 
gathered on an Excel sheet to tabulate all of the results. To 
analyze the data, JASP software was used. Additionally, data 
integrity was used throughout the entire process. During the 
pre- and post-test, no talking between participants, teachers, 
or the instructors was permitted unless a relevant question was 
asked. 
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Table 1: Descriptive Statistics for Age. The table shows the statistics for the 
age range of 9-12.
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Comparison of the average test score in fluency pretest and 
post-test (before and after using the Brick-by-Brick toolkits). 

A Paired Sample T-test was used to compare the paired 
data for an improvement in fluency. A p-value of <0.001 was 
yielded, which was below that of the set alpha level of 0.05. 
This suggests that the hypothesis was supported; participants 
performed better on the Paired Sample T-test in fluency after 
using the Brick-by-Brick toolkits than before using the Brick-
by-Brick toolkits. 

Comparison of the average test score in categories pretest 
and posttest (before and after using the Brick-by-Brick tool-
kits). 

A Paired Sample T-test was used to compare the paired data 
for an improvement in categories. A p-value of <0.001 was 
yielded, which was below that of the set alpha level of 0.05. 
This suggests that the hypothesis was supported; participants 
performed better on the Paired Sample T-test in categories 
after using the Brick-by-Brick toolkits than before using the 
Brick-by-Brick toolkits.

Comparison of the average test score in the elaboration pre-
test and post-test (before and after using the Brick-by-Brick 
toolkits). 

•	 Instructions to Object 
•	 2-D to 3-D 
•	 Lego Relay 
•	 Rube Goldberg Machine

Although no formal correction for multiple comparisons 
was applied due to the exploratory nature of the study, three 
of the four AUT subscales demonstrated p-values below .001, 
which would remain significant under conservative correction 
procedures.

Given the exploratory and classroom-based nature of this 
study, statistical inference focused on within-subject com-
parisons using paired-sample t-tests. While effect sizes and 
confidence intervals are recommended for interpreting mag-
nitude, the present analysis emphasizes statistical significance 
and directionality of change. Future work will incorporate full 
descriptive statistics and standardized effect size estimates to 
support meta-analytic comparison.

For all tests, the alternative hypothesis specifies that Mea-
sure 1 is less than Measure 2. For example, Pre-test Sum_o is 
less than Post-test Sum_o. 

Sum_o: Sum of all originality scores 
Sum_f: Sum of all fluency scores 
Sum_c: Sum of all categories’ scores 
Sum_e: Sum of all elaboration scores 

Comparison of the average test score in the originality pre-
test and post-test (before and after using the Brick-by-Brick 
toolkits). 

A Paired Sample T-test was used to compare the paired data 
for an improvement in originality. A p-value of <0.001 was 
yielded, which was below that of the set alpha level of 0.05. 
This suggests that the hypothesis was supported; participants 
performed better on the Paired Sample T-test in originality 
after using the Brick-by-Brick toolkits than before using the 
Brick-by-Brick toolkits.
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Figure 9: Comparison of the originality pretest and post-test. Shows the 
increase in originality from pre-test to post-test.

Figure 10: Comparison of fluency pretest and post-test. Shows the increase 
in fluency from pre-test to post-test.

Figure 11: Comparison of categories’ scores pretest and posttest. Shows the 
increase in categories from pre-test to post-test.

Figure 12: Comparison of elaboration scores pretest and post-test. Shows a 
smaller increase in elaboration from pre-test to post-test.
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A Paired Sample T-test was used to compare the paired data 
for an improvement in elaboration. A p-value of 0.117 was 
yielded, which was above that of the set alpha level of 0.05. This 
suggests that the hypothesis was not supported. This could be 
because the students in this study were not fluent in English, 
which restricted them from forming complete sentences. If 
the study were re-conducted and the participants had English 
as their first language rather than their second language, the 
p-value of elaboration could be expected to decrease. The lack 
of a statistically significant improvement in elaboration may 
be partly attributable to language constraints, as many partic-
ipants were not fluent in written English, potentially limiting 
their ability to produce detailed responses despite conceptual 
understanding. 

�   Discussion 
This study was designed to explore the relationship between 

creativity, problem-solving, and Lego Brick-by-Brick toolkits. 
The aim was to test whether exposure to 8 Lego Brick-by-Brick 
toolkits over 8 days improves creativity and problem-solving 
in 9-12-year-old students. The objective of this study was to 
examine whether structured Lego-based activities would sig-
nificantly enhance scores on the Alternative Uses Test (AUT). 
The Alternative Uses Test (AUT) directly corresponds to cre-
ativity and has been used in multiple studies. For this study, the 
AUT test was conducted before and after the Lego toolkits 
were deployed. 

The setting of this study was in lower socio-economic set-
ting schools in Mumbai, India. Students aged between 9 and 
12 (3rd and 4th graders) and having no prior experience with 
LEGO were recruited for this study. Most young students in 
India do not get the opportunity to learn and grow using tools 
such as LEGO; therefore, this study tried to address the gaps 
in creative pedagogy resources for underprivileged learners. 

Upon completion of the LEGO toolkit after 8 days, the find-
ings indicated significantly improved results when compared to 
the pre-test. This improvement shows the effectiveness of the 
Brick-by-Brick Lego Toolkits and the impact they can have on 
students in India. The improvements varied for each student, 
but most students improved in Fluency, Categories, and Orig-
inality. There were major advancements in the fluidity of their 
thought process; the students came up with more ideas than 
before, and listed their thoughts down with precision. Due to 
this, there was more flexibility in the uses. Additionally, there 
were a variety of different genres of ideas in the post-test. Out 
of all of the kits, the “Drawing to Lego” and the “Rube Gold-
berg Machine” stood out as some of the most creative toolkits. 
The “Drawing to Lego” activity allowed the students to make 
their drawings come to life with Lego Bricks. This allowed 
them to think and imagine for themselves with no preset tem-
plate. The “Rube Goldberg Machine” was really exciting for 
the students. They competed with each other to build the fast-
est and most creative way to transport a marble

from one place to another. The exposure to the toolkits had 
a measurable, positive effect on creativity and problem-solving. 

This form of learning is holistic and hands-on, which propels 
a higher order of thinking. In this digital age, having a tangi-
ble experience with the Lego toolkits helped students integrate 
learning and play, while still conforming to the constructiv-
ist learning theory. This form of learning and testing follows 
Guilford's model of divergent thinking, which is measured by 
the Alternative Uses Test (AUT). His model requires partic-
ipants to find different and creative uses for everyday objects 
that are unique. Moreover, the activity was done in groups of 4 
or more (5 to 6)-this enhanced peer interaction, which fostered 
peer learning and problem solving beyond individual creativ-
ity. Working in groups brought a completely new dynamic to 
the way the activity was conducted; students listened to ideas 
from their teammates and learnt to collaborate with people 
they might not have worked with before. There were multiple 
places where some students adapted faster than others. For ex-
ample, some students preferred doing functional tasks such as 
the “Non-Functional to Functional Objects”. In contrast, oth-
ers excelled in more open-ended and creative tasks such as the 
“Storytelling with Bricks” activity. Additionally, every student 
started at a different entry point in the pretest, which varied 
their scope to improve. 

The results of this study show the major impact the Lego 
toolkits can have on students’ creativity and problem-solv-
ing. These kits are scalable throughout India and can be a 
low-cost option to build creativity-based interventions in un-
der-resourced classrooms. Furthermore, these toolkits can be 
integrated with government initiatives such as India's National 
Education Program 2020, which aims to revolutionize the In-
dian education system through lower and higher education. 

�   Strengths and Limitations  
This is a study of its kind, which uses students from low-

er socioeconomic status in India, and there has been no prior 
research done on the impact of Lego on this group. This ex-
periment also has definitive pre- and post-test results from the 
students. Moreover, these toolkits and activities are carefully 
curated and designed over a long period of time. They are made 
to balance functional and abstract tasks while continuously im-
proving creative skills. 

Nonetheless, the sampling strategy (convenience sampling) 
from one school in Mumbai makes generalizability difficult. 
The interventions were short-term as they only lasted 8 days 
in total, and longer and sustained efficacy cannot be measured. 
Additionally, all results were based on the Alternative Uses Test 
(AUT); this indicates that there was only a single creativity 
measure. Other dimensions, like collaboration or emotional 
engagement, need further exploration.

One of the weaknesses of this study is that there was no 
control or comparison group. Consequently, post-test improve-
ments in AUT scores might be in part due to practice effects 
of repeated exposure to divergent thinking tasks and not to 
the intervention itself. Such divergent thinking measures as 
the Alternative Uses Test have been reported to be susceptible 
to familiarity effects. Thus, the results can be regarded as the 
initial sign of the relationship and not a causal effect. Research 
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conducted in the future needs a randomized or waitlist control 
group and parallel-type AUT prompts to better isolate inter-
vention effects.

The study was also based on one standardized measure of 
creativity, which, again, constrained convergent validity. The 
research was limited to the use of the AUT because it was free 
of license and had creative commons, and future research would 
consider using various instruments that have high validity to 
measure creativity, executive function, or problem-solving to 
enhance construct interpretation.

�   Future Research Directions  
There are multiple ways of building and enhancing this re-

search. Expansion to larger and more diverse samples, such as 
other socioeconomic statuses, different cities, and more rural 
settings, is needed. This will help in gaining more accurate 
results with a diverse group of communities. There is also 
the opportunity to conduct a long-term study over multiple 
months. This will help track the longevity and persistence of 
the gains in creativity and problem-solving. These toolkits can 
also be deployed at NGOs and Foundations aiming to shrink 
the education disparity in India. This disparity exists in most 
local schooling systems in the country. These organizations can 
also help bridge the socioeconomic status-based skill gap using 
playful and powerful tools such as the Lego toolkits. These kits 
include instructions, but are best used with a mentor or teach-
er for guidance. Due to this, the teachers need to go through 
training on how to use these kits to the best of their ability. 
However, these kits can also be used to highlight the impor-
tance of structured facilitation with minimal resources. 

From a scalability perspective, the Brick by Brick inter-
vention is designed to be low-cost and reusable, relying on 
conventional LEGO bricks and printed task cards rather than 
electronic components. With minimal teacher training focused 
on facilitation rather than technical instruction, the model is 
suitable for deployment in government schools and NGO-run 
learning environments.

�   Conclusion 
The Lego toolkit program significantly improved the cre-

ativity and problem-solving abilities of lower socioeconomic 
status 9–12-year-olds. The findings and results highlight the 
power of structured and creative play in fostering divergent 
thinking and collaboration. These results offer evidence to col-
laborate with governments and NGOs to magnify the effect 
of the toolkits and integrate them within education policies 
and curricula in India. This study demonstrates how small, 
well-designed interventions can unlock the creative potential 
of children who might otherwise be excluded from such op-
portunities. A holistic education is important to train the youth 
to think differently and contribute to society in ways that help 
shape the nation. 
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ABSTRACT: Adolescence is a critical period for brain development, and sleep deprivation during this time may lay the 
groundwork for Alzheimer’s disease (AD). AD is a neurodegenerative disorder characterized by memory loss and cognitive decline. 
Research has shown that sleep loss in older adults potentiates the risk of AD. Interestingly, approximately 80% of teenagers in the 
U.S. suffer from sleep deprivation. This narrative review paper aims to evaluate how the biological and structural changes induced 
during sleep deprivation in adolescence affect the susceptibility to AD in later adulthood. In recent years, literature reviews have 
focused on either the short-term effects of sleep loss during adolescence or the bidirectionality of sleep and AD in older adults. 
However, due to the difficulty of longitudinal studies across an individual’s lifespan, there is a lack of research connecting the two 
fields. By bridging evidence from both fields, this paper proposes that persistent sleep deprivation during adolescence induces 
biological and structural changes that may increase the susceptibility to AD development later in life. This review advocates for 
this crucial gap in research as it may identify an early-life risk factor for AD and point to key public health and policy implications, 
such as later school start times.   

KEYWORDS: Medical and Health Sciences, Neuroscience, Alzheimer’s Disease, Sleep Deprivation, Adolescence. 

�   Introduction
Adolescence is a critical period for brain development and 

growth.1 The accumulation of sleep debt during this time may 
increase an individual's susceptibility to Alzheimer’s disease 
(AD) in the future. Sleep deprivation occurs when an individu-
al consistently gets fewer than the recommended hours of sleep 
for their age. For teenagers, the recommended amount is 8-10 
hours of sleep per night, but self-report surveys indicate that 
approximately 80% of teenagers in the U.S. sleep less than the 
recommended amount and therefore suffer from sleep depriva-
tion.2,3 Similar results are found across the globe, in countries 
like Korea, Brazil, and Taiwan.4 Contributing to these statis-
tics are both sociological and biological factors. Social factors 
include academic stress, early school start times, and addic-
tive technology, while biological factors include the circadian 
rhythm shift due to hormonal fluctuations during puberty.5 
Chronic sleep loss induces short and long-term effects on a 
teenager’s mental health, physical well-being, and brain struc-
ture.6 However, the long-term effects remain understudied. 
This is due to the difficulty of tracking brain changes over an 
extended period of time. This limitation is especially challeng-
ing during adolescence, when the brain is rapidly undergoing 
major structural changes and synaptic pruning of neurons.7 

Emerging evidence from animal and neuroimaging studies 
shows that sleep loss potentiates the risk of neurodegenerative 
diseases in older adults. AD is a neurodegenerative disorder 
characterized by deteriorating memory and cognitive function-
ing. It is ranked seventh in the United States for leading causes 
of death among older adults. In addition, the worldwide cost of 
AD is estimated to reach $2 trillion USD in 2030.8,9 Decreased 
sleep quality in older adults is a common aspect of aging. It 
results in decreased function of the glymphatic system, which 

is responsible for draining waste proteins from the brain.10 This 
causes a build-up of amyloid-beta and tau proteins, increased 
neuroinflammation, and structural changes in brain regions 
vulnerable to AD. These consequences of sleep loss are also 
indicators or biomarkers for AD, reinforcing the idea that sleep 
loss is a direct risk factor for the pathogenesis of AD.11 

By bridging two traditionally separate areas of research, this 
narrative review proposes that persistent sleep deprivation 
during the adolescent years induces biological and structural 
changes that may increase the susceptibility to developing Alz-
heimer’s disease in later adulthood. In recent years, extensive 
studies have been done on either the short-term effects of sleep 
loss during teenage years or the bidirectionality of sleep and 
AD in older adults. However, due to the difficulty of longitu-
dinal studies across an individual’s lifespan, there is a lack of 
research bridging the two fields. This review works to generate 
hypothesized AD mechanistic pathways from adolescence to 
adulthood for future investigation. 

As the number of sleep-deprived teenagers across the globe 
skyrockets, it becomes increasingly crucial to investigate the 
long-term neurological effects of chronic sleep loss in adoles-
cence. Addressing this crucial gap in research could potentially 
identify an early-life risk factor for AD, which has significant 
public health implications for scientists, doctors, and policy-
makers. If the hypothesis is proven to be true, then improving 
sleep duration and quality in adolescents will not only provide 
immediate benefits like academic performance but may also 
reduce the risk of future neurodegeneration. In turn, this could 
lead to decreased death rates due to AD and reduced medical 
costs. Early implementation of preventive measures, such as 
later school start times and increased control over technology 
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usage, can reduce the number of sleep-deprived adolescents 
before it is too late. 

This paper is organized as follows. First, it discusses the 
methodology used for this narrative review. Next, it reviews 
previous research on the causes and effects of sleep depriva-
tion in adolescents, emphasizing its impacts during this critical 
window of brain development. Then, it examines findings on 
sleep loss and its specific neurological effects on the brain. The 
third section provides evidence for the link between the neuro-
logical effects of sleep loss and the risk factors of AD in older 
individuals. The following section analyzes all of the previous 
evidence to generate hypothesized pathways for the progres-
sion from biomarkers induced during adolescence to AD in 
late adulthood. Finally, the discussion outlines possible early 
preventive measures for AD, solutions to improve adolescent 
sleep habits, and ideas for future areas of research. 

�   Methodology
This paper is a narrative review of the research question: How 

might the biological and structural changes induced by chron-
ic sleep loss during adolescence affect the susceptibility to AD 
in later adulthood? This paper solely focuses on the issue of 
sleep deprivation, rather than oversleeping or sleep disorders, 
due to its higher prevalence among adolescents worldwide. 
The specific biological and structural changes discussed in this 
paper refer to the glymphatic system, neuroinflammation, and 
changes in brain region volume and density. This paper inves-
tigates AD in particular because of the urgency to find a cure 
or prevention, as well as the recent discovery that sleep loss is a 
direct risk factor for AD. 

Databases such as PubMed, Google Scholar, and Science 
Direct were used to find credible and recent sources. Other 
sources were obtained by searching through the reference lists 
of other review articles. This paper considers studies published 
between 2012 and 2025, with the exceptions of three stud-
ies from 1999, 2002, and 2008, as they represent foundational 
discoveries. Key terms included “adolescent sleep deprivation” 
and “Alzheimer’s disease biomarkers”. Key terms also included 
combinations of phrases from different fields, such as “glym-
phatic system”, “neuroinflammation”, “brain region changes”, 
“Alzheimer’s pathology”, AND “sleep loss”. The inclusion 
criteria were peer-reviewed studies of human or animal mod-
els examining the biological consequences of sleep loss or the 
biomarkers of AD, as well as review articles for a comprehen-
sive background on the topic. Due to the limitations of testing 
directly on human participants, this paper includes animal 
studies and evaluates the validity of these studies based on 
their sample size, methodology, and relevance. The exclusion 
criteria were studies that focused on sleep disorders or acute 
sleep loss. 

A narrative review approach was taken due to the interdis-
ciplinary nature of this topic, as it bridges two traditionally 
separate areas of research together. This paper critically an-
alyzes various past empirical research and synthesizes new 
hypotheses for future research. 

�   Results 
Causes and Consequences of Sleep Deprivation in Adolescents: 
As the teenage brain undergoes its second major devel-

opmental phase, chronic sleep loss disrupts its growth and 
induces both short- and long-term changes in the individual.12 
A full understanding of the pathways of brain maturation and 
the impact of sleep debt during this critical period is needed 
for hypothesizing how early-life sleep loss can potentiate AD 
in later adulthood. 

In recent years, the number of teenagers sleeping less than 
the recommended 8-10 hours per night is increasing at an 
alarming rate. This trend is driven by a combination of biolog-
ical and sociological factors. Adolescence is typically defined 
as the stage in life between childhood and adulthood, ages 10 
to 19. It is characterized by the hormonal fluctuations associ-
ated with puberty.13 These hormonal fluctuations disrupt the 
circadian rhythm, delaying the natural sleep-wake cycle and 
making it harder for teenagers to sleep earlier. The circadi-
an rhythm is regulated by a system of internal “clocks” that 
match up the body’s sleep patterns to the 24-hour light-dark 
cycle.14 Specifically, the suprachiasmatic nucleus in the hypo-
thalamus receives light from the environment and coordinates 
bodily functions such as hormone production, temperature 
fluctuations, and metabolic processes to direct sleep activity.15 
This biological aspect of adolescence naturally reduces sleep 
duration in teenagers. On top of this innate delay in bedtime, 
adolescents are exposed to external pressures, such as increased 
academic stress, early school start times, strenuous after-school 
activities, and late-night athletic commitments. These pres-
sures can directly cause shorter sleep duration for adolescents. 
In addition, habits before bedtime, such as high caffeine intake 
and exposure to technology (social media, video games, televi-
sion), can disrupt sleep times and decrease sleep quality.16 The 
sociological factors can amplify the circadian rhythm shift, in-
creasing the amount of sleep debt per night. 

Consequences of chronic sleep loss in adolescents can ap-
pear as short-term effects or as long-term effects, summarized 
in Table 1. Short-term effects of sleep loss are common-
ly studied through self-report surveys, hormonal assays, and 
neurocognitive tests. They include increased stress levels, 
headaches, stomach pain, decreased memory and focus, wors-
ened mental health, decreased cognitive abilities, and mood 
swings.17 These consequences can be shown through poor 
academic performance and burnout.18 This may lead to even 
less sleep per night to catch up on school work, forming a bi-
directionality between the causes and effects of sleep loss and 
creating a cycle that leads to chronic sleep deprivation.18 The 
long-term consequences of sleep debt are poorly understood, 
due to the difficulty of longitudinal studies tracking the teen-
age brain into adulthood. However, growing evidence suggests 
that chronic sleep loss can lead to obesity, hypertension, men-
tal health disorders, and cognitive decline.19 Although these 
long-term effects are unpredictable due to the multi-factorial 
nature of brain development, it is imperative that we under-
stand them fully.
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Adolescence marks the period where the brain undergoes 
its second major developmental phase.20 Human longitudi-
nal studies reveal that the brain reorganizes itself during this 
time by performing key processes.21 To increase the efficiency 
of neural processing and communication between brain re-
gions, the brain undergoes synaptic pruning and myelination. 
Synaptic pruning is the process by which the brain filters and 
removes unused or weak synaptic connections, and myelin-
ation is the process of insulating axons with myelin sheaths 
to increase the speed of signal conduction.7,22 The brain also 
undergoes structural changes. The prefrontal cortex–the part 
of the brain responsible for executive function, such as impulse 
control and risk assessment–rapidly develops throughout ad-
olescence.23 The limbic system, which controls emotions and 
reward processing, also becomes heightened in reactivity. This 
causes adolescents to become emotionally sensitive to so-
cial and reward stimuli.24 Lastly, it is crucial to note that the 
teenage brain is highly plastic, meaning it is very sensitive to 
environmental factors such as sleep. Accumulation of sleep 
debt could take advantage of the brain’s plasticity during this 
time and alter the brain’s development, leaving long-lasting 
consequences that carry into adulthood. 

This evidence indicates that sleep deprivation due to bio-
logical and sociological factors during adolescence can have 
immediate effects on physical states, mental health, and cog-
nitive function, although the long-term consequences are less 
understood. The adolescent brain is particularly vulnerable 
to damage from sleep loss, as it is undergoing major struc-
tural and functional changes during this time period. Future 
research continuing to investigate the long-term effects is 
crucial for implementing public health policies. In addition, 
more insight into how exactly the brain changes during its 
development phase in response to sleep loss will allow us to 
understand the possible connections to neurodegenerative dis-
eases in the future. The following section will begin to explore 
this potential link by analyzing the specific neurological effects 
of sleep deprivation on a molecular and structural level. 

Neurological Effects Due to Sleep Loss:
In all individuals, sleep plays a role in critical processes such 

as memory consolidation, synaptic homeostasis, cognition, 
sensory processing, critical thinking, and neural restoration.25 
Sleep deprivation disrupts these processes, resulting in sig-
nificant consequences for the brain and body. This section 
examines the molecular mechanisms underlying key functions 
of sleep and how they are impaired by sleep loss. 

First, the brain drains waste proteins during sleep in order to 
maintain tissue and synaptic homeostasis. The glymphatic sys-

tem is the waste clearance system for excess cerebrospinal fluid 
(CSF) and other solutes produced by neurons.26 This system is 
most active during the third stage of non-rapid eye movement 
sleep (NREM3) and works to prevent a build-up of waste 
proteins in the brain by removing them through a network of 
channels formed by astrocytes.27 As shown in Figure 2, CSF 
enters the perivascular space and gets transported by aqua-
porins to the astrocyte network. As the CSF flows through 
the astrocytes, it filters out the metabolic waste. The excess 
CSF and metabolic waste are transported through aquaporins 
into the perivascular space, where they are excreted from the 
brain.28 Sleep loss or poor sleep quality impairs the glymphatic 
system’s function, allowing waste proteins to accumulate and 
form aggregates such as Tau tangles or amyloid-beta plaques.29 
As waste build-up increases in the brain, the drainage channels 
become clogged, causing decreased CSF flow in the glymphat-
ic system, creating a toxic cycle (Figure 3).10 This glymphatic 
system dysfunction is most commonly seen in older adults, 
who experience reduced NREM3 sleep due to aging.
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Table 1: Short- and long-term effects of chronic sleep loss in adolescents. 

Figure 2: The glymphatic system removes excess CSF fluid and metabolic 
waste to maintain tissue and synaptic homeostasis. 

Figure 3: Accumulation of waste proteins leads to an impaired glymphatic 
system with reduced CSF flow and drainage capabilities. 
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AD is a neurodegenerative disease that targets the brain’s 
neural connections and results in memory loss. The basis of 
this cognitive decline involves the decline in activity of the 
glymphatic system, leading to the accumulation of waste pro-
teins, which induce inflammatory responses and ultimately 
result in disruption of synaptic activity.34 AD can be diagnosed 
by the detection of amyloid-beta and tau protein clumps in the 
brain through magnetic resonance imaging (MRI) or positron 
emission tomography (PET).35 Interestingly, these hallmarks 
of AD–amyloid-beta aggregates and tau tangles–also appear 
in sleep-deprived brains, such as older individuals who struggle 
with entering NREM3 sleep or those who suffer from sleep 
disorders like insomnia.36 Researchers investigating the simi-
larity of sleep-deprived brains and AD-affected brains showed 
that sleep loss acts as a direct risk factor for AD. A 2018 PET 
study of human participants reveals that after one night of 
sleep deprivation, the amyloid-beta levels in the right hippo-
campus and thalamus significantly exceeded the baseline levels 
of the control group.37 Another study uses self-reported sleep 
lengths from human participants and MRI/PET brain scans to 
analyze amyloid-beta deposition, finding that shorter sleep du-
ration results in greater amyloid-beta burden.38 In addition, an 
animal study testing the effects of orexin levels on mice found 
that sleep deprivation leads to an increased amount of amy-
loid-beta.39 This evidence reveals how sleep loss, even just one 
night, causes the build-up of waste proteins, harming neuron 
health and synaptic communication. 

The accumulation of waste proteins, like amyloid-beta, in-
duces neuroinflammation. Receptor protein LTR2 triggers 
neurotoxic pro-inflammatory mediators when amyloid-beta 
binds to it.40 Neuroinflammation contributes to AD progres-
sion through a positive feedback cycle. It increases oxidative 
stress, degrades neurons, and loses the ability to destroy neuro-
toxic proteins like amyloid-beta and tau, which in turn triggers 
more inflammation.41 Inflammation levels can be measured 
by miRNA, snippets of non-coding RNA that can act as 
biomarkers.42 A human study tracking circulating miRNAs 
in the blood of participants the morning after a night of no 
sleep found that two out of the three miRNAs associated with 
neurodegeneration in AD increased compared to the baseline 
values.43 Specifically, this group of researchers found that the 
levels of miR‐127‐3p and miR‐142‐3p, both of which activate 
inflammation, were greater after a night of no sleep versus a 
night of sleep. These results further corroborate the idea that 
sleep loss directly causes inflammation, which in turn causes 
neurodegeneration. 

Taken together, emerging evidence from both human and 
animal studies indicates that sleep loss is a direct risk factor 
for AD, as its consequences overlap with the pathology and 
hallmarks of AD. However, while the neuroscience community 
is starting to understand the molecular mechanisms of waste 
protein accumulation and neuroinflammation, little is known 
about these processes in the sleep-deprived adolescent brain. 
This research gap may exist due to the recency of the consensus 
that sleep loss is a direct risk factor for AD, meaning longitudi-
nal studies tracking brains from adolescence to late adulthood 
have not yet been completed. Due to the lack of direct evidence 

Second, the brain’s immune system shifts from defensive 
to maintenance mode during sleep. The brain’s immune sys-
tem–composed mostly of microglia, leukocytes, T-cells, and 
cytokines–reduces its inflammatory activity and instead fo-
cuses on synaptic pruning and memory storage of previous 
antigens.30 Although pro-inflammatory cytokines are still 
present to protect the body from antigens during sleep, the 
brain also promotes anti-inflammatory cytokines to maintain 
a balanced neural environment.30 This mechanism helps to 
prevent chronic neuroinflammation. Persistent sleep depriva-
tion triggers the production of pro-inflammatory cytokines in 
the brain, disrupting this balance and causing neuroinflamma-
tion.31 Neuroinflammation–an inflammatory response in the 
brain–may lead to irreversible consequences such as demye-
lination of axons, neural tissue damage, disruption of synaptic 
connectivity, and cognitive decline.32 

Third, sleep plays a critical role in shaping brain structure 
through processes like consolidating memory, dendritic spine 
remodeling, and synaptic pruning. During sleep, the brain 
has the optimal conditions for memory consolidation, the 
process of encoding short-term memory into long-term mem-
ory.33 The core of this concept of memory formation is the 
strength of the synaptic connections relating to this memory, 
also known as long-term potentiation (LTP).33 LTP, a form 
of synaptic plasticity, works in tandem with synaptic pruning, 
as the latter removes weak neural connections and strength-
ens strong ones. The loss of sleep impairs the strengthening 
of these neuronal connections, therefore leading to decreased 
cognition, memory, and critical thinking. 

These findings demonstrate that sleep deprivation impairs 
numerous neurological processes that occur during sleep, 
such as waste clearance, immune system maintenance, synap-
tic pruning, and structural development. Disruption to these 
essential restorative functions in the brain leads to lasting con-
sequences. Additionally, while current research mostly explores 
the consequences of insufficient sleep, it would be beneficial 
for future studies to investigate the consequences of excess 
sleep or “catch-up” sleep on weekends, especially in teenagers. 
To answer the research question, the next section will analyze 
evidence connecting these neurological effects of sleep depri-
vation to the biomarkers and hallmarks of AD.

Evidence Linking Sleep Deprivation to Alzheimer’s Disease: 
The overlap between the specific neurological changes dis-

cussed above and the pathology of AD suggests that sleep 
deprivation may be a direct risk factor. Both animal and hu-
man studies indicate that the sleep-deprived brain shares key 
characteristics with brains suffering from AD. These char-
acteristics include accumulation of waste protein aggregates, 
increased neuroinflammation, and structural changes in vul-
nerable brain regions. This section analyzes AD pathology and 
emerging evidence linking it to sleep deprivation. It is worth 
noting that these studies are focused on the matured adult 
brain, not the adolescent one. Translating the mechanisms of 
this link–between sleep loss and adult brains–to adolescent 
brains is only a speculation and not directly observed. 
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mechanisms for inflammation from previous episodes, result-
ing in a faster and more aggressive inflammation response 
when triggered by age-related sleep loss. Due to the brain and 
immune system’s high plasticity during adolescence, chronic 
inflammation may result in decreased protection against anti-
gens and increased responsiveness or overactivation of immune 
responses. These consequences may follow into late adulthood, 
leading to a faster rate of neurodegeneration. 

The third pathway involves structural changes in the brain. 
During periods of sleep loss, brain regions associated with 
learning, memory, and executive functioning show reductions in 
volume and activity. Adolescence is when the brain undergoes 
major growth in key brain regions such as the hippocampus 
and prefrontal cortex. The hippocampus is responsible for 
memory consolidation, and the prefrontal cortex is responsible 
for decision-making and cognition.49 Sleep deprivation during 
this stage impacts the growth of these brain regions by reduc-
ing grey matter volume, synaptic density, and dendritic spines. 
As the adolescent brain continues to develop with these lim-
itations, the result may be an adult brain with lower baseline 
levels of cognition. Human neuroimaging studies have shown 
that individuals suffering from AD have decreased functioning 
and volume in the hippocampus and prefrontal cortex, both 
of which are regions associated with cognition and memory.50 
This early-life underdevelopment of the cognitive functioning 
regions in the brain may increase the vulnerability to neurode-
generation in later adulthood. 

In sum, these three potential pathways, hypothesized from 
the evidence surrounding glymphatic system function, neu-
roinflammation, and brain structural changes, suggest that 
sleep deprivation in adolescence may predispose an individ-
ual to AD when older. Future research should acquire more 
longitudinal data, such as surveys or brain scans about sleep 
duration and neurodegeneration across lifespans, in order to 
confirm or deny these hypotheses. With all of this extensive 
literature review in mind, the paper will discuss the importance 
of this field and potential research directions. 

�   Discussion 
This review uses converging evidence from the consequenc-

es of sleep loss and pathological characteristics of AD to 
outline three potential pathways of AD progression: impaired 
glymphatic system, chronic neuroinflammation, and reduced 
development of brain regions vulnerable to neurodegeneration. 
Although this paper analyzes them separately, it’s important 
to note that these three pathways are interconnected in many 
ways. For example, an impaired glymphatic system leads to 
the build-up of amyloid-beta and tau proteins, which acti-
vate neuroinflammation; inflammation, in turn, hinders cell 
communication and further reduces glymphatic efficiency.51 
In addition, both the accumulation of waste proteins and in-
flammation can disrupt brain region development and reduce 
synaptic density.51 These three main mechanisms together 
create a self-perpetuating cycle. On the other hand, human 
and mouse studies have shown that the accumulation of am-
yloid-beta proteins results in shortened and disturbed sleep.52 

connecting sleep deprivation in adolescence to the risk of AD 
in later adulthood, the following section proposes hypothetical 
pathways based on current understandings of AD pathology 
for possible future investigation. 

Hypothesized AD Mechanistic Pathways from Adolescence to 
Adulthood:

Using known evidence of the pathology of AD in adults 
and the consequences of sleep deprivation, this section works 
to create extrapolated hypotheses for the possible mechanistic 
pathways of AD from adolescence to late adulthood. 

One pathway involves the impaired glymphatic system. 
The effectiveness of the glymphatic system is a major concern 
when considering the long-term neurological consequences 
of sleep loss in adolescence. As the circadian rhythm shifts 
back and teenagers fall to the temptation of technology before 
bedtime, both sleep quantity and quality are compromised. Be-
cause the glymphatic system is most active during NREM3 
sleep, the fragmented or decreased durations of NREM3 sleep 
could limit its ability to remove CSF and waste proteins. These 
proteins, such as amyloid-beta and tau, can cause a build-up 
in the neurons, which impairs synaptic connections. Persistent 
sleep deprivation of consecutive nights of sleep loss may cause 
substantial waste protein accumulation. The glymphatic sys-
tem may attempt to compensate and work harder to remove 
these waste proteins during the next NREM3 sleep, but this 
may backfire and result in a damaged glymphatic system from 
overactivation. The teenage brain is undergoing rapid brain 
development, which leaves it very vulnerable to damage during 
this adolescent period. This impairment and overactivation of 
the glymphatic system may persist into adulthood. When ag-
ing naturally causes an increase in the build-up of neurotoxic 
proteins, the damaged glymphatic system may not be as effec-
tive in removing waste, leading to a faster accumulation of tau 
or amyloid-beta. This early-life build-up of amyloid-beta and 
tau aggregates may predispose the brain to faster accumulation 
of neurotoxic proteins in later adulthood by wearing down the 
glymphatic system. 

A second mechanism is chronic neuroinflammation. The 
persistent activation of the immune system is a long-term con-
sequence of sleep deprivation in adolescence that may carry 
into adulthood. A night of sleep loss increases neuroinflam-
mation and results in increased oxidative stress, which impairs 
neuronal health and synaptic plasticity.44 Persistent sleep 
deprivation–common in teenagers due to bad sleep habits and 
early school start times–causes recurring inflammation in the 
brain. This chronic neuroinflammation, where microglia cells 
activate strong immune responses, can damage healthy neu-
rons nearby, including the blood-brain barrier (BBB).45 The 
BBB is a selectively permeable membrane between the blood 
and the interstitium of the brain and acts as a line of defense 
against foreign antigens.46,47 During adolescence, the BBB 
undergoes alterations in its permeability, suggesting that early 
damage to the barrier in adolescence may decrease the barrier’s 
resilience against antigens in the future.48 In addition, astro-
cytes and microglia cells undergo major development during 
adolescence.48 In late adulthood, the cells may remember the 
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This bidirectional relationship between sleep and AD forms a 
continuous loop that leads to chronic sleep deprivation. 

More attention should be directed to this critical gap in 
research. Existing studies have established the bidirectional 
relationship between sleep and AD, yet most of them focus 
on the aged adult brain, not the adolescent one. The lack of 
studies investigating the link between sleep loss in teenagers 
and AD in later life can be attributed to several limitations and 
reasons. First, there are logistical difficulties in performing lon-
gitudinal studies across decades. It is a challenge to find willing 
participants, ensure these participants are able to perform pe-
riodical check-ups, and finish the decades-long experiment 
until completion. Second, the period of adolescence is a time 
of big developmental changes in the brain. These neurological 
changes are unpredictable and different for everybody, making 
investigating the effects of sleep loss during adolescence hard 
and inaccurate. Third, the connection between sleep depriva-
tion in adolescence and neurodegenerative diseases may seem 
weak. Big lifestyle changes can happen between adolescence 
and late adulthood, such as diet, physical activity, and men-
tal health. These factors may affect the brain more than sleep 
and complicate the results. It is difficult to determine causality 
when there are so many factors at play. However, as technolo-
gy continues to improve, new research methods or laboratory 
equipment may allow researchers to overcome these limita-
tions. By demonstrating the possibility of chronic sleep loss in 
adolescence being an early-life risk factor for AD, this paper 
hopes to invite future research on this topic. 

From a public health standpoint, finding an early-life risk 
factor for AD is critical, as it allows for early preventive mea-
sures. Sleep loss in adolescence is a modifiable risk factor, 
meaning it can be altered through individual and systemic 
interventions, unlike other risk factors for AD, like genetic 
predispositions. Public policies such as later school start times 
and increased control on technology usage can help reduce 
the number of sleep-deprived adolescents. If the hypothesis is 
proven to be true, improving sleep duration and quality in ado-
lescents will not only provide immediate benefits like academic 
performance and mental health, but may also reduce the risk of 
future neurodegeneration. This leads to reduced medical costs 
and deaths due to AD, which will increase the quality of life 
for everyone. 

Future research should also consider the role of other factors. 
For example, certain genes in individuals are found to increase 
the risk of AD.53 The role of genetic predispositions to AD 
in adolescents during sleep deprivation is a promising area for 
future research. In addition, the long-term effects of “make-up 
sleep” in teenagers, such as naps or excess sleep on weekends, 
are also worth investigating. Though this paper focuses on 
sleep deprivation due to its prevalence among teenagers, the 
consequences of oversleeping are another concern and can be 
a future area of research. Lastly, research can investigate how 
chronic sleep loss during adolescence may increase the suscep-
tibility to other brain disorders or diseases. Examples include 
Parkinson’s disease, multiple sclerosis, stroke, and epilepsy. By 
bridging two traditionally separate fields of study, this paper 
opens the possibilities for a wide variety of future research. 

�   Conclusion 
This review proposes that persistent sleep deprivation during 

the adolescent years induces biological and structural changes 
that may increase the risk of developing Alzheimer’s disease 
later in life. By analyzing evidence on the causes and conse-
quences of sleep loss during adolescence, neurological effects 
on the brain as a result of sleep deprivation, and the role of sleep 
loss as a direct risk factor of AD, this paper outlines hypoth-
esized mechanistic pathways linking early-life sleep debt to 
neurodegeneration in later adulthood. The hypothesized path-
ways are the overactivation of the glymphatic system, chronic 
neuroinflammation, and reductions in key brain regions as-
sociated with cognitive functions. Future research testing the 
amount of waste protein build-up, neuroinflammation, and 
structural changes in the adolescent brain after various periods 
of insufficient sleep, as well as longitudinal data are needed to 
test these hypotheses. Other variables, such as genetic predis-
position to AD and oversleeping, need to be considered as well. 
By addressing this major gap in research, this paper highlights 
the potential for identifying an early-life risk factor for AD 
and its public health policy implications. If the hypothesis is 
proven to be true, later school start times and increased control 
over technology could increase the amount of sleep a teenager 
gets per night and help decrease the susceptibility to AD in 
later years. Reduced neurodegeneration in the elderly popula-
tion can reduce medical costs and deaths, and lead to a better 
quality of life for all involved. Given the sharp increase in the 
number of sleep-deprived teenagers who will all grow into the 
elderly population in several decades, public health protocols 
must be implemented early to prevent neurodegeneration be-
fore it is too late. 
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ABSTRACT: E-cigarettes/electronic nicotine delivery systems (ENDS), though initially introduced as possible smoking 
cessation devices for preexisting smokers, have rapidly increased in use over the last few years, attracting youth with aggressive 
market tactics. Vaping is becoming an increasingly prevalent phenomenon, particularly among younger populations. Though 
cigarette use has somewhat declined in the United States in the last few years because of awareness and education campaigns, 
the teen vaping crisis has become more burdensome, especially as teenagers lack insight into the detrimental effects.  E-cigarettes 
mimic regular cigarettes and usually contain nicotine with various flavors, and are used through inhalation. Despite the absence 
of carcinogenic tars, the use of e-cigarettes still has detrimental effects on several organ systems, such as the lungs and the heart, 
contributing to various short- and long-term side effects, which are still poorly understood. While using e-cigarettes, nicotine can 
disperse more quickly than in a regular cigarette due to bypassing first-pass metabolism, which is a phenomenon where a drug is 
metabolized at a certain location before entering circulation. Bypassing first-pass metabolism leads to higher concentrations of 
nicotine being delivered. This could lead to acute poisoning with nicotine inhalation toxicity, causing neuronal excitability and, in 
turn, lowering the seizure threshold. This secondary literature review investigates the effects of vaping on various organ systems, 
but especially the brain, and its potential for reducing the seizure threshold. This review suggests that e-cigarettes may be related 
to seizures in someone who has epilepsy. Since vaping is rapidly becoming a public health concern, this information underscores 
the importance of providing education to adolescents and cautioning them regarding the effects of e-cigarette use. Awareness 
campaigns and bans on promotions for e-cigarettes could help address the problem of consumption, shedding light on its possible 
detriments.

KEYWORDS: Vaping, Nicotine Toxicity, Epilepsy, Seizure Threshold, Adolescent Health. 

�   Introduction
The days of regular cigarettes are declining, and many young 

individuals are drifting toward the trendy electronic cigarettes, 
also known as vapes or e-cigarettes. In 2020, the Centers for 
Disease Control and Prevention (CDC) reported that over 
480,000 Americans and over 7,000,000 people worldwide had 
died from various smoking-related illnesses.1 E-cigarettes were 
first made in 1965, in China, and patented in 2003.2 According 
to the US Food and Drug Administration (FDA), e-cigarettes 
use a substance called “e-liquid,” which is composed of nicotine 
“derived from tobacco, as well as flavorings, propylene glycol, 
vegetable glycerin, etc.”3 In addition to nicotine, e-cigarettes 
may also have ingredients like tetrahydrocannabinol (THC), 
cannabidiol, and butane hash oil, known as dabs,4 along with 
some toxic components, such as formaldehyde, acetaldehyde, 
acetone, and metals, and volatile organic compounds (VOCs).5 
Each device consists of a rechargeable lithium-ion battery, an 
electrical heating coil, and liquid in a disposable cartridge or 
refillable tank, which have undergone modifications over the 
years. The electric heating coil in the device turns the e-liquid 
into an aerosol that is inhaled or ‘vaped’ through the mouth-
piece.6  Nicotine concentration ranges widely, anywhere from 
0mg/mL (0%) to 59 mg/mL (5%), and may be more than 
that of a regular cigarette.7 The most popular small disposable 
E-liquid cartridge system is a single JUUL, which contains 

5% nicotine in each one, equivalent to one pack of cigarettes, 
which can give peak nicotine concentration rapidly with sweet 
flavors, making it even more addictive.7

Rapid delivery of the aerosolized nicotine and lack of the 
usual tobacco aroma made this an attractive option among 
American adolescents, in addition to fancy delivery sys-
tems with various additives. In 2020, the FDA banned 
cartridge-based e-cigarettes from the market.8 This did not 
deter most vapers, as they were still able to acquire them, and 
many types of e-cigarettes evaded this category.8 Seizures, as 
explained by the Mayo Clinic, are when the brain has abrupt 
and unrestrained outbursts of “electrical activity.”13 Epilepsy is 
a chronic disease in which people have recurring seizures of 
various causes. It has been observed that the use of cigarettes is 
connected to higher breakthrough seizure rates in people with 
epilepsy.14 Due to cigarettes increasing seizure frequency, there 
is the question of whether e-cigarettes do the same. Though 
the underlying pathophysiology is not completely understood, 
researchers believe that nicotine modulates acetylcholine 
receptors and, in turn, contributes to the release of the excit-
atory neurotransmitter, glutamate.14 Through the activation 
of nicotinic acetylcholine receptors (nAChRs) by nicotine, it 
is thought that there is a large, spontaneous release of gluta-
mate.15
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In 2024, 1.63 million students in the United States used 
e-cigarettes.32 Between November 2016 and August 2019, it 
was noted that the total ENDS sales increased by nearly 300 
percent,9 especially among middle and high school students. 
In the United States, 7.7% of students participate in vaping.10 
By education level, 4.6% of middle school students and 10% of 
high school students use e-cigarettes.10 These numbers may be 
underestimating the true percentage of students who vape due 
to many students’ unwillingness to report the truth. As seen 
in Figure 1, the prevalence of nicotine-based e-cigarettes in 
2017 for those in 8th, 10th, and 12th grade was between 3.5% 
and 11%. In 2018 (Figure 2), the prevalence of nicotine-based 
e-cigarette use in grades 8, 10, and 12 almost doubled, as it 
was reported between 6.1% and 20.9%. There has been a steep 
increase in the percentage of teenagers who are using nico-
tine-based e-cigarettes, with the prevalence almost doubling 
from 2017 to 2018. Many people, especially teenagers, believe 
that vaping is a healthy alternative to smoking, but this is an 
incorrect assumption. Smoking cigarettes contributes to most 
cases of lung cancer and COPD, as stated by the American 
Lung Association. This does not imply that vaping is with-
out physiological effects; flavors in e-cigarettes can lead to 
“unknown inflammation”11 in the lungs, and the develop-
ment of the brain can be affected, in addition to several other 
multi-system symptoms.11

Through this paper, the effects of e-cigarette use on the 
brain, and more specifically on seizures, will be explored. The 
findings from this will possibly aid efforts for more education 
on the consequences of vaping.

�   Methodology
The key objective of this research paper is to determine the 

repercussions of e-cigarette use, specifically on seizure poten-
tiation, its frequency, and the proximity to the use of vaping 
products. This paper is a secondary literature review, which is 
being conducted through the analysis of many case reports, 
journal articles, and review studies. To conduct this review, 
many articles from credible sources, including peer-reviewed 
original research articles on the health effects of e-cigarettes, 
e-cigarette use data, effects of vaping on the brain, and the 
frequency of seizures, were analyzed. A majority of these ar-
ticles were found through PubMed, Google Scholar, and the 
Mayo Clinic. Studies published between 2015 and 2024 were 
considered for inclusion. Overall, a total of 17 peer-reviewed 
studies and sources were analyzed. A qualitative style of re-
view was used to determine whether vaping increases seizure 
frequency in those who use e-cigarettes. After this detailed re-
view of various studies, conclusions were made regarding the 
effect of vaping on the number of seizures, along with other 
physiologic harmful effects. The following search terms were 
used: “e-cigarettes,” “vaping,” “seizures,” “epilepsy,” “nicotine 
and brain activity,” “nicotine-induced seizures,” “neurological 
effects of vaping,” “e-cigarettes and neurological health,” and 
“adolescent vaping and seizures.” Through this process of lit-
erature review, the ways nicotine affects the brain, and in turn, 
seizures were researched. Due to this being a literature review, 
the only materials used were online; no physical resources were 
used, resulting in no ethical considerations to be observed. 
Many articles and sources from various parts of the world were 
used, reducing the risk of research bias.

�   Discussion 
Types of Seizures:
Seizures can be triggered or spontaneous. Spontaneous sei-

zures without any clear identifiable metabolic, or toxic cause, 
may be related to an underlying genetic cause or structural 
abnormality. The 2017 International League against epilepsy 
(ILAE) proposed etiology-specific syndromes contributing to 
seizures and epilepsy.16 According to the ILAE report, epilepsy 
or an epileptic seizure is a neurological disorder that can be 
associated with abnormal, excessive, or synchronous electrical 
activity of the brain, causing recurrence of seizures. This can 
present either as a focal or generalized event, with associated 
epileptiform abnormalities noted on the EEG. Age of onset 
can be variable, with a peak noted during the early years of 
life and another peak again noted in the elderly. Focal seizures 
are usually related to a focal lesion of the brain, like a stroke, 
a tumor, an intrinsic brain malformation, or a genetic disorder 
like tuberous sclerosis. An uncontrolled ongoing seizure last-
ing longer than 5 minutes is termed “Status epilepticus.” This 
is a neurological emergency. In cases of “Status epilepticus,” 
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Figure 1: Prevalence of Nicotine Vaping in 2017. The prevalence of nicotine 
vaping in 2017 in grades 8, 10, and 12 ranged from 3.5% to 11%. Most 
students who vaped nicotine were in high school, 10th and 11th grade; 8.2% 
and 11% of students, respectively. Data gathered from Miech et al., 2019.12 
Created using Google Sheets. 

Figure 2: Prevalence of Nicotine Vaping in 2018. The prevalence of nicotine 
vaping in 2018 in grades 8, 10, and 12 ranged from 6.1% to 20.9%. Most 
students who vaped nicotine were in high school, 10th and 11th grade; 16.1% 
and 20.9% of students, respectively. The percentage of students who engaged 
in the practice nearly doubled from 2017. Data gathered from Miech et al., 
2019.12 Created using Google Sheets. 
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either a prolonged seizure or recurrent seizures without return 
to the neurologic baseline between seizures may occur.

Although on several occasions, one may not find a clear 
etiology on imaging studies for the seizure, there may be un-
derlying epileptiform discharges on the EEG. This tendency 
to have a recurrence of seizures may also be associated with 
certain triggers. Seizure triggers are causes that can lower the 
seizure threshold in patients with a tendency to have epilepsy. 
This can include infections, electrolyte disturbances, metabol-
ic derangements, sleep deprivation, stress, certain medications, 
and various drugs such as alcohol, cocaine, nicotine, newer 
synthetic hallucinogens like synthetic cannabinoids and spice. 
Newer synthetic agents pose challenges for diagnosis, as these 
are usually not seen in the standard lab testing. 

Effects of E-Cigarettes on the Body:
In addition to being a contributor to abuse potential and 

dependence, nicotine, through vaping, has been seen to have a 
significant effect on various organ systems, most importantly 
the lungs. Vapers have differently altered airway epithelia than 
smokers. It was found that vaping causes significant changes 
to the airway epithelial proteome that are distinct from the 
changes seen in smokers, including an altered physical appear-
ance of the airways with erythema and increased friability.18 
Airway epithelial cells play a role in managing the volume and 
composition of airway surface liquid (ASL), secreting mucins 
and cytokines, and also providing a barrier against harmful 
pathogens.17 The vitamin E acetate with THC in e-liquid was 
believed to be the cause of the outbreak of acute lung injury 
related to vaping.19 Although seeing the exact role of nicotine 
in this requires more studies, in those who had never smoked 
and had used an e-cigarette, the gene expression in their lungs 
changed much more than in those who had used a Propyl-
ene Glycol or Vegetable Glycerin (PG/VG) based e-cigarette. 
The other components of e-cigarettes, including nicotine, have 
been shown to affect the immune system. This could lead to 
more susceptibility to pulmonary diseases such as emphysema 
and bronchiectasis. Nicotine-containing e-liquids are one of 
the most important contributors to e‐cigarette or vaping prod-
uct use‐associated lung injury (EVALI).17 

Nicotine also has direct effects on the cardiovascular sys-
tem, via activation of the sympathetic nervous system, given 
binding of nicotine to α3β4 receptors, triggering release of 
catecholamines (Epinephrine, Norepinephrine). This, in turn, 
activates the beta receptors in the heart, causing increased heart 
rate, workload, and cardiac contractility. In the long term, this 
over-stimulation of the sympathetic nervous system leads to 
cardiac remodeling, which promotes the development of heart 
failure and increases arrhythmogenesis. The use of e-ciga-
rettes could also lead to changes in the heart. Increased arterial 
stiffness, vascular endothelial dysfunction, increased angiogen-
esis, cardiorenal fibrosis, and increased atherosclerotic plaque 
formation were found when observing the effect of chronic 
exposure to aerosols in animal models.17 These mechanisms 
contribute to increased heart rate along with elevated systolic 
and diastolic blood pressure.

Other components of e-cigarettes have also been observed 
to cause issues in the body. Flavorings in e-cigarettes, such as 
sweeteners and chemical flavorants, might account for cardio-
pulmonary toxicity, asthma, and airway remodeling.

Effects of Nicotine on the Brain:
Nicotine is a key ingredient that is often found in e-cig-

arettes. The Food and Drug Administration (FDA) received 
about 117 cases of seizures and other neurological disorders in 
relation to vaping from April 3, 2019, to June 30, 2019, espe-
cially among adolescents. 

Inhaled aerosolized nicotine bypasses the first-pass metab-
olism, allowing it to be quickly absorbed into various organ 
systems, including the brain. In contrast, only 30% nicotine 
gets into the systemic circulation through the oral or intraper-
itoneal route.20 Nicotine has various complex interactions with 
neural networks, especially involving mesolimbic reward cir-
cuitry in the ventral tegmental area (VTA), striatum, prefrontal 
cortex, and other limbic pathways. Because of involvement in 
these reward circuits, substance abuse and addiction problems 
are primary concerns.  Nicotine affects the developing brain 
of an adolescent more than that of an adult,21 through specif-
ic receptors called nicotinic cholinergic receptors (nAChRs), 
which are widely distributed in abundance throughout the 
brain.22,23 Various animal and human studies have shown that 
nicotine negatively impacts memory storage and other cogni-
tive functions performed by the hippocampus, thus reducing 
teen attention, performance, and working memory.24 Nicotine 
is reported to increase levels of glutamate in the hippocam-
pus by decreasing glutamate uptake. Additional mechanisms 
of nicotine induce seizures by attenuation of excitatory amino 
acid transporter type 3 (EAAT3), thus affecting the clearance 
of glutamate, which is an excitatory neurotransmitter.25 As per 
the Tobacco-Induced Neurotoxicity of Adolescent Cognitive 
Development (TINACD) theory, which was proposed in 
2008 by deBry and Tiffany, smoking nicotine showed aber-
rant detrimental effects in emotional regulation by reducing 
the inhibitory control, thus making adolescents more impul-
sive and inattentive. The amygdala is the primary site in the 
brain for emotional processing and regulation, along with 
memory consolidation through its connections with the hip-
pocampus. α7-containing nicotinic acetylcholine receptors 
(α-nAChRs) are highly expressed in the amygdala, which is 
an area also involved in seizure generation and epileptogenesis. 
Nicotine-induced neuronal activation is noted in the amygdala 
along with other areas involved in the limbic pathways.26

Review of Case Reports - Seizures and Vaping:
A case report by Liu-Zarzuela and Sun from the University 

of Texas focuses on a 20-year-old man who has had recurrent 
seizures every time he vapes for the past 5 years. The first time 
he used an e-cigarette, when he was fifteen, he experienced a 
tonic-clonic (grand mal) seizure.27 At the age of 19, he used an 
e-cigarette for the second time, and shortly after, the patient 
experienced a seizure and had to be hospitalized. This led to 
him refraining from vaping. Three months later, he used an 
e-cigarette once again, and within minutes, he experienced a 
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associated with the usage of e-cigarettes with tobacco and can-
nabinoids, resulting in breakthrough seizures.15 

In the case report by Tatum and Oster, the focus was on a pa-
tient who did not have a history of epilepsy. But in this report 
by Oster and others, the focus was on a patient with a history of 
epilepsy. In both works, findings suggest a correlation between 
vaping and increased seizure frequency. 

Lastly, a case was reported regarding a 16-year-old girl with 
a diagnosis of idiopathic generalized epilepsy at the age of 9. 
Her semiology included eye rolling, eye fluttering, at times, 
progressing into generalized tonic-clonic. EEG showing gen-
eralized spike and wave discharges, suggesting an underlying 
generalized epilepsy disorder. Over the years, she tried vari-
ous anti-seizure regimens, and finally, she was well controlled 
on lamotrigine monotherapy. After being seizure-free for 7 
months, she had recurrent breakthrough seizures over a few 
days, a total of 5, without any clear trigger. Later, she was found 
to be vaping in association with these seizures, using a com-
mercial device with nicotine juice. She reported usage of this 
spearmint, fruit punch, or watermelon flavored vapes, 4 months 
prior to these breakthrough seizures. She confirmed the usage 
of e-cigarettes prior to four out of the five reported seizures, 
but denied any other illicit drug use or alcohol.29 

E-cigarettes have a plethora of side effects. In the cases 
observed in the paper, there is seen to be somewhat of a cor-
relation between e-cigarettes and seizure frequency. In most 
cases, seizures occur within minutes to an hour after vaping. 

generalized tonic-clonic seizure. His labs and scans were all 
unremarkable and normal, and he was put on levetiracetam 
(500 mg). The patient quit vaping and started using a nico-
tine patch. The patches allow for the release of nicotine to be 
slower, possibly contributing to the lack of seizures after the 
patient ceases vaping. He had no history of epilepsy, no fam-
ily history of seizures, nor any risks for them, leading to the 
conclusion that his seizures were caused by vaping. Nicotine 
toxicity has been seen in many young people due to e-ciga-
rettes. The authors note that this could lead to interruptions 
in the neuronal excitability, lowering the “seizure threshold”. 
Exogenous nicotine leads to nAChRs being released into parts 
of the brain such as the neocortex, amygdala, hippocampus, 
and thalamus, possibly encouraging seizures.26 The disruption 
caused by nicotine leads to overactivity in the brain, encourag-
ing seizures. Nicotine has also been seen to release glutamate, 
which also excites brain cells, which may trigger seizures. The 
authors acknowledge that to get a clear link on the relationship 
between seizures and vaping, more investigation is needed, but 
it is an important phenomenon to question in terms of public 
health awareness.27

E-cigarettes are popular among youth as the manufacturers 
make them quite appealing to them with various flavors. These 
flavorants make adolescents misjudge the nicotine exposure 
that they are experiencing and their effect on the brain. 

One of the case reports by Tatum and Oster follows an 
eighteen-year-old female without a history of epilepsy. The 
patient’s first seizure occurred in 2019, thirty minutes after she 
had vaped using a “Juul” e-cigarette, which contains nicotine. 
During her seizure, she toppled over and hit her head, leading 
to unconsciousness. She was taken to the emergency room and 
was quickly discharged with a prescription of levetiracetam 
(500mg) after her EEG monitoring was reportedly normal 
without any epileptiform activity. Six weeks later, the patient 
experienced another seizure one hour after she used a vape 
with nicotine in it. However, it is important to note that the 
patient had discontinued levetiracetam by herself two weeks 
prior to the second seizure episode. The patient endured two 
more seizures a couple of weeks after the second one, again, 
within one hour of using the nicotine-based e-cigarette. Her 
last seizure occurred in early-mid 2020, and she had no oth-
er instances of seizures after stopping vaping. In this patient 
without a prior history of seizure disorder, it was seen that va-
ping could have been a possible trigger for her seizures, since 
all of them occurred within an hour of using an e-cigarette.29

Based on the case report from Tufts Medical Center in Bos-
ton, MA, there is objective evidence of seizure recurrence after 
adequate control in a young 32-year-old male patient with 
refractory bitemporal epilepsy in the setting of data available 
from the responsive neurostimulation (RNS) device (Figure 
3). He underwent electroencephalography (EEG) monitoring 
starting in 2011. By 2017, he was living his life comfortably, 
was working, and was no longer enduring auras, among oth-
er seizure-related advancements. Suddenly, in 2019, there was 
an increase in ictal and interictal activity that was noted on 
the RNS recordings, and this was when the patient had start-
ed to vape. This report further helps to be aware of the risk 
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Figure 3: Responsive neurostimulator (Neuropace) Data. RNS device 
showing the patient’s seizure data. Adapted from Oster et al. (2021).15 
A. Data showing interictal discharges and seizures, with worsening especially 
when associated with vaping (long red arrow)
B. A tally of long episodes of ictal & interictal activity correlating with vaping 
(thin arrow)
C; D. Recordings of ictal activity; the same data presented in a compressed 
spectral array.
E. X-ray showing the impulse generator of the RNS device in the posterior 
head region and the bitemporally placed leads, which record data and stimulate 
to terminate the electrographic seizure.
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Through more recognition of the effect of vaping on seizures, 
the quality of life could be greatly improved. As previously 
noted, vaping is not healthier than smoking–vaping can lead 
to various health problems, such as lung disease or heart dis-
ease.31 Inclusion of this repercussion of e-cigarettes could lead 
to fewer people partaking in the harmful practice, so that they 
can lead a healthier, more fulfilling life. 

�   Conclusion 
More research is necessary to establish a definitive causal 

effect between seizures and vaping. Healthcare professionals 
also should have a high index of clinical suspicion when an 
adolescent presents with a new-onset seizure or concerning 
neurological symptoms, to get a detailed history about vaping 
products and report these events to the Safety Reporting Por-
tal (SRP). More intense regulatory measures on e-cigarettes 
should be in place, such as strict law enforcement to curb illegal 
sales, a promotion ban, a ban on flavoring to be less enticing to 
teenagers, and possibly increasing the federal ENDS taxes. It 
is also critical that more education and awareness campaigns 
be undertaken regarding the consequences of e-cigarettes and 
their toxic additives.

The purpose of this research was to determine the relation 
between e-cigarette use and seizures. This was conducted as 
a secondary literature review through the analysis of multi-
ple primary source articles and studies to conclude. Due to 
e-cigarettes only recently being popularized, there has not 
been much exploration of the connection between e-cigarettes 
and seizure frequency. With the study of long-term impacts of 
vaping on neurological health, valuable findings would come 
about. Despite the benefits of using articles, this also poses a 
limitation: no firsthand studies were conducted for this pa-
per. Through the examination of many articles, a link between 
e-cigarette use and seizure frequency can be suggested.
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ABSTRACT: Frontotemporal dementia (FTD) is associated with one of the highest patient burden rates among all dementia 
types, typically affecting individuals between the ages of 40 and 65. Diagnosing FTD is challenging due to its symptomatic 
overlap with other neurodegenerative disorders, such as Alzheimer’s Disease (AD). Clinical data show that only one-third of 
suspected FTD cases are ultimately confirmed, while almost half of misdiagnoses stem from misinterpreted neuroimaging. 
Current diagnostic methods lack FTD-specific biomarkers, instead relying on indicators shared with AD, compromising 
accuracy. This review synthesizes current limitations in primary diagnostic approaches for FTD, highlighting how integrative 
methods in neuroimaging and cerebrospinal fluid biomarkers, alongside advancements in genetic screening, may substantially 
improve diagnostic precision. Genetic testing effectively identifies pathogenic variants, which can be enhanced by incorporating 
modifier genes that influence disease onset and progression. Neuroimaging tools like MRI and FDG‑PET provide structural 
and metabolic information about the brain, and their limitations can be alleviated through artificial intelligence and multimodal 
integration. Cerebrospinal fluid biomarkers—including neurofilament light chain, t‑tau, and inflammation‑related markers—
support differential diagnosis. Multi‑protein panels demonstrate high specificity with an AUC ranging from 0.91 to 0.96 in 
distinguishing FTD. Together, these findings support early detection and address a critical diagnostic gap.

KEYWORDS: Behavioral and Social Sciences, Neuroscience, Frontotemporal Dementia (FTD), Biomarkers, Diagnostic 
Tools. 

�   Introduction
Frontotemporal dementia (FTD) remains one of the most 

frequently misdiagnosed neurodegenerative disorders. This is 
largely due to overlapping behavioral symptoms and a limited 
number of reliable biomarkers. This diagnostic limitation con-
tributes not only to delayed treatment but also to prolonged 
psychological and emotional burden for patients and their 
families. The difficulty in distinguishing the primary causes of 
FTD through current biomarkers represents a critical area of 
research focused on improving biomarker accuracy. FTD refers 
to a group of neurodegenerative disorders that primarily cause 
damage to the neurons in the frontal and temporal lobes. This 
degeneration ultimately leads to the atrophy of nerve cells.1 
This targeted damage results in two major variants: behavioral 
variant FTD (bvFTD) and primary progressive aphasia (PPA), 
as illustrated in Figure 1.

Generally, symptoms of FTD can be associated with the re-
gion of the brain that has experienced atrophy. Although that 
is the primary cause of FTD symptoms, the neurodegeneration 
itself is driven by underlying causes such as protein accumula-
tion and genetic mutations. Determining reliable biomarkers 
that can pinpoint the primary underlying causes of FTD re-
mains a complex and ongoing area of research. This requires 
relying on diagnosis based on personal history and behavioral 
symptoms, which can result in symptoms being overlooked 
or misdiagnosed. For instance, behavioral variant FTD—the 
most common variant of FTD, is frequently misdiagnosed for 
psychiatric and other neurological disorders due to its symp-
toms overlapping. This pattern persists across other subtypes 
of FTD, where there is a lack of identified biomarkers that can 
provide a near-definite diagnosis and prevent misinterpreta-
tion of FTD.

A 2025 study by the University of Queensland found that 
of the 100 patients used in their study, only 34 of them were 
found to be true-positive cases of FTD.2 It was later conclud-
ed that misinterpretation of nuclear imaging was the cause of 
about 50% of all falsely diagnosed cases. FTD is one of the 
most common types of young-onset dementia, typically affect-
ing individuals between the ages of 40 and 65. It accounts for 
about 5-15% of all dementia cases.3 FTD’s nature to affect a 
younger population compared to other dementias often con-
tributes to the high rates of misdiagnosis since it falls out of the 
age range that dementia is usually associated with.

DOI: 10.36838/IJHSR812.36

Figure 1: Major Variants that Make Up FTD. This diagram presents the 
major clinical subtypes of FTD, organized into behavioral and language-
based categories. Each subtype is associated with distinct patterns of 
neurodegeneration and symptoms. Information gathered from the National 
Institute on Aging and created using Biorender.

REVIEW ARTICLE

	 ijhighschoolresearch.org



	 37		 37	

Another study conducted in Brazil, by two researchers, ex-
amined the diagnostic outcomes across 30 patients, which 
included 10 with FTD, 10 with Alzheimer's disease, and 10 
with no neurodegenerative disorders. During the span of 12 
months, it was found that FTD patients exhibited the highest 
misdiagnosis rate, often diagnosed with psychiatric disor-
ders such as depression, bipolar disorder, schizophrenia, and 
obsessive-compulsive disorder, especially common for the be-
havioral variant.4 These data can be linked to FTD cases being 
more likely to be misdiagnosed as a psychiatric disorder if the 
patient has a personal history of psychiatric disorders.

Several biomarkers used in diagnosis are not exclusive to 
FTD but are shared across multiple diseases. This can im-
pede an accurate diagnosis by making the misinterpretation of 
biomarkers harder to avoid. Research conducted by the Uni-
versity of Washington in 2025 analyzed over 10,000 samples 
and found that 996 proteins are shared across Alzheimer's, 
Parkinson’s, and FTD.5 Protein accumulation, along with ge-
netic mutations in FTD, is challenging to identify, and various 
studies urge researchers to focus on distinguishing biomarkers 
specifically for FTD. 

Frontotemporal dementia, like most neurodegenerative dis-
eases, lacks a definitive cure, with current therapies focused 
primarily on symptom management. The delay in diagnosis 
prevents individuals with FTD from accessing appropriate 
treatment for several years. Without an accurate diagnosis, 
patients may receive ineffective treatment while the disease 
continues to progress. This outcome is preventable—howev-
er, doing so requires a deeper understanding of FTD and its 
diagnostic indicators. This study addresses this need by eval-
uating current diagnostic tools and proposing strategies to 
overcome their limitations, with the goal of identifying reliable 
FTD-specific biomarkers.

�   Methodology
This study is a literature review focused on the most prev-

alent diagnostic tests used in FTD diagnosis to identify 
strengths and limitations based on various research articles. 
After identifying a gray area in diagnosis, this research ana-
lyzed emerging evidence on potential biomarkers that display 
the potential to enhance diagnostic accuracy. To conduct this 
research, this paper solely used online and published sourc-
es from scientific databases such as the National Library of 
Medicine and the National Institute of Health. The selection 
criteria required that all sources be peer-reviewed when appli-
cable and published within approximately the last ten years, 
generally between 2015 and 2025. In addition to peer-reviewed 
studies, reputable scientific and medical websites such as the 
Wisconsin Alzheimer’s Institute were included when they 
provided foundational or contextual information necessary 
to understand diagnostic procedures or biomarker mecha-
nisms. Using these criteria, a total of 55 sources were reviewed. 
Searches were conducted using terms such as “FTD emerging 
biomarkers 2020-2025,” “FTD brain scans compared to AD,” 
“emerging advances in FTD diagnosis,” and similar variations 
to capture both established and developing diagnostic ap-
proaches. First, research papers containing current diagnostic 

methods for FTD were gathered to understand the procedure 
for the diagnostic test and to then recognize the limitations of 
what each test could detect. Afterwards, papers that focused 
on investigating biomarkers that may eliminate the limitation 
identified through experiments and trials were analyzed to see 
if the results supported the use of the biomarker for the diag-
nosis of frontotemporal dementia. The primary goal of this 
paper is to highlight biomarkers and diagnostic tests that pro-
vide a high diagnostic accuracy for FTD. After an in-depth 
analysis of current diagnosis methods, this review was able to 
find promising biomarkers that require further research to be 
able to implement them in current diagnosis. As this study 
relied solely on literature-based sources and did not involve 
any physical tools, materials, or human participants, no ethical 
considerations were required. 

�   Discussion 
Frontotemporal Dementia:
Frontotemporal Dementia (FTD) is a term used to de-

scribe a group of neurodegenerative disorders that belong 
to a broader category of frontotemporal lobar degeneration 
(FTLD). Within FTD, different variants arise, which can be 
characterized by symptoms including difficulty in emotional 
and behavioral control. In addition to psychological abnormal-
ities, FTD may result in executive dysfunction. This includes 
difficulty in movement or walking and trouble verbally com-
municating. These various symptoms are the result of damaged 
neurons in the brain, which gradually lead to shrinkage in the 
area in which the damage occurred.6 

Degeneration caused by FTD primarily takes place in the 
frontal and temporal lobes of the brain. The lobe of the brain 
that is affected first or most is dependent on which symptoms 
appear first. If a common pattern of difficulty in decision mak-
ing or using appropriate behavior in a specific setting is found, 
then it can be correlated to degeneration in the frontal lobe. 
The same can be observed with degeneration in the temporal 
lobe, which is associated with symptoms like language com-
prehension and processing auditory information.1

The cause of FTD is not yet identified, but there is evidence 
of underlying causes that can trigger progressive degenera-
tion of neurons. One of the major contributors to atrophy is 
protein aggregation—a common characteristic in neurodegen-
erative diseases.7 An error in protein misfolding is a common 
occurrence within cells, and it is often managed through cel-
lular mechanisms that have evolved to ensure proper folding. 
These cellular mechanisms include a variety of molecular 
chaperones that facilitate either refolding misfolded proteins 
or redirecting proteins that cannot be refolded to ubiquitin 
and autophagy, which are cellular mechanisms that are able 
to degrade the misfolded protein.8 If these mechanisms fail to 
eliminate the misfolded proteins, over time, the proteins will 
abnormally cluster and accumulate in the frontal and temporal 
lobes of the brain, which will lead to neurotoxicity and neuro-
degeneration.9 The specific proteins that are associated with 
the development of FTD through protein aggregation are tau 
pathology and TDP-43 proteinopathies. The mislocalization 
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and buildup of these proteins have been linked to neuronal 
atrophy.10, 11

Around 30% of all FTD cases have a strong family history. 
This heritability is attributed to the genetic mutations that are 
passed down in an autosomal dominant pattern. The mutat-
ed genes that have been identified to cause FTD are MAPT, 
GRN, and C9orf72. These genes encode for cellular functions 
in the nervous system and contain the instructions for coding 
specific proteins. These proteins include tau and TDP-43: a 
mutation in these genes often results in improper protein for-
mation, hence becoming an underlying cause for FTD. Tau 
pathology is the result of a mutation in the MAPT gene, while 
TDP-43 proteinopathies are the result of mutations in the 
GRN and C9orf72 genes. Besides disrupting protein synthesis, 
these three genes can also interfere with cellular mechanisms 
that monitor protein folding and eliminate any improperly 
folded proteins.12

Prevalence & Demographics:
Over 10,000 papers dedicated to FTD research have been 

published between 2000 and 2022. These papers have been 
published in over 900 academic journals from over 80 coun-
tries/regions.13 These articles touched upon various topics 
with a trend of research in the pathological mechanisms of 
FTD. Even though FTD is classified as a rare disease with a 
global prevalence rate of 15-22 per 100,000 among individuals 
aged 45 to 64, FTD remains a disease worth researching.14 
Studying FTD unlocks a broader path of understanding 
mechanisms like protein aggregation, tauopathy, and TDP-43 
pathology. Additionally, FTD has a strong link with mutations 
in the MAPT, GRN, and C9orf72 genes, which are prevalent 
in other neurodegenerative diseases—for example, Progressive 
Supranuclear Palsy (PSP), Corticobasal Degeneration (CBD), 
Parkinson’s Disease (PD), and Amyotrophic Lateral Sclerosis 
(ALS).15 Apart from how many people this neurodegenerative 
disease affects, it is important to understand how this disease 
affects the quality of life for someone who struggles with FTD. 

While prevalence remains low, the age distribution is no-
table as approximately 60% of all FTD cases occur between 
the ages of 45 and 60. This dementia tends to occur at a 
younger age compared to most dementias and is also known 
as a young-onset dementia.6 Due to this disease affecting 
the individuals earlier than most neurodegenerative diseases, 
it contributes to a wide range of challenges across physical, 
financial, emotional, and psychological domains. These chal-
lenges can be experienced both by the individual with FTD, 
who often experiences behavioral and psychological symp-
toms, and by caregivers who manage the resulting demands of 
care. To quantify these domains, clinical assessments such as 
the Neuropsychiatric Inventory (NPI), which measure patient 
neuropsychiatric symptoms severity, and the Zarit Burden 
Interview (ZBI), which measures caregiver burden, are com-
monly used.

Cummings provides a comprehensive overview and descrip-
tion of the NPI, an assessment developed to assess behavioral 
and psychological symptoms of dementia. The NPI includes 
multiple variations, such as the original full version, which 
consists of all twelve domains, and the questionnaire version, 
a shortened, self-administered version.16 Bahia & Viana con-
ducted research that suggests that the original version of the 
NPI was used for both FTD and AD patients due to the num-
ber of domains evaluated;  the comparative results are displayed 
in Figure 2.17 In addition to the NPI, caregiver burden was as-
sessed using the ZBI, which also includes different variations 
of the assessment.18 When evaluating the caregiver burden for 
FTD and AD, Liu et al. likely used the short 12-item ZBI ver-
sion, as indicated by the scoring range.19 The last aspect used 
to compare patient burden between FTD and AD in Figure 
2 is the financial burden in USD. The annual direct costs in 
USD for FTD and AD were sourced from Galvin et al. and 
Nandi et al., respectively.20, 21 Collectively, these three aspects 
demonstrate the challenges associated with a young-onset 
neurodegenerative disease. 

A dementia is classified as a young-onset dementia if the 
onset of symptoms occurs before the age of 65. The symptoms 
of young-onset dementia can vary from those seen initially in 
older adults. These symptoms include behavior, language, per-
sonality change, and executive dysfunction. These symptoms 
can be commonly found in FTD variants such as bvFTD. The 
early development of dementia is linked to the heritability of 
dementia. This is demonstrated in FTD as it is more likely 
to be inherited than other dementia types, highlighting how 
genetic mutations have a strong influence on its development. 
Genetic mutations can trigger disease-causing processes like 
protein aggregation to occur at a younger age. Although FTD 
development happens before most dementias, it does not nec-
essarily make it easier to detect. In fact, there remain various 
hurdles in concluding an accurate diagnosis.22 These difficulties 
are derived from FTD’s overlapping symptoms with psychiat-
ric disorders or AD. Since several of the initial symptoms are 
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Figure 2: Comparison of Patient Symptom Severity and Caregiver Burden 
Between FTD and AD. When these three aspects of burden were compared—
patient symptom severity (NPI), caregiver burden (ZBI), and financial 
burden—were compared between FTD and AD, individuals with FTD and 
their caregivers experienced significantly greater overall burden. Information 
gathered from Cummings, Bahia & Viana, Wisconsin Alzheimer’s Institute, 
Liu et al., Galvin et al., and Nandi et al. Created using Biorender. 
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Sirkis et al. emphasizes FTD’s heritability and  provides a 
summary of the major mutated genes in FTD including each 
gene’s associated protein and function, as well as the prevalence 
rates that were used in Figure 3.27 Information on  penetration 
and disease duration for C9orf72 was gathered from Zampatti 
et al. and Gossye et al. respectively; both articles investigat-
ed the genetic complexity of FTD, particularly in relation to 
C9orf72.28, 29 Similarly, the penetration and disease duration 
estimated for GRN were derived from Hsiung et al., and for 
MAPT from Rohrer et al.30, 31

For over a decade, mutations in genes such as C9orf72, GRN, 
and MAPT have served as key diagnostic markers for FTD 
and have been identified through genetic testing. However, this 
diagnostic test does not complete the full picture of a patient's 
genetic risk. A positive genetic test result indicates that the 
individual carries the genetic mutation in their DNA. It is im-
portant to note that a positive test result may indicate the risk 
of developing the disease, but it is still possible that the indi-
vidual may never actually develop the disease. If the individual 
has already developed FTD and the diagnostic test is being 
used as a means of diagnosis, it would be able to confirm that 
the individual has FTD, but it would provide limited informa-
tion on how the disease would affect the individual.32

In order to enhance diagnosis results, it is important to take a 
step further than identifying the genetic mutation. There have 
been several cases where the genetic mutation in a gene has 
been established, but the age of onset and symptoms can vary. 
This becomes a more prevalent problem when several diseases 
share the same genetic mutations. Although genetic testing is 
an accurate diagnostic test, it is crucial to integrate other bio-
markers and tests when intending to diagnose a patient and 
ensure the individual gets access to proper treatment.

Modifier Genes:
Modifier genes are defined as genetic loci that influence 

the expression of a primary disease-causing mutation, affect-
ing parameters of a disease such as age at onset, severity of 
disease, and the duration of a disease.33 This biomarker holds 
significant relevance for neurodegenerative diseases, as its inte-
gration into existing genetic testing could potentially enhance 
the ability to predict an individual’s disease progression. Modi-
fier genes have been identified in FTD, causing mutated genes 
which include C9orf72, GRN, and MAPT.

These common FTD-linked mutated genes demonstrate 
notable variability when it comes to expression in the indi-
vidual. This variability can be attributed to genetic modifiers. 
For example, this can be observed in the GRN gene, which 
produces proteins called progranulin—a critical protein for 
the survival of nerve cells in the brain.34 The FTD-causing 
gene mutation that occurs in this gene is known as a haplo-
insufficiency mutation, which suggests that an insufficiency of 
progranulin protein leads to neurodegeneration. Although the 
haploinsufficiency mutation itself drives degeneration in the 
brain, gene modifiers such as SORT1 significantly impact the 
onset and severity of FTD, as variation near SORT1 affects 
the production of progranulin. Modifier genes have also been 
identified for C9orf72, which has been mechanically linked 

behaviorally related changes, it can be easily misinterpreted. 
Moreover, there is no definitive test for FTD, and it takes var-
ious diagnostic tests to come to a diagnosis. Interpreting the 
results of multiple diagnostic tests can be challenging, often 
making it difficult to arrive at an accurate diagnosis. However, 
the available diagnostic tests can detect biomarkers indicative 
of FTD, aiding in the identification of its primary causes.23 

Current Limitations and Emerging Advances in Diagnostic 
Tools:  

Genetic Testing:
Genetic testing is a well-established and highly accurate di-

agnostic test, especially for neurodegenerative disorders, with 
underlying causes that include genetic factors like FTD. As 
medicine advanced, the complexity of genetic testing grew as 
its scope for identifying genetic mutations spread from single 
gene analysis to examining the entire genome.24 Genetic test-
ing's ability to detect pathogenic variants plays a critical role in 
accurate diagnosis. Genetic mutations are a prominent factor, 
occurring in nearly 40% of all identified cases of FTD, and 
have the potential to provide an accurate diagnosis.25 

Typically, genetic testing is recommended when a family 
history of a specific disease is found in the patient’s records. 
A strong family history of a disease can indicate that a genet-
ic cause is triggering the development of the disease. Genetic 
testing may also be recommended if a clinician identifies a 
trend in the patient's symptoms or from previous diagnostic 
test results. Aside from clinician recommendations, it can ad-
ditionally be used as predictive testing. If the patient is aware 
of a family history of FTD or related disorders like ALS, it 
may become a way of testing and diagnosing a patient before 
the symptoms develop. An early diagnosis of neurodegenera-
tive disorders is the most desirable outcome, as symptoms can 
be immediately treated. 

Genetic tests analyze deoxyribonucleic acid (DNA), which 
is acquired from samples of blood, hair, skin, amniotic fluid, 
or other tissues. The DNA is further examined in a laborato-
ry where it is inspected for changes in chromosomes, DNA, 
and protein.26 In the case of FTD, the most common muta-
tions found from genetic tests occur in the MAPT, GRN, and 
C9orf72 genes. More rare genetic mutations include TARDBP, 
VCP, FUS, CHMP2B, SQSTM1, UBQLN1, or TBK1 genes.25
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Figure 3: Summary of Mutated Genes Directly Linked to FTD. The table 
depicts each gene and the protein associated with the gene, its prevalence in 
FTD, the proportion of individuals with FTD who will show the associated 
signs and symptoms, and the duration of the FTD for an individual with that 
mutated gene. Information gathered from Sirkis et al., Zampatti et al., Gossye 
et al., Hsiung et al., Rohrer et al. Created using Biorender. 
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Figure 4 compares the MRI scans from a FTD patient and 
a non-demented control, adapted from Figure 1 in Chouli-
aras and O’Brien’s study, which explores how advanced brain 
imaging methods, such as MRI, can improve early detection 
and classification of dementia types.42 These images highlight 
atrophy patterns that may aid in identifying or diagnosing 
FTD. Additionally, Figure 4 includes FDG-PET scans of a 
FTD patient and a control, adapted from Figure 3 in Ward et 
al., providing a side-by-side comparison of two neuroimaging 
techniques.39 This comparison demonstrates how combining 
biomarkers such as brain atrophy and metabolic changes may 
contribute to higher diagnostic accuracy. 

However, it is important to note the risk modifiers that may 
alter findings of FDG-PET scans, such as traumatic brain in-
juries, diabetes mellitus, autoimmune disorders, and a family 
history of FTD. Studies have found that these diseases and 
illnesses may cause asymmetrical hypometabolism patterns. 
Therefore, it is crucial to take into account the individual’s his-
tory of risk modifiers or other prior diseases or illnesses.39 

Multimodal Imaging: 
Structural MRIs along with FDG-PET scans are widely 

used and an established diagnostic tool for neurodegenerative 
diseases, including FTD. Combining the abilities of both neu-
roimaging techniques has shown significant improvements in 
diagnosis, as it provides a greater scale of biomarkers to exam-
ine when determining what neurodegenerative disease is being 
represented.43 It is given that every scan provides a limited 
view of the brain: multimodal imaging is a technique that is 
able to overcome this gap by merging the strengths of multiple 
scans into one. This approach was demonstrated in a recent 
study using integrated PET/MR imaging to assess patients 
with FTD. Structural MRI was used to measure gray matter 
volume (GMV), while FDG-PET provided data on glucose 
metabolism, which was expressed as standardized uptake value 
ratios (SUVR). By acquiring both scans simultaneously, re-

to TMEM106B—another modifier linked to progranulin, 
which influences lysosomal size and number. A specific vari-
ant of TMEM106B—rs1990622 G allele has been found to 
accelerate FTD’s onset in C9orf72 carriers. In contrast, the 
same gene modifier has also been found to affect GRN, but 
instead of accelerating the disease onset, the rs1990622 G al-
lele is able to delay the disease.35 There is not yet an identified 
gene modifier for the MAPT gene, like there is for GRN or 
C9orf72 genes. Although there has been research done that 
found TMEM106B may have a link with tauopathies, which 
may suggest that TMEM106B could potentially be linked to 
MAPT as a modifier gene.36

Modifier genes clearly influence how FTD develops, which 
reinforces why it is essential to consider integrating the de-
tection of modifier genes into genetic screening. Currently, 
there are established tests able to examine vast amounts of ge-
nomic data, including whole genome sequencing (WGS) and 
genome-wide association studies (GWAS). While researchers 
have been able to confirm that these tests can be utilized to de-
tect modifier genes, they are typically used in research settings 
rather than as a diagnostic test.37 Although modifier genes are 
more difficult to identify—since they do not directly cause the 
disease—it is still a promising emerging diagnostic test with 
potential to enhance diagnostic results as the field continues 
to evolve. 

Neuroimaging: 
Accurate diagnosis of FTD heavily relies on neuroimaging 

techniques that are able to identify patterns in neurodegenera-
tion. Several neuroimaging techniques are utilized in diagnosis, 
one of the most widely used being magnetic resonance imaging 
(MRI). MRI scans—specifically structural MRIs—are com-
monly used due to their ability to analyze and present brain 
atrophy, which can potentially be used to recognize atrophy 
patterns and link those patterns to a disease.38 For example, 
bvFTD typically exhibits atrophy on the frontotemporal lobes, 
with the right hemisphere often displaying more extensive at-
rophy than the left side.39 For more specific results, clinicians 
often rely on volumetric MRIs—a type of structural MRI—
which provide an analysis of the volume of a particular brain 
region. To analyze the volumes, the scans taken are compared 
to a database of healthy brains of individuals with similar age 
and sex to pinpoint changes in volume. This is an effective 
tool for monitoring neurodegenerative diseases and potentially 
detecting minor changes in brain volume that could otherwise 
be missed.40

Additionally, fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET) serves as a neuroimaging technique used 
in FTD diagnosis, by characterizing patterns of neurodegen-
erative and hypometabolism.41 It is generally used when an 
MRI scan is inconclusive to make a clearer distinction by in-
creasing sensitivity/specificity or providing more information 
on whether the disease is or is not present in an individual. In 
the early stages of dementia, FDG-PET outperforms MRIs in 
sensitivity, while MRIs outperform FDG-PET in specificity.

DOI: 10.36838/IJHSR812.36

Figure 4: Comparison of MRI and FDG-PET Scans for Non-Demented 
Control and FTD Brain. The images captured using an MRI scan 
demonstrate how a brain looks after it has experienced atrophy due to FTD, 
while the images captured using an FDG-PET scan show the metabolic levels 
between the non-demented control and the individual with FTD. The color 
scale located at the bottom of the FDG-PET images indicates that the colors 
closer to 180000 convey a higher metabolic activity, whereas the colors closer 
to 0 imply a lower metabolic activity. Adapted from Chouliaras and O’Brien, 
and Ward et al. Created using Biorender.
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searchers were able to ensure precise spatial alignment, allowing 
for direct comparison across identical brain regions. Quantita-
tive metrics, which refer to the measurable data extracted from 
each type of brain scan, were analyzed using voxel-wise analysis 
and region-of-interest (ROI) methods. These analysis tools es-
sentially allowed the researchers to examine the brain in small 
3D units called voxels, compare each voxel across subjects in 
order to detect subtle differences, and then zoom out to focus 
on larger name-based areas of the brain, such as the frontal 
lobe. Lastly, to verify anatomical consistency across scans and 
subjects, the study used the Automated Anatomical Labeling 
(AAL) atlas. This functioned as a detailed map of the brain, 
which divided the brain into named regions, each with clear 
boundaries. Multimodaling allows for a detailed analysis of the 
combination of data acquired from both scans.44 This method 
is not flawless, but there are promising emerging fields that 
investigate how to further close the gaps of diagnosis, such as 
the use of artificial intelligence to enhance the accuracy of mul-
timodal. 

Artificial Intelligence:
Recent research by Wahul et al. demonstrates that fusion 

of neuroimaging driven by artificial intelligence significantly 
improves early detection and subtype classification of neu-
rodegenerative diseases such as AD and FTD.45 The review 
highlights how multimodal outperforms unimodal, combined 
with the use of deep learning frameworks, achieving diagnostic 
accuracies exceeding 90%. For example, when an electroen-
cephalogram (EEG) machine learning data model was used, 
it reported an 81.1% accuracy in differentiating FTD from 
AD. Another aspect to consider when implementing artificial 
intelligence is its subset, machine learning. A 2025 study inves-
tigated how AI-aided automated brain volume analysis could 
enhance clinical assessment of FTD, including the classifica-
tion of specific subtypes within FTD. The researchers started 
by gathering 104 areas of patients’ normalized regional brain 
volumes using VUNO-Med DeepBrain, an AI-based brain 
volumetrics software.46 Afterwards, a comparative analysis was 
completed to explore the different distributions in regional 
volume to identify FTD subtypes based on atrophy patterns. 
The researchers then input the brain volume measurements for 
healthy controls and FTD into an algorithm called XGBoost. 
This algorithm was used to distinguish between the subtypes 
of FTD. This algorithm resulted in significant differences in 
atrophy patterns to be observed for subtypes such as the behav-
ioral and semantic variants. The classification performance for 
XGBoost yielded an overall 95% confidence interval in accu-
racy, with the lowest percentage of accuracy for differentiating 
between subtypes and normal control at 79-81%.47 Moreover, 
recent multimodal neuroimaging research demonstrates that 
AI-enhanced fusion of MRI, PET, and cognitive datasets 
yields substantially higher diagnostic precision for differentiat-
ing AD and FTD, with deep-learning-based cortical mapping 
outperforming traditional statistical pipelines across multiple 
cohorts.48 Complementary evidence from a 2024 systematic 
review further confirms that machine learning architectures—
particularly those integrating structural, functional, and clinical 

biomarkers—consistently elevate early-stage classification ac-
curacy for neurodegenerative disorders, reinforcing the clinical 
utility of AI-driven diagnostic frameworks.49 These results 
suggest that the usage of artificial intelligence could be ben-
eficial in not just distinguishing subtypes but also between 
neurodegenerative diseases, including FTD and AD. 

Fluid Biomarkers: 
Cerebrospinal fluid (CSF) is a clear fluid that surrounds the 

brain and spinal cord, resulting in one of the most effective fluid 
biomarkers for detecting biochemical changes in brain tissue.50 
This fluid is collected through lumbar puncture, also referred 
to as a spinal tap. The procedure consists of a spinal needle in-
jection between a patient’s vertebrae, passing through the skin 
and tissue.51 After collecting samples of a patient’s CSF, it is 
sent to a lab to examine the proteins found in the fluid. These 
proteins are present in the CSF due to axonal damage or cell 
death, which causes the release of proteins from the neuron 
into the surrounding cerebrospinal fluid.52 Depending on the 
neurodegenerative disorder, this protein and its concentration 
in the fluid may vary. In FTD cases, proteins such as amy-
loid-beta 42 (Aß42), t-tau, which serves as a general marker for 
neuronal damage, and p-tau, a more specific marker of tau pa-
thology, have been widely studied. Researchers have used these 
proteins to differentiate FTD and AD, as CSF Aß42 levels 
were typically found to be lower, whereas t-tau/Aß42 and 
p-tau/Aß42 ratios were higher in patients with AD compared 
with those with FTD. However, while these markers provide 
valuable insight into neuronal damage, there are indicators that 
they are unreliable for FTD diagnosis.53

In addition to Aß42 proteins, neurofilament light chain 
(NfL) proteins have been proven to serve as a potential bio-
marker for FTD. When these proteins were researched in 
relation to each other and compared to determine the overall 
accuracy or AUC for differentiating FTD from AD, Nfl alone 
reported 0.67 AUC, t-tau at 0.89 AUC, and t-tau/NfL ratio 
with an AUC of 0.95. Despite the low AUC for Nfl alone, it 
was noted that the Nfl proteins were able to accurately identify 
neurodegenerative processes that were the underlying causes of 
cognitive symptoms. The results of these two studies indicate 
that Nfl, Aß42, and tau pathology are not reliable biomark-
ers when considered individually. When combined, however, 
they improve the accuracy of differentiating FTD from AD, 
primarily because they reflect the general neurodegenerative 
process. Since their utility lies in identifying neurodegenera-
tion broadly rather than disease-specific mechanisms, they are 
better suited for differentiation than for positively diagnosing 
FTD, as demonstrated by Giuffrè et al.54

Hok-A-Hin et al. investigate this gap in diagnosis by analyz-
ing the CSF proteome on a large scale to identify a biomarker 
that can be utilized specifically for FTD diagnosis. The study 
included CSF samples from patients with FTD, AD, and 
cognitively normal individuals.55 A total of 665 CSF proteins 
were analyzed using proximity extension assays (PEA) and 
data from four cohort groups, which led to the development 
of custom multiplex panels with significant diagnostic capa-
bilities. When a classification analysis followed by internal 
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cross-validation was performed to discriminate FTD from 
healthy controls, this resulted in the creation of two different 
types of panels: the first being a 14-protein panel that distin-
guishes FTD from healthy controls with a 0.96 AUC and a 
13-protein panel that distinguishes FTD from AD with a 0.91 
AUC, which was a subset of the 14-protein panel. These pan-
els included proteins involved in inflammation, oxidative stress, 
and synaptic remodeling. Furthermore, the panels were able to 
outperform or match NfL, which was used as a benchmark 
biomarker, in identifying FTD itself, with the 14-protein pan-
el having an AUC of 0.96 and the 13-protein panel with an 
AUC of 0.91. Although NfL was confirmed to be a stronger 
marker of general neurodegeneration, especially useful for dis-
tinguishing FTD from controls, there are still limitations, and 
the multi-protein panels offer a greater specificity. 

While Aß42, t-tau, and p-tau are prominent biomarkers 
for AD, their inclusion in FTD diagnosis has been proven to 
provide valuable insight into differential diagnosis.55 When ex-
amining NfL, there is strong evidence that it has the potential 
to serve as a sensitive marker of axonal damage and general 
neurodegeneration, as it results in elevated NfL levels. Howev-
er, there are still noticeable limitations in each protein: this is 
where multi-protein panels could potentially be used in order 
to combine the benefits of multiple proteins. In order for the 
panel to be effective in both differentiating and diagnosing, it 
is crucial to include proteins that are specific to FTD pathol-
ogy. Based on current research, the ideal multi-protein panel 
for FTD would include proteins involved in inflammation, 
oxidative stress, synaptic remodeling, neurotransmission, NfL, 
and t-tau. In current published research, panels that contain 
these proteins have achieved AUC values ranging from 0.91 
to 0.96 in distinguishing FTD from AD and provide a wealth 
of information about how FTD affects a certain individual’s 
brain biology, disease progression, and underlying pathology.55 
Incorporating such panels will not only improve the accuracy 
of FTD detection but also facilitate earlier diagnosis, poten-
tially enabling individuals to access supportive care sooner and 
qualify for emerging clinical trials aiming to evaluate targeted 
therapies. 

�   Conclusion 
After analyzing the most effective diagnostic tools for FTD, 

it remains clear that FTD diagnosis is a complex challenge 
due to its heterogeneity and overlap with other neurodegen-
erative disorders. Current research and literature highlight the 
importance of implementing multiple diagnostic tools, such 
as genetic testing, neuroimaging, and body fluid biomarkers, 
to improve accuracy and potentially enable earlier detection. 
Genetic testing is highly reliable as it provides a specificity in 
identifying pathogenic variants, specifically in C9orf72, GRN, 
and MAPT genes, while modifier genes such as TMEM106B 
and SORT1 offer greater insight into an individual's variability 
in disease onset and progression. Neuroimaging techniques, in-
cluding structural and volumetric MRI, as well as FDG-PET 
scans, reveal brain atrophy and hypermetabolism patterns. 
These patterns can be more effectively interpreted through 
multimodal fusion frameworks enhanced by artificial intel-
ligence, which allow for deeper interpretation of brain scans, 
improving diagnostic accuracy. Meanwhile, cerebrospinal flu-
id biomarkers such as NfL, t-tau, and proteins involved in 
inflammation, oxidative stress, synaptic remodeling, and neu-
rotransmission contribute to differential diagnosis. Regarding 
the limitations of the proteins found in cerebrospinal fluid to 
function as a single marker for identifying FTD itself, it high-
lights how multi-protein panels may be the solution, as these 
panels provide a wide range of proteins that are able to mea-
sure a variety of FTD characteristics, exceeding a diagnostic 
accuracy of 90%. Together, these different diagnostic tools and 
approaches reveal a shift towards a more precise diagnosis of 
FTD, with the potential to lead to earlier disease intervention 
and possible personalized care. 

Several emerging fields of diagnosis further expand on the 
diagnostic methods mentioned, but the application and imple-
mentation of these tools in diagnosis are crucial to improving 
FTD diagnosis. Adopting modifier genes into genetic screen-
ing, multimodal imaging into neuroimaging, and multi-protein 
panels into cerebrospinal fluid testing can all be beneficial in 
increasing diagnostic accuracy. Although these tools help cov-
er gaps in diagnosis, they still have their limitations, which is 
why it is pivotal to continue identifying proteins or biomarkers 
that are FTD-specific. Further research into genes, brain at-
rophy and hypometabolism patterns, and proteins, which are 
the underlying causes of neurodegeneration, can substantially 
improve the identification and diagnosis of FTD. 
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ABSTRACT: The purpose of this paper is to investigate the effects of both macroeconomic, political, and social news, as well as 
the COVID-19 pandemic, on Bitcoin's volatility, return, and liquidity using high-frequency data from January 1, 2018, to July 17, 
2025. The paper utilizes 263,946 15-minute observations to reduce microstructure noise and capture responses to different types 
of information. The results indicate that the COVID-19 pandemic has a significant impact on Bitcoin's volatility and liquidity, 
with no statistically significant effect on its average return. Many different types of news are statistically significantly related to 
volatility and liquidity, but not to return. These findings underscore the pivotal role of information flow in shaping cryptocurrency 
market behavior, offering valuable insights for investors, policymakers, and managers.   

KEYWORDS: Economics, Finance, Bitcoin, Sentiment, COVID-19. 

�   Introduction
Cryptocurrencies have gained popularity as an alternative 

investment tool over the past decade due to their transparency, 
security, and low-cost, cross-border transactions. Bitcoin, the 
most influential cryptocurrency, shapes investor sentiment, 
drives overall market trends, and has gained legitimacy through 
adoption by major corporations and institutional investors.1

Volatility is a key indicator in financial markets, playing a 
crucial role in assessing market risk, guiding investment strate-
gies, and pricing financial derivatives. For traders and investors, 
understanding volatility is vital for effective risk management 
and identifying potential opportunities in diverse market con-
ditions.2

Bitcoin’s volatility is a defining characteristic that both at-
tracts and challenges investors. Its sharp price fluctuations 
create significant opportunities for short-term traders, while 
also posing substantial risks for long-term holders. As the larg-
est and most influential cryptocurrency, Bitcoin’s volatility often 
sets the tone for the entire crypto market, influencing investor 
sentiment and capital flows. Additionally, its price swings re-
flect the asset’s sensitivity to macroeconomic events, regulatory 
developments, and shifts in market adoption, making vola-
tility analysis essential for understanding and navigating the 
cryptocurrency ecosystem.3,5 That’s why this paper focuses on 
the relationship between Bitcoin and news sentiment to give 
valuable insight into today’s rapidly evolving financial world, 
contributing to a better understanding of market behavior and 
investor decision-making.

The results show that the COVID-19 pandemic significant-
ly increased bitcoin volatility and liquidity, but had no effect 
on average return. Google trends data are positively related to 
both volatility and liquidity but not to return, suggesting that 
heightened investor attention increases market activity and 
instability without affecting price direction. News sentiment 
is positively associated with volatility but negatively related to 
liquidity, indicating that negative sentiment may trigger great-

er trading participation. Event-based regression indicates that 
political, macroeconomic, and social events have a significant 
effect on Bitcoin market dynamics. These findings highlight 
the critical role of information flow in shaping cryptocurrency 
market behavior. 

This study contributes to the growing literature on volatility 
dynamics of digital asset markets by providing comprehensive 
high-frequency data analytics of how macroeconomic, polit-
ical, and social news affect Bitcoin’s key market indicators. 
While the prior research has often relied on daily (lower-fre-
quency) data, this paper employs intraday data, enabling more 
precise characterization of short-term market reactions. Our 
study takes into account multiple dimensions for information 
flow, including Google Trends as a proxy for investor attention, 
news sentiment as a proxy for investor sentiment, and political, 
macroeconomic, and social news for broader societal attention. 
These findings have practical implications for traders, inves-
tors, and policymakers in understanding volatility patterns. 

�   Literature Review
Various methodologies have been used and applied to in-

vestigate the effect of news on Bitcoin price such as regression 
analysis (Corbet et al.¹; Sapkota et al.²), HAR-RV (Sapkota 
et al.²), AR-CGARCH (Vidal-Tomás and Ibañez³), NARDL 
(Zhu et al.⁴), NLP (Karalevicius et al.⁵), DCC-GARCH 
(Mariana et al.⁷), TVP-VAR (Elsayed et al.¹⁰), ANN (Arratia 
et al.¹¹), Jump Diffusion Model (Philippas et al.¹²), Wavelet 
transformation (Aysan et al.¹⁶), and Quantile Regression (Nai-
far and Altamimi¹⁸). 

The variables used in the literature often varied, including 
Bitcoin (Corbet et al.¹), macroeconomic indicators (Corbet et 
al.¹), news (Sapkota et al.²), (Zhu et al.⁴), S&P 500 (Conlon and 
McGee⁶), Stock Twits (Bouteska et al.⁸), VIX (Elsayed et al.¹⁰), 
ETH (Oraştean et al.¹³), oil prices fake news index (Zhang 
et al.¹⁵), sentiment news (Aysan et al.¹⁶), COVID-19-related 
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variables (Derbali et al.¹⁷), and Google Trends (Aslanidis et 
al.⁹), Gold (Derbali et al.¹⁷).

The studies show that Bitcoin reacts differently depending 
on the type of news. Corbet et al.¹ found that Bitcoin responds 
to unemployment and durable good news but ignores GDP 
and inflation. Vidal-Tomás and Ibañez³ showed that Bitcoin 
reacts mainly to its own events, not economic news. Sapkota et 
al.² and Karalevicius et al.⁵ highlighted that media sentiment 
strongly influences Bitcoin volatility.

During the COVID-19 pandemic, findings were mixed. 
Conlon and McGee⁶ stated that Bitcoin did not function as a 
haven. At the same time, Sapkota et al.² found that Bitcoin and 
Ethereum exhibited nonstationary price behavior, with their 
prices rising as COVID-19 cases and deaths increased. In con-
trast, Mariana et al.⁷ provided evidence of Bitcoin’s short-term 
haven properties. Zhu et al.⁴ suggested that gold effectively 
hedges negative pandemic news in the short term. In addi-
tion, Zhang et al.¹⁵, Derbali et al.¹⁷, and Naifar and Altamimi¹⁸ 
found that COVID-19 media coverage drove short-term vola-
tility in crude oil, gold, and Bitcoin, with risk spreading mainly 
to gold and Bitcoin. At the same time, investor sentiment 
continued to show short-term Bitcoin returns but weakened 
during COVID-19 (Aysan et al.¹⁶).

Finally, studies using Google Trends show that search inter-
est is related to price change, confirming the impact of investor 
attention (Aslanidis et al.⁹; Philippas et al.¹²). Oraştean et al.¹³ 
found that increased search interest often precedes price ris-
es, trading volume spikes, and sentiment shifts. At the same 
time,  Arratia et al.¹¹ argue that it is not consistently reliable, 
yet Google Trends can still reflect demand.

Unlike prior studies relying on daily data, this paper uses 
high-frequency intraday data, providing a valuable perspective 
on news sentiment and the Bitcoin relationship.

�   Methods
Data:
The data consists of intraday data on the closing price of 

Bitcoin from 01/01/2018 to 17/07/2025. The data obtained 
from the Kaggle platform resulted in 263,946 observations. To 
reduce microstructure noise bias, we sample intra-daily returns 
at a 15-minute frequency. 

Google Trends data taken from the Trends web page20 as an 
index showing how frequently the keyword “bitcoin” has been 
searched from 2018 to 2025. It is used as a proxy for investor 
attention. 

The Daily News Sentiment Index data is taken from the 
Federal Reserve Bank of San Francisco19 as an index showing 
the high-frequency measure of economic sentiment based on 
lexical analysis of economics-related news articles. The index 
is described in Buckman, Shapiro, Sudhof, and Wilson and is 
based on the methodology developed in Shapiro, Sudhof, and 
Wilson. It is used as a proxy for investor sentiment to see the 
effect of many different information inflows. 

The political, macroeconomic, and social indices have been 
constructed by the present paper, based on the events listed in 
the Appendix. These indices are dummy variables that take the 
value of 1 on a news day and 0 otherwise.

Model:
Yt = β₀ + β₁Xt + εt

Where Yt is the dependent variable for observation t, which 
refers to realized volatility, average daily return, and average 
daily liquidity. β₀ is the constant term, representing the ex-
pected value of the dependent variable when the independent 
variable is 0. β₁ is the coefficient for the independent variable, 
which is a binary dummy variable for the COVID-19 pan-
demic, which takes 1 during the COVID-19 pandemic and 
0 otherwise. The coefficient shows how much the dependent 
variable changes when the corresponding independent vari-
able changes by 1 unit. εt is the error, which represents the 
difference between the actual value and the predicted value 
from the model. 

�   Results and Discussion 
Descriptive Statistics:

Tables 1a, 1b, and 1c provide descriptive statistics for average 
return, realized volatility, liquidity, and news sentiment for the 
total period, the COVID-19 period, and the Non-COVID-19 
period, respectively. The average return remains the same for 
all periods. There is a slight increase during the COVID-19 
period. However, realized volatility is notably higher during 
the COVID-19 period, confirming the market uncertainty. 
Liquidity also increases during the COVID-19 period, indi-
cating heightened trading activity and market participation. 
The news sentiment was negative during the COVID-19 pan-
demic; this confirms that the pandemic increased uncertainty 
and pessimism in the news.
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Table 1a: Descriptive Statistics for Total Period. This table summarises the 
descriptive statistics of the total sample. The data indicate that the average 
returns are low and that the realised volatility is highly dispersed. This 
indicates that the market is sensitive to periodic shocks over the long run.

Table 1b: Descriptive Statistics During the COVID-19 Period. This table 
summarises the descriptive statistics for the pandemic period. The results show 
that realised volatility reaches its highest average value, while News Sentiment 
declines to its lowest level. This pattern indicates increased market uncertainty, 
highlighting the significant stress experienced by financial markets during this 
period.

Table 1c: Descriptive Statistics During Non-COVID-19 Period. This 
table summarises the descriptive statistics for the non-COVID-19 period. 
Compared with the COVID-19 period, realised volatility declines, while 
News Sentiment remains close to a neutral level. This indicates a more stable 
market environment.
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COVID-19 Analysis:

Figure 1 shows the realized volatility of Bitcoin before, 
during, and after the COVID-19 period. Red dashed lines in-
dicate the start and the end of COVID-19. The figure clearly 
illustrates a significant spike in realized volatility during the 
COVID-19 period compared to non-COVID-19 periods. 
Especially at the end of the pandemic, volatility remained rel-
atively low and stable, indicating standard market conditions.

Figure 2 indicates market liquidity before, during, and af-
ter the COVID-19 period. The graph indicates that market 
liquidity increased notably during the COVID-19 period 
compared to the pre-COVID period. Interestingly, liquidity 
remained relatively high immediately after the COVID-19 
period.

Figure 3 displays the average return before, during, and 
after the COVID-19 period. Especially at the beginning of 
COVID-19, there was a dramatic, huge negative response. 
Moreover, there appears to be no significant difference be-
tween before the pandemic and during the pandemic period. 
However, returns have noticeably decreased in the post-pan-
demic period.

Bitcoin Trends Analysis:

Figure 4 presents the scatter plot illustrating the relation-
ship between average return, realized volatility, and liquidity 
with the Bitcoin trend. The figure shows an overall positive 
correlation among these variables, suggesting that Bitcoin 
trends have a positive effect on realized volatility and liquidity.
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Figure 1: RV during the COVID-19 pandemic. Figure 1 shows Bitcoin's 
volatility before, during, and after the COVID-19 pandemic, with red dashed 
lines representing the beginning and end of the pandemic. Compared to 
non-COVID times, realised volatility increased significantly. Volatility 
decreases and stabilises around the end of the pandemic, indicating market 
normalisation.

Figure 2: Average liquidity during the COVID-19 pandemic. Figure 2 
shows market liquidity before, during, and after the COVID-19 pandemic. 
Results show that pandemic liquidity increased significantly compared to pre-
COVID. Liquidity remains high following COVID-19, suggesting persistent 
trading activity despite market uncertainty.

Figure 4: Relationship between average return, realized volatility, and 
liquidity with the Bitcoin trend. Figure 4 shows scatter plots of average return, 
realised volatility, and liquidity against Bitcoin trends. The results indicate 
an overall positive relationship, suggesting that stronger Bitcoin trends are 
associated with higher realised volatility and increased liquidity.

Panel a: Return vs Trends.

Panel b: RV vs Trends.

Panel c: Liquidity vs Trends.

Figure 3: Average return during the COVID-19 pandemic. Figure 3 shows 
average returns before, during, and after COVID-19. There is no clear 
difference between the pre-COVID and COVID-19 periods. However, 
average returns decline noticeably in the post-pandemic period, indicating 
weaker market performance after the pandemic period.
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an interesting connection between liquidity and trend data. It 
is clear that trend data positively correlated with liquidity, sug-
gesting that the higher level of searching for Bitcoin online 
contributes to higher liquidity. 

The relationship between Bitcoin return, realized volatility, 
and liquidity with News Sentiment is represented in Figure 
5 in Panels a, b, and c, respectively. The scatterplot Panel a. 
shows no clear relationship between average return and news 
sentiment. The scatterplot Panel b. shows a slightly significant 
positive correlation between RV and news sentiment, suggest-
ing that a higher sentiment score is linked to higher volatility. 
The scatterplot Panel c. shows an interesting connection be-
tween liquidity and news sentiment data. It is clear that news 
sentiment data negatively correlated with liquidity, suggesting 
that a higher score of news sentiment is associated with lower 
liquidity. 

Regression Analysis: 

Table 2 presents the results of three different regression mod-
els, where the dependent variables are average return, realized 
volatility, and liquidity, respectively. Each column represents a 
distinct model that explains the variable as COVID-19 Pan-
demic Dummy, which takes 1 from the start of the COVID-19 
Pandemic in this case, March 11, 2020, to July 1, 2022. If the re-
sults are statistically significant at 1% level, as indicated by (***), 
the 5% level, as indicated by (**), and the 10% level, as indicated 
by (*). In Model 1, there is no statistically significant relation-
ship between average return and the COVID-19 pandemic. 
Short-term returns are influenced by a wide range of global 
factors, not just the pandemic. In model 2, the COVID-19 
pandemic is positively associated with realized volatility, con-
firming that Bitcoin became substantially more volatile during 
the crisis. This result is consistent with Elsayed et al. (2022), 
who documented strong volatility spillovers from Bitcoin to 
traditional assets, but contrasts with Mariana et al. (2021), who 
found temporary safe-haven properties. Such divergence high-
lights the sensitivity of the results to the data frequency and 
methodology employed. In Model 3, the COVID-19 pandem-
ic is consistently positively associated with liquidity, suggesting 
that the liquidity of Bitcoin increased dramatically after the 
start of the COVID-19 pandemic. During the pandemic, in-

Figure 5 presents the scatter plot illustrating the relationship 
between average return, realized volatility (RV), and liquidity 
with news sentiment. The figure indicates an overall positive 
correlation between RV and news sentiment, and a negative 
correlation between liquidity and news sentiment, suggesting 
that news sentiment has a statistically significant effect on 
both realized volatility and liquidity.

The relationship between bitcoin return, realized volatility, 
and liquidity with Google Trends is represented in Figure 4 in 
Panels a, b, and c, respectively. The scatterplot Panel a. shows 
no clear relationship between average return and news senti-
ment, suggesting that changes in trends do not systematically 
correspond to changes in average return. The scatterplot Pan-
el b. shows an interesting connection between RV and trends 
data. It is clear that trend data positively correlated with RV, 
suggesting that the higher level of searching for Bitcoin online 
contributes to higher volatility. The scatterplot Panel c. shows 
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Panel a: Return vs News Sentiment. 

Panel b: RV vs News Sentiment.

Panel c: Liquidity vs News Sentiment.
Figure 5: Relationship between average return, realized volatility, and 
liquidity with news sentiment. Figure 5 shows scatter plots of the average 
return, realised volatility (RV), and liquidity against News Sentiment. Panel 
(a) indicates no significant relationship between average return and news 
sentiment. Panel (b) reveals a weak positive association between RV and news 
sentiment, suggesting that higher sentiment scores are linked to increased 
volatility. Panel (c) shows a negative relationship between news sentiment 
and liquidity, indicating that higher news sentiment is associated with lower 
market liquidity.

Table 2: Regression analysis: the effect of the COVID-19 pandemic on 
average return, realized volatility, and liquidity. This table shows the regression 
results. There is no significant effect on average returns. However, the 
pandemic significantly increased volatility and liquidity, suggesting higher 
uncertainty and more trading activity during the crisis.
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In model 1, the coefficient for news sentiment is negative 
but not statistically significant. This means changes in news 
sentiment do not have a significant impact on the aver-
age monthly return of Bitcoin. In Model 2, there is a strong 
positive relationship between news sentiment and monthly 
realized volatility. This suggests that more positive econom-
ic news positively affects volatility. In model 3, interestingly, 
news sentiment is negatively associated with liquidity, indicat-
ing that negative sentiment stimulates higher trading activity. 
This finding is in line with Sapkota (2022), who documented 
sentiment-induced volatility, but it diverges from Karalevicius 
et al. (2017), who emphasized a stronger effect on prices rather 
than liquidity. This contrast highlights the novel contribution 
of our study, which incorporates liquidity as a channel of mar-
ket reaction.

To get more robust evidence, the present paper also estimates 
three additional models, including political, macroeconomic, 
and social indices, in which the events in Appendix 2 are used.

The news indices used in these models were constructed 
based on the events listed in the Appendix. In the political, 
macroeconomic, and social indices, news days are assigned a 
value of 1 while all other days are assigned a value of 0. It is 
obvious that political, macroeconomic, and social news have 
a significant effect on average return, realized volatility, and 
liquidity. The detailed estimation result of the regression anal-
ysis is presented in Attachment 2. Event-based regression 
demonstrates the significant effect of political, macroeconom-
ic, and social events on bitcoin return, volatility, and liquidity, 
respectively. These findings highlight how information flow 
characterizes the behavior of the cryptocurrency market. 

Appendix:

vestors were likely seeking alternative investment options. 
These findings indicate that Bitcoin is one of the alternative 
options for a haven. 

Table 3 presents the results of three different regression 
models, examining how Google Trends (used as a proxy for 
investor attention for public interest) affects the monthly aver-
age return, monthly realized volatility, and monthly liquidity of 
Bitcoin. In model 1, the coefficient for trends is not statistical-
ly significant, meaning changes in public interest do not have a 
significant impact on the average monthly return of Bitcoin. In 
model 2, the positive relationship between Google Trends and 
volatility suggests that increased investor attention amplifies 
market instability. This aligns with Philippas et al. (2019), who 
also emphasized the destabilizing role of media attention, but 
challenge Arratia et al. (2021), who argued that search trends 
are not consistently reliable predictors. Our high-frequency 
evidence strengthens the case for attention-driven volatility. In 
model 3, the result showed a positive and significant relation-
ship between trends and liquidity, which might suggest that 
more attention might lead to more trading activity.

Table 4 presents the results of three different regression 
models, examining the impact of news sentimenHigher val-
ues indicate more positive sentiment, and lower values indicate 
more negative sentiment. 
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Table 3: Regression analysis: the effect of trends on average return, monthly 
realized volatility, and liquidity. This table shows the regression results. Google 
Trends has no significant effect on returns, but has a strong positive effect on 
volatility and liquidity. This suggests that higher investor attention increases 
market uncertainty while also boosting trading activity. 

Table 4: Regression analysis: the effect of news sentiment on average return, 
realized volatility, and liquidity. This table presents the regression results. News 
sentiment has no significant effect on returns, but it significantly increases 
realised volatility and decreases liquidity. This suggests that sentiment-driven 
news heightens market uncertainty while influencing trading conditions.
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Table 5: Regression analysis: the effect of political, macroeconomic, and 
social news on volatility. This table examines the impact of news on realized 
volatility. Most news categories exhibit a statistically significant relationship 
with volatility. Among them, macroeconomic news (Model 2) shows the 
highest explanatory power, indicating that macroeconomic news is a key driver 
of market volatility.

Table 6: Regression analysis: the effect of political, macroeconomic, and 
social news on liquidity. This table examines the impact of news on market 
liquidity. Most news categories exhibit a statistically significant relationship 
with liquidity. While much political and social news negatively affects 
liquidity, several macroeconomic news displays positive effects on liquidity.
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�   Conclusion 
This paper provides robust empirical evidence on the re-

lationship between information flow and Bitcoin market 
behavior using high-frequency data. The empirical evidence 
shows that the COVID-19 pandemic did not significant-
ly affect short-term returns but increased realized volatility 
and liquidity, reflecting heightened uncertainty and increased 
market activity. Google Trends is a significant driver of both 
volatility and liquidity. News sentiment also has a significant 
impact on both volatility and liquidity, but the effect on liquid-
ity is in the opposite direction. 

By incorporating political, macroeconomic, and social events, 
the study further demonstrates that external news events can 
significantly affect cryptocurrency market dynamics. These 
findings contribute to a better understanding of how Bitcoin 
reacts to different types of information. Our findings also sug-
gest that regulators should consider the destabilizing role of 
news sentiment when designing crypto market policies, partic-
ularly as cryptocurrencies become more integrated into global 
financial systems. 

Future research could examine whether similar patterns hold 
for other major cryptocurrencies such as Ethereum, Binance, 
and Ripple. Future studies could incorporate alternative sen-
timent from social media. In addition, instead of regression 
analysis, future studies can use machine learning as a tool to 
examine such cryptocurrencies’ behavior.
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ABSTRACT: As the global demand for multilingual education grows, supporting English Language Learners (ELLs) through 
tools like grammatical error correction (GEC) has become increasingly important. However, most neural GEC models rely on 
large, annotated datasets that are only available for high-resource languages, leaving underrepresented linguistic communities at a 
disadvantage. This study investigates whether a GEC model trained on Korean—a morphologically rich, low-resource language—
can generalize to other languages through cross-lingual transfer. We fine-tuned a pretrained sequence-to-sequence model on 
Korean GEC data. We evaluated its performance on grammatically erroneous sentences in four typologically diverse target 
languages: Japanese, Russian, German, and Thai. Evaluation metrics included the BLEU score and semantic similarity to assess 
both surface-level accuracy and meaning preservation. The model performed best on Japanese, a typologically similar language with 
shared subject-object-verb (SOV) word order and agglutinative morphology, supporting the Typological Similarity Hypothesis. 
Surprisingly, Russian ranked second, despite structural differences, aligning with the Morphological Richness Hypothesis and 
suggesting that deeper morphosyntactic complexity and flexible syntax may enable transfer. German and Thai showed more 
limited transfer, particularly at the surface level. These findings demonstrate that morphologically informed models trained on 
low-resource languages like Korean can serve as effective cross-lingual scaffolds. This approach offers a scalable and inclusive 
strategy for developing GEC tools in under-resourced contexts, with potential applications in education, translation, and language 
learning.

KEYWORDS: Behavioral and Social Sciences, Grammatical Error Correction, Computational Linguistics, English Language 
Learners. 

�   Introduction
As technological development accelerates globally, the im-

portance of multilingual education has grown rapidly. In the 
United States, English Language Learner (ELL) students—
those whose native language is not English—have become 
the fastest-growing student population. The number of ELL 
students in grades 7–12 increased by approximately 70% be-
tween 1992 and 2002. By 2021, ELLs made up 10.4% of all 
public-school students nationwide.7 In California alone, the 
number reached over 1 million, accounting for 18.6% of pub-
lic-school enrollment. However, data from the National Center 
for Education Statistics (NCES) shows that the four-year high 
school graduation rate for ELLs in 2020–21 was only 71%, 
compared to 86% for non-ELLs—a 15 percentage point gap.5 
California's own records indicate similar disparities, with ELL 
graduation rates at 72.4%, compared to 88.7% for non-ELLs 
and 89.2% for reclassified students.6 These statistics underscore 
significant educational inequities and highlight the urgency of 
supporting students learning English as a second language.

One of the key challenges faced by ELL students is diffi-
culty with English grammar, which is directly linked to lower 
academic achievement.1,2 Providing corrective feedback on 
grammar errors can significantly improve writing skills for 
English as a Second Language (ESL) learners. Therefore, 
grammatical error correction (GEC)—the task of detecting 

and correcting grammatical mistakes in writing—has become 
a vital component in supporting ELLs’ academic progress.

Neural network–based GEC systems, in particular, require 
large-scale annotated corpora for effective training. Howev-
er, most existing datasets are available only for high-resource 
languages like English, Chinese, or German. To address class 
imbalance or data sparsity, prior research has often downs-
ampled data by error type or learner group, which can distort 
real-world error distributions and limit model robustness. 
Training GEC systems in low-resource language settings is 
particularly difficult due to the lack of sufficient labeled data.3 
This has spurred interest in multilingual approaches using pre-
trained models that can transfer learning across languages.

Moreover, developing separate GEC models for each lan-
guage is costly and inefficient, requiring expert annotation and 
extensive computational resources. Such language-specific sys-
tems do not scale well.3 In contrast, multitask models capable of 
handling multiple languages simultaneously are more scalable. 
Similarly, pretraining GEC models on data-rich languages and 
transferring them to low-resource languages can significantly 
reduce development cost and time, proving the practical value 
of cross-lingual transfer.4

Therefore, if a GEC model trained on one language can 
generalize well to others with similar grammatical structures, 
it could reduce dependence on language-specific datasets and 
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improve access to educational tools in underrepresented lin-
guistic communities.

This study explores whether a GEC model trained on 
Korean—a morphologically rich, low-resource language—
can effectively generalize to typologically similar languages. 
Specifically, we evaluate its performance on Japanese, which 
shares subject-object-verb (SOV) word order and agglutina-
tive morphology, as well as on other agglutinative languages 
such as Turkish, Uzbek, Kazakh, Finnish, and Hungarian. For 
comparison, we also include typologically dissimilar fusional 
or inflectional languages such as Spanish, French, German, 
and Russian. If the Korean-trained GEC model performs well 
on structurally similar languages, it would reduce the need for 
large annotated datasets in each target language and support 
more inclusive, scalable language education technologies.

Our main research question is:
Can a GEC model fine-tuned on Korean grammatical error 

correction effectively transfer to typologically similar languag-
es?

 We also examine its performance on unrelated languages.
To guide our inquiry, we propose two hypotheses: A GEC 

model trained on Korean will perform better on target lan-
guages that either (a) are typologically similar to Korean (e.g., 
share agglutinative morphology and/or SOV word order), or 
(b) exhibit high morphological richness, even if their surface 
syntax differs.

This study contributes to cross-lingual natural language 
processing (NLP) by demonstrating how a single GEC model 
trained on a low-resource but structurally rich language can be 
extended to other languages. It offers a cost-efficient, inclu-
sive, and scalable approach to multilingual education and error 
correction tools.

�   Methods
We fine-tuned a pretrained sequence-to-sequence model on 

a Korean GEC dataset, then evaluated it on parallel test sets in 
other languages with controlled grammatical errors.

To evaluate cross-lingual generalization, we tested the Kore-
an GEC model on grammatically erroneous sentences in four 
target languages: Japanese, Russian, German, and Thai. 

These four languages were selected to represent a spec-
trum of typological similarity to Korean. Japanese was chosen 
as the most typologically similar language, as it shares both 
SOV word order and agglutinative morphology with Kore-
an. Russian was selected for its complex morphological system 
and partial word order flexibility, offering moderate similarity 
despite being a fusional language. German, also a fusional lan-
guage, was included due to its verb-second (V2) word order 
and rich inflection, making it structurally less similar to Ko-
rean. Finally, Thai was chosen as the most distant language 
typologically—it has subject-verb-object (SVO) word order 
and an isolating morphological structure, with no inflection or 
affixation. Because we had only 3108 sentences of the German 
dataset, we used 3108 sentences to train every four languages. 
To metricize our evaluation, we used semantic similarity be-
tween the corrected output and reference sentences.

For our experiments, we compared two training approach-
es: from-scratch and fine-tuning. In the from-scratch setup, 
we initialized a sequence-to-sequence model using Auto-
ModelForSeq2SeqLM.from_config with the configuration 
of facebook/bart-base, which creates a model with random 
weights and no prior linguistic knowledge. In contrast, in the 
fine-tuning setup, we loaded a pretrained model checkpoint 
specifically trained for Korean grammatical error correction 
using AutoModelForSeq2SeqLM.from_pretrained. This al-
lowed the model to start with extensive knowledge of Korean 
grammar, morphology, and syntax. We used a sequence-to-se-
quence (Seq2Seq) architecture based on the BART model, 
which has shown strong performance across a wide range of 
text generation and correction tasks (Lewis et al.). Seq2Seq 
models are well-suited for grammatical error correction be-
cause they directly map an erroneous input sentence to a 
corrected output sequence. BART, in particular, is pretrained 
using denoising objectives that resemble the GEC task, mak-
ing it an effective backbone for correction models. We selected 
this architecture due to its proven effectiveness in prior GEC 
research and its ability to generalize across languages through 
shared representations.10

�   Results and Discussion 
​To evaluate correction quality, we used several automatic 

metrics. The BLEU score (Bilingual Evaluation Understudy) 
measures n-gram overlap between the model output and a ref-
erence correction, and is widely used in machine translation 
and GEC evaluation.11 Higher BLEU scores indicate closer 
surface-level similarity to the reference.

We also measured semantic similarity using sentence-em-
bedding–based metrics, which estimate how well the corrected 
sentence preserves the meaning of the original reference. This 
metric captures meaning-level alignment even when surface 
forms differ.

Japanese (depicted in Figure 1) achieved strong cross-lin-
gual performance, with a mean BLEU score of 0.4727 and 
a semantic similarity score of 0.8996. Beyond BLEU, addi-
tional metrics such as METEOR and CHRF++ also showed 
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Table 1: Summary of cross-lingual GEC performance across five automatic 
evaluation metrics.

Figure 1: Distributions of BLEU score (top) and semantic similarity (bottom) 
for the Japanese-finetuned model. The histograms illustrate the frequency of 
different BLEU and semantic similarity scores, with the red dashed line and 
text indicating the mean values. The average BLEU score is approximately 
0.4727, while the average semantic similarity is around 0.8996.
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consistently high values (0.7097 and 0.7501, respectively), 
suggesting that both surface-level token overlap and char-
acter-level precision were well preserved. This multi-metric 
consistency strengthens the interpretation that the model’s 
transfer was not limited to n-gram memorization but reflected 
structurally meaningful generalization.

Japanese shares subject-object-verb (SOV) word order 
and agglutinative morphology with Korean, meaning that 
grammatical roles are expressed through explicit morpheme 
stacking rather than rigid word position. This structural 
similarity likely facilitated the transfer of learned correction 
patterns, particularly those involving case marking, tense suf-
fixes, and clause-final predicates. The high concentration of 
semantic similarity scores above 0.9 further indicates that 
sentence-level meaning was reliably preserved, supporting the 
Typological Similarity Hypothesis.

Russian (depicted in Figure 2), despite being typologically 
distinct from Korean in both canonical word order (sub-
ject-verb-object, SVO) and morphological type (fusional 
rather than agglutinative), demonstrated unexpectedly strong 
transfer performance. The model achieved a BLEU score 
comparable to Japanese and high values across METEOR and 
CHRF++, indicating robust lexical and subword-level align-
ment.

The BLEU distribution exhibited greater variance than in 
Japanese, suggesting less stable surface-level correction. How-
ever, semantic similarity scores remained high, with most 
outputs clustering above 0.85. This pattern indicates that while 
exact morphological realization was sometimes imperfect, the 
model preserved core grammatical relations and propositional 
meaning.

This finding lends support to the Morphological Richness 
Hypothesis. Russians’ extensive case marking and verbal in-
flection may provide dense grammatical cues that activate 
structural attention patterns learned from Korean. Moreover, 
Russian’s relatively flexible word order may reduce interference 
from the Korean SOV bias. Together, these factors suggest that 
deep morphosyntactic complexity—rather than superficial ty-
pological similarity alone—can enable effective cross-lingual 
generalization.

German (depicted in Figure 3) showed moderate cross-lin-
gual transfer, with intermediate scores across BLEU, 
METEOR, and CHRF++. While lexical and character-level 
overlap remained relatively stable, performance dropped com-
pared to Japanese and Russian, indicating reduced structural 
alignment. The dispersion observed in the BLEU distribution 
suggests inconsistent realization of surface-level corrections, 
particularly in morphosyntactic agreement and clause struc-
ture.

A key source of difficulty likely lies in German’s strict 
verb-second (V2) word order and its fusional inflectional 
system, which encodes multiple grammatical features—such 
as case, gender, and number—within single morphemes. Un-
like Korean’s agglutinative morphology, where grammatical 
markers are segmentable and sequential, German’s internal 
morphological alternations provide less transparent cues. Fur-
thermore, deviations from Korean’s subject-object-verb (SOV) 
order introduce structural mismatches at the clause level.

Despite these divergences, semantic similarity scores 
remained comparatively high, suggesting that the model re-
tained sentence-level meaning even when form-level accuracy 
decreased. This pattern indicates that semantic abstraction 
may transfer more readily than precise morphosyntactic reali-
zation when typological and syntactic structures differ.

Thai (depicted in Figure 4) exhibited the lowest BLEU 
score among the tested languages, while maintaining moderate 
semantic similarity. Across additional metrics such as METE-
OR and CHRF++, performance remained consistently below 
that of the morphologically rich languages, indicating weak-
er token- and character-level alignment. This pattern reflects 
limited structural transfer.

Typologically, Thai differs substantially from Korean. It fol-
lows subject-verb-object (SVO) word order and is an isolating 
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Figure 2: Distributions of BLEU score (top) and semantic similarity 
(bottom) for the Russian-finetuned model. The histograms illustrate the 
frequency of different BLEU and semantic similarity scores, with the red 
dashed line and text indicating the mean values. The average BLEU score is 
approximately 0.4712, while the average semantic similarity is around 0.8926.

Figure 3: Distributions of BLEU score (top) and semantic similarity 
(bottom) for the German-finetuned model. The histograms illustrate the 
frequency of different BLEU and semantic similarity scores, with the red 
dashed line and text indicating the mean values. The average BLEU score is 
approximately 0.4451, while the average semantic similarity is around 0.8687.

Figure 4: Distributions of BLEU score (top) and semantic similarity 
(bottom) for the Thai-finetuned model. The histograms illustrate the 
frequency of different BLEU and semantic similarity scores, with the red 
dashed line and text indicating the mean values. The average BLEU score is 
approximately 0.4028, while the average semantic similarity is around 0.8781.
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grammaticality, fluency, or naturalness. For example, a cor-
rected sentence may achieve a high BLEU score due to lexical 
overlap with the reference but still sound awkward or unnatural 
to a native speaker. Due to resource constraints and the mul-
tilingual scope of the experiment, human evaluation was not 
conducted in this study. Future work should incorporate hu-
man judgments using structured evaluation protocols, such as 
ratings for grammaticality, fluency, and meaning preservation, 
along with inter-rater agreement measures to ensure reliability.

Second, potential dataset bias across languages may have 
influenced cross-lingual comparisons. Although we controlled 
for dataset size by using the same number of sentences for each 
target language, other properties of the datasets were not fully 
aligned. The distribution of grammatical error types, lexical di-
versity, and syntactic complexity likely varied across languages. 
For instance, one dataset may contain predominantly tense or 
agreement errors, while another may emphasize word-order 
or particle usage errors. Such differences could affect model 
performance independently of typological similarity, making 
direct cross-language comparisons less precise. As a result, the 
observed ranking of languages may partially reflect dataset 
composition rather than purely structural transfer effects.

Third, the analysis did not examine performance by specific 
grammatical error categories. The current evaluation focused 
on aggregate scores, which makes it difficult to determine 
which linguistic features transferred most effectively across 
languages. For example, the model may have performed well 
on case-marking or tense-related errors while struggling with 
word-order or agreement errors in certain languages. With-
out a fine-grained error-type analysis, it is difficult to directly 
test the mechanisms behind the Typological Similarity and 
Morphological Richness hypotheses. Future research should 
include error-type-wise evaluation, using annotation schemes 
such as ERRANT or similar frameworks, to identify which 
grammatical categories transfer successfully and which remain 
challenging.

To address these limitations, future research should: Incor-
porate human evaluation using acceptability judgments, error 
severity scoring, and task-specific fluency ratings, Include ad-
ditional automated metrics such as METEOR (for synonym 
and paraphrastic matching), CHRF++ (for character-level 
precision/recall suited to morphologically rich languages), and 
GLEU or ERRANT for fine-grained edit analysis, Analyze 
error-type-wise transferability, especially to identify which 
grammatical categories (e.g., case, aspect, modality) are most 
or least transferrable across language pairs.8

Finally, the significance of this study lies in demonstrating 
that a GEC model fine-tuned on a morphologically complex, 
low-resource language like Korean can generalize meaning-
fully to typologically diverse languages. This not only lowers 
the data barrier for building educational tools in less-resourced 
contexts, but also opens new directions in cost-efficient, 
multilingual NLP. Suppose the hypothesis about morpholog-
ical richness as a transferable bias holds across other training 
languages. In that case, we may eventually be able to build 
foundational GEC models that serve as cross-lingual scaffolds 
for fine-tuning in dozens of languages with minimal effort.

language with minimal inflectional morphology. Grammati-
cal relationships are expressed primarily through word order 
and function words rather than affixation. As a result, many of 
the morphological cues that the Korean-trained model relies 
upon—such as explicit tense or case markers—are absent. This 
structural gap likely constrained the model’s ability to perform 
accurate form-level grammatical correction.

Nonetheless, semantic similarity scores remained relative-
ly high compared to BLEU, suggesting that propositional 
meaning was often preserved even when surface grammatical 
corrections were imperfect. This divergence between form-level 
and meaning-level metrics reinforces the distinction between 
structural transfer and semantic abstraction. The Thai results, 
therefore, indicate that while morphological richness may 
facilitate transfer, meaning-oriented representations can still 
generalize across typologically distant languages to a limited 
extent.

Our main findings convey that cross-lingual grammatical 
error correction (GEC) is feasible, especially for languages 
that share structural characteristics—such as word order or 
morphological features—with the source language used for 
fine-tuning. The successful case of Japanese and the unexpect-
edly strong performance of Russian indicate that the model 
may have developed language-agnostic correction strategies, 
capable of extending beyond surface-level typological similar-
ity.

Russian performance, in particular, supports this idea. Al-
though typologically distant from Korean, Russian shares 
certain deeper features: morphological richness (e.g., extensive 
case and verb inflections), relatively flexible word order, and 
access to large multilingual corpora. These factors may have 
allowed the model to generalize abstract grammatical roles 
(subject, object, tense) learned from Korean to Russian, even 
if surface structures differ. This finding opens a valuable future 
research direction: to test whether models fine-tuned on other 
morphologically rich languages (e.g., Finnish, Hungarian) can 
likewise transfer effectively to other grammatically complex 
languages, regardless of typological distance.

The potential real-world applications of this approach are 
significant. Suppose a GEC model trained on Korean can 
generalize to languages like Russian, Turkish, or Uzbek. In 
that case, it suggests a cost-effective path toward building 
writing support tools for under-resourced and morphological-
ly rich languages—without requiring large, language-specific 
error-annotated corpora. This could benefit: (1) Digital educa-
tion platforms by enabling multilingual grammar checkers for 
heritage and second-language learners. (2) Governmental and 
institutional communication through improved grammar cor-
rection in machine-translated content. (3) Language learning 
tools, especially in mobile apps or AI tutors, offering personal-
ized correction in a user’s native or heritage language.

Despite these promising results, this study has several lim-
itations that must be addressed.

First, the evaluation relied primarily on automatic metrics, 
including BLEU, METEOR, CHRF++, GLEU, and seman-
tic similarity. While these metrics provide useful quantitative 
comparisons, they do not fully capture human judgments of 
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�   Conclusion 
This study demonstrates that a grammatical error correc-

tion (GEC) model fine-tuned on Korean—a morphologically 
rich, low-resource language—can successfully generalize to 
other languages. The model achieved its highest performance 
on Japanese, which shares the same SOV word order and ag-
glutinative characteristics as Korean. This result supports the 
Typological Similarity Hypothesis, suggesting that greater 
structural similarity enhances cross-lingual transfer.

Notably, the model also performed exceptionally well on 
Russian, a language that is typologically distant but shares a 
high degree of morphological complexity with Korean. This 
finding strongly supports the Morphological Richness Hy-
pothesis, indicating that deep grammatical complexity can 
facilitate transfer even when surface-level structures differ. In 
contrast, German and Thai showed more limited performance 
due to significant structural divergences.

These findings present a cost-effective and scalable ap-
proach for developing GEC tools in low-resource language 
settings. By leveraging the rich morphological features of a 
single source language, this method can reduce the reliance on 
large, language-specific datasets and promote the development 
of more inclusive multilingual education technologies.
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ABSTRACT: We investigate whether the classical Devil’s staircase of the circle map can be deformed—rather than replaced—
by a smooth, localized perturbation. Using Python simulations, we compute rotation numbers from long unwrapped phase iterates 
while plotting dynamics with the wrapped phase, and sweep the driving frequency over [0,1], and visualize time series, staircases, 
and a (Ω,K) rotation-number map. We then add a positive Gaussian bump to the per-step increment to test the staircase’s 
structural robustness. The unperturbed map reproduces the textbook picture: a monotone staircase with prominent plateaus at 
low-order rationals and quasiperiodic rises. In contrast, the perturbed map exhibits a near-uniform global lift of the rotation 
number, suppressing the visible stair-step texture and, near Ω→1, producing an apparent jump toward W≈2. This outcome reflects 
the non-zero mean of the bump, which reparameterizes transport rather than inducing local plateau widening or edge shifts. 
The result is both diagnostic and prescriptive: to study genuine deformation, one must employ wrapped, zero-mean (or drive-
renormalized) perturbations at small amplitude. 

KEYWORDS: Mathematics, Analysis, Dynamical Systems, Chaos, Circle Maps. 

�   Introduction
Nonlinear, dynamic chaos systems frequently reveal intricate 

structures, ranging from fractals to quasiperiodic motions,1 
when analyzed through the lens of an iterated map. Among 
these, Circle Maps emerge as a central focal point, appear-
ing not only as abstract mathematical constructs (such as the 
Mandelbrot) but also in models of sleep regulation, cardiac 
arrhythmias, and other biological systems.2 Circle Maps are 
especially unique, where the transition between periodicity and 
mode locking can be described in terms of fractal gaps that 
form the infamous ‘Devil’s Staircase’.2

A standard circle map serves as a prototype for understand-
ing these behaviors. It illustrates the interplay between rotation 
numbers, Arnold tongues, and the Devil’s staircase.3 As seen in 
Figure 1, the staircase represents the persistence of mode lock-
ing across intervals of the driving frequency, with Cantor sets 
occupying the delicate boundaries where rotation numbers fail 
to lock.4 This duality (continuous but nowhere differentiable 
growth interspersed with plateaus) is a trademark of nonlinear 
dynamics, with direct connections to both mathematical theo-
ry and physical systems.4

In this work, we will extend this framework by introducing 
an iterated Gaussian map perturbation5 into the circle map 
setting. By coupling the Circle map and iterated Gauss map 
structures, we seek to understand how the chaos of Gaussian 
modulation interacts with the rigid skeleton of the Devil’s 
staircase. Specifically, we will investigate whether Cantor-like 
sets and locking plateaus retain their form, fragment into new 
patterns, or exhibit measurable shifts in the distribution of 
quasiperiodic and mode-locked orbits. This comparative ap-
proach will allow us to examine the robustness of circle map 
dynamics against Gaussian perturbations, highlighting the ex-
tent to which classical structures are preserved or transformed. 
This approach also enables a broader investigation into how 
classical bifurcation structures deform under localized pertur-
bations. We will analyze the winding number across perturbed 
and unperturbed systems, compare plateau distributions, and 
track shifts in rational rotation intervals.

�   Methods
The methodology for this research is centered on numer-

ically analyzing the circle map to observe the formation and 
transformation of the Devil’s Staircase. We begin by defining 
the mathematical system under consideration: the standard 
form of the circle map. This is an iterative function defined as:4

θn: The wrapped phase/angle on the circle at the nth step, 
restricted to [0,1), where 1 represents one full turn of the circle. 
This is the quantity shown in time-series plots as the dynamics 
wrap around the circle.
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Figure 1: Traditional Circle Map and Gaussian Map Bifurcation Diagrams. 
As K (our measure of non-linearity) varies, mode-locking regions widen, 
giving way to more chaotic behavior. The Gauss iterative map (here with b=7.5 
while parameter c varies) shows bifurcation cascades.
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Ω: Omega, the driving frequency, is the constant “push” add-
ed each iteration in the circle map. If the map were purely 
linear, θn+1= θn+Ω (mod 1), then Ω would directly set the aver-
age rotation rate. In our experiments, Ω is swept over [0,1) to 
build the Devil’s staircase.

K: The non-linearity coefficient is the parameter multiply-
ing the sinusoidal term. It controls how strongly the system 
deviates from pure rotation; increasing K strengthens the non-
linear distortion, promoting mode locking and widening the 
Arnold tongues where the dynamics lock onto rational rota-
tion numbers.

It is critical to note that we compute rotation numbers using 
the unwrapped phase 𝜙n (the cumulative sum before applying 
mod 1), while plots visualize the wrapped phase θn= 𝜙n mod 1.

A key metric derived from this system is the winding num-
ber or rotation number, denoted by ρ or W, which measures 
the average angular displacement per iteration. It is calculated 
as the long-term average using the unwrapped (non-modulo) 
version of the map to allow total angular accumulation:4

In simulations, this is approximated by tracking a large 
number of iterations (typically 3,000 to 10,000 steps) and 
measuring the total displacement from an initial phase θ₀, of-
ten set at 0.1.

To construct the Devil’s Staircase, we fix the nonlinearity 
K = 1 to place the system in a regime where both locking and 
quasiperiodic behavior are visible.3 We sweep the driving fre-
quency Ω across the interval [0,1] using a fine resolution (e.g., 
1000 samples). For each value of Ω, we simulate the map and 
compute the corresponding winding number. When plotted 
as ρ(Ω), the resulting graph resembles a continuous yet frac-
tal staircase, with flat plateaus corresponding to mode-locked 
behavior (where the rotation number is rational) and rising 
segments corresponding to quasiperiodic behavior (where the 
rotation number is irrational). Referring to Figure 2, these 
visualizations not only capture the underlying dynamical 
behavior but also reveal the Cantor-set-like structure of the 
complement of the plateaus.

The Arnold tongues (regions in the (Ω, K) parameter space 
where locking occurs) are also explored. By fixing a target ratio-
nal winding number and scanning across a grid of (Ω, K) pairs, 
we determine the boundaries within which the system locks 
to that ratio. These locking zones appear as tongue-shaped 
regions emanating from rational points at K = 0, expanding 
outward with increasing K, and often overlapping, which hints 

at complex and chaotic transitions. Though visualizing these 
tongues is more computationally intensive, they are comple-
mentary to the view of the staircase’s origin.

To probe the structural stability of the staircase, we intro-
duce a Gaussian perturbation (bolded)6 to the circle map. This 
results in a modified system:

Here, ‘A’ represents the amplitude of the Gaussian bump, ‘μ’ 
is its center, and ‘σ’ controls its spread.6 This smooth, localized 
distortion is designed to test whether the staircase and its as-
sociated locking zones are robust to small, structured changes. 
We run comparative simulations by varying A, μ, and σ, track-
ing how the winding numbers and staircase plot respond. The 
aim is to detect shifts in plateau positions, disappearance or 
emergence of new steps, or overall degradation of the fractal 
structure. The instantiation of the Gauss map used for this 
paper is as follows:

Hence, the bump of the Gauss map is expressed as:

The computational exploration of the Devil’s Staircase and 
Circle Map dynamics was carried out using a Python-based 
Jupyter notebook.7 The script was structured to compute and 
visualize both the original and modified versions of the circle 
map, analyze their winding number behaviors across param-
eter sweeps, and display the resulting Devil’s Staircase and 
Arnold tongues. In addition, the Spyder IDE was used as our 
interactive development environment.7

The overall coding workflow followed a structured pipe-
line: First, the mathematical functions defining the circle 
map (both standard and perturbed) were implemented using 
NumPy operations. The winding number, then, was estimated 
numerically by simulating thousands of iterations of the circle 
map and computing the average angular displacement. These 
values were collected over a sweep of parameters (e.g., varying 
driving frequency Ω and nonlinearity K) to construct Devil’s 
Staircase plots and two-dimensional Arnold tongue maps.7

The code first iterates the circle map for a fixed value of Ω 
to generate time series plots for both the original and modified 
systems. Next, to construct the Devil’s Staircase, it sweeps Ω 
across the interval [0, 1] using 1,000 evenly spaced points. For 
each value of Ω, the winding number ρ was estimated over 
3,000 iterations by using the unwrapped form of the map, 
hence the lack of modulo:
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Figure 2: Produced Time Series and Devil’s Staircase of standard Circle 
Map in Spyder IDE. The time series demonstrates a characteristic drift-and-
wrap, while the staircase shows clear mode-locking plateaus.
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To complement this, Arnold tongues were visualized by 
computing a heatmap of rotation numbers across a 2D grid of 
(K, Ω) values. For each point on this grid, the map was simu-
lated over 1,000 iterations, and the resulting rotation number 
was recorded. The heatmap shows regions of mode-locking, 
with clearly defined tongues corresponding to rational wind-
ing numbers. This visualization helps highlight the boundary 
between stable (locked) and unstable (quasiperiodic or chaot-
ic) dynamics.

The notebook uses matplotlib to plot all outputs in a clear 
2x3 grid layout, including original and modified time series, 
staircases, and a heatmap of Arnold tongues.

Parameters, such as K = 1.0; Ω = 0.3; initial phase θ = 0.1; 
and 200 time steps, were used consistently throughout the 
simulation.7 This coding structure enabled both qualitative 
and quantitative exploration of how nonlinearity and pertur-
bations shaped the fractal structure of the Devil’s Staircase.

�   Results and Discussion 

Figure 3 summarizes five outputs from our simulations: the 
original circle-map time series (top-left), the Gaussian-per-
turbed time series (top-middle), the Devil’s staircase for the 
original map (top-right), the Devil’s staircase for the modified 
map (bottom-left), and a rotation-number heatmap over (Ω, 
K) (bottom-middle). Unless otherwise stated, we set K = 1.0, 
Ω = 0.3, θ = 0.1, and N-time = 200 for the time series, and for 
staircase/heatmap calculations, we sweep Ω over [0,1] with M 
= 1000 samples and estimated rotation numbers from N-steps 
= 3000N unwrapped iterations.

The unperturbed time series explores a broad portion of 
[0,1) with a characteristic saw-tooth consistent with quasipe-
riodic or higher-period locked motion at K = 1. The associated 
Devil’s staircase Woriginal (Ω) is monotone with visible pla-
teaus at low-order rational numbers (e.g., near 1/6, ¼, 1/3, 
1/2), separated by rising segments. This is the textbook picture: 
mode-locking on the plateaus (rational rotation numbers) and 
quasi-periodicity on the sloped parts. Reading off Ω ≈ 0.3 on 
the staircase gives W in the mid-0.2 to low-0.3 range, which 
agrees with the qualitative cadence seen in the time series at 
the same parameters.

At K = 1, the unperturbed circle map reproduces the ex-
pected mode-locking/quasi-periodic organization: a stepped 

Devil’s staircase and a parameter-space gradient compatible 
with Arnold-tongue structure. Adding the strictly positive 
Gaussian term fundamentally reweighs the dynamics, lifting 
the average step. Empirically, this drives the rotation number 
to ≈ 1 over almost all Ω, effectively suppressing the staircase’s 
fractal detail. Because the bump was not mean-subtracted, it 
primarily biases the mean transport (rotation number) rather 
than producing localized plateau deformation. This demon-
strates that smooth, localized perturbations can induce global 
changes in rotation-number statistics— even when the non-
linearity K remains unchanged— indicating the sensitivity of 
circle-map transport to the sign and amplitude of phase-de-
pendent forcing.

�   Discussion 
In practice, the initial Gaussian bump acted primarily as a 

biasing force that increased the average lift per iterate, pushing 
the rotation number upward across most of the Ω range. This 
is clearest in the modified staircase plot, which sits near W ≈ 
1 for almost all Ω and rises further close to Ω = 1, effective-
ly washing out the stair-step texture that is prominent in the 
unperturbed map. Thus, the experiment revealed an important 
result: adding a bump largely reparametrizes the transport rate 
rather than deforming the geometry of mode locking.

When exploring the deformation of the Devil’s staircase 
with the added Gauss perturbation, we initially hypothesized 
a persisting pattern in the normal Cantor-set visual of a Devil’s 
staircase, and to simply see slight modifications in the plateaus 
(e.g., selective widening/narrowing or slight shifts of specific 
plateaus when the circle map is subjected to a localized bump). 
In practice, the initial Gaussian bump largely failed to produce 
clean deformations. Referring to Figure 4, it instead tended to 
reweigh the average increment per iterate and thereby lift (or 
otherwise bias) the entire rotation-number profile, overpow-
ering the fine structure we hoped to measure. The Gaussian 
perturbation was added directly as a strictly positive term to 
the per-step increment. Consequently, the perturbation con-
tributes a nonzero average lift to the unwrapped iterate, so 
the measured rotation number reflects both the original cir-
cle-map transport and the orbit-averaged contribution of the 
bump. This choice explains why the perturbed Devil’s stair-
case is dominated by a near-uniform vertical shift rather than 
a subtle deformation of individual plateaus. While these ob-
servations are still notable, they leave a lot to be desired: The 
central limitation of this study was our restriction of the per-
turbation to an unwrapped, positive Gauss Map. Our specific 
implementation produced a global lift on the rotation num-
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Figure 3: A cumulative Diagram of Circle Map representations with and 
without Gaussian Perturbation. The bump produces an almost uniform lift of 
the rotation number, suppressing the stair-step structure.

Figure 4: Circle Map with added Gaussian Perturbation, both the time 
series and Devil’s Staircase. The time series orbit is vertically compressed and 
accelerated near 𝜃≈0. This confinement explains the near constant W≈1 seen 
in the staircase.
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These findings have implications both practically and the-
oretically. Such minute perturbations to complex non-linear 
systems cause completely exalt modifications to said systems. 
We have successfully identified the primary causal factor in the 
shape of the Devil’s Staircase: the mean of the perturbation. 
Any transformations to phase-dependent inputs can be made 
globally biased with an added perturbation; A single smooth 
bump can lift an entire rotation system and completely obscure 
its features—it essentially disappears. Our results make such a 
contrast visible: plateaus vs. slopes, locking vs. wandering, ge-
ometry vs. bias. In doing so, they celebrate the Devil’s staircase 
not only as a canonical object of analysis but as a lens on how 
precision in modeling is foundational to the aesthetic of many 
dynamic systems.
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ber and consequently diminished the finer, minute details on 
the Devil’s Staircase (such as selective width changes). As a 
result, our results reflected a baseline translation rather than 
a true “deformation of the staircase”. This, however, is not a 
dealbreaker, as our observations are still informative: It shows 
that even smooth, localized perturbations on the circle modify 
global transport unless their mean is controlled. For staircase 
and Arnold-tongue studies, the correct experimental control 
is not merely using a wrapped bump but using a zero-mean 
wrapped bump (or adjusting Ω) with small amplitude; Hence-
forth, the paper then targets circle-map perturbations with a 
different scope that yielded different results.

Future work may expand on this study by considering a 
wrapped, consistent perturbation that may show some con-
sistency with the nature of the circle map (i.e., Von Mises 
distribution8). These wrapped distributions can also amelio-
rate edge artifacts (found at θ = 0 and θ = 1), and would be 
much more educational on the deformations of the Devil’s 
Staircase topology—specifically its plateaus.

�   Conclusion 
Our study hoped to examine whether a classical Devil’s 

Staircase derived from a circle map could be deformed with 
any added bump map. Through extensive Python-based sim-
ulations, we were able to successfully compute the rotation 
numbers and visualize both the time series behavior and the 
physical Devil’s Staircase. As expected, our unperturbed map 
(at K = 1) reproduced the classical staircase; However, when we 
introduced a positive Gaussian bump to the phase increment, 
the modified staircase exhibited a uniform global lift of the 
rotation number, causing the fine structure of the staircase to 
be suppressed and obscuring higher-order steps.

At W = 2, the composite map exhibits a distinct deviation 
from the canonical Devil’s staircase behavior. This arises be-
cause the Gaussian perturbation interacts nonlinearly with 
the circle map’s inherent periodic forcing, introducing a 
phase-dependent lift that biases the mean rotation number. 
The asymmetry of sampling across the Gaussian bump leads 
to an over-accumulation of phase, producing a measurable up-
ward drift in the staircase. Quantitatively, this can be traced 
through the derivative dρ/dΩ or through the residual differ-
ence ΔW(Ω), both of which display sharp fluctuations around 
W = 2. These deviations signal the loss of self-similarity in the 
staircase, reflecting how localized perturbations can cascade 
into global distortions of the composite map.

Our methodology, specifically the distinction made between 
unwrapped phases and wrapped phases, ensured that no dis-
continuities would be made in the perturbed graphs: That is, 
we used unwrapped phases to accumulate displacement and 
estimate our rotation number, and we used wrapped phases for 
plotting. Fixing K to 1 ensured access to the quasi-periodic re-
gime, and iterating our frequency (Ω) for 3000 samples allowed 
for a reliable estimation of the rotation number. Regarding the 
modified map, a smooth Gaussian bump was added on a per-
step basis. These implementations, and the maps themselves, 
were all simulated in Python to establish replicability (with our 
given parameters and libraries).
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ABSTRACT: Retinal imaging has emerged as a promising non-invasive approach for early Alzheimer’s disease (AD) screening, 
offering a window into neurodegeneration through accessible ocular biomarkers. Concurrently, whereas large vision-language 
models (VLMs) have shown remarkable performance across general visual reasoning tasks, their diagnostic potential for medical 
imaging remains underexplored. In this study, we systematically appraised five VLMs—LLaMA, LLaVA, LLaVA-Med, Qwen, 
and RetinalGPT—for detecting AD from retinal color fundus photographs (CFPs). Using a curated subset of retinal fundus 
images from the UK Biobank (114 CFPs from 107 AD subjects and 115 CFPs from 105 cognitively normal controls), we 
assessed diagnostic reasoning, accuracy, uncertainty ratio, and interpretability. RetinalGPT, fine-tuned on ophthalmic datasets, 
outperformed general-purpose models with higher classification accuracy (59.9%) and F1 score (0.45) while maintaining greater 
medical specificity and confidence. In contrast, general VLMs displayed inconsistent reasoning and excessive uncertainty (up to 
5.34%). Our findings demonstrate the importance of domain-specific fine-tuning of VLMs for routine clinical applications and 
propose a hybrid inference framework leveraging uncertainty-based model selection to balance scalability and screening accuracy.  

KEYWORDS: Medical and Health Sciences, Computer Science and Software Engineering, Artificial Intelligence, Retinal 
Imaging, and Alzheimer’s Disease.

�   Introduction
Alzheimer’s disease (AD) is the most prevalent form of de-

mentia, affecting more than 55 million people globally.1 Early 
identification of individuals at risk of AD has become a top sci-
entific and public health priority, as timely interventions during 
preclinical or mild cognitive impairment stages can mitigate 
disease progression and generate substantial long-term health-
care savings.2 Biomarkers of AD, including amyloid (A), tau 
(T), neurodegeneration (N), and inflammation (I), provide im-
portant diagnostic insights,3 yet their measurement typically 
requires invasive procedures such as lumbar puncture or cost-
ly neuroimaging modalities like magnetic resonance imaging 
(MRI) and positron emission tomography (PET). These lim-
itations underscore the pressing need for noninvasive, scalable, 
and affordable biomarkers that can detect AD-related changes 
earlier and more broadly across diverse populations.

The retina, a direct and accessible extension of the central 
nervous system (CNS), offers a promising window into neuro-
degenerative disorders. In vivo and post-mortem studies have 
demonstrated that retinal neurodegeneration and microvascu-
lar alterations closely mirror cerebral Alzheimer’s pathology.4,5 
Retinal color fundus photography (CFP) enables the safe, 
rapid, and cost-effective visualization of these microstructural 
and vascular features, making it highly suitable for screening in 
primary care, ophthalmology, and community settings. Such 
accessibility positions retinal imaging as an emerging surrogate 
biomarker for AD, providing a method to investigate vascular 
and neurodegenerative changes associated with early AD.6,7

Concurrently, advances in large vision–language models 
(VLMs) have transformed artificial intelligence (AI) research 

by combining visual perception with natural language rea-
soning.8 Originating from transformer architectures, modern 
VLMs such as CLIP, BLIP-2, Flamingo, LLaVA, Qwen-VL, 
and GPT-4V merge image interpretation and linguistic un-
derstanding, enabling models to describe, reason, and converse 
about visual content. These systems have achieved state-of-
the-art performance in tasks including autonomous robotics, 
education, biomedical research, and scientific data interpre-
tation, demonstrating the remarkable power of multimodal 
alignment between vision and language. Building upon this 
paradigm, multimodal foundation models are now reshaping 
computational medicine, supporting tasks such as radiology 
report generation, pathology slide interpretation, dermatologic 
triage, and ophthalmic screening.9–11

In ophthalmology, the field has recently witnessed trans-
formative work in domain-specific vision–language modeling. 
RETFound, a model trained on more than 1.6 million reti-
nal images, demonstrated that foundation models pretrained 
on large ophthalmic datasets can generalize to diverse down-
stream tasks, including diabetic retinopathy and glaucoma 
detection.12 Extending this approach, EyeFM, a multimodal 
eyecare foundation model integrating 14.5 million ocular im-
ages across five modalities with paired clinical texts, achieved 
substantial improvements in diagnostic accuracy and clini-
cal report standardization across multinational cohorts and a 
double-masked randomized controlled trial.13 These studies 
collectively illustrate how domain-tuned VLMs can augment 
clinicians’ diagnostic accuracy and reasoning transparency, 
particularly when jointly trained on multimodal imaging and 
structured textual data.

DOI: 10.36838/IJHSR812.62

RESEARCH ARTICLE

	 ijhighschoolresearch.org



	 63		 63	

Nevertheless, despite these advances, the translation of 
general-purpose VLMs into clinical diagnostics remains chal-
lenging. Models trained predominantly on natural images 
and conversational text often lack medical specificity, consis-
tent factual grounding, and interpretable reasoning. Current 
evidence suggests that clinical deployment demands spe-
cialized instruction tuning and multimodal alignment with 
domain-specific ontologies to ensure safe, explainable, and 
equitable performance.13–15 Addressing this gap, our study ex-
plores how general and domain-specialized VLMs differ in 
their ability to reason over retinal CFPs, offering new insights 
into the frontier between general artificial intelligence and 
clinical expertise.

This study addresses translational gaps by conducting a 
comparative evaluation of five representative VLMs, span-
ning general-purpose architectures and domain-specialized 
clinical assistants, to assess their ability to perform diagnostic 
reasoning on CFPs. Specifically, the models include LLaMA 
2.2–11B–Vision, LLaVA, LLaVA-Med, Qwen-VL, gen-
eral-purpose models, and RetinalGPT, a domain-specific, 
instruction-tuned ophthalmic model. Through this frame-
work, we aim to quantify diagnostic accuracy and reasoning 
reliability across general and domain-tuned VLMs.

Our central hypothesis is that specialized, instruction-tuned 
VLMs trained on ophthalmic datasets will demonstrate com-
paratively stronger diagnostic accuracy, domain coherence, and 
interpretability compared to general-purpose VLMs. We posit 
that aligning multimodal representations with retinal vascular 
and morphological biomarkers enables finer discrimination 
of disease-related features and more clinically intelligible 
reasoning. Retinal imaging thus serves as an ideal testbed for 
evaluating whether modern multimodal AI systems can tran-
scend pattern recognition and perform clinically meaningful, 
explainable inference in AD screening.

�   Methods
Dataset:
The dataset comprised 229 retinal CFPs from the UK 

Biobank16 (http://www.ukbiobank.ac.uk/about-biobank-uk), 
including subjects with AD (114 CFPs from 107 patients) and 
without AD (115 CFPs from 105 subjects). The AD label was 
based on International Classification of Diseases (ICD) codes 
from hospital admission and death records, indicating a defin-
itive clinical diagnosis of dementia caused by AD (Data-field 
42021). The non-AD label was based on the absence of neu-
rodegenerative conditions and other dementias.7 

After image quality control, the dataset primarily included 
one retinal CFP per subject; however, CFPs from both eyes 
were retained for a subset of participants, resulting in paired 
images for 10 non-AD subjects and 7 AD subjects. Each CFP 
was treated as an independent image-level input to the VLMs, 
consistent with common practice in ophthalmic imaging stud-
ies where retinal labels are typically assigned at the eye level 
rather than the subject level.6,7,17

For each input image, we first detected the retina using the 
Hough circle transform and then cropped the mask region to 
minimize the effect of the black background. Afterward, the 

images were resized to 224 × 224 and normalized to (−1, 1). 
Special efforts were made to ensure that none of the CFPs in 
this subset were used in training RetinalGPT. We evaluated 
five VLMs: LLaMA, LLaVA, LLaVA-Med, Qwen, and Ret-
inalGPT. Each model received identical prompts describing 
CFPs and was asked to classify each as AD positive, negative, 
or uncertain. Performance was evaluated using accuracy, F1 
score, uncertainty ratio (UR), and reasoning score (RS). An 
expert neuro-ophthalmologist (OD) qualitatively reviewed a 
subset of outputs to assess accuracy.

Model Selection:
We evaluated five VLMs representing a spectrum from gen-

eral-purpose multimodal reasoning to ophthalmology-specific 
fine-tuning. Each model was selected to capture a distinct axis 
of capability: from text-only baselines extended with vision 
encoders to specialized models trained on retinal data. This 
diversity allows for an assessment of how domain alignment 
and multimodal instruction tuning affect medical reasoning 
performance.

1. Llama 3.2 11B Vision (Large Language Model Meta AI):18 
Llama 3.2 11B Vision serves as a text-centric baseline aug-

mented with a vision adapter layer. Derived from Meta AI’s 
LLaMA ^.2 family, the 11B parameter version integrates 
frozen CLIP-L/14 visual embeddings into the transformer’s 
token stream through a low-rank adapter (LoRA) projection. 
While LLaMA ^.2 itself is designed for instruction-following 
and text generation, the visual encoder enables rudimentary 
image captioning and multimodal grounding. However, this 
architecture remains largely non-specialized for medical im-
agery, lacking domain-specific feature calibration. Its inclusion 
in this study highlights the general language-vision reasoning 
ability of a large but generic foundation model when confront-
ed with CFPs.

2. LLaVA (Large Language and Vision Assistant):19 
LLaVA represents a general-purpose open-source 

multimodal model that tightly couples a visual encoder (CLIP-
ViT-L/14) with a large language model (Vicuna-13B or 
LLaMA backbone). Through visual instruction tuning, a pro-
cess aligning image–text representations with conversational 
supervision, LLaVA achieves strong zero-shot performance 
across reasoning, captioning, and visual question answering 
tasks. Its multimodal training corpus spans over 600,000 hu-
man-annotated instruction–response pairs from diverse image 
domains, providing robust grounding for scene understanding 
and reasoning tasks. LLaVA’s architecture allows it to handle 
fine-grained image–text alignment, but since its data are pri-
marily non-medical, it is expected to generalize broadly but 
not deeply in medical interpretation. In this study, it serves as 
a high-performing general VLM against which domain-tuned 
models can be compared.

3. LLaVA-Med: 20 
LLaVA-Med extends LLaVA’s general architecture into the 

biomedical and clinical imaging domain through multistage 
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instruction tuning on domain-specific corpora such as PMC-
15M, PubMedQA, and MedPix. Following the approach 
described by Li et al.,20 LLaVA-Med integrates approximately 
60K medical image–text pairs covering modalities including 
radiology, pathology, endoscopy, and ophthalmology. The 
model learns to follow diagnostic-style instructions, describe 
anatomical structures, and justify findings in clinical lan-
guage. Its training follows a two-stage strategy: (1) alignment 
f ine-tuning to map visual features from biomedical images 
to the pretrained language space, and (2) instruction tuning 
to learn task-specific reasoning behaviors. LLaVA-Med thus 
provides a strong medical-domain baseline with broader bio-
medical understanding but limited specialization for retinal 
microvascular patterns or AD phenotyping.

4. Qwen-VL: 21 
Developed by Alibaba Cloud, Qwen-VL is a compact and 

computationally efficient multimodal model designed for 
scalable deployment. It combines a Vision Transformer (ViT-
Large/14) with the Qwen-7B or 14B language backbone 
through a cross-attention fusion layer. Despite its lighter ar-
chitecture, Qwen-VL demonstrates competitive performance 
on multiple benchmarks such as ScienceQA, MME, and 
OCR-VQA. Its key strength lies in its dense vision–language 
fusion that supports fine-grained perception of localized fea-
tures, which is beneficial for analyzing vascular morphology in 
fundus images. While not tuned on biomedical data, its strong 
visual attention mechanisms make it a promising general mod-
el for image-anchored reasoning and an efficient candidate for 
downstream clinical adaptation.

5. RetinalGPT: 22 
RetinalGPT represents a domain-specific adaptation 

built for ophthalmic imaging and AD-related vascular bio-
marker interpretation. Building upon an LLaVA-Med base, 
RetinalGPT underwent visual instruction tuning on 38K CFP 
images from multiple ophthalmology datasets, including Mes-
sidor-1,23 APTOS,24 EyeQ,25 IDRiD,26 MICCAI MACC,27 
OIA-ODIR,28 RFMiD,29 and UK Biobank16 (no overlap with 
our evaluation dataset). The tuning pipeline incorporated 
structured instruction–response pairs emphasizing quantitative 
vascular features, such as fractal dimension, vessel tortuosity, 
and branching angle. This specialized alignment allowed the 
model to learn clinically preferred reasoning patterns, e.g., “in-
creased retinal vessel tortuosity and reduced fractal dimension 
correlate with neurodegenerative progression.”

RetinalGPT also employs multi-turn dialogue supervision, 
enabling it to generate coherent, stepwise diagnostic rationales 
rather than single-sentence outputs. This makes it uniquely 
suited for interpretable medical reasoning in retinal image anal-
ysis. In this study, it functions as a specialized and fine-tuned 
model, providing insight into how targeted instruction tuning 
improves domain fidelity and interpretability relative to gen-
eral-purpose VLMs.

Comparative Summary and Conceptual Contrast:
Collectively, the five selected VLMs represent a continuum 

from general foundation systems to domain-specialized clin-
ical assistants, enabling a nuanced evaluation of multimodal 
reasoning transfer.

At one end of the spectrum, LLaMA 2.2–11B–Vision and 
LLaVA embody the general-purpose paradigms that rely on 
large-scale, non-clinical instruction tuning to achieve ver-
satility and compositional reasoning. Their strength lies in 
open-ended visual understanding, but their clinical inferences 
tend to be descriptive rather than diagnostic, reflecting a lack 
of exposure to medically grounded data distributions.

In contrast, LLaVA-Med exemplifies the biomedical in-
termediary, a bridge model that leverages large biomedical 
corpora (e.g., PMC-15M) to achieve robust cross-modal 
alignment within the clinical lexicon. It demonstrates strong 
transfer learning potential for generic medical image inter-
pretation but remains limited in fine-grained morphological 
sensitivity, such as the retinal microvascular abnormalities as-
sociated with AD retinal degeneration.

Qwen-VL occupies a unique position in this taxonomy: 
though trained on general data, its dense vision–text fusion 
architecture and efficient cross-attention design enable high 
spatial precision, making it competitive with larger models de-
spite lower parameter counts. Its performance provides insight 
into how architectural efficiency can partially compensate for 
the absence of domain adaptation.

Finally, RetinalGPT represents the domain-specialized end 
of the spectrum. By fusing ophthalmic imaging datasets with 
structured vascular descriptors and disease-relevant instruc-
tions, RetinalGPT learns to emulate expert clinical reasoning 
patterns. It does not merely classify but can articulate why a 
retinal feature implies a diagnostic outcome, generating trans-
parent justifications aligned with human clinical logic. This 
makes it an effective benchmark for interpretable medical AI, 
a capability essential for real-world deployment in healthcare 
settings.

Together, these five models enable a systematic assessment 
of how instruction-tuning depth, dataset specificity, and archi-
tectural design influence diagnostic performance, uncertainty 
behavior, and reasoning coherence in multimodal medical con-
texts. By positioning RetinalGPT against its general and 
semi-specialized counterparts, this study isolates the contri-
butions of domain alignment to both quantitative accuracy 
and qualitative interpretability, shedding light on the evolving 
boundary between general intelligence and clinical precision. 
Table 1 shows an overview of five evaluated VLM models.

All models were deployed in a secure offline environment to 
ensure data confidentiality. No external API access was used.
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•	 F1 Score (F1): harmonic mean of precision and recall, 
highlighting the balance between sensitivity and speci-
ficity.

•	 Uncertainty Ratio (UR): proportion of cases labeled as 
Uncertain, reflecting the model’s epistemic uncertainty 
and diagnostic confidence.

•	 Reasoning Score (RS): expert-rated scale (1–5) evalu-
ating medical coherence and explanation quality. It was 
automatically evaluated using Mistral-7B.30

For performance evaluation, cases classified as “Uncertain” 
were excluded from accuracy and F1 score calculations, which 
were computed only over images receiving definitive positive 
or negative AD classifications. This approach avoids penaliz-
ing models for appropriately abstaining in ambiguous scenarios 
while enabling fair comparison of diagnostic performance.

Reasoning Score (RS) quantified the clinical relevance and 
diagnostic usefulness of model-generated explanations on a 
1–5 scale. To enable scalable evaluation, RS was automatical-
ly estimated using the Mistral-7B language model, which was 
prompted to act as a biomedical expert and score each explana-
tion according to a predefined rubric (1 = clinically irrelevant 
or uninformative; 3 = partially relevant but weak or uncertain; 5 
= highly relevant and informative for disease assessment).

To contextualize and calibrate this automated evaluation, we 
also qualitatively reviewed representative model outputs and 
corresponding RS values to verify that higher scores reflected 
clinically coherent and diagnostically meaningful reasoning. 
This expert-in-the-loop assessment confirmed that the au-
tomated scoring captured relative differences in explanation 
quality across models. Accordingly, RS is intended as a com-
parative proxy for reasoning quality rather than a substitute for 
formal expert rating or clinical validation.

�   Results and Discussion 
Representative responses generated by the five evaluated 

VLMs when asked to assess whether a retinal CFP indicates 
AD pathology are illustrated in Figure 1 (the top row (a) shows 
an image of a normal control (NC) subject, and the bottom row 
(b) shows an image of an AD patient). The example highlights 
distinct reasoning behaviors and diagnostic limitations across 
models. The general-purpose LLaMA and LLaVA models 
recognized the image as a retinal CFP but failed to provide 
medically contextualized interpretations. LLaVA-Med, al-
though trained on biomedical data, correctly identified the 
ophthalmic nature of the image, yet expressed diagnostic un-
certainty due to insufficient contextual information. Qwen-VL 
demonstrated more structured reasoning by describing retinal 
anatomy and explicitly concluding the absence of AD-related 
lesions, though its explanation remained general. In contrast, 
the domain-specific RetinalGPT produced the most clini-
cally intelligible output, acknowledging the image’s modality, 
its diagnostic scope, and explicitly noting the absence of AD 
biomarkers such as vascular irregularities. Collectively, these 
outputs demonstrate the progressive improvement in domain 
awareness and reasoning specificity from general-purpose to 
ophthalmology-tuned models, underscoring the value of tar-

Experimental Procedures:
Retinal CFPs were standardized to 512 x 512 resolution 

and normalized to (-1, 1) following the protocol described 
in a prior study.7 The experiment pipeline was automated 
with deterministic seeding for reproducibility. In the experi-
ments, each VLM model received the same multimodal input 
prompts containing:

1. A two-dimensional retinal image (CFP).
2. A concise natural-language description (patient age, con-

dition context).
3. A diagnostic query, e.g.:
“Based on this retinal image, is there evidence of Alzhei-

mer-related microvascular abnormalities?”
Each model received identical multimodal prompts describ-

ing retinal images and was instructed to classify each case as:
• Positive (indicative of AD),
• Negative (normal), or
• Uncertain (requires further evaluation).
The “Uncertain” classification was operationalized using a 

rule-based analysis of the models’ textual outputs. An explicit 
classification indicating either positive for Alzheimer’s disease 
(AD) or negative for AD (cognitively normal) was required 
for a definitive label. Model responses that did not clearly in-
dicate either a positive or negative AD classification, such as 
those expressing insufficient information, diagnostic caution, 
or contextual discussion without a conclusion, were classified 
as “Uncertain.”

To ensure interpretability, models were prompted to generate 
both structured classification outputs and free-text justifica-
tions, allowing qualitative assessment of diagnostic reasoning.

Responses were parsed for structured classification outputs 
and free-text justifications. The following metrics were com-
puted:

•	 Accuracy (ACC): proportion of correctly classified im-
ages divided by the total number of images.
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Table 1: Overview of Evaluated Vision–Language Models. The table 
summarizes model architecture, training data, instruction-tuning strategies, 
and specialization level, spanning general foundation systems to the 
retinal domain-specific RetinalGPT. This comparison underscores how 
increasing domain alignment, from generic to ophthalmology-tuned models, 
progressively improves medical interpretability and diagnostic potential.
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The quantitative evaluation of the five VLMs across diag-
nostic accuracy (ACC), uncertainty ratio (UR), F1 score, and 
expert-rated reasoning quality (RS) is summarized in Table 2. 
A consistent performance gradient emerged between gener-
al-purpose and domain-specialized models. 

Among general-purpose models, LLaMA achieved the 
strongest overall baseline, with an accuracy of 53.9%, an F1 
score of 0.21, and an RS of 1.76 ± 0.97, despite a moderate 
UR of 5.34%. This performance suggests that even non-do-
main-tuned VLM frameworks can internalize rudimentary 
diagnostic cues when prompted effectively. LLaVA, another 
general-purpose model with visual alignment, exhibited slight-
ly higher uncertainty (3.49%) and lower accuracy (48.42%), 
but generated more descriptive, albeit less clinically precise, 
explanations (RS = 2.51 ± 1.11).

Introducing medical fine-tuning led to a noticeable im-
provement. LLaVA-Med demonstrated both higher diagnostic 
precision (ACC = 51.79%) and markedly enhanced interpret-
ability (RS = 3.28 ± 1.11), while maintaining a reduced UR 
(2.18%). Its F1 score (0.56) indicates that biomedical adapta-
tion improves both confidence and semantic alignment with 
disease-specific retinal features, though subtle domain mis-
matches remain visible.

The Qwen-VL model, optimized for general-purpose 
multimodal reasoning but without explicit clinical expo-
sure, displayed the lowest uncertainty among all base models 
(1.75%) but also the lowest F1 score (0.02) and modest rea-
soning coherence (RS = 1.60 ± 0.92). This suggests that while 
Qwen-VL achieves stable confidence calibration, it lacks do-
main-relevant contextual grounding for medical inference.

By contrast, the RetinalGPT model—explicitly tuned on 
ophthalmic and neurodegenerative imaging data—achieved 
the best overall performance. It produced the highest accuracy 
(59.91%), lowest uncertainty (0.8%), and a strong reasoning 
score of 3.54 ± 1.57, reflecting both robust diagnostic reliabil-
ity and consistent medical interpretability. RetinalGPT’s F1 
score (0.45) further supports its balanced precision–recall be-
havior, distinguishing it as the most reliable model across both 
diagnostic and explanatory dimensions.

To assess within-subject consistency, we examined VLM 
predictions across paired CFPs from subjects for whom images 
from both eyes were available (10 NC subjects and 7 AD sub-
jects). Predictions across paired CFPs showed varying degrees 
of concordance across models, with domain-specialized mod-
els exhibiting greater sensitivity but also increased variability 
relative to general-purpose models. 

Qualitative analysis further reinforced these trends. Ret-
inalGPT generated concise, pathology-aware explanations 
referencing features such as optic disc pallor, vessel attenua-
tion, and retinal texture abnormalities, patterns consistent with 
AD–related retinal neurodegeneration. In comparison, gener-
al-purpose models like LLaVA and LLaVA-Med produced 
visually coherent but diagnostically ambiguous descriptions, 
while Qwen-VL often misattributed disease likelihood to 
non-medical color or texture variations.

Furthermore, disparities in reasoning scores across models 
indicate that general-purpose VLMs struggle when confront-

geted instruction tuning for clinically reliable multimodal 
inference.

(a)

(b)
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Figure 2: Performance comparison of five vision–language models on 
AD retinal image classification and reasoning tasks using 229 retinal color 
fundus photographs (114 images from AD patients and 115 from cognitively 
normal controls). Models were prompted to classify each image as positive 
for AD, negative for AD, or uncertain. Reported metrics include uncertainty 
ratio (UR), accuracy (ACC), F1 score, and reasoning score (RS). RS reflects 
rubric-guided automated evaluation of explanation quality with expert 
oversight. Results illustrate relative differences in model behavior under 
this experimental framework. RetinalGPT achieved the highest accuracy 
(59.9%), lowest uncertainty, and strongest reasoning coherence, confirming 
that ophthalmic fine-tuning substantially improves diagnostic reliability over 
general-purpose models.

Figure 1: Representative qualitative responses from five vision–language 
models (LLaMA, LLaVA, LLaVA-Med, Qwen-VL, and RetinalGPT) to a 
retinal CFP classification prompt. Each model was asked to assess whether a 
given CFP was positive for AD, negative for AD, or uncertain, and to provide 
a brief explanatory rationale. Panel (a) shows responses for an image from 
a cognitively normal control subject, and panel (b) shows responses for an 
image from an AD subject. These examples highlight that domain-specific 
tuning markedly enhances medical reasoning quality and the clinical relevance 
of generated explanations.
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ed with unfamiliar medical terminology or subtle retinal 
biomarkers, even when producing fluent textual descriptions. 
In contrast, domain-specialized models achieved higher rea-
soning scores by generating explanations that were more 
clinically grounded and internally consistent. This gap in rea-
soning quality highlights the importance of domain-specific 
instruction tuning for reliable medical interpretation and mo-
tivates architectures that selectively leverage specialized models 
when higher-quality reasoning is required.

Across models, uncertainty inversely correlated with accuracy 
(r = –0.76), indicating that uncertainty can serve as a surrogate 
indicator of diagnostic confidence. This suggests potential for 
hierarchical inference pipelines—deploying lightweight gen-
eral models for initial triage and invoking specialized models 
(e.g., RetinalGPT) when low-confidence predictions arise, 
thereby optimizing computational efficiency while preserving 
diagnostic fidelity.

Taken together, these findings indicate that general-purpose 
VLMs, though proficient at image-language alignment, lack 
the precision needed for clinical interpretation. Their tendency 
to produce verbose but vague explanations suggests a deficien-
cy in medically grounded feature understanding. RetinalGPT’s 
comparatively stronger performance highlights the impor-
tance of domain-specific instruction tuning and task-aware 
alignment for medical reasoning. These results parallel prior 
findings in biomedical natural language processing (NLP), 
where adaptation to specialized corpora substantially improves 
factual accuracy.31 

Importantly, within-subject variability across CFPs does not 
necessarily indicate poor model performance. Retinal images 
are commonly labeled and analyzed at the eye level, particu-
larly in large-scale ophthalmic studies such as those focused 
on diabetic retinopathy, where disease manifestations may 
differ between eyes. In this study, labels were assigned at the 
subject level, which may introduce apparent inconsistencies 
when eye-specific retinal features differ. As such, observed 
discordance across paired CFPs should be interpreted as an 
exploratory finding reflecting biological asymmetry, imaging 
variability, and labeling granularity, rather than definitive ev-
idence of model error.

Although the absolute classification accuracies of the eval-
uated VLMs are modest, prior studies using conventional 
convolutional neural networks and deep learning pipelines on 
retinal fundus photographs have reported substantially high-
er performance for AD detection under supervised learning 
settings.7,17 This suggests that the task itself is tractable with 
task-specific architectures, and that the observed performance 
limitations primarily reflect current constraints of general-pur-
pose and instruction-tuned VLMs rather than intrinsic dataset 
difficulty. Importantly, the goal of this study was not to es-
tablish a state-of-the-art classifier or directly compare VLMs 
with optimized traditional machine learning methods, but to 
assess whether domain-specific instruction tuning improves 
diagnostic reasoning, uncertainty behavior, and interpretability 
relative to general-purpose multimodal models under identical 
prompting conditions. The significance of VLM-based ap-
proaches, therefore, lies not in immediate competitive accuracy, 

but in their ability to integrate image interpretation, uncertainty 
expression, and natural-language explanation within a unified 
framework—capabilities that remain difficult to achieve with 
conventional classifiers.

�   Limitations and Future Work 
A relatively limited CFP dataset was used for these models’ 

performance determination. In particular, the relatively small 
sample size may affect the stability of uncertainty estimates 
and cross-model comparisons; therefore, differences in un-
certainty ratios or overall performance should be interpreted 
with caution in the context of potential clinical applicability. 
While RetinalGPT achieved the highest performance among 
the evaluated models, its accuracy remains below the threshold 
required for autonomous diagnostic use. 

Future work will include fine-tuning on larger, multi-center 
AD-derived datasets of CFPs, integrating CNN backbones for 
hybrid inference, and developing explainable AI visualizations 
to further enhance interpretability. It will also be important to 
investigate eye-specific labeling strategies and larger cohorts 
with paired CFPs to better disentangle biological asymmetry 
from model uncertainty and to refine subject-level inference. 
In addition, extending the comparative framework to foun-
dation models like GPT-4V and Med-Flamingo will enable 
broader benchmarking. Finally, model interpretability should 
be evaluated through clinical user studies to assess trustworthi-
ness and adoption feasibility.

�   Conclusion 
This comparative study demonstrates that while VLMs 

hold immense potential for medical imaging analysis, domain 
specialization remains essential for diagnostic reliability and in-
terpretability. RetinalGPT’s enhanced performance highlights 
the benefits of biomedical fine-tuning, whereas general-pur-
pose models exhibit high uncertainty and limited medical 
explainability. Importantly, this study should be viewed as an 
exploratory investigation into the behavior of vision–language 
models on retinal images, rather than a demonstration of a 
deployable diagnostic system. Future work will include direct 
comparisons with traditional deep learning baselines under 
matched data splits, as well as the development of hybrid 
frameworks that leverage uncertainty-aware routing to better 
characterize trade-offs between classification accuracy, multi-
modal reasoning capabilities, and scalable, clinically aligned AI 
systems. This work contributes foundational insights toward 
deploying multimodal foundation models in sensitive clinical 
domains such as AD screening.
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ABSTRACT: Water scarcity is an increasing issue, which is standard across the globe, and compared to the present situation, 
especially problematic in rapidly urbanizing and developed cities like Bengaluru, where unsustainable consumption practices 
accelerate the crisis. This study presents the Chrono Aqua OSR, a mechatronics-based water conservation device designed for 
urban households to promote efficient usage through technological intervention. Powered by an ESP32 microcontroller and 
programmed in C++, the Device operates in five functional modes: Normal, Alert, Regulate, Eco, and Vacation, each tailored to 
monitor, alert, and regulate usage based on real-time consumption patterns. This research explores the device's design, development, 
and authentication through controlled experiments. Parameters, such as impurities and water temperature, were used to assess 
the device's functionality, along with controlled experiments to test the device's modes. Outcomes indicate that the Chrono Aqua 
OSR effectively reduces wastage without compromising user benefits. The system fosters awareness and sustainable habits among 
users by combining behavioral nudges with automated control systems. This research result suggests that the Chrono Aqua OSR 
is a practical and accessible solution for addressing household water overuse in urban areas, and its integration of innovative 
technology with user-friendly design offers a genuine path toward sustainable water use.  

KEYWORDS: Arduino UNO, Chrono Aqua OSR, ESP32 Microcontroller, Mechatronic System, Urban Water Conservation.

�   Introduction
Water scarcity is an escalating global concern. Today, two-

thirds of the world’s population face some sort of water 
shortage, as per the World Health Organisation report (2023). 
Around 2.2 billion people globally lack access to safely man-
aged drinking water.1 As per the World Bank, if the current 
trend continues, the future is not even looking bright because 
global demand for fresh water is expected to exceed supply by 
40% by 2030. As per the UNICEF 2023 report, by 2040, nearly 
1 in 4 children worldwide will live in areas of extremely high 
water stress.2 Coming to India, the challenges are more severe 
as India is home to 18% of the world’s population, but it only 
has 4% of the world's freshwater resources. As per the Central 
Groundwater Board (CGWB), 2023, groundwater levels in In-
dia are declining by an average of 0.3 meters every year.3 Water 
shortage, coupled with pollution, poor infrastructure for har-
vesting rainwater, urbanization, and inefficient water supply, is 
creating severe water stress.4 As per the NITI Aayog report, 
nearly 600 million people in India face high to extreme wa-
ter shortage.5 With the current unchecked groundwater usage 
trends, major urban cities like Delhi, Bengaluru, Hyderabad, 
Indore, and Pune are projected to run out of groundwater by 
2030.6

Urban centers like Bengaluru are facing severe stress on wa-
ter resources due to rapid population growth, urbanization, and 
unregulated consumption design.7 Even with investments in 
a supply-side framework, it constantly requires and surpasses 
accessibility, leading to chronic shortages.8 A specific contribu-
tor to this crisis is the extreme water use in urban households, 
often driven by low awareness, ineffective consumption habits, 

and a lack of effective control mechanisms.9 Existing literature 
highlights various scientific, technological, and behavioral ap-
proaches to water conservation. Smart water meters, automated 
irrigation systems, and leak detection tools have shown prom-
ise in improving efficiency.10 However, many present solutions 
are expensive, difficult to implement, or fail to directly engage 
users in altering their consumption behavior.11

This research gives a new scientific introduction to the 
Chrono Aqua OSR, a mechatronics-based water conservation 
system designed to address these limitations.12 Built on an 
ESP32 platform, the device offers five programmable modes: 
Standard, Alert, Regulate, Eco, and Vacation. These modes 
provide real-time monitoring, feedback, automated flow con-
trol, and leak detection.13 Unlike conventional systems, Chrono 
Aqua OSR directly involves users in the conservation process 
while automating key control functions.14 Future directions for 
Chrono Aqua OSR (NIRI) include integrating advanced AI 
algorithms for predictive analytics, enabling proactive water 
management.15 Enhancing sensor networks for greater ac-
curacy and expanding IoT connectivity will improve system 
responsiveness.16,17 Incorporating renewable energy sources can 
make the system more sustainable.18 Developing user-friend-
ly interfaces and mobile apps will facilitate easier monitoring 
and control for users.19 Additionally, adapting the system for 
diverse urban environments and scaling for large-scale de-
ployment can maximize impact.20 Research into data-driven 
decision-making will further optimize water conservation 
strategies, ultimately creating more resilient and intelligent ur-
ban water management solutions for sustainable cities.21
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This study found that sharing social norms helps homeown-
ers save water more than just giving education. Factors like 
awareness, attitudes, and lawn knowledge also influence their 
willingness to conserve water. Ali, M. et al. 25 discussed that in 
Eastleigh, many households face water shortages. Most lack 
water-saving devices, but using them can reduce water use. 
The study suggests that low-income families should adopt 
water-saving tools, rainwater harvesting, and reuse grey water 
to help save water and manage shortages better.

Objectives:
(1) To find water usage patterns at both household and ap-

pliance levels in urban settings.
(2) To design, develop, and validate the Chrono Aqua OSR 

device as an effective tool for reducing domestic water con-
sumption. This research contributes a novel, scientific, and 
technological solution for urban water conservation by bridg-
ing the gap between behavioral and technological approaches.

�   Methods
Design:
Figure 1 presents the optimization of component selection 

and functional design in the Chrono Aqua OSR device pro-
totype. Primary trials using Arduino UNO and a flow meter 
revealed issues such as fluctuating flow rates and incorrect 
readings due to a shortage of power supply and signal noise, 
necessitating code adjustments and recalibration. In Alert 
Mode, limitations in setting decimal values using the keypad 
were identified, leading to code modifications to enhance input 
accuracy and ensure practical usability during demonstrations. 
This block diagram shows a flow control system that uses an 
Arduino Uno powered by a 9V battery to regulate a motor, 
flow meter, and alarm. The Arduino shows the system status 
on an LCD display while processing flow meter data, con-
trolling the motor, and setting off the alert. The breadboard 
links components for quick construction.

(A)

(B)

Post-Trial Actions Trial 1:
Figure 2 system has been upgraded by integrating a 12V 

DC motor, which provides stable power and enhances water 
flow, ensuring efficient operation. Accurate calibration con-
stant determination is crucial, and it has been experimentally 
calculated to improve the precision of flow measurements, 
with detailed calibration procedures to be documented later. 
On the software front, the code has been modified to accept 
decimal values for setting operational limits, allowing finer 
control and better customization. Additionally, new function-
alities have been introduced, including regulation and eco 
modes, aimed at increasing the device's efficiency and pro-
moting optimal energy use. These modes help in managing 
water flow more effectively, reducing wastage, and ensuring 
sustainable operation. Overall, these improvements contribute 
to a more reliable, precise, and energy-efficient water manage-
ment system, ready for practical implementation and further 
optimization. Outlines the second round of testing, which 
demonstrated improved flow rate stability and accuracy in 
Normal Mode after switching to a 12V DC motor and recal-
ibrating the flow meter (constant = 7.5). Meanwhile, alert and 
regulate modes show correct results, especially with manual 
potentiometer use as shown in Figure 2. An Arduino-based 
flow control system featuring keypad input, a flow meter, a 
motor, a potentiometer, an LCD, an alarm, and a breadboard 
for connections is depicted in this block diagram. The Arduino 
provides system monitoring and flow regulation automation 
by processing sensor data and controlling parts like the motor 
and alarm.

(A)

(B)

Post-Trial Actions Trial 2:
Figure 3 project features an automatic regulation mode, cre-

ated using a parallel circuit with a relay and potentiometers, 
enabling the system to adjust water flow automatically. The 
flow meter is connected to the valve via a half-inch collar with 

DOI: 10.36838/IJHSR812.70

Figure 1: Shows the (A) is block diagram of the 1st iteration of the 
prototype with the Arduino UNO microcontroller, with Normal and alert 
mode functionality. Shows the (B) Circuit diagram of the 1st iteration of the 
prototype with the Arduino UNO microcontroller, with Normal and alert 
mode functionality.

Figure 2: Shows that (A) the improved design integrates a 12V DC motor 
and keypad, enabling better power supply and alert system testing. It marked 
progress in flow accuracy and laid the groundwork for mode development. 
Shows the (B) circuit diagram of the 2nd iteration of the prototype with an 
Arduino UNO microcontroller with Normal, alert, regulate, and eco mode 
functionality.
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an inside diameter thread, addressing dimensional mismatch-
es for secure attachment. Additionally, a vacation mode was 
developed to optimize system performance during extended 
inactivity, automatically blocking water flow to prevent wast-
age. This mode also includes leak detection, enhancing safety 
and efficiency. Overall, these advancements improve system 
automation, reliability, and energy conservation, making it 
suitable for practical and long-term use. Figure 4 shows the 
Image of the 3rd iteration of the prototype. An Arduino-based 
automatic water control system is shown in this diagram. It 
consists of motors, relays, solenoid valves, flow sensors, and 
relays for potentiometers. Using feedback from sensors and 
relays for automation, the Arduino effectively manages water 
flow by processing sensor data, controlling the valve and mo-
tor, and setting off warnings.

(A)

(B)

Post-Trial Actions Trial 3:
Figure 5 depicts the system uses various components for wa-

ter management through different modes. In normal mode, a 
turbine flow meter and display monitor water flow. Alert mode 
uses a keypad and buzzer to warn when limits are crossed. 
Regulation mode employs a servo motor to control water flow 
by adjusting gears and levers. Eco mode also uses a servo mo-
tor to fully turn valves for water conservation. Vacation mode 
activates a servo motor to fully turn valves if a set time exceeds 

one minute, aiding in water savings during holidays. Battery 
management includes lithium-ion batteries, regulators, and 
charging modules to ensure a power supply. The IoT compo-
nent connects the system wirelessly for remote monitoring and 
control. All components function well, and the system is ready 
for deployment in water conservation efforts. Figure 6 shows 
the Image of the 4th iteration of the prototype. This system 
receives input via a keypad, displays data on an OLED, and 
monitors a mechanical flow sensor using an ESP32 microcon-
troller. With the MT3608 module guaranteeing appropriate 
voltage levels for effective operation, it manages a battery-op-
erated servo-motor, buzzer, and voltage booster.

(A)

(B)

Sample:
Table 1 summarizes key details of a survey conducted in 

Bengaluru, India, focusing on various living and institutional 
environments such as schools, apartments, individual houses, 
and hostels. The survey spans three time periods: May 2023, 
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Figure 3: Shows the (A) block diagram of the 3rd iteration of the prototype 
with Arduino UNO microcontroller with Normal, alert, regulate, eco, and 
vacation mode functionality. Shows the (B) circuit diagram of the 3rd iteration 
of the prototype with Arduino UNO microcontroller with Normal, alert, 
regulate, eco, and vacation mode functionality.

Figure 5: Shows the (A) block diagram of the 4th iteration of the prototype 
with ESP32 microcontroller with Normal, alert, regulate, and eco mode 
functionality. Shows the (B) circuit diagram of the 4th iteration of the 
prototype with ESP32 microcontroller with Normal, alert, regulate, and eco 
mode functionality.

Figure 6: Shows the Image of the 4th iteration of the prototype.

Figure 4: Shows the Image of the 3rd iteration of the prototype.
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Data Collection:
The research focuses on assessing current water conservation 

practices through need assessment and data collection, revealing 
critical gaps such as limited data monitoring, low user engage-
ment, and inadequate automation. To address these issues, a 
comprehensive analysis of household water consumption was 
conducted at both macro (household) and micro (appliance) 
levels. An IoT-based flow meter, WeGot™, was installed on 
the main pipeline to monitor real-time water usage, providing 
valuable data via the WeGot™ app for daily and weekly anal-
ysis. This macro-level monitoring captured the overall water 
consumption of a typical three-member household, revealing 
weekly use ranges between 3000L and 5000L, and daily use 
from 400L to 700L.

Figure 7 shows the images from the WeGot application in-
dicating macro data of daily and weekly water consumption 
for a household of 3 people. WeGot is the name of the compa-
ny that makes IoT-based water measurement meters. Images 
from the WeGot application that illustrate macro statistics of a 
household of three's daily and weekly water usage are shown in 
Figure 7. WeGot manufactures IoT-enabled water meters that 
track and display household water usage trends.

May 2024, and May 2025, allowing for a longitudinal study 
of changes or trends over time. Data collection employs both 
calls and in-person meetings, using structured questionnaires 
to ensure consistent and comprehensive information gath-
ering. The target respondents are diverse, including resident 
owners, tenants, students, teachers, nurses, members of hous-
ing society governing bodies, hospital hostel administration 
officers, and utility managers. This wide range of participants 
ensures that multiple perspectives related to housing and in-
stitutional living conditions are captured. Overall, the survey 
design reflects a thorough approach to understanding the 
living environments and community dynamics in Bengaluru 
across different settings and time frames. The table describes a 
survey that was carried out between May 2023 and May 2025 
in Bengaluru, India, with more than 100 participants from 
homes, apartments, and schools. Calls and meetings with resi-
dents, tenants, students, teachers, nurses, society members, and 
utility managers were used to gather data.

Instrument:
Table 2 outlines the key components and specifications of 

an embedded system design centered around microcontrol-
ler technology. The system utilizes either an Arduino UNO 
or ESP32 Wroom microcontroller, both popular choices for 
versatile and efficient processing. A mechanical turbine flow 
meter is included to measure fluid flow accurately. Visual out-
put is managed through a compact 1.3-inch OLED display, 
providing a clear and low-power information display. Actu-
ation is handled by MG995 servo motors and 12V solenoid 
valves, allowing precise control of mechanical movements and 
fluid flow. The power system includes a TP4056 battery man-
agement system (BMS), a rechargeable 18650 Li-ion battery, 
and an MT3608 voltage booster to ensure stable and efficient 
power delivery. User input is facilitated through keypad options 
(4×4 or 8×8) and a buzzer for audio feedback. Connectivity is 
achieved via IoT remote software supported by a chip-enabled 
microcontroller, enabling remote monitoring and control. 
Overall, the system integrates multiple components for robust, 
interactive, and remotely accessible operation. An Arduino 
UNO or ESP32 Wroom microcontroller, a mechanical turbine 
flow meter, a 1.3-inch OLED display, MG995 servo motors, 
12V solenoid valves, power modules such as TP4056 BMS 
and 18650 batteries, a keypad, a buzzer, and Internet of Things 
(IoT) connectivity for remote control are all listed in the table.
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Table 1: Shows that the survey was conducted with more than one hundred 
(100) participants.

Figure 7: Images from the WeGot application indicating macro data of daily 
and weekly water consumption for a household of 3 people. WeGot is the 
name of the company that makes IoT-based water measurement meters.

Table 2: Shows the components used in the system.
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The measurement component provides real-time data on 
water consumption, allowing users to continuously monitor 
their usage patterns. User awareness is strengthened by en-
abling individuals to define customized consumption limits for 
various activities through the IoT interface, thereby empower-
ing them to actively regulate their water use.

Overall, the RTMA system provides an intelligent and 
responsive framework that promotes water conservation by 
informing users, automating control actions, and preventing 
wastage through timely alerts and automatic interventions. 
This integrated approach aims to make household water man-
agement more efficient, sustainable, and user-friendly.

Table 4 explains the functional specifications of the five 
operational modes in the Chrono Aqua OSR device. Each 
mode, Normal, Alert, Regulate, Eco, and Vacation, is designed 
to enhance water conservation by offering real-time monitor-
ing, usage alerts, automated flow control, and leak detection, 
tailored to different household scenarios and user needs. De-
scribes the Chrono Aqua OSR device's five operating modes, 
which are all intended to maximize water use and minimize 
waste. These modes include normal monitoring, alarms for 
overuse, automated control, environmental conservation, and 
leak protection during vacations.

Flow Rate and Calibration Formula:
The flow rate in liters per hour is calculated by multiply-

ing the pulse count by 60 and dividing by the calibration 
constant. This formula converts pulse signals into an accurate 
measurement of water flow, allowing precise monitoring and 
calibration of flow sensors for effective water management.

(1)

Rearranged to f ind Calibration Constant:
To determine the calibration constant, divide the pulse 

count multiplied by 60 by the known flow rate in liters per 
hour. This helps calibrate the flow sensor, ensuring accurate 
measurement by relating pulse signals to actual flow, essential 
for precise flow monitoring and control.

(2)

�   Results and Discussion 
The Chrono Aqua OSR (NIRI) is an innovative mecha-

tronic system designed for smart urban water conservation. It 
integrates real-time data monitoring and control to optimize 
water usage efficiently. Utilizing sensors, IoT technology, and 
customized algorithms, it dynamically adjusts water flow based 
on demand, reducing wastage. This system enhances sustain-

The data highlighted consumption patterns and areas 
needing conservation. Micro-level data, collected using stop-
watches and graduated containers, focused on key outlets like 
showers and dishwashers, showing high flow rates and signif-
icant wastage, especially from the RO system, which wasted 
70.6% of the water used. This resulted in an estimated wast-
age of 48L daily, emphasizing the urgent need for targeted 
interventions. Additionally, public perception surveys were 
planned to understand consumer behavior and awareness re-
garding water conservation. Building on these findings, the 
research proposed the RTMA (Real-Time Measurement and 
Alert) system, designed for micro-level flow measurement, 
instant alerts, and automation based on user-defined thresh-
olds. Experiments confirmed the system's initial functionality, 
establishing a baseline for further development, though flow 
stability limitations were observed. Overall, this research pro-
vides a foundational understanding of household water use 
and highlights opportunities for technological solutions to en-
hance water conservation efforts.

Table 3 shows the microdata collection on water outflow 
rates and consumption estimates at key household usage 
points, indicating maximum water utilization at the points of 
shower, dishwashing, and RO water reject. The table provides 
microdata on water flow and utilization at important resi-
dential locations, emphasizing RO water waste, showers, and 
dishwashing. It highlights the significance of effective water 
management in domestic activities by displaying flow rates, 
consumption estimates, and notable water waste.

Data Analysis:
The Real-Time Measurement and Alert (RTMA) system 

is a rule-based framework designed to enhance household wa-
ter conservation through IoT-enabled technology. The system 
integrates predefined operational rules, connected hardware 
components, real-time measurement capabilities, and user 
awareness mechanisms to enable proactive water management.

The operational rules include:
1. Setting alerts for predefined water usage limits,
2. Regulating flow by reducing supply once a specified 

threshold is reached,
3. Automatically blocking water flow beyond a maximum 

consumption limit, and
4. Activating an auto-block mechanism in response to leak 

detection.
These rules are implemented through appropriate IoT-en-

abled tools and hardware components, which are systematically 
tested and refined during experimentation to ensure reliable 
and accurate performance.
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Table 3: Shows the Micro data collection on water outflow rates and 
consumption estimates at key household usage points, indicating maximum 
water utilization at the points of shower, dishwashing, and RO water reject.

Table 4: Shows the five operational modes in the Chrono Aqua OSR device.
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ability by providing precise control and promoting responsible 
water management in urban environments. Its adaptability 
allows for integration into existing infrastructure, making it 
suitable for diverse applications. Chrono Aqua OSR (NIRI) 
exemplifies advanced technological solutions for addressing 
water scarcity challenges, contributing to smarter, eco-friendly 
urban water systems.

The experimental methods evaluate the Device's perfor-
mance under different variable conditions. The key variables 
studied are:

•	 Variable 1: Impurities in water
•	 Variable 2: Temperature of water
•	 Variable 3: Calibration of the Device

Experiment 1: Effect of Impurities in Water:
Experiment 1 investigates how impurities like salt and dirt 

affect water flow rate. The variable is the presence of impuri-
ties. The aim is to determine whether impurities impact the 
flow rate, helping to understand how water purity influenc-
es the performance of flow measurement instruments. Two 
vessels were prepared, each containing 2 liters of water. One 
vessel held clean water, while the other contained water mixed 
with impurities, including a tablespoon of salt and some dirt. 
The prototype device was first tested with clean water, where 
the time required for 0.1 liters of water to flow through was 
measured and recorded. This measurement was repeated three 
times to minimize fluctuations and ensure accuracy. The same 
procedure was then conducted using the impure water, with the 
time and speed for 0.1 liters of flow carefully noted. Finally, the 
results from both setups were compared to analyze the effect of 
impurities on water flow speed and timing. Table 5 shows the 
flow measurement values for normal water. Over the course of 
three tests, the flow measurement data reveal normal water flow 
with varying speeds between 3.5 and 3.9 liters per hour. The 
duration varied between 1 minute 30 and 1 minute 40 seconds, 
suggesting steady flow rates under typical circumstances. Table 
6 shows the flow measurement values for impure water. The 
impure water flow measurement shows somewhat lower flow 
rates, between 3.38 and 3.4 liters per hour. The timings, which 
varied from 1 minute 40 to 1 minute 47 seconds, demonstrated 
a steady but slightly lower flow than typical water, most likely 
as a result of contaminants influencing flow efficiency.

Initial fluctuations in the device's performance were caused 
by the inconsistent and variable power supply from a 9V battery. 
The issue was resolved by replacing it with a 12V DC motor. 
The overall speed of the prototype was relatively low because 
the 9V battery's limited power was divided among multiple 
components, including the flow meter, relay, and buzzer. In 
the experiment with normal water, the water flow remained 

steady, with consistent speed and timing across repeated tests. 
During the experiment with impure water, the results of Test 1 
closely matched those observed with normal water. From Test 
2 onwards, a slight buildup of impurities was noticed inside the 
motor and pipe, causing a slight decrease in flow speed and a 
slow increase in the time taken for water to pass. This buildup 
continued to increase in Test 3, further affecting the flow rate 
and timing.

Impurities in Water:
The effect of impurities in water on the Chrono Aqua OSR 

device was studied by comparing clean and impure water (con-
taining salt and dirt). The results indicated that impurities 
significantly impacted the flow rate and speed through the de-
vice. A reduction in flow speed of approximately 0.1 L/h was 
observed when 0.1 liters of water were passed through the pro-
totype, with a time variation of 5 to 7 seconds. The buildup of 
impurities in the flow meter and pipes caused a slight decrease 
in the water flow.

Experiment 2: Effect of Water Temperature on Flow and 
Speed:

To find the influence of water temperature on the flow rate 
and speed, three trials were conducted using hot (45°C), luke-
warm (35°C), and cold (20°C) water. The results showed no 
significant flow rate or water speed change across the three 
temperatures. Small variations of 2–3 seconds in flow time 
and a 0.1 L/h change in speed were recorded in the Device, 
indicating that the Chrono Aqua OSR device operates effi-
ciently across a range of typical household water temperatures. 
The slight changes could be attributed to the expansion of 
the flexible pipe under higher temperatures, affecting the flow 
characteristics.

Table 7 shows that hot water at 45°C recorded the fastest 
flow speed at 3.6 L/h, while cold water at 20°C had the slowest 
at 3.4 L/h, suggesting that higher water temperatures slightly 
improve flow efficiency due to reduced viscosity. The complete, 
functional Chrono Aqua OSR device. It demonstrates com-
pact integration of all electronics and mechanical components 
for household installation. The data shows that flow speed 
drops marginally from 3.6 to 3.4 liters per hour as water tem-
perature drops from 45°C to 20°C. Lower temperatures result 
in a modest decrease in flow rate and efficiency, as indicated by 
the corresponding slight increase in flow time.

Experiment 3: Effect of Flow Meter Calibration on Accuracy:
The flow meter was connected to a microcontroller (Ardui-

no UNO). The flow meter's 5V and GND (ground) pins were 
attached to the corresponding pins on the Arduino, while the 
signal pin was connected to a designated digital input pin as 
specified in the code. A program was then written and up-
loaded to the Arduino, designed to count the number of pulses 
generated by the flow meter over a fixed time interval. A grad-
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Table 5: Shows the flow measurement values for normal water.

Table 6: Shows the flow measurement values for impure water.

Table 7: Shows the effect of water temperature on flow time and speed, 
showing a slight decrease in flow speed as water temperature decreases.
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uated container was used to pre-measure exactly 0.1 liters of 
water to ensure consistency across trials.

The water flow was initiated and stabilized before pulse 
counting began. Once the flow was steady, pulse counting start-
ed simultaneously with a timer, allowing the flow to continue 
until exactly 0.1 liters of water had passed through the meter. 
Figure 8 summarizes the results of experiments assessing the 
impact of impurities, temperature, and calibration on device 
accuracy. It visually supports the reliability of performance un-
der variable conditions. After the experiment, the number of 
pulses and the time taken for the flow of 0.1 liters were record-
ed. Flow rate is calculated as (Pulse Count × 60) divided by 
the calibration constant, converting pulses per minute to liters 
per hour. Rearranged, the calibration constant is (Pulse Count 
× 60) divided by flow rate. Given pulses per minute (0.43) and 
flow rate (3.5 L/h), the calibration constant is 7.5. Figure 8 
(A) demonstrates that when impurity levels rise, water flow 
velocity falls. Impure water has the lowest flow rate, whereas 
normal water has the greatest. This suggests that contaminants 
obstruct water flow, resulting in a steady decrease in flow rate 
throughout tests, with the most notable decrease seen in the 
most contaminated sample. As the temperature lowers from 
hot to cold, Figure 8 (B) illustrates how the water flow speed 
falls. In every test, hot water has the fastest speed and cold 
water has the slowest, suggesting that lower temperatures cause 
water to flow more slowly. The pattern holds for several tests.

(A)

(B)

Mode 1- NORMAL: Experiments to test flow rate and value:
Table 8 experiment with 9V external battery flow rate of 

pump shows inconsistent water flow rates ranging from 3 L/h 
to 7.5 L/h over 30-second intervals. These fluctuations indi-
cate that a 9V external battery does not provide stable power to 
the pump, leading to unreliable and varied flow measurements. 
Inadequate power supply causes unstable and reduced water 

flow. While Arduino UNO provides 5V, it’s not a reliable term. 
Using an external battery via breadboard or a 12V DC motor 
ensures a stable power source, improving flow consistency and 
device performance for better results. Water flow was measured 
in the experiment using an external 9V battery. Tests 1 and 
2 recorded 3.6-4 L/h, 6-7.5 L/h, and 3-3.8 L/h, respectively. 
Various water flow behaviors with the battery configuration 
were shown by the various flow rates throughout testing.

Table 9 experiment with 12V external DC battery flow rate 
of pump demonstrates a significantly improved and more sta-
ble water flow, with flow rates ranging from 30 L/h to 35 L/h. 
A 12V external DC battery provided sufficient and consistent 
power, minimizing fluctuations and ensuring reliable pump 
performance across all tests. The flow speed had increased, 
but fluctuation was still observed. Modifications in the code 
were made to cancel false pulses from any external noise. Water 
flow was measured in the experiment using a 12V DC battery. 
While Test 2 fluctuated between 30 and 35 L/h, Tests 1 and 3 
consistently displayed 30 L/h. The outcomes show steady flow 
rates with minor variations, indicating how well the battery 
powers the water flow system.

Table 10 experiment after code modifications using a 12V 
external battery confirms the success of the code optimiza-
tion in achieving consistent flow measurements. All three tests 
showed a stable and uniform water flow rate of 30 L/h, in-
dicating that software adjustments effectively eliminated false 
pulses and fluctuations. The flow rate is the same in different 
trials after changing the code and the power supply. Water flow 
was consistent in the modified code experiment using a 12V 
external battery. For 30 seconds, a constant flow rate of 30 L/h 
was measured in all three tests. Following code modifications 
with the 12V power source, these findings show increased sta-
bility and dependability in water measurement.

Table 11 experiment to measure actual flow rate and water 
outflow reveals a discrepancy between the displayed flow rate 
and the actual volume of water measured using a graduated 
container. Although the flow rate consistently showed 30 L/h, 
the actual outflow was 0.5 L in each trial, highlighting inac-
curacies likely due to incorrect calibration constants or sensor 
sensitivity, necessitating recalibration for improved accuracy. 
The experiment measured actual water flow over 60 seconds, 
with a consistent flow rate of 30 L/h. The total volume varied 
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Table 8: Shows the experiment with a 9V external battery.

Table 9: Shows the experiment with a 12V External DC battery.

Table 10: Shows the experiment after code modifications using a 12V 
external battery.

Figure 8: Shows the (A) and (B) are graphical representations of experiments 
with variables. (A) demonstrates that when impurity levels rise, water flow 
velocity falls. Impure water has the lowest flow rate, whereas normal water has 
the greatest. As the temperature lowers from hot to cold, (B) illustrates how 
the water flow speed falls. In every test, hot water has the fastest speed and 
cold water has the slowest, suggesting that lower temperatures cause water to 
flow more slowly.
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between 0.8 and 1.2 L, but the actual water flown was about 
0.5 L in each test. This indicates some measurement discrep-
ancies, but overall flow consistency.

Observation: Inaccuracy of the flow value displayed on the 
LCD, while the actual water outflow was the same

Solution: The calibration constant was 7 (as per data sheets). 
After experimentally calculating the calibration constant. New 
calibration constant- 7.5.

Table 12 presents an experiment to verify the water outflow 
display value using a new calibration constant (7.5), which 
demonstrates improved accuracy in flow readings. After reca-
librating the flow meter using a constant of 7.5, the displayed 
water flow closely matched the actual measured volume in all 
tests, confirming that the calibration adjustment successful-
ly corrected previous discrepancies. The experiment verified 
water outflow readings with a new calibration constant over 
60 seconds. Displayed flow was around 30 L/h, matching the 
actual 0.5 L displaced in tests. Minor discrepancies suggest 
calibration improved accuracy, ensuring reliable water flow 
measurement.

Result: The flow rate is constant; the Water flow value dis-
played is correct and consistent.

Mode 2 – ALERT MODE:
Table 13 experiments to test alarm activation after preset 

water limit confirm that the alarm system reliably activates af-
ter reaching the preset threshold. In both tests, the alarm rang 
exactly after 1 liter of water was used, with consistent flow rates 
of 30 L/h, validating the mode’s accuracy and responsiveness 
in real-time monitoring. A minor fluctuation was observed in 
the value of water outflow. The test checked alarm activation 
after reaching a 1 L water limit. The alarm sounded after 120 
seconds at a flow rate of 30 L/h, with 1 L displayed and flowed. 
The system successfully triggered the alarm upon reaching the 
preset water volume.

Table 14 shows an accuracy check of the alert mode for a 
0.1-liter limit, demonstrating that this device's alert system 
performs with high precision at small volumes. In both tests, 
the alarm triggered close to the preset 0.1 L threshold, with the 
actual flow ranging from 0.1 L to 0.12 L, confirming reliable 
detection and minimal deviation in real-time usage conditions. 

The accuracy check for alert mode tested activation at a 0.1 
L limit. The alarm triggered within about 12-13 seconds at 
30 L/h flow, with displayed and flowed water close to the set 
limit. Results indicate the alert mode reliably detects near-limit 
water volumes.

Mode 3- REGULATION MODE: Experiment with the reg-
ulation system:

The setup was done to manually regulate the flow after a 
limit was reached using a potentiometer. A parallel circuit with 
relays and potentiometers was utilized to make the system au-
tomatic. Table 15 shows the effectiveness of automatic water 
flow regulation in the regulate mode, demonstrating that the 
system successfully reduces the flow rate once the preset limit 
of 0.5 liters is reached. In all three tests, the flow dropped from 
30 L/h to approximately 15–16 L/h after 60 seconds, leading 
to a moderate total water volume (around 0.75–0.78 L), thus 
validating the effectiveness of the automatic regulation mech-
anism in conserving water beyond the set threshold. The result 
is regulation mode is functioning well. The effectiveness test 
assessed automatic water flow regulation at a 0.5 L limit. The 
alarm activated after 60 seconds at 30 L/h flow, with displayed 
and actual water volumes matching exactly. This confirms that 
the regulation mode accurately maintains and detects the set 
water volume.

Mode 4- Eco mode (1) - Set up a limit of 0.1 L using a solenoid 
valve and relay:

Table 16 shows the performance of the eco mode auto water 
cut-off after the preset limit, illustrating the Device's ability to 
stop water flow once the 0.1-liter limit is reached automati-
cally. In all three tests, the flow rate of 30 L/h was consistently 
cut off within 13–14 seconds, confirming the eco mode's effec-
tiveness in enforcing timely water conservation. The result is 
eco mode is functioning well, as water flow stops after 0.1 L in 
14 sec. The eco mode auto cut-off test showed water flow re-
duction after 60 seconds at a 0.5 L limit. Flow decreased from 
30 L/h to around 15-16 L/h, with total water usage around 
0.75-0.78 L. This demonstrates effective automatic regulation 
to conserve water after reaching the preset limit.

Table 11: Shows the experiment to measure the actual flow rate and water 
outflow.

Table 12: Shows the experiment to verify the water outflow display value 
using the new calibration constant.

Table 13: Shows the test alarm activation after the preset water limit.

Table 14: Shows the accuracy check of the alert mode.

Table 15: Shows the effectiveness of automatic water flow regulation in the 
regulation mode.

Table 16: Shows the performance of the eco mode auto water cut-off after 
the preset limit.
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Mode 5- Vacation mode preset threshold leakage amount of 1L 
in the code:

Table 17 explained detected continuous water flow (simu-
lating a leak) and automatically blocked it after approximately 
120–121 seconds at a flow rate of 30 L/h. This confirms the 
vacation mode's reliability in preventing water loss during 
prolonged user absence. Result: water leakage stopped after 2 
minutes (120 seconds); the quantity of water leaked is 1 liter. 
The test detected continuous water flow at 30 liters/hour. Wa-
ter flow persisted for approximately 120-121 seconds before 
stopping, demonstrating the system’s ability to monitor and 
detect continuous water flow effectively. This indicates reliable 
performance in identifying sustained water movement.

Pilot study:
Table 18 explains reduced water usage and billing after in-

stalling the NIRI instrument as a part of a pilot study in April 
and May of 2025. Water usage dropped by 4,537 liters from the 
month of March to May, saving approximately ₹504.21, with 
additional daily savings from leak control, indicating NIRI's 
effectiveness in promoting conservation and lowering utility 
costs. Figure 9 shows the comparative analysis of water usage 
and Bill (with and without NIRI). Installing the NIRI instru-
ment reduced water usage and bills. In April and May, water 
consumption dropped significantly compared to March, saving 
around 3,749-4,537 liters and ₹265-₹504 monthly. Daily sav-
ings of 125 liters were achieved, with NIRI active, indicating 
effective water conservation. The figure explains that water us-
age and bills significantly decreased after installing the NIRI 
device. From March to May, water consumption dropped from 
19,429 liters to 14,892 liters, and water bills reduced from 
₹2,142 to ₹1,638, demonstrating effective water conservation 
and cost savings with the NIRI system.

Table 19 shows the inferred annual water and cost saving 
potential of the device, highlighting that by saving 200 liters 
per day through optimized shower use and leak control, a 
household can conserve up to 73,000 liters annually, resulting 
in an estimated ₹8,030/year (100 USD) in cost savings. This 
demonstrates the significant impact of the device in reducing 
both water consumption and utility expenses. The device’s 
inferred annual savings indicate a potential of saving 73,000 
liters of water and ₹8,030 (about $100 USD) in costs. By con-
trolling leaks and optimizing water use in showers and main 
lines, significant water and money can be conserved annually.

Table 20 shows the projected large-scale impact of device 
deployment. This table illustrates the broader effect of imple-
menting the device across 1,000 households (from 10 cities 
× 100 societies × 10 houses each). It projects an annual wa-
ter saving of 73 million liters, translating to a cost saving of 
₹8,000,000 (approximately USD 93,848). All images empha-
size the substantial environmental and economic benefits of 
scaled adoption. Implementing the device in 1,000 households 
across 10 cities can save 73 million liters of water annually, re-
ducing costs by ₹8 million ($93,848). This large-scale adoption 
significantly conserves water resources and offers substantial 
financial savings across communities.

�   Conclusion 
NIRI Chrono Aqua OSR device demonstrates significant 

potential as a scalable, cost-effective intervention for ur-
ban domestic water conservation. A structured experimental 
protocol was implemented to evaluate system performance 
across its five operational modes: Normal, Alert, Regulation, 
Eco, and Vacation. Each mode was tested under controlled 
household-simulated flow conditions to assess accuracy, re-
sponsiveness, and functional reliability.

In Normal Mode, volumetric flow measurement accuracy 
was validated against a calibrated reference container using re-
peated trials (n ≥ 20). Statistical analysis indicated consistent 
linearity between actual and displayed flow values following 
recalibration. Experimental refinement yielded an optimized 
calibration constant of 7.5, reducing measurement deviation 
and improving inter-trial consistency.

In Alert Mode, the device reliably triggered auditory signals 
upon reaching predefined consumption thresholds, including a 
10 L pre-threshold warning buffer. Response latency remained 
within operational tolerance limits (<1 second delay).

In Regulation Mode, post-threshold flow reduction was 
achieved through controlled mechanical constriction, resulting 

Table 17: Shows the detected continuous water flow.

Table 19: Shows the inferred annual water and cost saving potential of the 
device.

Table 20: Shows the broader effect of implementing the device across 1,000 
households.

Table 18: Shows the reduced water usage and billing after installing the 
NIRI instrument.

Figure 9: Shows the comparative analysis of water usage and Bill (with and 
without NIRI),showing a 20% reduction in water use.
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in approximately 50% reduction in discharge rate relative to 
baseline conditions. Flow normalization required a manual re-
set, confirming deterministic control logic.

In Eco Mode, complete flow termination occurred imme-
diately upon threshold breach, with restart governed by preset 
temporal conditions, ensuring enforced conservation compli-
ance.

In Vacation Mode, leak detection sensitivity was tested 
under micro-leak simulations (low continuous discharge con-
ditions), demonstrating reliable anomaly detection based on 
sustained non-zero flow without active usage input.

Environmental robustness tests evaluated the influence of 
temperature variation and particulate impurities on flow ve-
locity and sensor accuracy. While effects were statistically 
minimal, measurable deviations highlighted the importance of 
integrated filtration or debris-resistant turbine design to main-
tain long-term precision. Electrical optimization of the power 
supply system, combined with firmware-level pulse filtering 
algorithms, significantly reduced signal noise and improved 
measurement stability.

Pilot household deployment studies demonstrated measur-
able reductions in monthly water consumption of up to 4,537 
liters per household, corresponding to both financial savings 
and reduced freshwater extraction. Extrapolated to large-scale 
urban implementation, projected annual savings could reach 
approximately 73 million liters of water and ₹8 million (≈ 
USD 93,848) in utility cost reductions, assuming moderate 
adoption rates.

Collectively, the Chrono Aqua OSR addresses critical gaps 
in existing domestic water-saving technologies by integrating 
real-time volumetric monitoring, automated leak detection, 
adaptive consumption regulation, and affordability within a 
compact, tap-mounted architecture. Its multi-modal control 
framework positions it as both a behavioral intervention tool 
and an engineering solution for sustainable urban water man-
agement.

�   Recommendations 
•	 Pilot Testing & Feedback: Broaden field testing in 

diverse urban contexts to guide iterative design en-
hancements.

•	 Filtration Integration: Include filters to prevent clog-
ging from impurities.

•	 Expanded Customization: Allow user-defined settings 
based on usage and tariff patterns.

•	 Awareness Campaigns: Launch parallel educational ini-
tiatives to promote responsible water use.

•	 Municipal Collaboration: Work with local authorities 
to subsidize or promote the Device via innovative city 
programs.

•	 Scalability & Robustness: Invest in improving battery 
life, connectivity, and hardware durability to support 
widespread adoption.
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ABSTRACT: Financial inclusion plays a major role in household welfare and economic freedom in India, where borrowing is 
often needed to finance consumption, agriculture, housing, and emergencies like health shocks. The paper examines the household 
characteristics’ association with formal credit access and documents the structural patterns that continue to shape the borrowing 
landscape across the country. The study exploits the nationally representative All India Debt and Investment Survey (AIDIS), 
2019, employing OLS and Logit regression models with fixed effects at the state and district level. MPCE, a proxy for well-being, 
is positively associated with an increase in formal borrowing by ~1% per thousand rupees. Household size has a small negative 
effect on formal borrowing. The SCs and STs are less likely to avail credit from formal sources compared to OBCs, whereas 
the ‘Others’ caste is more likely to avail credit than OBCs. Muslim and Christian households are also less likely to have access 
to formal loans. The study highlights the role of loan purpose and relative urgency in shaping borrowing behavior. Addressing 
structural inequality in the credit market will require policies that explicitly recognize and counteract social disadvantage, rather 
than assuming that broader financial development will automatically translate into equal access. 

KEYWORDS: Economics, Econometrics, Financial Inclusion, Household Credit Behavior, Formal and Informal Borrowing.

�   Introduction
Financial inclusion plays a major role in household welfare 

and economic freedom in India, where borrowing is often 
needed to finance consumption, agriculture, housing, and emer-
gencies like health shocks. Despite significant policy changes 
over decades, Indian households, across all groups, continue to 
borrow heavily from informal sources, with the determinants 
of formal borrowing unclear and varied across regions and so-
cio-economic groups.1 Understanding why certain households 
decide to go with formal credit while others choose informal 
credit is thus essential for identifying long-standing problems 
in India’s financial system.

Existing literature highlights the complexity of credit access 
in developing economies. Research on microfinance shows 
that while expanding credit may increase borrowing activity, 
it does not necessarily translate into sustained or significant 
improvements in income or consumption. Loan design can 
constrain productive investment due to short-term repay-
ments and the small volume of these loans.1-3 Studies specific 
to India document substantial diversity in borrowing behavior 
driven by demographic and economic characteristics, including 
caste, landholding, income, and education.4 Work on repay-
ment structures further shows that rigid or frequent repayment 
requirements can discourage entrepreneurship among low-in-
come households, who may not have enough time to deploy 
the credit before payment deadlines arrive meaningfully.3,5 
Criticisms of the current microfinance model in India in-
clude the much higher interest rates that impact the viability 
of borrowing, continued limited reach to the poorest, adverse 
selection, and weak infrastructure for expanding businesses.1-3 
A lack of collateral also drives people towards informal bor-
rowing, and despite land being theoretically ideal as collateral, 

land records are often poorly maintained, impacting wheth-
er or not people can use land as collateral. This leads to land 
being underutilized as collateral, forcing more households to 
borrow informally.6 Demand-side analysis indicates small but 
unimpressive improvements in financial inclusion, with rural 
households and disadvantaged groups continuing to face per-
sistent frictions.7

Earlier empirical evidence highlights the importance of in-
stitutional finance for rural development, especially during the 
mid-20th century, when India made many changes to reduce 
the share of informal credit in the lending market. Increas-
es in access to formal rural credit have historically supported 
agricultural productivity and poverty reduction, with the per-
centage of loans coming from moneylenders declining from 
83% in 1951 to 36% in 1971. The AIDIS data used in this 
study shows that this number has further reduced to 22% in 
rural areas.8,9 However, more recent reassessments question the 
robustness or magnitude of these effects, suggesting that out-
comes may depend heavily on data quality, regional variation, 
and model specification.10 Complementary research shows 
that institutional failures, such as corruption in the allocation 
of formal credit and the relative inconvenience of choosing a 
formal lender, may push households toward informal lend-
ers even when formal channels are present.11 Taken together, 
the literature suggests that both household characteristics and 
institutional constraints shape borrowing decisions, yet con-
temporary evidence using detailed, nationally representative 
microdata remains limited.

Recent contributions in Economic and Political Weekly argue 
that headline gains in financial inclusion, such as expanded 
banking infrastructure and account ownership, have not nec-
essarily translated into substantively equitable credit access. 
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Tagade and Reza highlight persistent structural gaps in mean-
ingful participation within the formal financial system, while 
Chavan emphasizes that aggregate inclusion metrics often ob-
scure disparities in usage patterns and borrower vulnerability 
across social groups.12,13 These insights reinforce the need to 
examine disaggregated patterns of formal borrowing by caste, 
religion, and region, which the present study undertakes using 
nationally representative microdata.

This study fills this gap by analyzing borrowing patterns us-
ing the 2019 All India Debt and Investment Survey (AIDIS), 
one of the most comprehensive and recent datasets available 
on household indebtedness in India. The analysis examines 
how demographic and economic characteristics (including 
consumption levels, household structure, land ownership, 
caste, religion, and location) influence the probability of taking 
a formal loan as opposed to an informal one. Five econometric 
models are estimated, using logit and ordinary least squares 
(OLS) regression with variation of state and district-level 
fixed effects to control for unobserved regional heterogeneity. 
Average Marginal Effects are used for interpretability instead 
of log-odds coefficients. The findings reveal clear differences 
in borrowing determinants across households and substantial 
variation in both loan purposes and sources between rural 
and urban sectors. We find that groups including SC, ST, 
and Christians are less likely to borrow formally, indicating 
lower availability of formal sources, showing that structural in-
equality in India persists through the credit system. Existing 
literature comparing the propensity of different social groups 
to borrow formally ranks access to formal credit in agriculture 
as Others, OBC, SC, and ST.14 This study finds that Others 
and OBC are, similarly, the top two, but puts SC below ST in 
terms of access to formal credit in general, as opposed to just 
agriculture, supported by average marginal effects (AME) and 
OLS coefficients.

Structural barriers to formal credit access operate through 
multiple channels: collateral constraints linked to land titling, 
historical exclusion from institutional banking networks, in-
formational asymmetries, social discrimination in screening 
processes, and geographic clustering of financial infrastructure. 
These mechanisms imply that disparities in formal borrowing 
are not solely income-driven but embedded within broader in-
stitutional arrangements.

By providing updated national evidence, isolating within-re-
gion variation, and comparing formal and informal borrowing 
patterns at a granular level, this study contributes to the liter-
ature by offering a contemporary assessment of demand-side 
financial inclusion in India. It clarifies which household 
characteristics most strongly predict formal credit access and 
documents the structural patterns that continue to shape the 
borrowing landscape across the country.

The paper is structured with Section 2 describing the data-
set being used in the study, the All India Debt and Investment 
Survey, including the details of the survey and the contents 
of the data. It then looks at the details of the two regression 
models used, OLS and Logit regression. Next, Section 3 con-
tains the results and analysis of the paper’s findings, bringing 
insights from the data with figures and tables. Finally, there is 

a conclusion to summarize the points made and the findings 
of the paper.

�   Methods and Data
Data:
AIDIS, or the All India Debt and Investment Survey, is a 

nationally representative survey conducted by India’s National 
Sample Survey Office (NSSO).15 AIDIS data was collected 
for the sixth time by the NSSO in 2019, during the National 
Sample Survey’s 77th Round. It was first conducted in 1951, 
and it has been conducted roughly every 10 years since. AID-
IS offers data on asset stock, indebtedness, capital formation, 
and indicators of rural/urban economies.16 The survey cov-
ered 5,940 villages and 69,455 households in rural sectors and 
3,995 blocks and 47,006 households in urban sectors.

The study was sampled through a stratified two-part sam-
ple, using simple random sampling without replacement for 
the villages/blocks in the rural or urban sectors. After this, 
simple random sampling was used once more for each of the 
strata based on Monthly Per Capita Consumer Expenditure 
(MPCE), used as a proxy for well-being in the survey. The 
survey covers the entirety of the Indian Union, excluding only 
inaccessible villages in the Andaman and Nicobar Islands. The 
data was verified post-collection to address errors, and outliers, 
based on MPCE, were removed from this study, reducing the 
number of observations by 0.2%.

The data comes with 18 datasets, or ‘Levels’, all focusing 
on different areas of the survey. For this study, we use Level 
2, which addresses demographic and particulars of household 
members, Levels 3 and 4, which address household character-
istics, and Level 14, which contains the data for loans taken by 
each household from both formal and informal sources. In this 
study, we load the datasets into individual R data frames before 
merging them into one large data frame, with Household ID 
as the variable being merged upon.

Other datasets, such as the India Human Development Sur-
vey (IHDS) from 2012 and the National Bank for Agriculture 
and Rural Development (NABARD) All-India Rural Finan-
cial Inclusion Survey (NAFIS), were considered.17,18 IHDS 
was not used because its loan data is limited and less detailed 
for household-level analysis. NAFIS focuses on rural data, so 
it was not suitable for a study comparing rural and urban bor-
rowing patterns.

Methods:
The study employs OLS regression and Logit regression 

models with fixed effects at the state and district level, using 
nationally representative data on Loans in India. OLS regres-
sion calculates the response variable using Equation 1, with a 
closed-form solution for the coefficients given by Equation 2.

(1)
Equation 1

(2)
Equation 2
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The first equation shows how response variables are 
produced during regression, with the β terms being the co-
efficients that the explanatory variables are multiplied by to 
arrive at the final response variable, with the 𝜖 representing the 
error term, which OLS aims to minimize, taking the sum of 
the squares of the residuals as its loss function.19 The second 
equation offers an analytical solution to find the coefficients. 
However, as X increases in size, it becomes computationally 
intensive to invert the matrix, if it even is invertible, with a 
computational complexity of O(n3). This study also uses Logit 
Regression, as OLS has a limitation in that it is purely linear 
in X, and is not bounded between 0 and 1 like Logit is, which 
is necessary for a binary response variable. Therefore, Logit 
Regression is used to output values that are to be interpreted 
as probabilities. OLS is used for continuous outcomes, while 
Logit Regression uses Equation 3 to model the log-odds of 
the event’s probability:

(3)

Equation 3

This study uses 5 models, shown in Table 1, to analyze dif-
ferent aspects of the AIDIS loan data. Logit Regression is used 
here to show the probability of borrowers taking a loan based 
on a certain characteristic, like their expenditure or household 
size. This allows for comparing how different groups of peo-
ple borrow. Fixed effects are used at both state and district 
levels to control for unobserved regionally varying factors.20 
State-level effects control for differences in economic condi-
tions or policies state by state, and district-level effects absorb 
bias from localized differences, like access to banks. This iso-
lates the within-region variation for more consistent results in 
the regression. This ensures that the estimated relationships 
between variables and outcomes reflect variation within re-
gions instead of between them. 

While log odds offer a comparative measure of likelihood 
for borrowing characteristics, they are not intuitive and are dif-
ficult to interpret. A more understandable alternative is using 
Average Marginal Effects.21 AME tells us what the expected 
impact on the outcome is when an independent variable is in-
creased by one unit, averaged over all observations. This gives 
us an idea of how much of an impact each variable has on 
the final probability of borrowing, to see which factors are the 
most significant for identifying borrowing trends.

Replication/Reproducibility:
Replication code and data for this paper can be found at 

https://github.com/AaranNihalani/AIDIS. 

�   Results and Discussion 
Sample Characteristics:

Table 2 provides a summary of the observations made in 
the AIDIS data, where each observation is a loan. There is a 
very even distribution between male and female borrowers, en-
suring we get representative data. The religion of borrowers is 
mostly Hindu, as is to be expected, with the next major groups 
being Islam and Christianity, with proportions consistent with 
official census numbers. With regards to caste, the largest por-
tion is OBC (Other Backward Class), and the proportions of 
each caste are representative of the entire population. There 
are more rural respondents than urban respondents, but this is 
due to 63% of India’s population being rural, consistent with 
AIDIS data. 

Loan Characteristics:
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Table 1: List of models being used in the study.

Table 2: Summary of sample characteristics in AIDIS data. We see an even 
gender distribution and a majority of Hindus. Most respondents are located 
in rural areas, and loans are evenly distributed between formal and informal.

Table 3: Loan data characteristics, by lender type. Formal loans are larger 
on average than informal loans. Interest for informal loans is almost twice as 
much, on average, as the interest rate of formal loans.
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that many Indians choose to borrow from community-based 
sources for credit access. 

Understanding the reason for loans being taken out allows us 
to draw conclusions about the behavior of borrowers in India 
and identify trends. To that end, Figure 2 gives us information 
about the purpose for each loan, weighted with the multipliers 
provided by NSS. Housing makes up the largest share of loan 
purposes, with Farm Revenue Expenditure and Medical ex-
penses being the 2nd and 3rd most common loan purposes. The 
high proportion of Farm-related expenditure shows the scale 
of the rural population taking loans, as Farm expenditure forms 
over a quarter of all loans. This highlights the Indian econo-
my’s dependency on agriculture and the scale of the enterprise 
that leads to so many loans being taken.

T-Tests:

Table 4 shows the results of statistical t-tests, used to eval-
uate the null hypothesis, which states that, in this case, the 
characteristics we evaluate don’t have any association with for-
mal borrowing. All three of the t-tests have a p-value less than 
0.05, by many orders of magnitude, which allows us to reject 
the null hypothesis and deduce that the means of the groups of 
formal and informal borrowers differ.

Formal loan borrowers own more land on average than 
informal loan borrowers, with 0.217 acres for informal as com-
pared to 0.225 acres for formal, t(427536) = -5.9, p = 3.3e-9. 
Formal borrowers also tend to have larger household size, with 
an average of 5.69 people, while informal borrowers have 5.45, 
t(421707) = 30.6, p < 2.2e16. Formal borrowers also have high-
er Monthly Per Capita Expenditure, a proxy for wellbeing, at 
15832 rupees, while informal borrowers have 11898, 33% high-
er among formal borrowers, t(329388) = -134.6, p < 2.2e-16.

Land ownership has p < 0.01, indicating that there is a 
statistically significant difference between land ownership of 

Table 3 offers a comparison of formal and informal loans. 
We have an even number of formal and informal loans avail-
able to us in the dataset, and the mean amount of each loan is 
much higher for formal loans, as would be expected. With the 
average formal loan over 250% greater than the average infor-
mal loan, borrower behavior for larger loans is very clear, with 
farm loans typically going through formal sources. Informal 
loans also have much higher interest rates, which is another 
reason why borrowers prefer formal sources of lending when 
larger amounts or less urgent matters are at hand. 

Seeing the differences between the two loan types rais-
es questions about other differences there may be between 
borrowers, in particular, their characteristics. To compare 
borrowers with and without a given characteristic, this study 
uses two-sample t-tests to evaluate whether the mean value of 
the characteristic differs across the two groups. The null hy-
pothesis is that the true group means are equal. Rejecting this 
hypothesis indicates that the characteristic is statistically as-
sociated with formal borrowing and that the difference in the 
means isn’t due to pure chance within the sampling methods. 
Regression is another way to investigate the characteristics 
that pertain to formal borrowing, using coefficients to see ex-
pected impacts on chosen borrowing source based on changes 
in relevant characteristics, which this study uses to understand 
the precise effect that each characteristic has on the choice of 
formal or informal borrowing sources.

Loan Distributions:

Loans are distributed relatively evenly between formal and 
informal sources, as shown by Figure 1, where the formal lend-
ers (shown in blue) make up 44.7% of loans taken (the sum 
of the blue formal bars), dominated by scheduled commercial 
banks, which have more capital on hand than many of the 
other sources, therefore attracting borrowers looking for larg-
er loans, for businesses or farms. Moneylenders are the most 
common informal source of loans, as they are often the most 
accessible, through personal relations or just by being based in 
the same village as many borrowers. As expected, relatives and 
friends are common informal lenders, while SHGs (self-help 
groups) and JLGs (joint liability groups) facilitate small-scale 
credit through group responsibility. It is clear from Figure 1 
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Figure 1: Distribution of loans by type of lender - both formal and informal 
sources. Scheduled commercial banks are the most common formal source, 
and moneylenders are the most common informal source.

Figure 2: Distribution of loans by purpose. Housing is the largest cited 
purpose of loans, and farm-related loans form over a quarter of all loans.

Table 4: T-test results table. Land ownership, household size, and MPCE 
exhibit statistically significant differences in mean values between households 
that borrow formally and those that borrow informally.
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Figure 3 shows us how rural and urban communities borrow 
when they choose to borrow from a formal source. Looking 
at the population as a whole, Scheduled Commercial Banks 
are clearly the most popular option, providing over 50% of 
the loans for both rural and urban populations. Co-operative 
lending is more popular among rural borrowers than urban 
borrowers, due to its stronger rural presence. Microfinance 
institutions are one of the more popular sources among both 
populations, with over 10% of formal loans going through 
Non-Bank Financial Corporations (NBFCs). 

Figure 4 shows us the differences between the sources of 
rural and urban borrowers when choosing an informal loan 
source. We see that the differences between rural and urban 
borrowing for each of the sources are much smaller than 
for formal borrowing, with all sources having less than a 3% 
difference between rural and urban borrowers, except for mon-
eylenders, the most common choice. Rural borrowers are more 
likely to choose a moneylender by about 7 percentage points, 
attributed to moneylenders, who usually operate in villages or 
rural areas, accounting for the larger difference between the 
two populations for moneylenders.

Loan Purpose for Urban and Rural:

borrowers who borrow formally compared with informal bor-
rowers. Since the mean in the informal borrowing group is less 
than the mean of the formal borrowing group, we can deduce 
that formal borrowers have higher land ownership than in-
formal borrowers, although the magnitude of the difference is 
small. This t-test tells us that formal loan borrowers have more 
land holdings than informal loan borrowers. Landholding also 
facilitates loans, as it can be used as a form of collateral.

Household size, again p < 0.01, has a statistically significant 
difference in household size between formal and informal bor-
rowers. However, with a difference of 0.2 people per household 
on average between each group, while statistically significant, 
it may not be economically significant. While household size is 
slightly larger on average for formal borrowers, the difference 
is minimal and likely doesn’t have a major effect on borrowing 
decisions.

MPCE has another sufficiently small p-value of p < 0.01, 
meaning that there is a statistically significant difference in 
Monthly Per Capita Consumer Expenditure (MPCE) be-
tween formal and informal borrowers. Here we see the largest 
difference in the groups, with the difference between the two 
groups’ means at around 4000 rupees. This tells us that formal 
borrowers tend to spend a significant 33% more than informal 
borrowers. We can conclude that households accessing formal 
credit have higher consumption levels, suggesting higher in-
come or wealth.

While the statistical significance is clear, the economic 
magnitude differs across variables. The difference in land own-
ership, although statistically significant, is small in absolute 
terms (0.008 acres). This suggests that land ownership alone 
may not explain formal borrowing access, but could operate 
through collateral constraints. In contrast, the 33% higher 
MPCE among formal borrowers represents a substantively 
large gap, indicating that income-related screening mecha-
nisms may play a central role in formal credit allocation. These 
unconditional differences motivate the multivariate regression 
analysis that follows, where confounding factors are jointly 
controlled.

Loan Distributions for Urban and Rural:

DOI: 10.36838/IJHSR812.81

Figure 3: Distribution of loans from formal sources, comparing rural and 
urban borrowers. Scheduled Commercial Banks provide over half of all loans. 
Co-operative lending is more present in rural areas, which is reflected in 
borrower behavior.

Figure 4: Distribution of loans from informal sources, comparing rural 
and urban borrowers. The distribution between informal lending sources is 
consistent between rural and urban borrowers, and moneylenders are the most 
popular choice.

Figure 5: Distribution of loan purposes from formal sources, comparing 
rural and urban borrowers. The most common urban formal loan purpose is 
medical, while the most common rural formal loan purpose is farm revenue 
expenditure. 
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Medical reasons are the most cited reason for borrowing, ac-
cording to Figure 5, mainly from urban sources. One possible 
explanation for this is that when there is an urgent medical 
emergency and a loan has to be taken, urban communities have 
an easier time getting a formal loan than rural communities. 
Farm-related expenditure forms the next two largest purposes 
named for formal borrowing, showing the agricultural reliance 
in modern Indian society. As would be expected, the vast ma-
jority of borrowers for farm expenditure are rural, with over 
half of all rural formal loans being for farm revenue expendi-
ture (RevEx) or capital expenditure (CapEx).

Just as with formal loans, Figure 6 tells us that medical rea-
sons are the most common reason for borrowing from informal 
sources, with much more even numbers than with formal loans 
and a much higher proportion. This can be explained as bor-
rowers needing medical loans urgently, in the event of a sudden 
emergency that requires money as soon as possible. Since in-
formal loans are easier and generally quicker to obtain, more 
borrowers go to informal sources. Farm-related expenditure is 
much lower here, as farm loans are usually much larger than 
normal informal loans, so going to a formal source offers more 
competitive interest rates and the potential for much larger 
loans. 

Loan Purpose for Formal and Informal:

Figure 7 displays the distribution of each loan purpose for 
formal and informal sources. Most medical loans are informal, 
due to the relative urgency of the loan and the increased acces-
sibility of informal lending, particularly for rural communities. 
Farm-related expenditure is dominated by formal loans, due to 
the higher interest rates for informal loans and the higher for-
mal loan size. We notice that urgent loan purposes, like medical 
and household, have a higher proportion of informal borrow-
ing, detailing the behavior of borrowers when faced with an 
urgent situation, leaning away from formal loan sources.

The dominance of informal credit for medical purposes sug-
gests that time-to-disbursement and procedural requirements 
act as binding constraints in formal markets. Formal lenders 
typically require documentation, collateral assessment, and 
processing delays, which are incompatible with emergency 
expenditure. This complements the t-test and regression find-
ings, where income and land ownership increase formal access, 
suggesting that formal borrowing is structured around verifi-
able and planned financial needs rather than liquidity shocks.

Loan Distribution by Sector:

To compare where borrowers in rural and urban communi-
ties get their loans from, Figure 8 illustrates the top 6 sources, 
with the rest falling under the category of ‘Other’. Scheduled 
Commercial Banks are the most common, once again, with 
both sectors having SCBs as the preferred source. Moneylend-
ers, which are often considered much more common in rural 
sectors, are also the second major choice for urban borrowers, 
although there is a higher proportion of rural loans than ur-
ban loans from moneylenders. Relatives and Friends, as well 
as SHGs and JLGs, persist with similar rates across both sec-
tors, as borrowing from people you already know makes sense 
for many borrowers who seek smaller-scale credit, and is much 
more convenient.
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Figure 6: Distribution of loan purposes from informal sources, comparing 
rural and urban borrowers. For informal loans, both rural and urban borrowers 
cite medical purposes as the dominant purpose.

Figure 7: Distribution of loan purposes for formal and informal lenders. The 
largest share of informal loans is medical, and the largest share of formal loans 
is farm revenue expenditure. Loan purposes that are typically more urgent, like 
medical, are more likely to be informal.

Figure 8: Distribution of loan sources by sector. Both rural and urban 
borrowers use SCBs the most. As would be expected, moneylenders are more 
common in rural communities, with other values relatively consistent between 
the two groups.
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Regression Results:

Table 5 displays the results of the 5 regression models used in 
this study, with descriptions of each model in the top row. The 
inclusion of caste and religion indicators allows for comparison 
between different groups and shows how differences in char-
acteristics impact accessibility of formal borrowing. Instead of 
log-odds, Average Marginal Effects have been chosen, as they 
provide changes in predicted probability, which are easier to 
interpret than log-odds coefficients. It shows how much a one-
unit change in the explanatory variable will affect the outcome 
variable, in percentage points. It is worth noting that Model 4 
uses OLS regression instead of logit regression, but the coeffi-
cients offer similar interpretations to the AME values.

MPCE, as would be expected, is positively associated with 
an increase in formal borrowing, by about 1% per thousand 
rupees, as borrowers with higher income can take larger loans 
out from banks. Household size has a small negative effect on 
formal borrowing, possibly explained by larger households im-
plying lower income, needing to fit more people under a single 
roof. Increased land ownership is associated with an increase in 
the chance of formal borrowing by about 2.5 percentage points 
per acre, and the large proportion of farm-related formal loans 
offers qualification for this trend. Urban residence also increas-
es the likelihood of formal borrowing, reflecting better access 
to formal financial institutions.

Caste is compared to the reference category of OBC, and 
relative to this, AME coefficients show a reduction in the 
likelihood of formal borrowing for SC households of between 
-4.71 and -6.80 percentage points, showing how inequality 
in socioeconomic groups persists through the credit market, 
where fewer SC households can borrow formally. We see a 
mixed range for ST households, from a positive coefficient in 
the baseline model to negative coefficients in the fixed effects 
models, highlighting the importance of adjusting for mi-
cro-variations that are unseen in the data. The large increase 
in the probability of formal borrowing for the ‘Others’ caste 
category, between 6.16 and 10.78 percentage points, reflects 
how socially advantaged groups have much more access to for-
mal borrowing.

We see similar results with religion, where Muslims are 
consistently less likely to borrow formally relative to Hindus, 
showing persistent inequality in access to credit. Christians 
also show a lower likelihood of formal borrowing, while the 
‘Others’ religion group displays smaller and mixed effects. This 
further demonstrates that disparities in formal borrowing are 

not only driven by economic characteristics but also by social 
and religious group identity.

The OLS coefficients indicate how a one-unit change in 
each explanatory variable affects the predicted value of the 
outcome, holding all other variables constant. Negative coeffi-
cients for SC, ST, as well as Christian and Muslim households, 
imply a lower predicted likelihood of formal borrowing relative 
to their respective reference groups (OBC for caste and Hin-
du for religion). Positive coefficients for land ownership, urban 
residence, and the ‘Others’ caste and religion categories indi-
cate higher predicted likelihoods of formal borrowing.

These disparities persist even after controlling for income, 
land ownership, and fixed regional effects, suggesting that 
differences are not fully explained by observable economic 
characteristics. This raises the possibility of structural exclu-
sion mechanisms operating within credit screening processes 
or through differential access to documentation and financial 
networks.

�   Conclusion 
This study provides updated, nationally representative evi-

dence on the determinants of formal borrowing in India, using 
the 2019 All India Debt and Investment Survey (AIDIS). 
The results show that, while formal and informal borrowing 
coexist at comparable levels, access to formal credit is high-
ly uneven across households, often associated with particular 
characteristics of the borrowers. Higher consumption, land 
ownership, and urban location significantly increase the likeli-
hood of formal borrowing, reflecting the importance of income 
and proximity to financial institutions when it comes to credit 
accessibility. In contrast, socially disadvantaged groups - partic-
ularly Scheduled Caste households, Muslims, and Christians 
- remain systematically less likely to access formal credit, even 
after controlling for state and district-level variations through 
fixed effects. These findings indicate that inequalities in In-
dia’s credit market closely mirror broader social and structural 
inequalities, rather than being driven solely by economic char-
acteristics or rural-urban differences.

The study also highlights the role of loan purpose and rel-
ative urgency in shaping borrowing behavior. Formal credit 
dominates larger, planned expenditure, such as agricultural in-
vestment, while informal credit is the primary source for urgent 
needs, especially medical and household expenses. This sug-
gests that barriers to formal borrowing are institutional as well 
as situation-dependent, with speed and accessibility playing an 
important role in household decision-making when it comes 
to borrowing.

From a policy perspective, the findings imply that expanding 
financial inclusion requires more than a narrow focus on rural 
outreach. Existing policies mandate that a fixed share of lend-
ing must be supplied to priority sectors (like the 40% sector 
requirement for rural credit through the Priority Sector Lend-
ing scheme), but these regulations are insufficient on their own. 
Disparities by caste and religion hint towards the need for 
more targeted interventions within both rural and urban credit 
markets. These interventions could include improved access to 
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Table 5: Logit and OLS regression table, with AME for interpretability. 
MPCE increases the likelihood of borrowing formally. OBCs and ‘Others’ 
are the most likely castes for formal borrowing, while Muslim and Christian 
households are less likely to borrow formally as compared to Hindu households.
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collateral through better land record systems, simplified loan 
procedures for urgent credit needs, and continued and explicit 
monitoring of credit allocation across social groups to mitigate 
exclusion.

Overall, the evidence suggests that formal financial expansion 
in India has been uneven in terms of its inclusivity. Addressing 
structural inequality in the credit market will require policies 
that explicitly recognize and counteract social disadvantage, 
rather than assuming that broader financial development will 
automatically translate into equal access.
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ABSTRACT: This paper looks into the double-edged impact of digital trading and investing. Currently, apps and websites 
like Robinhood, Groww, and Zerodha have taken over the market by removing things such as fees and account minimums. 
In addition, they also make access to the market merely a few clicks away from any user, whether properly educated or not. 
The research in the paper looks into the causes and effects of the rapid shift into digitized trading. Additionally, terms such as 
“finfluencer” and “gamify” are reviewed. Reports and studies in the paper inform us about the large negative effects of ill-advised 
trading and investing. The paper argues that though digitization of the markets is helpful and convenient for numerous investors, 
it carries with it a darker side. A side in which users with little to no financial knowledge end up losing more than they bargained 
for; a side that carries numerous hidden dangers.  

KEYWORDS: Economics, Finance, Digital Trading Platforms, Retail Investors, Financial Risk.

�   Introduction
Warren Buffett is the first name that comes up in a house-

hold when talking about investing; however, most people do 
not understand what investing, trading, and the stock market 
really are. Electronic trading and new investment sites have 
transformed stock market involvement at an unprecedented 
rate. Websites and apps like RobinHood, Groww, and Ze-
rodha now offer easy-to-use interfaces, real-time statistics, 
and low barriers to entry – capabilities that were previously 
present only in the territory of institutional traders – there-
by allowing trading to reach new heights. These websites and 
apps use automated algorithms and algorithm-driven analysis, 
which make transactions easier and hassle-free for the modern 
and wider population.1 Consequently, large numbers of new 
retail investors are inclined to come into the market with un-
precedented ease. While democratizing investing by enabling 
anyone with a smartphone to invest, it could also instill im-
pulse-based trades and ill-informed choices.

The simplicity of online market entry on these sites usual-
ly hides the high learning curve that is generally required to 
successfully trade and invest. For example, current FINRA 
research finds that most investors younger than 35 use social 
media sites like YouTube, Reddit, and TikTok for investment 
advice instead of traditional financial institutions or certified 
professionals.1 This trend is particularly disturbing because 
information on social media is not always accurate. There are 
“finfluencers” or financial influencers, who have brought a 
whole new generation of market-driven, money-hungry, and 
emotionally charged people into the scene of investing. Ac-
cording to a report by Barron’s, multiple companies have been 
or are under investigation for the use of finfluencers to ma-
nipulate users by conducting activities against advertising and 
disclosure laws.2 All of this makes it abundantly clear to us 
that financial literacy is an important issue that needs to be 
addressed. There are millions of people, both young and old, 

who are falling victim to scams targeted towards the ill-ad-
vised; meanwhile, large hedge funds and investment banks rake 
in billions of dollars every year. Along with this, many compa-
nies are attempting to gamify their apps and websites to attract 
modern audiences. This is not just a marketing gimmick, but 
could also be a dangerous feature targeted towards financially 
illiterate users. 

The main purpose of this paper is to look into the two-faced 
effect of online trading platforms: on one side, they expand ac-
cess and participation in financial markets, while on the other 
side, they can mislead and put those in danger who do not pos-
sess the expertise to invest wisely. By delving into these aspects, 
the aim is to find out whether the advantages of online trading 
outweigh the potentially dangerous effects it could introduce 
into modern-day investing.

The history of the stock market goes back centuries before 
the introduction of electronic trading. The first official stock 
exchange happened in 1602 in Amsterdam. This occurred in 
order for merchants to trade shares in the Dutch East India 
Company, a very successful business at that time. Since then, 
stock trading has only boomed further and has now become the 
core of finance.3 Stock exchanges such as the New York Stock 
Exchange (NYSE), the London Stock Exchange (LSE), and 
the Bombay Stock Exchange (BSE) have popped up around 
the globe. However, until the end of the 20th century, stocks 
were traded physically in these exchanges.4 The process was 
much harder, wherein brokers had to cry, shout, and scream 
just to be heard, only sometimes. Due to this, trades were more 
expensive, time-consuming, and inefficient. During this time 
period, the stock market was run by wealthy individuals with 
elite knowledge about the market. All of this began to change 
at the turn of the century; the internet was booming, and so 
was online trading. The first stock exchange to shift to an elec-
tronic means of trading was NASDAQ in 1971; in the coming 
decades, other popular exchanges digitized as well.5 
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Due to this, today’s stock markets exist in very different con-
texts. Trading is no longer limited to Wall Street professionals 
or wealthy, highly intelligent people. Trades can be made fast-
er than ever on a simple smartphone on apps and sites such 
as the ones mentioned before. These sites allow the user to 
access and manage their portfolio from the comfort of their 
home. In return, they rarely ask for anything and are generally 
free to download and use. Nevertheless, paid portals such as 
the Bloomberg portal still exist for those who are much more 
serious about trading and investing.6 Meanwhile, the social 
media explosion has added a new and risky factor to invest-
ing. Sites such as Reddit, YouTube, and TikTok have become 
casual spaces of financial conversation and advice, with groups 
like WallStreetBets on Reddit gaining worldwide recognition 
for their ability to shape stock prices through group action. 
A prime example of this is the recent 2021 GameStop short 
squeeze; an incident so incredible that it barely falls under mi-
raculous.7 In summary, it brought together millions of young 
people to buy stocks of a failing business while running Wall 
Street firms out of business. Through incidents such as this 
one, the community of investors grows larger and welcomes 
new investors every day. Nevertheless, this is seen as extreme-
ly risky by some, as the advice is often based on hunches or 
speculation.

 As shown in Figure 1, the history of the stock market has 
been long and vast. For hundreds of years, different means of 
trade have been used throughout the globe. Figure 1 is key in 
understanding how, through 1602 - 2021, trading has gone 
from the simple exchange of goods via in-person merchant 
trade to online investing, which is greatly impacted by the in-
fluence of social media figures. From a time in the 1970s when 
stock manipulation was common to the highly monitored 
markets of the modern day. 

During this period, the history has been relatively well kept 
with records dating back centuries. Since then, an increasing 
number of studies have explored how digitization has changed 
investor participation and results. Nathani and Dharmani’s 
2024 study finds that fintech platforms popularize market 
access by lowering fees, offering novel interfaces, and deliver-
ing real-time data, which importantly increases retail investor 
participation. However, their mixed methods analysis reveals 
that trading apps also enhance speculation-based trading and 
information overload for most users.8 These results are similar 

to the findings of a 2022 research study of Chinese families, 
which revealed that digital financial literacy is important for 
effective and knowledgeable participation; less financially 
literate users are more likely to abuse and use digital trading 
sites, raising their risk exposure.9 Another research conducted 
in 2025, among Italian robo-advisor users, confirms this. They 
state that more financially and digitally literate investors use 
platforms responsibly, and others tend to excessively depend 
on automated advice at the expense of personal judgment.10 
Once again, in a 2023 OECD global report, it was mentioned 
that while usage of fintech has increased a lot, investor readi-
ness has not caught up, particularly among users under 30 who 
tend to be overconfident in their financial decision-making ca-
pabilities.11 Overall, the literature presents a balanced picture: 
digital access enhances market inclusion but does not auto-
matically ensure safe or well-informed decision-making.

Furthermore, historical evidence reinforces the balanced 
nature of digital access to markets. Before digitization, stock 
market participation by retailers was disrupted by high fees 
and commissions. However, due to digitization, zero-com-
mission trading was initiated by Robinhood in 2013 and was 
soon picked up by existing players.12 In accordance with this 
time period, retail trading activity picked up exponentially: 
Robinhood now has close to 26 million subscribers and $255 
billion in assets under management in mid-2025.13 In India, 
the growth of demat accounts has gone from 40 million in 
2020 to more than 150 million in 2024. This is representative 
of the global phenomenon, but SEBI indicates that 90% of re-
tail traders in derivatives are losing money, with 93% of F&O 
trading newcomers posting net losses between 2021–24 (view 
Figure 2).14

Looking at Figure 2 offers a key insight into how much 
progress has been made over 2013 - 2025. Looking at 2013 – 
2019, the rise of accessibility vs risk remained relatively similar, 
however the year COVID-19 hit, everything began booming. 
During this period, risk levels were extremely high, and so was 
the accessibility. Thankfully, as seen in the graph, risk levels 
have decreased over the past year. 

Other markets like the UK and South Korea follow the 
same pattern, in which post-pandemic trading app downloads 
boomed but failed to become long-term investment winners. 
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Figure 1: Major inflection points in trading history, across 5 key periods 
between 1602 and 2021.

Figure 2: Risk–access balance of digital trading, showing that increased 
accessibility is associated with higher risk levels.
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The research also examines the role of social platforms on 
trading behavior: platforms such as StockTwits, eToro, and 
Reddit tend to result in increased risk-taking through “mir-
ror trading,” a strategy in which an inexperienced user copies 
trades of successful users.15 Lastly, a 2023 survey conducted by 
the CFA Institute also substantiates that even though social 
media makes individuals feel more informed about finan-
cial trends, it also strongly enhances emotional investing and 
short-term success.16 These studies, surrounded by historical 
data, reinforce the overarching thesis that although digitiza-
tion and social media have undoubtedly enhanced access, they 
simultaneously spread susceptibilities associated with a lack of 
financial literacy and emotional patterns of trading.

�   Methods
This research uses a qualitative research methodology in-

volving largely secondary data analysis. The materials used 
include scholarly research papers, industry reports, government 
and regulatory documents, case studies, market data, and news 
reports on digital trading platforms, fintech innovation, and 
investor attitudes. Some of the most important sources are re-
search studies by the OECD, FINRA, CFA Institute, Amundi 
Research Center, and financial news reporters like Barron's, 
Bloomberg, and MarketWatch. The approach entailed a sys-
tematic literature review to collect pertinent information 
concerning the impacts of mobile trading applications such as 
Robinhood, Groww, and Zerodha on retail investors. The re-
view entailed examination of trends and evidence concerning 
investor access, behavioral biases, gamified interfaces, financial 
literacy, social media influence, and corporate practices. Besides, 
real-life case studies like the 2021 GameStop short squeeze 
and the Sky Capital scam were studied to emphasize how dig-
ital investing habits can cause both market disruptions as well 
as personal financial losses. Synthesis of data was conducted by 
grouping findings into dominant themes: accessibility vs. risk, 
behavioral effects, financial competence, and regulatory issues. 
This facilitated a holistic perspective of how online trading 
platforms influence market participation and decision-making 
without conducting original data collection or experimenta-
tion. This technique aims to provide an enlightened analysis 
given current knowledge and actual events, as well as gaps that 
must be addressed through further research.

�   Results and Discussion 
The historical record and review of the literature highlight a 

two-faced story: electronic trading platforms reduce barriers to 
access and make access to markets available to all, but they also 
expose users to greater financial risk. On the one hand, Fintech 
tools like robo-advisors and zero-commission trades have wid-
ened retail access.11 On the other hand, many young investors 
lack financial literacy, leading to impulsive and risky trading.

Digital platforms have eliminated things like brokerage 
commissions and minimum account balances; this enables 
investors to trade equities, derivatives, futures, options, and 
stocks without any hassle.17 However, a lack of foundation-
al financial literacy can lead some users to trade speculatively, 
without a full understanding of risk management, or even a 

little understanding of risk management, diversification, or 
the basics of the stock market. Although general awareness 
of financial issues is pretty high, young adults rarely compare 
investment products or consult with advisors; this pattern is 
especially troubling as more people invest. The outcome is 
not just individual ignorance but also the spreading of false 
information. Misinformed investors then contribute to mar-
ket volatility in events such as meme stocks, echo chambers, 
and sentiment-driven results.18 These events, fueled by group 
behavior enhanced through social media, can cause unstable 
market movements and inflict large amounts of financial dam-
age on the users. 

A key observation is that behavioral biases are heightened 
in fintech platforms that gamify trading. Impulsive trades and 
momentum chasing are created by website and app UI’s (User 
Interfaces). For example, product recommendation features on 
investment sites really increase low/low-medium income in-
vestor participation, but such investors obtain bad returns, do 
little to no research, and hold stocks for too long or too short, 
depending on the bad advice. More commonly than ever, sites 
tend to implement “confirmation bias” designs by implement-
ing and pushing forward user-chosen alerts, trending stocks, 
and cherry-picked social feeds, prompting further trades with-
out gaining further understanding.19 Such a design can be 
compared to the mannerisms of social network algorithms in 
which they push emotionally appealing material, subsequently 
driving “mirror trading” behavior as new users mirror peer ac-
tivity during market frenzies. 

One pattern that can be found throughout the course of 
history, literature, and evidence is that the role and position 
of financial literacy ends up being one of the most crucial fac-
tors in deciding whether access to digital investing mediums 
increases positive or negative results. Research on fintech de-
velopment across more than 100 nations indicates that there 
is a strong correlation that exists, that being: increased literacy 
ensures sustainable digital finance use, while decreased literacy 
is generally and more often than not associated with subopti-
mal decision making and higher financial vulnerability. Studies 
have further established that when users do not possess basic 
financial education, fintech products usually tend to escalate 
the exact risk they attempt to minimize. Digitally well-educat-
ed investors, however, can more effectively analyze products, 
practice trades, and be careful about available information. 
These findings reiterate that financial literacy is not an after-
thought; it is essential to trade and invest properly.20 

Digital accessibility has allowed for actual innovation, but 
it has also invited destructive abuse. For instance, the concept 
of micro trading and derivative speculation among retail us-
ers, much driven by online brokers and finfluencers, has led 
to large amounts of losses. In some areas, the vast majority 
of retail traders have lost a lot of money, particularly newer 
users who joined markets during volatile post-pandemic cir-
cumstances.14 A classic historical case is the Sky Capital scam, 
which involved deceptive electronic advertising and the distri-
bution of unregistered securities and stocks. While occurring 
before the widespread use of trading apps, the case illustrates 
how fraud works in online spaces when regulations are weak 
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There are some strong trends, yet there remain some lim-
itations. The majority of research works examine developed 
markets only, which underrepresent emerging economies with 
high trading rates and volume. It is also hard to make a case 
against the bad effects of gaining financial literacy from social 
media trends. In addition, fintech change is fast and continu-
ous. New products like BPNL, AI-driven portfolios, and crypto 
combinations move very fast in pace. This presents an ongoing 
challenge: keeping up to date in an environment where the en-
vironment shifts more quickly than quicksand. Future research 
should focus on long-term data, testing behavior-based solu-
tions, and comparing results across different populations to see 
how education and design affect investor success.

The creation of digital trading platforms has revolutionized 
the way ordinary people access financial markets. Simple mo-
bile apps have made it easier than ever to invest in markets 
that were formerly the domain of high-net-worth profession-
als. But this accessibility has been accompanied by very serious 
and generally overlooked threats. Numerous new investors, 
especially young ones, join the market with little capital and 
knowledge. In addition, nowadays markets are known to sway 
a lot, frequently depending on what is happening in the news 
or on social media sites. This setting encourages impulsive ac-
tion, speculative trading, and emotional choice, all of which 
can cause substantial financial losses. Instances such as the 
GameStop short squeeze and mass losses in retail derivatives 
trading are a case in point where technology has gotten ahead 
of education. In addition, businesses operating these platforms 
have, on occasion, taken advantage of the innocence of the 
users. Gamified user interfaces, manipulative “recommended” 
investment instruments, and the increasing power of finfluenc-
ers make a market ecosystem that focuses more on interaction 
rather than learning. This imbalance exposes users, particularly 
those who lack a good background in financial literacy.

�   Conclusion 
To conclude, the results of this study were not quantitative 

but rather suggestive. Through research and deduction, I found 
that companies and corporations take advantage of ill-advised 
investors using gamified investing platforms and modern 
technology. Nevertheless, the technology of investing is not 
necessarily bad when used wisely. When it is combined with 
education, regulation, and ethical design, it has the potential 
to be one of the largest accessible economic tools on Earth. It 
eliminates the old norms, such as location, money, and com-
plexity, and allows everyone with a smartphone to enter the 
world of building wealth and contributing to the world econ-
omy. The goal is not to exclude or cancel digital finance but to 
evolve with it. With the right safeguards, the digital investing 
landscape can become not only a great tool but also a way for 
people to create wealth. It can do so, as long as people can make 
informed decisions, build sustainable portfolios, and contribute 
meaningfully to a healthier financial future for themselves.

and improper action is taken to prevent it.21 A more recent 
example is the GameStop short of early 2021, coordinated by 
users on a Reddit discussion board. This incident, fueled by 
the ordinary crowd instead of conventional financial brokers, 
generated extreme amounts of market turbulence. Some us-
ers made money, but numerous others got in late and suffered 
losses when the bubble burst. It featured both the potential 
and danger of digital investing.22

Big financial and technology corporations have taken advan-
tage of the increasing pool of new and inexperienced investors 
by employing convincing marketing strategies, game-like 
interfaces, and behavioral data gathering. These companies 
frequently bundle “recommended” products into platforms and 
subtly nudge users toward particular funds or stocks that bet-
ter suit the companies' best interests or fee arrangements than 
investor requirements. Instead of replacing traditional finance, 
most fintech companies now help big financial institutions 
sell their products. They maintain product ownership, expand 
reach, and gather large amounts of behavioral insights. As in-
vestment products like ESG baskets or clean energy portfolios 
become more popular, most of which are not properly tested 
by companies or heavily sponsored finfluencers, retail inves-
tors get attracted by compelling stories but remain clueless 
about the underlying risks or expenses. While this goes on, 
international payment giants keep on adding fintech layers on 
their platforms, earning more from the systems even before 
registered users officially start investing. This business mod-
el, coupled with low patience among new users, can prioritize 
corporate profitability at the expense of optimal user outcomes.

When looking at all the research, there is one question that 
stands out: can digital platforms have the benefits of access 
while providing safeguards for economically disadvantaged 
users? Several possible answers can be found in different ar-
eas. Financial readiness and education programs should be 
introduced by schools and financial regulators, starting in high 
school and continuing through university. These programs 
should focus on helping students compare financial options, 
understand risks, and think carefully about financial decisions. 
Ethical app designs should also be nudged into fintech busi-
nesses; these designs include: risk analysis, loss simulation, and 
delayed execution of trades for large-value transactions. Plat-
forms should be able to mitigate dangerous conduct by making 
sure users are competent in terms of financial knowledge be-
fore they can access advanced trading capabilities.

Transparency and accountability should also be implement-
ed by regulators, wherein they should require companies to 
clearly explain how their recommendations work, reveal any 
conflicts of interest, and show a clear breakdown of all invest-
ment costs. Companies can also do with standard Know Your 
Client (KYC), which is a small background check, procedures 
for ensuring responsibility in the industry. Enhanced supervi-
sion of social media influence should also be taken seriously. 
Since the influence of online communities on investor choice 
is strong, regulators need to keep coordinated behavior under 
control and surveillance, ban manipulative campaigns, and 
make fintech platforms give warnings whenever social media 
trends are advertised. 
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ABSTRACT: Transitional-aged youth (TAY; 16–26) with developmental disabilities (DD) often experience greater mental 
health comorbidities than other young adults, partly due to gaps in mental health services during the transition from pediatric to 
adult care. While Group Cognitive Behavioral Therapy (GCBT) is effective for many psychiatric conditions, research on its use 
for TAY with diverse developmental disabilities is limited. This pilot study examined whether an 8‑week brief GCBT intervention 
(MindBridge) could improve emotional regulation and social awareness among TAY with DD. We recruited 10 participants via 
opportunity sampling and implemented pre- and post-intervention surveys (18 items) as well as interviews with participants 
and educators. Sessions were 60 minutes weekly and incorporated CBT-based psychoeducation and art therapy. Only 5 of 10 
participants had complete quantitative data; the resulting analyses yielded no statistically significant changes in survey scores.  
However, qualitative analysis identified two significant themes: (1) Increased Self-Regulation Skills and (2) Enhanced Social 
Confidence. The study highlights the value of qualitative assessment in research of this type and recommends integrating adapted 
measurement tools, expanded sample sizes, and longer interventions in future research. These findings contribute to research on 
adapting evidence-based mental health interventions for youth with DD and suggest that community-based GCBT can offer 
psychosocial benefits, even if not captured in quantitative data.

KEYWORDS: Social and Behavioral Sciences, Mental Health, Intellectual and Developmental Disabilities (IDD), Transitional-
aged Youth (TAY), Group Cognitive Behavioral Therapy (GCBT).

�   Introduction
In our research, we explored the extent to which Brief Cog-

nitive Behavioral Therapy (GCBT) curricula can be effectively 
implemented to address emotion regulation and social aware-
ness challenges faced by Transitional Aged Youth (TAY) with 
developmental disabilities and the impacts of such curricula. 
Our study aims to expand on the limited research regarding 
the impact of GCBT on the mental health of transition-aged 
youth with a variety of developmental disabilities—addressing 
areas such as social awareness and emotion regulation. Unlike 
existing studies, our research uniquely examines how a brief, 
8-week CBT-based program called MindBridge can improve 
mental health outcomes across TAY with a range of develop-
mental disability types and symptom profiles in individuals 
aged 18 to 24.

Background on Group Cognitive Behavioral Therapy:
CBT centers on the idea that our thoughts, feelings, and 

behaviors are all interconnected. By identifying and challeng-
ing unhelpful thought patterns, CBT helps individuals change 
how they act and feel, thereby reducing psychological distress 
and improving emotional resilience. GCBT further sup-
ports the tenets of CBT, focusing on cognitive restructuring 
through behavioral tasks, normalization through identifying 
with others, cooperative therapeutic relationships, and positive 
reinforcement in a safe group environment. GCBT is often de-
livered in sessions with co-therapists, allowing for more flexible 
monitoring and content delivery. Although GCBT approaches 

date back to the late 1980s and 1990s, targeting substance use 
disorders and comorbid mental health conditions, over the past 
couple of decades, there has been a large body of evidence sup-
porting the usage of GCBT for young adults with depression, 
generalized anxiety disorders, obsessive compulsive disorder, 
social phobias, and PTSD.1

For example, one of the earlier studies in 1993 by Heimberg 
et al. examined the long-term effectiveness of GCBT for social 
phobia, assessing outcomes 4.5 to 6.25 years after treatment.2 
The study involved 19 participants and compared GCBT to 
a credible alternative, Educational Supportive Group Psy-
chotherapy (ES). Results showed that patients who received 
GCBT maintained greater improvements in social phobia 
than those who received ES, as measured by self-report ques-
tionnaires, behavioral tests, and structured interviews. Group 
settings can be more accessible, less stigmatizing, and more ap-
proachable compared to an individualized CBT setting.

Early randomized controlled trials demonstrated that 
GCBT, including models like Relapse Prevention and Guid-
ed Self-Change, could produce lasting reductions in substance 
use and associated psychiatric symptoms, particularly among 
individuals with mental health comorbidities. A leading 1990s 
GCBT study, using a 27-session relapse prevention model, 
found that participants with higher levels of comorbid psy-
chopathology and sociopathy remained abstinent longer and 
gained greater long-term benefit from GCBT than from 
interactional group therapy. Additionally, survival analyses re-
vealed better sustained outcomes for the CBT group two years 
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post-treatment. These group-based approaches set the stage 
for modern interventions by emphasizing goal setting and 
skills training for complex, diverse clinical populations, with 
the additional benefit of being more cost-effective than treat-
ments on the individual level.3 However, group CBT presents 
limitations, including reduced individualization, higher drop-
out rates, a weaker evidence base compared to individual CBT, 
and potentially lower perceived acceptability among partici-
pants, particularly due to privacy concerns and discomfort 
with sharing personal issues in a group setting.4

TAY with Developmental Disabilities:
Interestingly, today, one of the specific age groups most 

impacted by high comorbidity rates of mental health disor-
ders and developmental disabilities (DD) is transitional-aged 
youth (TAY). TAY are defined as individuals aged 16 - 25 nav-
igating the transition from child-centered systems to increased 
adult services and responsibilities.5 In a 2008 review pub-
lished in Current Opinion in Psychiatry examining 85 studies 
on the co-occurrence of mental disorders in adolescents with 
developmental disabilities, among the four studies with a com-
parison group, the prevalence of co-occurring mental disorders 
in youth with Intellectual and Developmental Disabilities 
(ID/IDD) ranged from 30% to 50%, compared to 8% to 18% 
in typically developing peers.6 In fact, 75% of serious mental 
illnesses (e.g., bipolar disorder or borderline personality disor-
der) show symptoms by the age of 25, overlapping with TAY 
developmental stages.7 Furthermore, developmental disabili-
ties often amplify stress responses to these transition-related 
demands. For example, Transitional-Aged Youth with DD 
are faced with demanding systemic and social challenges, 
often resulting in a concurrent mental illness due to service 
gaps with pediatric to adult care transitions, enhanced stigma 
and isolation as a result of their disability, and an overall loss 
of the structure that school-based support systems provide.8 
However, due to Diagnostic overshadowing—a cognitive bias 
where healthcare professionals mistakenly attribute symptoms 
of physical or mental health conditions to a person's pre-ex-
isting diagnosis—there exists an extreme amount of missed 
diagnoses and inadequate treatment for all adolescents and 
transitional-aged youth with developmental disabilities.9 For 
example, a 2015 cross-sectional descriptive study on ADHD 
found that 38.8% of a cohort of 685 children with neurologi-
cal disabilities met criteria for ADHD. However, only 28.2% 
of those were formally diagnosed—likely due at least in part 
to their syndromic or physical disabilities masking ADHD 
symptoms.10 It is also important to note that TAY with de-
velopmental disabilities are disproportionately affected by 
adverse childhood experiences (ACEs) (defined as potentially 
traumatic events occurring before age 18) with a higher prev-
alence and adjusted odds of experiencing any ACE (72.1% 
vs 60.8%; adjusted odds ratio [AOR], 2.0) and four or more 
ACEs (26.8% vs 14.7%; AOR, 2.6).11

Limitations Within Current Treatment Options: 
Currently, there are a range of treatment options for Tran-

sitional-Aged Youth with DD, including but not limited to 

occupation-based and advocacy interventions, behavioral and 
cognitive therapies, care coordination and community-based 
support, as well as assessment and transition planning.12 How-
ever, there remain immense systematic barriers regarding 
transition issues with TAY who have developmental disabil-
ities and financial hurdles such as limited insurance coverage 
and high out-of-pocket costs for many of these treatment 
options.13 For example, while Applied Behavioral Analy-
sis (ABA) or Cognitive Behavioral Therapy (CBT) are two 
commonly recommended forms of treatment, they are less 
universally accessed due to their high price points; One session 
of ABA can range anywhere from $120 - $150, one session of 
individual CBT can range from $100 - $250, and group CBT 
is often $30 - $75, making it a more affordable option.14,15 
Although costs may vary by region, group interventions are 
generally less expensive than individual therapies such as ABA 
or CBT. Moreover, along with the anticipated stigma that 
comes with a co-occurring DD and mental illness, there is a 
shortage of mental health professionals with expertise in this 
unique subset, resulting in long waitlists and difficulty access-
ing appropriate care.16

Current Studies in Literature:
Many modern-day psychology institutions and researchers 

agree that GCBT is particularly effective for transition-age 
youth (TAY) who have both mental health conditions and 
specific developmental or intellectual disabilities (such as au-
tism spectrum disorder). Still, this effectiveness has not been 
thoroughly proven in GCBT settings with a variety of devel-
opmental disorders. For example, A 2013 study by Hesselmark 
et al. found that GCBT and group recreational activities led to 
similar improvements in quality of life for adults, specifically 
with autism spectrum disorder. A significantly higher percent-
age of CBT participants (67%) reported long-term benefits 
such as improved well-being and personal insight, compared to 
only 27% in the recreational activity group.17 Moreover, a study 
conducted in 2011 by the University of Colorado, led by Dr. 
Judy Reaven, examined the effectiveness of a family-focused 
GCBT program specifically for anxiety in autistic adoles-
cents, rather than a broader range of developmental disorders 
as included in our experiment. After completing the 12-week, 
family-focused GCBT program, participants demonstrat-
ed significant reductions in overall anxiety symptoms. These 
improvements were observed from pre-treatment through 
mid-treatment to post-treatment and were measured using 
clinician-administered ADIS-P assessments as well as parent- 
and youth-reported SCARED questionnaires.18 Furthermore, 
in 2023, a systematic review and meta-analysis found that 
GCBT was effective in reducing anxiety in children and de-
pressive symptoms in adults with ASD. The review examined 
26 randomized controlled trials and reported that GCBT led 
to moderate reductions in anxiety among children and small 
but significant reductions in depression among adults.19 These 
findings add to the growing body of literature supporting 
GCBT for individuals with ASD, while also highlighting the 
limited scope of existing studies, which often focus on specific 
disabilities rather than a more inclusive population.
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�   Methods
Design:
This pilot study employed a mixed-methods design to eval-

uate the effectiveness of a CBT-informed program tailored for 
transitional-aged youth with developmental disabilities. This 
program was implemented in weekly lessons we led, including 
a slideshow, art activity, and corresponding exercises. Specifical-
ly, the study utilized an eighteen-question quantitative survey 
and qualitative interviews with participants and educators.20 
The integration of both methods enabled the exploration 
of both measurable changes and subjective experiences for 
the most comprehensive look into the perceived benefits of 
the MindBridge program. Furthermore, asking participants 
whether they had taken part in any other classes or programs 
during the past eight weeks, along with asking educators to 
compare the current participants' well-being to that of partici-
pants from a previous session without CBT, helped us account 
for potential confounding variables—such as improvements 
in emotional regulation or social awareness that could be due 
to outside influences rather than the CBT intervention itself. 
Thus, through their responses, we could identify whether im-
provements in mood, behavior, or emotion regulation could 
be reasonably attributed to the MindBridge curriculum versus 
external circumstances. It is crucial to note that all participants 
received verbal, emotional, and literacy support as needed to 
engage with simplified surveys and interviews.

Data was collected over 8 weeks. Prior to data collection, 
participants and their parental guardians provided informed 
consent through our “IRB Consent Form.” All participants 
then completed an online 18-question pre-CBT survey to 
assess baseline levels of emotional regulation and social aware-
ness. Surveys were administered in a supported format: staff 
assisted by reading questions and using visuals for those who 
needed it. Participants then engaged in the 8-week brief group 
CBT program, each session being 60 minutes long with a 
slideshow containing an instructive lesson, 2-3 exercises, and 
one art therapy activity. No formal data collection occurred 
during sessions. During week 8, participants completed an 
identical survey to the baseline pre-CBT survey. Participant 
and staff interviews were also conducted after the last Mind-
Bridge CBT session. We interviewed 5 randomly selected 
participants and all involved staff observers, totaling 3. The 
10 - 12 minute interviews were recorded and transcribed for 
future analysis. 

Participants and Recruitment:
We used opportunity census sampling to recruit participants. 

All individuals who were enrolled in the AbilityPath Stan-
ton Sunset Social Recreation Program, an existing structured 
program that serves young adults 18-26 with developmental 
disabilities, during the 8-week summer duration of the inter-
vention, were invited to participate in the pilot study.21 The 
final sample consisted of 10 adult participants (aged 18 - 26) 
with various identified developmental disabilities, including 
but not limited to autism spectrum disorders (ASDs), intel-
lectual disabilities, Attention-deficit/hyperactivity disorder 
(ADHD), and Down syndrome. This method was chosen due 

to the natural accessibility of the population and the limited 
availability of similar populations within a defined timeframe. 
Opportunity sampling was both logistically feasible and 
time-efficient, and was beneficial as it directly showed how 
our findings apply to the real world. Finally, because educa-
tors and staff involved in AbilityPath were already closely 
observing participants throughout the program and had an 
understanding of how most of the participants behaved in 
previous AbilityPath programs, they were well-positioned to 
provide context through their interviews.

�   Results and Discussion 
We conducted our 8-week pilot study to answer the ques-

tion: In what ways can brief group CBT (in the form of the 
MindBridge Curriculum) effectively address emotion regu-
lation and social awareness challenges faced by Transitional 
Aged Youth with developmental disabilities? We believed that 
Group CBT would improve emotion regulation and social 
awareness among participants. We ultimately found that our 
standard quantitative survey tools were largely ineffective in 
capturing meaningful changes in social awareness and emotion 
regulation, but our qualitative data suggests that participants 
had improvements in these two key areas.

Despite our intention to evaluate the effectiveness of Brief 
Group Cognitive Behavioral Therapy (CBT) through Mind-
Bridge for Transitional Aged Youth with developmental 
disabilities, we encountered significant challenges in collect-
ing quantitative data. In this sample, we concluded that the 
five matched pre–post datasets do not represent valid mea-
surements of emotion regulation or social awareness. Many 
participants were unable to accurately complete the survey 
instruments due to difficulties interpreting the questions or 
understanding rating scales, and, combined with our small 
sample size, given that this was a pilot study, we chose not to 
perform statistical inference or draw quantitative conclusions 
about the broader population to avoid false conclusions.  

This aligns with existing research, which suggests that indi-
viduals with intellectual and developmental disabilities (IDD) 
often face barriers to self-report measures, potentially reducing 
the reliability and validity of quantitative findings. Research 
has consistently identified several specific response biases that 
affect individuals with IDD during self-report measures. Ac-
quiescence bias, or “yea-saying,” is particularly pronounced in 
this population, where respondents tend to agree with ques-
tions regardless of content.22 Studies have also documented 
extreme response patterns, where individuals with IDD, es-
pecially those with more severe intellectual disabilities, tend 
toward selecting the most positive response options in Likert-
type scales.23 Studies examining the psychometric properties 
of self-report measures in IDD populations have found mixed 
results regarding reliability and validity. A systematic review 
of self-reported health measures for people with intellectual 
disabilities found that while some adapted measures showed 
promise, they often had only “fair to moderate” reliability and 
validity.24
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with [friends] to see what we’d like to do for fun in the fu-
ture.”29 Vik understood a more intentional, empathetic side 
of relationship-building by asking about others and working 
to form these common bonds, beyond just being more com-
fortable in social situations and making new friends. These 
statements similarly corroborate the claims from the educators 
at AbilityPath that participants typically gained general confi-
dence and pride as a result of the program. 

Both of our interviewed social recreational therapists re-
ported that participant confidence improved throughout the 
sessions. Lead therapist of the day programs at AbilityPath, 
Kayla, shared a difference she noticed in one participant, Eldin: 
“Eldin has truly benefited from the mind bridge activities, he 
has shown growth in understanding feeling and emotion, and 
how to work through them. He has shown more confidence 
in himself and growth in areas he is working to improve.”30 
Similar to what we noticed from participants like Vik, Kayla 
reported on the direct increase in confidence, along with Kai, 
an intern who attended all MindBridge sessions, who agreed 
that “some of their confidence has gone up—at least a little,” 
as a result of MindBridge.31 These findings align with research 
indicating that GCBT interventions tailored to social cogni-
tion can improve both emotional literacy and peer interactions 
among individuals with ASD and ADHD, who often find so-
cial awareness particularly challenging.32

Result Synthesis:
Our qualitative findings consistently showed that group 

CBT provided through the MindBridge model fostered mean-
ingful improvements in self-regulation and social awareness, 
as perceived by therapists and participants. In a group setting, 
participants practice coping strategies, but also watch peers 
successfully deploy them, a mechanism consistent with Beck’s 
cognitive model of emotional regulation and Bandura’s social 
learning theory, emphasizing learning through observing oth-
ers and group interaction.33, 34 At the same time, adaptations 
that we implemented in MindBridge, such as simplified lan-
guage, visual supports “such as pictures, drawings, and signs” for 
easier recognition, and repeated practice—“slower pace, using 
repetition” and “extra practice”—likely reduced cognitive load 
and made abstract CBT concepts more accessible for partici-
pants with IDD.35-37 However, these insights were not reflected 
in significant quantitative score changes, likely due to barriers 
in survey completion and interpretation. This triangulation—
significant qualitative gains contrasted with inconclusive 
quantitative results—illustrates the need for multi-method 
assessment in populations with developmental disabilities and 
supports the notion, echoed in recent scholarship, that qualita-
tive data can be more valid and impactful in evaluating mental 
health interventions for people with IDD. Although more tra-
ditional self-report methods, as used in our study, often fail 
to capture meaningful outcomes among TAY with IDD, our 
findings qualitatively point to the core mechanisms of group 
CBT working as theorized.

Our qualitative analysis of interview transcripts from ther-
apists, educators, and participants themselves surfaced two 
primary themes:

1. Increased Self-Regulation Skills: Therapists observed be-
havioral indicators of improved emotion regulation, such as 
one participant taking more intentional breaks when feeling 
overwhelmed.

2. Enhanced Social Awareness and Confidence: Participants 
reported greater ease in making friends and identifying their 
own emotions, while lead therapists noted broader improve-
ments in overall confidence and social engagement.

A. Increased Self-Regulation:
We saw an increase in self-regulation skills as reported by 

educators at AbilityPath. One example where we witnessed 
this change was when one participant experienced conflict 
with a peer and began to show early signs of escalation, includ-
ing agitation and raised voice tone. Rather than continuing in 
this heightened state, the participant was observed to inde-
pendently remove himself from the room, engage in a brief 
walk, and return when calm. A lead therapist identified this 
shift as evidence of an emerging ability to recognize internal 
signals of emotional distress—a critical skill that CBT inter-
ventions are specifically designed to strengthen. He described 
this participant more generally as being “able to take more 
breaks when he got stressed or overwhelmed.”25 Observing 
participants applying these skills in real-world contexts pro-
vides insight into how the curriculum translates outside of the 
structured program. While participants in our study struggled 
to self-report their use of cognitive skills on surveys, the ob-
served behaviors and reported anecdotes suggest that these 
techniques were nevertheless being utilized.

Another participant reinforced this core aim of CBT, say-
ing, “If I feel stressed or overwhelmed or nervous, I take 
deep breaths to calm myself down.”26 Individuals were able 
to recognize and address their internal states accurately and 
employ CBT coping strategies, corroborating Beck’s cogni-
tive theory of emotional disorders, which posits that increased 
self-awareness and cognitive restructuring can improve adap-
tive functioning.27 Importantly, improved self-regulation is an 
outcome with real-world implications. Transition-aged youth 
who are unable to regulate their emotions may encounter dif-
ficulties in school settings and even in peer relationships. By 
contrast, the ability to pause and re-engage following distress 
can contribute to smoother interpersonal interactions and en-
hanced opportunities for autonomy in daily life. In this way, 
these skills are long-term developmental competencies for this 
population.

B. Increased Social Awareness and Conf idence:
For Enhanced Social Awareness and Confidence, partici-

pants shared how the program enabled them to make friends 
comfortably and feel confident socializing with others. One 
participant, Vik, said, “I’m proud of coming with my own ac-
tions and feelings and how to meet people for the first time.”28 
He also added, “I’ve learned how to share common interests 
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generalizability of our findings. Furthermore, due to confiden-
tiality constraints, we were not informed of each participant's 
specific disability or co-occurring mental health conditions, 
making it difficult to tailor our curriculum to their individual 
needs. Overall, theoretical differences in treatment response 
would be expected, such that individuals with ADHD may 
show greater improvements in executive functioning, emo-
tional regulation, and task-related coping strategies, and 
individuals with anxiety disorders may demonstrate more gains 
in cognitive restructuring, anxiety reduction, and tolerance of 
uncertainty. We were also only able to include participants ages 
18-26, despite our previously defined range of TAY as 16-26, 
due to availability constraints. Finally, despite the final sample 
consisting of 10 participants, we were only able to collect pre- 
and post-intervention quantitative data from five participants, 
as some were absent during either week 1 or week 8. 

Special attention was paid to ensuring ethical research prac-
tices. Surveys and interviews were designed to be accessible to 
all participants, with necessary assistance. We followed ethical 
guidelines and received formal approval from the North Star 
Review Board. To ensure confidentiality, participants were as-
signed a random pseudonym that would remain anonymous 
to all except an arbitrary staff member at AbilityPath with no 
further involvement in the study. An additional limitation of 
our study was that our observers—the educators who noted 
improvements—were aware of the study, and thus, there may 
have been bias in their recognition of improvements.

�   Conclusion 
Our findings offer valuable qualitative insights into how the 

pilot curriculum, MindBridge, improved both emotional reg-
ulation and social awareness. Our feedback from participants 
and educators suggested perceived benefits, indicating that un-
der our specific implementation, brief GCBT may be able to 
produce measurable change in this population; however, due to 
the nature of our pilot study, we cannot generalize. 

Despite our limitations, our overall findings contribute to 
the broader conversation around equitable mental health ac-
cess for neurodivergent youth and highlight the pressing need 
for evidence-based, population-sensitive interventions in com-
munity settings. Disability-focused nonprofit organizations, 
such as Ability Path, may consider supplementing GCBT with 
additional supports, including individualized sessions, family 
engagement, and ongoing feedback or training from caregiv-
ers and disability service staff. Thoughtful program evaluation 
may be helpful prior to broader implementation, particular-
ly in more resource-constrained settings. For future research, 
we recommend exploring more intensive or extended versions 
of GCBT interventions (e.g., 12-week formats or daily ses-
sions), utilizing outcome measures that are both sensitive and 
developmentally appropriate, and implementing additional as-
sessment tools—such as longitudinal follow-up studies, digital 
self-monitoring apps, or caregiver behavioral checklists—to 
capture better more substantive, long-term, and overall per-
spectives on both objective and subjective outcomes.

We believe GCBT remains a promising and underexplored 
intervention for this underserved population. Its potential im-

Analysis of Data Collection:
A significant strength of our pilot study was the adoption 

of this mixed-methods framework, integrating both quantita-
tive and qualitative sources. While utilizing a survey provided 
us with easily measurable data, relying solely on these survey 
responses would’ve prevented us from understanding the ho-
listic picture of the program’s impact, including the changes 
reported by the educators. Hearing directly from participants 
about their takeaways and highlights—alongside insights fro-
meducators—allowed us to apply our findings in a real-world 
context and deepened our understanding of the observed im-
provements. Additionally, the educators at AbilityPath were 
uniquely positioned to observe our pilot curriculum and, as a 
result, provided valuable and credible insight into the changes 
in the participants over the 8 weeks.

However, with a restricted sample population, we are unable 
to generalize our findings to the full subset of transitional-age 
youth with developmental disabilities and co-morbid psychi-
atric conditions. Self-enrollment may lead to a sample with 
higher social and general motivation, and thus may have led to 
potential skew in our findings. Additionally, we had no con-
trol group due to the complicated nature of this eight-week 
curriculum and the difficulty in finding representative par-
ticipants. The lack of neurotypical controls made it difficult 
to isolate the effects of MindBridge’s CBT curriculum from 
external factors like monthly timing or additional programs, 
but we attempted to mitigate the impact by asking educators 
for previous cohort observations, without the implementa-
tion of the curriculum. Without a control group, we cannot 
fully rule out the possibility that the observed improvements 
were due to maturation, concurrent experiences, or other fac-
tors. While our methodological choices were shaped by the 
practical constraints of working with a specialized population 
within a limited time window, future iterations of this research 
should aim to incorporate a waitlist control group and expand 
the sample through broader recruitment strategies.

Finally, finding an alternative method for quantitative re-
search specifically adapted for people with IDD would’ve 
allowed us to look at the full, mixed-methods procedure suc-
cessfully. For example, offering multiple modes of response, 
such as visual scales or presenting the questions in verbal in-
terview form, or providing built-in clarification prompts, may 
help with misunderstandings. Simplifying the Likert scale 
to visual representations may make it easier to interpret each 
number, as well. As Cox and Nachman (2020) argue, trust-
worthy data collection for students with disabilities must go 
beyond standardized instruments and actively include adap-
tive, multimodal approaches tailored to the unique needs of 
this population.38 As this research expands to a generalizable 
scale, we hope that data collection can become more precise 
quantitatively, working with participants with IDD.

Limitations and Ethics:
Opportunity sampling comes with notable limitations. Be-

cause participants were not randomly selected, our sample may 
not accurately represent the broader population of Transition 
Age Youth (TAY) with developmental disabilities, limiting the 
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pact is especially relevant to policymakers, special education 
administrators, and researchers in clinical psychology and 
special education. We are committed to continuing the devel-
opment and dissemination of MindBridge, and plan to share 
it with local nonprofits and schools serving individuals with 
co-occurring mental health disorders and developmental dis-
abilities. We are eager to continue exploring and refining the 
CBT model across diverse settings to better meet the needs of 
the individuals we aim to serve.
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�   Appendix
[A] - Transitional Aged Youth Participant in MindBridge 

Survey
Please take 3–5 minutes to complete the self-report survey below. 

It asks about your behaviors, thoughts, and emotions over the past 8 
weeks, based on your own observations. Be sure to refer to the scale 
provided as you answer each question.

What is your given (fake) name?
Response Scale: A number indicates the level of agreement ex-

pressed in the response
Note - Select 0 to Opt-Out of Response 

Questions:
- In the past 8 weeks, whenever I’ve wanted to feel joy, I’ve 

shifted my thoughts to something more positive: (Note - Select 0 to 
Opt-Out of Response)

- In the past 8 weeks, I have felt in control of my emotions and 
able to manage how I feel: (Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, I have tried something that scared me: 
(Note - Select 0 to Opt-Out of Response)*

- In the past 8 weeks, when I felt nervous or worried, I used a 
CBT strategy to help me cope with my emotions: (Note - Select 0 to 
Opt-Out of Response)*

- In the past 8 weeks, the risks I have taken have had positive 
outcomes: (Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, I have openly communicated my emotions 
with others: (Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, I have had conversations with other people 
about their feelings: (Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, when I want to feel less angry or sad, I 
change what I am thinking about: (Note - Select 0 to Opt-Out of 
Response)*

- In the past 8 weeks, I have recognized when others need sup-
port, and I have offered my help: (Note - Select 0 to Opt-Out of 
Response)

- In the past 8 weeks, when I have felt strong emotions, I have 
thought about the consequences of my behaviors before acting on my 
emotions: (Note - Select 0 to Opt-Out of Response)*

- In the past 8 weeks, I have listened when others are speaking 
and engaged with what they were saying:  (Note - Select 0 to Opt-
Out of Response)

- In the past 8 weeks, I have made goals that I have stuck to: 
(Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, I have noticed when people around me seem 
confused: (Note - Select 0 to Opt-Out of Response)

- In the past 8 weeks, I have felt proud of my actions and who I 
am as a person, and I feel that I have supported and uplifted others:  
(Note - Select 0 to Opt-Out of Response)*

- In the past 8 weeks, I’ve been able to understand how others are 
feeling without them having to say anything: (Note - Select 0 to 
Opt-Out of Response)

- In the past 8 weeks, I’ve found myself curious about how oth-
ers have felt in certain situations: (Note - Select 0 to Opt-Out of 
Response)
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- In the past 8 weeks, I've found myself curious about other people's 
thoughts and opinions: (Note - Select 0 to Opt-Out of Response)

[B] - Interview Questions
Interview Questions - (Participant)
I. General:
- What do you like most about coming to MindBridge?
- What’s one thing you’ve accomplished during MindBridge that 

made you feel proud?
- Can you share an example of a time when you used a skill 

you’ve learned—such as a coping strategy, mindfulness technique, or 
thought reframing—in your everyday life?

II. Changes or Growth:
- Have you noticed any changes in the way you think or act com-

pared to before you started the program? If so, can you share one 
example?

- What skill that you learned during MindBridge helps you the 
most when you’re feeling upset, stressed, or overwhelmed?

- After going through MindBridge, what's something that used to 
feel difficult but now comes easily to you?

III. Reflection:
- What would you tell someone who is thinking about joining 

MindBridge?
- How would you describe MindBridge in one word?
- Do you feel happier or more confident after the program? Why 

or why not?

Interview Questions - (Educators / Facilitators)
I. Experience with the Curriculum:
- What has it been like implementing the MindBridge CBT 

curriculum? More specifically, what was successful, and what were 
some challenges?

- Can you share any surprising or memorable moments during 
sessions?

- What behavioral or emotional changes have you observed in 
your students or participants since implementing MindBridge?

- Can you describe a success story that stands out?
- How have participants grown in terms of confidence, commu-

nication, coping skills, and emotional regulation or awareness?
- Why is a program like MindBridge important for individuals 

with developmental disabilities?
- What would you say to another school or organization thinking 

about using MindBridge?
- How has this program impacted you personally as an educator?
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ABSTRACT: Pharmacological intervention and genetic influences have dominated the treatment of cancer care, while lifestyle-
based interventions during treatment have received little attention in the past. However, a growing body of research is beginning 
to reveal that physical activity may affect oncology outcomes in a  profound manner. This review aims to reconcile conflicting 
opinions on the degree of adherence, safety, and efficacy of exercise as an adjunct  treatment in cancer. These opinions arise from 
different types, stages, or settings. A quantitative summary of evidence from recent peer-reviewed literature suggests that exercise 
is a palliative, not  curative intervention. This intervention works to enhance treatment tolerability, immune function, affective 
well-being, and overall quality of life in cancer patients. The key findings of the research indicate that moderate structured physical 
activity (approximately 150 minutes per week) is associated with less inflammation, heightened immune surveillance, reduced 
cancer-related fatigue, enhanced emotional resilience (psychological coping capacity, including improved stress tolerance and 
reduced anxiety symptoms), and increased adherence to treatment; risks include increased cardiovascular strain and heightened 
ultraviolet exposure. At large, physical fitness stands as a relatively cheaper, feasible adjunct to usual oncological management and 
of significant value when tailored and medically managed programs, highlighting the importance of clinical practice guidelines/
standards and more controlled trials. 

KEYWORDS: Biomedical and Health Sciences, Physiology, Oncology, Supportive Cancer Care, Physical Activity.

�   Introduction
Lifestyle-based approaches to cancer prevention and 

treatment have increasingly become a topic of interest in on-
cology. Figure 1 depicts the perspective on cancer and the 
global cancer burden. While showcasing rising trends in the 
global incidence of cancer over previous years, it neverthe-
less underscores the mounting public health threat posed by 
the disease.1 The medical community continues to research 
physical wellness effects on cancer progression and treatment 
outcomes, yet experts disagree about the actual impact of exer-
cise.2 The research community mainly focuses on genetics and 
environmental factors for cancer development, but new studies 
indicate that exercise leads to better patient results through its 
effects on biological processes, psychological health, and med-
ical treatment outcomes.3 As depicted in Figure 2, consistent 
exercise results in beneficial effects across a broad range of 
cancer-related outcomes, such as decreased risk of recurrence, 
increased tolerance to treatment, and improved quality of life. 
The connection between these factors suggests that physical 
activity may offer an affordable method to boost life quality 
for cancer patients while possibly making their treatments 
more successful.4 Historically, cancer was perceived as a largely 
unpredictable disease, which resulted in restricted treatment 
choices. Medical experts advised patients to avoid movement 
because they thought rest would help patients save strength, 
which would lead to better healing.5 Research in oncology has 
determined that physical inactivity produces worsening fatigue, 
weakens immune function, and damages total health status.6 
Recent research indicates that exercise activities help people 
endure treatment better while they develop physical durabil-

ity and achieve better functional abilities.7 The medical field 
now uses evidence-based patient-centered care, which marks a 
complete transformation from its previous medical approaches.

The American Cancer Society (ACS), together with the 
International Agency for Research on Cancer (IARC), has 
conducted recent studies that show physical activity helps 
decrease inflammation while improving immune system func-
tionality and reducing the chance of various types of cancer.8 
Figure 3 summarizes several of the putative biological pathways 
through which physical activity may modify the trajectory of 
cancer, including immune modulation, systemic inflammation, 
and metabolic control.9 However, exercise is not uniform-
ly beneficial. Outdoor physical activity can increase vitamin 
D synthesis, which protects them from certain cancer types, 
but at the same time makes them more vulnerable to harmful 
UV rays that boost melanoma development.10 The advantages 
of exercise depend on multiple factors, including cancer type, 
environmental conditions, and lifestyle context, which require 
personalized wellness approaches instead of generic solutions.11 
Research in psychology shows that physical activity helps peo-
ple handle stress better while boosting their motivation and 
making them feel more in control of their treatment process.12 
Exercise produces emotional benefits that lead to better treat-
ment adherence, enhanced immune function, and improved 
quality of life for cancer patients by addressing their mental 
and physical needs.13 Physical wellness stands as an economical 
treatment that operates as a supportive resource to standard 
oncology care to help patients achieve complete recovery and 
long-term survival.14
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This review article examines existing peer-reviewed stud-
ies to determine the effects of physical activity and wellness 
programs on cancer development and patient wellness and 
medical results. Through the combination of recent research 
data, this study seeks to determine the effectiveness of exercise 
as a supportive treatment for cancer care while defining the 
specific situations in which it delivers proven benefits.

�   Research Methodology
This study explores the relationship between physical health 

and the occurrence and severity of cancer. With reference to 
the main question addressed in the paper, whether lifestyle 
habits like exercise affect cancer growth, the aim is to evaluate 
the existing evidence that has examined the effect of different 
types of physical activity on cancer outcomes, emotions, and 
quality of life. This research examines whether positive physi-
cal habits can be linked to improved physical and psychological 
cancer responses through a review of scientific literature with-
in oncology and wellness research.

The research follows an analytical review design based on 
the literature. This review uses findings published by repu-
table medical and scientific bodies rather than experiments/
fieldwork. This design works because it accommodates a di-
verse array of data, such as data from cancer biology, treatment 
responses, exercise physiology, and psychosocial health. It sup-
ports the comparisons made in the introduction regarding the 
differing opinions of organizations like the American Cancer 
Society and the National Cancer Institute.

Peer-reviewed journals, medical databases, and publications 
of official health organizations provided data for the study. 
A total of 35 peer-reviewed research articles were reviewed. 
Sources were gathered from PubMed and Google Scholar, and 
NCI, IARC, and ACS archives. Keywords included physical 
wellness and cancer, exercise oncology, cancer mortality, life-
style, psychological wellness in cancer patients, melanoma, and 
outdoor exercise, as well as cancer treatment and physical ac-
tivity. To keep the data contemporary, the researcher decided 
to only focus on sources that were published within the last 
fifteen years, specifically between 2010 and 2025.

After the literature was reviewed, findings were analyzed 
and organized into three overarching themes: (1) the physical 
and biological effects of exercise on cancer and its treatment, 
(2) psychological and emotional effects, and (3) conflicting or 
risk-based evidence relating to certain types of exercise (for 
example, outdoor activity linked to sun exposure). Patterns, 
agreements, and contradictions among researchers or institu-
tions were analyzed for each source. A comparison revealed 
similarities in the effect of physical wellness on the physio-
logical evolution of cancer and the psychosocial experience of 
patients undergoing treatment.

Since this study is a pure literature review, no ethical clear-
ance or human participation, nor experimental tools were 
required. The study depended on secondary data, which is 
available, and the medical literature. This might ensure safety 
and accessibility, but it limits the study to previous findings, 
and no new experimental data were generated. Conclusions 
are based on observed trends rather than definitive proof of 

causation due to the differences in types of exercise, popula-
tion, and stage of cancer.

Cancer Development and Physical Activity:
Because this study depended solely on existing research ma-

terials without producing new experimental data, scientists 
must study unexamined variables to build a complete picture 
of exercise-based cancer support. The researchers need to 
study different exercise intensities and durations and modes, 
which the current studies have not standardized, and inves-
tigate how exercise affects new cancer treatments, including 
targeted therapies and immunotherapy. The research did not 
examine individual patient social standing or environmental 
conditions; therefore, scientists should study how econom-
ic status, facility access, weather conditions, and community 
resources affect patients’ ability to sustain physical exercise 
during cancer treatment. The research needs controlled trials 
to determine whether outdoor exercise provides better health 
results than indoor exercise while protecting patients from ul-
traviolet (UV) radiation exposure. The study of unexamined 
factors together with innovative research methods will enable 
scientists to create personalized physical activity protocols that 
will promote safe and effective exercise recommendations for 
cancer patients across various demographic groups and treat-
ment situations.

Recent narrative and systematic reviews reinforce that phys-
ical activity influences several biological pathways connected 
to early cancer development.15 Studies from various cancer 
types show scientists discover exercise leads to better insulin 
function, lower chronic inflammation, and better control of 
hormones, including estrogen and IGF-1.16 The body adjusts 
its internal environment through biological changes, which 
prevent the formation of cancer-supportive cellular conditions. 
The research also demonstrates that small amounts (even be-
low the standard weekly exercise recommendation) of physical 
activity produce tangible metrics that enhance metabolic and 
immune system functioning to combat cancer growth mech-
anisms.17

Multiple oncology reviews establish that exercise impacts 
tumor microenvironments by creating better oxygen supply 
and boosting immune system monitoring functions.18 Sum-
marized research shows how physical activity boosts natural 
killer cell performance and T-cell operation, which helps de-
tect and eliminate abnormal cells and precancerous cells.19 
Collectively, research results show that exercise prevents cancer 
by affecting metabolism and working directly with immune 
cells, which defend against cancer development.

Research studies establish exercise as a behavior that mod-
ifies cancer risk, but medical professionals show that physical 
activity does not function as a standalone cancer prevention 
strategy. Population research signifies that physical exercise 
reaches its peak effectiveness when it combines with multi-
ple health behaviors and environmental factors. Soldato et al. 
researched that cancer formation results from genetic factors, 
carcinogen contact, eating habits, and body weight, yet exercise 
only decreases cancer risk without providing full protection.20 
Their study demonstrates that physical wellness functions as 
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a supporting factor that provides protection, but it does not 
operate as an absolute protective element.

Exercise and Cancer Treatment Outcomes:
Medical research has shifted its focus to studying physi-

cal health during cancer treatment rather than continuing to 
study cancer prevention alone. Research findings from clinical 
trials and observational studies demonstrate that patients who 
engage in moderate physical exercise during their treatment 
process experience enhanced treatment.21 The combination of 
chemotherapy and radiation therapy requires patients to have 
better cardiovascular fitness, muscle strength, and metabolic 
health, which exercise programs help develop. Studies show 
that patients who stay active physically during their treatment 
period tend to experience better survival rates and lower can-
cer recurrence rates, yet these results depend on cancer stage, 
treatment type, and exercise intensity.22 The research findings 
show that doctors should include exercise programs in their 
supportive oncology care practices.

A group of researchers conducted systematic reviews that 
show exercise has the potential to boost treatment suc-
cess through better tumor oxygen delivery, diminished 
treatment-related inflammation, and enhanced drug delivery 
systems.23 Research from numerous preclinical studies indi-
cates that exercise boosts chemotherapy and immunotherapy 
outcomes through its ability to enhance blood vessel growth 
around tumors, which improves treatment circulation.24 The 
research data support new theories that show physical exercise 
enhances the biological systems that certain cancer treatments 
need to achieve their highest effectiveness.

Beyond biological improvement, exercise plays an important 
role in helping patients maintain functional capacity through-
out treatment. Some research findings demonstrate that 
organized exercise programs enhance both physical movement 
and muscle power and heart and blood vessel health during 
cancer treatment and in the recovery period.25 The advantages 
of these treatments result in shorter hospital stays and faster 
treatment delivery, and patients gain more control over their 
healthcare decisions. The evidence presented supports the idea 

that patients who undergo physical preparation show better 
tolerance for aggressive treatments, which aligns with current 
oncology guidelines.

Major scientific research has proven that physical activity 
functions as a preventive factor that reduces the chances of 
cancer returning, specifically for breast cancer and certain 
other cancer types.26 A researcher and his team performed 
research that showed that cancer survivors who perform mus-
cle-strengthening exercises experience lower recurrence rates 
and longer survival times.27 The outcomes of cancer recurrence 
stem from biological elements, yet physical activity enables the 
body to recover its operational state after treatment, which 
makes exercise an essential strategy for all cancer treatment 
phases.

Quality-of-Life and Psychological Benef its of Physical Well-
ness:

Scientists have identified precise biological results that 
occur from physical activity, yet research shows these effects 
strengthen cancer patients’ quality of life. Research indicates 
that physical exercise leads to better emotional health and 
anxiety reduction of 25% while helping patients feel more in 
control of their treatment process.28 Evidence suggests that 
people who maintain good mental health tend to follow their 
medical treatments more closely and achieve better recovery 
results. Findings demonstrate that physical health creates 
positive effects on cancer results because it helps people stay 
motivated while reducing stress-related immune system dam-
age and supporting healthy daily habits. These studies show 
that physical wellness affects cancer treatment through multi-
ple physical and mental channels, which extend beyond basic 
biological effects. 

Research affirms that physical exercise leads to better emo-
tional health and increased self-assurance and control, which 
often occurs during times when patients experience both 
physical and mental weakness. A few reviews emphasize that 
physical activity reduces anxiety, improves mood regulation, 
and enhances cognitive clarity.29 The patients who experience 
empowerment through this process develop improved com-
munication skills with their healthcare staff, and they show 
greater commitment to their medical treatments.

Research studies that assess physical activity programs that 
include counseling support have demonstrated the essential 
role of psychological support. The research conducted by a 
group of researchers demonstrates that planned exercise rou-
tines performed inside buildings or outside in nature help 
survivors maintain participation while decreasing their psy-
chological distress and strengthening their social connections 
with other people.30 The programs create community backing, 
which functions as a fundamental factor that produces im-
proved mental health results and higher life satisfaction for 
survivors.

Scientists have collected evidence that demonstrates that 
exercise decreases cancer-related fatigue, which represents a 
major disabling effect of treatment.31 The research conduct-
ed through meta-analyses reveals that patients who perform 
structured physical exercises at moderate or low intensity levels 

Table 1: Cancer Types and Observed Associations with Physical Activity. 
The figure illustrates tumors that are most investigated in the literature on 
exercise oncology; the compiler indicates a wide range of potential benefits 
and harms from physical activity. While colorectal and breast cancers have the 
most compelling data for exercise as an adjuvant approach, other cancer sites 
show complex results that are influenced by treatment context, environmental 
exposure, and personal patient characteristics. It is this variation that also 
highlights the importance of personalized physical activity recommendations 
rather than uniform exercise prescriptions. 
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ination of all available evidence. The literature review examines 
previous studies to identify trends, opposing views, and research 
gaps, which establish the basis for studying physical wellness as 
a supportive element in cancer prevention and treatment.

The majority of research studies show scientists require addi-
tional information to determine which exercise types, intensity 
levels, and durations suit particular cancer types.36 The research 
field shows a complete absence of standardized guidelines that 
describe how aerobic, resistance, and high-intensity exercises 
affect various tumor types.37 The research shows that exercise 
delivers numerous advantages to people, yet scientists have not 
determined the optimal exercise duration and frequency for 
therapeutic results.

Scientists have identified a gap in knowledge regarding how 
physical activity affects the performance of new treatment 
methods, which include immunotherapy. An analysis demon-
strates that exercise might affect how the immune system 
activates and how patients respond to treatment, but precise 
clinical studies need to be conducted.38 The research gap 
becomes more important for exercise oncology because immu-
notherapy keeps expanding its reach.

The research needs to investigate how digital tools and 
remote exercise programs help patients who cannot access 
traditional face-to-face care. A research team discovered that 
e-health interventions help people continue their exercise 
routines, yet the digital gap, together with uneven technol-
ogy availability, creates obstacles for making these programs 
accessible to everyone.39 The existing gaps demonstrate the 
requirement for physical activity programs, which should be 
accessible to all people at different scales.

�   Discussion 
The evidence supports the examination of thirty peer-re-

viewed studies, which showed multiple recurring patterns that 
link physical exercise with cancer progression and treatment 
results.40 The research shows exercise helps cancer patients 
through their treatments because it reduces treatment side 
effects and makes patients less tired while improving their 
emotional health; furthermore, studies support the findings 
of the American Cancer Society (ACS) and the International 
Agency for Research on Cancer (IARC), which demonstrate 
that physical exercise leads to decreased inflammation and im-
proved immune system function.41 The scientific data show 
conflicting results about exercise effects on cancer prevention, 
yet most research indicates that active people develop improved 
immune systems and body strength, which could reduce cancer 
progression. Overall, these findings show consistency.

experience the highest satisfaction for future development and 
lifestyle.

Conflicting Evidence and Risk-Based Considerations:
The research findings show mostly positive results, yet the 

studies identify multiple dangers and conflicting results about 
exercising. Research indicates that particular exercise types 
create dangers when people engage in them under specific 
environmental circumstances or health conditions. Outdoor 
physical activities produce vitamin D, which protects against 
specific cancers, but users should protect themselves against 
skin cancer because UV radiation causes melanoma and bas-
al cell carcinoma.32 The implementation of physical activity 
programs for patients with advanced disease or compromised 
immune function requires specialized monitoring and ade-
quate intensity assessment. The research shows that exercise 
programs need to develop individualized physical activity 
plans instead of following generic guidelines.

Exercise provides health advantages to people, but research 
shows certain physical activities prove dangerous to specific 
patient groups. High-intensity training creates additional fa-
tigue and injury risks and cardiovascular stress for people who 
undergo aggressive medical treatments. Research demon-
strates that patients who receive chemotherapy or radiation 
treatment or undergo surgical recovery need specialized ex-
ercise intensity assessments.33 The results show that exercise 
plans need to be customized for individuals instead of using 
universal guidelines.

The outdoor environment creates different potential dan-
gers that can impact the overall safety of the structure. The 
practice of exercising outdoors provides documented benefits, 
which include vitamin D production and improved mood, ac-
cording to a researcher and his colleagues, who found that sun 
exposure leads to higher melanoma rates, particularly among 
people with light skin tones and those who stay in areas with 
intense UV radiation.34 The findings support your paper's 
statement, which states wellness approaches need to modify 
their context-based approach and require medical supervision 
when used with vulnerable patient populations.

People who want to participate in organized exercise pro-
grams face obstacles because of their social standing and 
difficulties with accessibility. Research shows that people who 
lack financial resources and supervised program access experi-
ence challenges in maintaining regular physical exercise.35 The 
existing inequalities result in unequal benefit distribution be-
tween different social groups when exercise programs do not 
follow accessibility and inclusion standards.

Synthesis of Research Gap and Existing Research:
Existing research shows strong evidence of a relationship 

between physical health and cancer outcomes, but multiple 
essential research areas need further exploration. Research 
findings show that exercise creates links to better physical and 
mental health results and treatment success. Yet scientists have 
not established which exercise types and intensities work best 
for different cancer stages and patient groups. The different 
viewpoints from various institutions require a unified exam-
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The literature assessment concludes that exercise functions 
best as an auxiliary treatment, which should not replace con-
ventional medical care.43 The research does not show that 
exercise alone can stop cancer growth, but evidence from 
various studies demonstrates that physical activity programs, 
which become part of treatment plans, deliver improved pa-
tient results and enhanced well-being.44 The results support 
the main goal of this research, which investigates how physical 
health affects cancer treatment results and patient quality of 
life.

�   Conclusion 
The research results from this literature-based study show 

that physical activity functions as a vital supportive element 
in cancer care because it helps patients handle their treat-
ments better, maintain emotional stability, and achieve a better 
overall quality of life. The present scientific evidence fails to 
prove that exercise directly impacts cancer growth reduction 
or survival improvement, yet research shows that physical fit-
ness enables the body to handle treatments better and reduces 
fatigue while boosting mental health. The research findings 
support the notion that exercise functions as a vital supple-
mentary treatment that should become a standard component 
of all cancer care programs.

The research shows that physical activity produces distinct 
effects that depend on cancer types, environmental factors, and 
patient health conditions. Outdoor physical activities, while 
offering benefits such as vitamin D production, carry potential 
risks related to excessive UV exposure and environmental vari-
ability. Therefore, personalized exercise programs that consider 
medical and environmental factors are more effective than 
generalized recommendations in clinical practice. The review 
supports the first statement of the paper by showing that phys-
ical wellness functions as an accessible, low-cost approach that 
improves patients’ physical and mental health during cancer 
treatment. Cancer care programs that include structured exer-
cise programs seem to provide patients with lasting advantages 
for their recovery process, overall well-being, and survival rates.

Scientific studies have identified exercise benefits as a main 
theme in the literature, which applies to all cancer types.42 The 
research from oncology and behavioral health demonstrates 
that physical activity functions as a stress hormone reducer 
while it enhances patient motivation and treatment control 
perception. The psychological effects serve as essential fac-
tors that help patients follow their treatment plans better and 
improve their quality of life. The initial statement receives sup-
port from this observation because it demonstrates the direct 
connection between emotional well-being and physical health 
in cancer treatment outcomes.

The third research area focuses on analyzing the risks and 
identifying the conflicting information that exists in current 
studies. Outdoor physical activity provides two major bene-
fits through vitamin D production and general wellness, yet it 
creates health risks because of sun exposure that leads to skin 
cancers, including melanoma. Research shows that exercise 
needs to be customized based on the patient's environment, 
cancer type, and medical requirements because exercise alone 
does not provide protection to all people. The evidence sup-
ports the initial statement, which shows physical activity 
provides benefits, but it does not work in all situations.

Figure 1: Association Between Physical Activity Level and Cancer Treatment 
Tolerance. This figure illustrates the link between cancer treatment tolerance 
and the level of physical activity performed. An increase in regular exercise 
can be seen with an association of improved tolerance to cancer treatments, 
including minimized risk of fatigue and enhanced functioning of the body, 
as recorded in many peer-reviewed studies relating to oncology. The figure 
shown above is AI-generated and thus is not based on organic data collected 
experimentally. Moreover, the figure is reviewed thoroughly by the author for 
accuracy. 

Figure 3: Comparison of Health Benefits and Risks by Exercise Environment. 
This figure depicts the comparability/comparison of health benefits and their 
associated risks of outdoor and indoor physical activity during cancer care/
treatment. This demonstrates that while outdoor activity provides a variety 
of healthcare benefits, such as the synthesis of Vitamin D, it can also present 
risks that are inherent due to a high amount of ultraviolet radiation. Thus, it 
illustrates the importance of exercise recommendations that are personalized. 
The figure shown above is AI-generated and thus is not based on organic data 
collected experimentally. Furthermore, the image is closely reviewed by the 
author for accuracy. 

Figure 2: Impact of Physical Activity on Quality-of-Life Outcomes in 
Cancer Patients. This figure illustrates the effect that physical activity has on 
the quality of life of people who are diagnosed with cancer. Physical wellness 
is associated with an increase in your physical function, emotional well-being, 
overall quality of life, and fatigue reduction. This supports the fact that exercise 
is a complementary component of oncological care. The figure displayed above 
is AI-generated and thus is not based on organic data collected experimentally. 
The author reviewed the image for accuracy. 
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Future clinical trials are needed, which will establish the 
most effective exercise intensity, duration, and type for various 
cancer forms and treatment phases, because existing research 
lacks uniform standards. Research needs to investigate the 
effects of physical activity on new cancer treatments, which in-
clude immunotherapy and targeted treatments, to demonstrate 
its effectiveness for improving treatment outcomes in modern 
oncology. The research should now focus on how social and 
environmental elements affect patient exercise maintenance 
during treatment because this information will help research-
ers create customized physical activity programs that anyone 
can follow more consistently.

Support from oncology providers, policymakers, and care or-
ganizations advocating for the implementation of structured, 
medically supervised physical activity programs into stan-
dard clinical cancer care is warranted, considering emerging 
evidence. To ensure that exercise becomes a recommended, ev-
idence-based platform for those with cancer, investment in the 
development of clinical guidelines and associated resources is 
necessary to support formal program implementation.
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ABSTRACT: Two celestial bodies, more than 100 times the mass of the sun, are hurtling towards each other, colliding to send 
ripples through the very fabric of reality. It is from this chaos that the grandest elements like gold and platinum form, or an even 
grander singularity is born, where our laws of physics cease to exist. And in short, this is how black holes, as well as neutron stars, 
collide. Due to recent advances in the field of gravitational wave technology and through observations by LIGO and Virgo, we 
have received immense new data, which makes it easier to analyze the collision of neutron stars and black holes using gravitational 
waves. Scientists often use machine learning data models to observe waveforms and determine physical parameters. This paper 
uses such detections to evaluate physical features about black holes and neutron stars, such as mass, angular momentum, tidal 
deformability, etc., by analyzing gravitational waves from their collisions. Understanding these features allows us to test theories 
like that of dense matter and even the limits of physics as we know it.  

KEYWORDS: Physics, Astrophysics, Black Hole Collisions, Neutron Star Collisions, Gravitational Waves.

�   Introduction
When the universe’s densest bodies—black holes and neu-

tron stars—collide, they release more energy in mere seconds 
than our sun can in its entire lifetime. During this brief time, 
space and time ripples, new elements are born, and even larger 
black holes are formed as our universe is not just disturbed but 
reshaped.

These mergers or collisions can occur between binary black 
hole systems, binary neutron star systems, as well as black holes 
and neutron stars. These collisions send across gravitational 
waves— invisible ripples that travel through space—which 
help us detect physical components like mass, density, spins, 
tidal deformability, nuclear matter characteristics, etc., of these 
structures. This is one of the newest observations in astrophys-
ics, with gravitational waves only being discovered in 2015,1 
although first predicted by Einstein in 19182 as a consequence 
of his general theory of relativity. GW150914 in 2015 was the 
first black hole collision detected by the Laser Interferometer 
Gravitational-Wave Observatory (LIGO).3 This paper focuses 
on the physical properties of black holes and neutron stars that 
can be detected through analysis of gravitational waves from 
their collisions.

We need to understand the physical properties of these colli-
sions to learn more about these events. Studying the properties 
like tidal deformability of neutron stars literally tells us about 
ultra-dense matter, while studying properties like spin distri-
butions of black holes gives us a deeper understanding of how 
they were formed. Though there exist many  papers about how 
gravitational waves have been used to detect specific proper-
ties of compact objects—talking about specific case studies or 
events—there is a lack of papers that specifically emphasize 
the physical nature of these collisions. This paper aims to do 

just that and address this lack by instead of focusing on ob-
served data, showing how analyzing gravitational wave data 
can give us the physical properties like mass, spin, momentum, 
tidal deformability, etc., of binary black hole, binary neutron 
star, and black hole–neutron star collisions. It will review the 
common and unique physics of the events and refer to theories 
of general relativity,2 dense matter, etc. Analyzing properties 
of black holes like mass ratios, spin magnitudes, etc., not only 
allows us to test the theory of general relativity but also tells 
us how black holes form and evolve.3 Measuring radius, tidal 
deformability, etc., of neutron stars tells us about the equation 
of state, which is how matter behaves at nuclear and supra-
nuclear densities. We also get information about the origin of 
heavy metals like gold and platinum through the process of 
nucleosynthesis. It is almost impossible for any experiment on 
Earth to recreate these processes, making studying these vital 
to not only astrophysics but also other basic sciences. Studying 
this helps us understand how matter is disrupted, and electro-
magnetic emissions like radiation and light are generated. It 
starts with a qualitative overview of general relativity (2.1). The 
next part (2.2) contains the breakdown of the different phases 
of a merger (inspiral, merger, and ringdown) and then focus-
es on physical properties derived from the gravitational wave 
data, like mass, spin, and tidal deformability (2.3). Important 
events like GW150914,3 GW170817,4 and GW2001155 are 
discussed along with their importance (2.4). It then talks about 
the astrophysical implications of these collisions, like equations 
of state, formation, and evolution of black holes (2.5). Final-
ly,(2.6) it looks at future experiments and detectors that can 
help progress developments in this field and areas that should 
be focused on. The research used in this paper includes pub-
lished data, such as results from detections, simulations, and 
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prior analyses, to highlight the findings. This work is a review 
and does not present new gravitational-wave data analysis; it 
synthesizes existing observational results and theoretical mod-
els to highlight the physical interpretation of compact binary 
mergers.

�   Results and Discussion 
2.1. The Theory of General Relativity:
The Theory of General Relativity by Albert Einstein was 

first published in 1916,7 11 years after his Special Theory of 
Relativity. A useful quote by John Archibald Wheeler can 
help sum it up—Spacetime tells matter how to move; matter tells 
spacetime how to curve. This can be explained using an analogy 
(Figure 1):

Imagine a stretched sheet of some rubber (spacetime) on 
which a ball (mass like a star) is kept. This obviously deforms 
the spacetime around it by “curving” it, and thus an object of 
a smaller mass (planet) when moving around it is not being 
“pulled” into it but following geodesics, which is the straightest 
possible path any object can take in a curved spacetime. The 
heavier the object, i.e., the more mass it has, the steeper the 
curves will be, and hence the geodesics will bend more sharply, 
causing smaller objects to be pulled into it.

Regarding this, Einstein's field equation states (Figure 2):

where Gμν is the curvature or Einstein tensor telling us how 
much spacetime is curved at a particular point in time, is the 
mass-energy or stress-energy tensor, G is Newton's gravita-
tional constant (6.674 × 10-¹¹ N⋅m²/kg²), and c is the speed of 
light (3 * 108 m/s).

General Relativity also talks about spacetime and mass-en-
ergy in the context of gravitational waves. When two masses 
orbit each other, spacetime gets deformed as discussed earlier. 
When the speed of these masses accelerates, they send rip-
ples through space and time in all directions away from the 
source, i.e., themselves. These ripples are known as gravita-
tional waves.7

These waves propagate away from their source at the speed 
of light and carry information about their origin. They are 
not distortions traveling through spacetime, but distortions of 
spacetime. Collisions of black holes and neutron stars provide 
strong gravitational waves, which are the key components that 
are detected and analyzed to obtain information about their 

physical nature by observatories like LIGO (Laser Interfer-
ometer Gravitational-Wave Observatory) and Virgo.9 In fact, 
though Einstein's Theory of General Relativity (1916) pre-
dicted the existence of gravitational waves,7 it was not detected 
until 14 September 2015 by LIGO when two massive black 
holes collided—GW150914.10

The theory of conservation of energy makes it impossible 
to produce gravitational waves by shifting the total mass up 
and down (monopole) or moving the center of mass back and 
forth (dipole). Instead, a quadrupole change is what generates 
gravitational waves, which is when the shape of the mass dis-
tribution is changed (stretched or squeezed) over time, like in 
orbiting binary systems. This wave distortion or strain depends 
on how fast the quadrupole changes, and the power carried 
depends on the acceleration of this change. This concept was 
originally discovered by Einstein in 1918,11 confirmed indi-
rectly through binary pulsar energy loss,12 and finally observed 
by LIGO.10

According to weak-field observation, when a source is very 
far away, the curvature of spacetime is less distinct, so a flat 
Minkowski spacetime can be considered with a ripple. This 
can be shown through the following equation (Figure 3):

where gμν is the spacetime metric, ημν is the Minkowski met-
ric from the theory of Special Relativity, and hμν is the ripple 
that represents the gravitational wave. It helps provide an easi-
er and simpler way to study gravitational waves without going 
into much detail about the math behind general relativity. This 
was derived by Einstein in his 1918   theory.

2.2. Phases of the Merger:
Merger:
A merger between stellar objects refers to the process by 

which these stellar bodies orbit each other at accelerating 
speeds and eventually collide due to the emission of gravi-
tational waves by the bodies.13 At this time, the spacetime 
curvature is greatest, and the gravitational wave signals have 
the most amplitude and frequency. These mergers between bi-
nary black hole systems, binary neutron star systems, and even 
black hole–neutron star systems will be studied. There are sev-
eral phases to these mergers.

Inspiral Phase:
The first and longest phase of the merger is known as the 

inspiral phase. It is a very significant phase, as the gravita-
tional wave signals from this phase are understood very well, 
helping scientists predict accurate information on the physical 
properties of these collisions.14 In short, it is when the two 
bodies (neutron stars/black holes) are circling each other with 
increasing acceleration and are about to collide. This phase 
produces the gravitational wave “chirp” signal15 which is a form 
of gravitational wave that continuously increases its frequency 
and amplitude over time. It occurs as the two objects orbit 
each other, they lose energy and angular momentum, radiat-
ing these waves. This produces a sort of feedback loop where 
the loss of energy and momentum causes the orbits to tighten 
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more, accelerating the motion of the objects and generating 
more and more energetic gravitational waves, i.e., chirps with 
increasing amplitude and frequency. This freq of these waves 
is always double that of the orbit. For stellar mass binaries 
like binary neutron star systems, this usually occurs in seconds 
before the merger with detectable frequencies, while in super-
massive black hole systems, it can last for minutes but be much 
less detectable. For neutron star binaries, finite-size tidal ef-
fects become important during the late inspiral and introduce 
additional phase shifts that depend on the tidal deformability 
parameter Λ, which encodes information about the neutron 
star equation of state.

Merger Phase:
The merger phase is the most violent and dynamic part of 

a binary collision, lasting from milliseconds to a few seconds.          
As the two objects reach the innermost stable circular orbit 

(ISCO), after losing their orbital energy due to emission of 
gravitational waves, they collide and merge into a larger and 
more compact object.16 It is a rapid occurrence where both 
objects move at a huge fraction of the speed of light. The 
curvature of spacetime is the most extreme here, and any grav-
itational interactions are non-linear.

For binary black hole mergers, this system includes the de-
formation of the black hole event horizons and their merging 
into a single, larger, common event horizon.17 This also creates 
a new black hole that rapidly spins away. For binary neutron 
star mergers, the presence of matter makes the process much 
more complicated. Matter is heated to high temperatures and 
densities, which can form a hypermassive neutron star for a 
limited amount of time before collapsing into a black hole. 
The projection of matter can also occur, forming a kilonova.18

The merger part gives us the most powerful gravitational 
wave signals. It includes rapid increases in frequency and am-
plitude, leading to a single peak.16 At this peak, the signal lasts 
only for a fraction of a second but radiates a huge amount of 
energy. This marks the point of peak luminosity, which can 
produce astonishing amounts of power—for the first-ever de-
tection, GW150914, the peak gravitational wave luminosity 
exceeded the combined electromagnetic output of all the stars 
in the observable universe.10

The waveform of the merger is more complex than that of 
the inspiral phase, as it contains a superposition of various fre-
quencies. Thus, modeling the gravitational waveform requires 
complex numerical relativity simulations, unlike the simpler 
PN model(a method of approximation used in General Rela-
tivity to find the motion and radiation of gravitational waves in 
binary systems), approximations in the inspiral phase.14

A unique feature of this part of the merger is the “kick” or 
the gravitational recoil that happens in binary black hole merg-
ers when the gravitational waves emitted are anisotropic and 
carry away linear momentum. In accordance with the principle 
of conservation of momentum, the newly formed black hole 
moves in the opposite direction.19 Thus, the asymmetry in the 
emission of the gravitational waves is due to the misalignment 
between the spins of the black holes individually and the or-

bital angular momentum of the system, leading to precession 
of the orbital plane.20 

This “kick” can cause recoil velocities of 5000 km/s, enough 
to expel a black hole from its original galaxy.19 When it comes 
to the collision of two supermassive black holes, typically af-
ter the collision of their two galaxies, such “kicks” can cause 
the remnant to be removed from its galactic center and host 
galaxy, changing the evolution of both the black hole and the 
galaxy.21 In neutron star mergers, a physical process called tidal 
disruption occurs. This is when a neutron star is completely 
torn apart by the tidal forces of its merger partner. This pro-
cess then causes the ejection of matter, forming an accretion 
disk around the remnant after the collision. This process is 
extremely pertinent as, unlike in black hole mergers, these ra-
diate electromagnetic material.18 The material that gets ejected 
radiates across the electromagnetic spectrum, providing us 
with signals like a short burst of gamma rays or a kilonova. For 
example, in the GW170817 event where two binary neutron 
stars collided, the gravitational wave signal was followed by a 
short burst of gamma rays as well as a kilonova.4

Ringdown Phase:
The ringdown phase is the final phase of the merger. Though 

it is a brief stage of only fractions of a second to a few seconds, 
it is when the remnant of the collision or merger finally settles 
down into a stable stage.16 After the dramatic merger phase, 
the remnant is newly formed, unstable, and distorted. During 
the ringdown phase, this remnant settles down into a stable 
equilibrium stage and releases a final burst of gravitational 
waves.

For a black hole, this final burst of gravitational waves in-
cludes exponentially damped oscillations called Quasinormal 
Modes. They are constantly damped due to continuous emis-
sion of gravitational radiation and are also known as the black 
hole's “fingerprint” because they provide a lot of information 
on the properties of the black hole.22

The remnants of neutron stars, however, are much more 
complex. The collision of neutron stars can lead to a new black 
hole and also hypermassive neutron stars that collapse after a 
short time. The gravitational wave signal contains information 
about this remnant finally settling down.18 It is short-lived and 
chaotic, often releasing electromagnetic radiation.4

Thus, the three phases of the merger—inspiral, merger, and 
ringdown—are not completely different occurrences but all 
linked together to create a process that alters the shape of our 
universe. They have been crucial in receiving information re-
garding the physical properties of these collisions, which shall 
be discussed in detail later. They have also helped us discover 
many new truths and develop a deeper understanding of our 
universe. However, challenges remain.

For example, the impact of this “kick” or gravitational recoil 
in black hole mergers, especially when it comes to their ga-
lactic cores, is constantly being questioned.19 However, with 
constant upgrades to the LIGO and Virgo observatories,9 
detectors, and key events like the GW170817 binary neutron 
star merger,4 we are constantly receiving and decoding new 
information regarding these collisions. By combining these 
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this equation, as different combinations or ratios of m₁ and 
m₂ give us the chirp mass. Thus, to get the individual masses 
and mass ratio, we must use PN formulas or corrections of a 
much higher order and complex nature.23 These can include 
other physical components as well, like spin, higher-order ve-
locity, etc. Since these other parameters cannot be as accurately 
measured from the waveform as the chirp mass, the degree of 
accuracy of the masses also decreases.

Another requirement to consider while measuring mass 
is the cosmological redshift(z). Since gravitational waves are 
stretched while they travel across the constantly expanding 
universe, the chirp mass is not the natural chirp mass but the 
chirp mass that has been influenced by the cosmological red-
shift.25 Their relationship can be described by-observed ℳ = 
Intrinsic ℳ(1 + z)

Thus, the gravitational waveform is not the only thing that 
must be considered while determining ℳ, as we also need to 
consider the redshift of the system. This can be done by mul-
timessenger astronomy, where an electromagnetic complement 
can help us determine the cosmological redshift. For example, 
in the GW170817 event, the gravitational-wave signal and the 
electromagnetic signals from the kilonova due to the neutron 
star merger gave us an accurate redshift measurement.26,27 On 
combining the Gravitational wave estimate of distance and 
electromagnetic wave estimate of distance, the deterioration 
between the mass and cosmological redshift was removed. 
Thus, both the combined electromagnetic wave signals and 
gravitational wave signals can give us extremely accurate infor-
mation on the masses of the components of the systems.

Spin of Components: 
The spin of the two components involved in the collision 

heavily influences the shape of the gravitational waveform, 
helping us decode plenty of information.28 Spin is a vector 
quantity, so the magnitude and direction in relation to the orbit 
impact the radiation emitted and thus the information we infer 
regarding the collision. 

 One of the most fundamental parameters to consider here 
is the effective spin- mass-weighted average of the two com-
ponents of the spin. If the effective spin is positive, this means 
that spin is aligned with the orbital angular momentum, and 
the “hang-up” effect is observed. During this effect, the or-
bital angular momentum increases, slowing down the inspiral 
phase of the merger. The gravitational wave signals sent to 
the LIGO and Virgo detectors last much longer and are thus 
much easier to detect.28 If the effective spin is negative, the 
spin is anti-aligned with the orbital angular momentum; the 
opposite effect can be observed. During this effect, the orbital 
angular momentum decreases, increasing the speed of the in-
spiral phase of the merger. This shortens the gravitational wave 
signals sent to the LIGO and Virgo detectors, making them 
harder to detect.29

However, by measuring the effective spin across many colli-
sions, scientists can understand the evolution of these mergers 
and test predictions on different merger models.

Spins that are aligned or anti-aligned with the orbital angu-
lar momentum are known as aligned spins. There also exists 

observations throughout the various spectrums, we will be able 
to paint a newer and more complete picture of this universe.

2.3. Physical Properties:
The detection, followed by the analysis of gravitational wave 

signals from these collisions, provides us with a lot of infor-
mation on the physical properties of neutron stars and black 
holes themselves.

Quantities such as the chirp mass and the overall amplitude 
and frequency evolution of the signal are tightly constrained 
by the data itself; parameters including individual component 
masses, spin orientations, tidal deformability, and neutron-star 
radii require assumptions about general relativity, waveform 
models, and the equation of state of dense matter and theoreti-
cal modeling. This part of the paper defines how these physical 
properties are extracted for both the collisions commonly and 
specifically.

Mass and Mass Ratio:
Mass is the most important parameter we can extract from a 

gravitational signal from a merger. Since the individual mass-
es cannot be directly determined from the signal, we instead 
extract a parameter called the chirp mass (ℳ), which is a spe-
cific combination of the masses of the two components that 
is mainly inferred from the gravitational waves in the inspiral 
phase.23,24

First, we need to understand the post-Newtonian (PN) 
expansion to understand the inference of chirp mass. The 
Post-Newtonian expansion is a simpler way to tell us about 
the orbital motion of the two bodies in terms of orbital veloc-
ity relative to the speed of light.23 In simpler terms, it tells us 
about the increase in frequency of the gravitational wave over 
time, or gravitational wave chirp. In the lowest order, it can be 
defined with the following formula (Figure 4):

Where f — Gravitational-wave frequency, equal to twice 
the orbital frequency of the binary in the inspiral phase; df/dt 
is the Frequency evolution (chirp rate), describing how rap-
idly the gravitational- wave frequency increases as the binary 
loses energy through gravitational radiation. G is Newton’s 
gravitational constant, governing the strength of gravity; c is 
the Speed of light in vacuum, setting the relativistic scale of 
the system; ℳ is the chirp mass, and π is pi.

Since it is directly proportional to the frequency evolution, 
it is connected to the rate at which the frequency of the gravi-
tational wave chirp increases. Since it is directly related to the 
waveform observed by scientists, we can infer the chirp mass 
with relative accuracy by measuring the derivative of frequency 
and time of the gravitational wave signal.24,25 Chirp mass can 
also be defined using the formula (Figure 5):

where m1 and m2 are the masses of the two components, how-
ever, we cannot always determine the individual masses from 
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kilometers/second, ejecting black holes completely from their 
host galaxies.30

Final Remnants:
The collision finally leads to the formation of a remnant (a 

new, larger object that contains the remaining mass and angu-
lar momentum of the system).

For black holes, this remnant is usually another larger black 
hole as described in the Kerr Metric of the Theory of General 
Relativity.28 The mass and spin of the remnants are not fixed 
at the beginning but established much later during merger and 
ringdown phases as large amounts of energy and angular mo-
mentum are radiated away from the system.34

As the gravitational wave signals conclude during the ring-
down stage, spacetime vibrates around the remnant. This 
vibration can be expressed in the form of damped oscillations 
called quasinormal modes (QNMs).34 Each mode has its own 
oscillation frequency and damping timeline depending on 
the remnant’s spin and mass. Thus, through these quasinor-
mal modes, the mass and spin of the remnant can directly be 
measured without the need for information on the previous 
inspiral phase.34 This also helps us test the No-Hair theorem, 
which states that a stationary black hole can be understood just 
by its mass and its angular momentum.34 One of the main tests 
for this is the Inspiral-Merger-Ringdown Consistency Test, 
which compares the remnant mass and spin predicted in the 
inspiral and merger phase to the remnant mass and spin of the 
ringdown phase.34 If these estimates are constant, the No-Hair 
theorem from The Theory of General Relativity is true; any 
significant discrepancy would lead to a new physics beyond 
The Theory of General Relativity.

The remnants of neutron stars, however, are much more 
complex. The collision of neutron stars can lead to a new 
black hole or an HMNS (hyper-massive neutron star), which 
collapses after a short time.37 The gravitational wave signal 
contains information about this remnant finally settling down. 
It is short-lived and chaotic, often releasing electromagnetic 
radiation.38

Demonstrative Example:
During the inspiral phase of a compact binary merger, the 

gravitational-wave signal is dominated by the gradual increase 
in the chirp mass defined above. The rate at which the grav-
itational-wave frequency increases is directly proportional to 
the chirp mass and frequency of the signal, so through mea-
suring the frequency and its time derivative directly from the 
observed waveform, the chirp mass can be determined with 
high precision, largely independent of other parameters such 
as spin. For example, in the first gravitational-wave detection, 
GW150914, the observed chirp mass was approximately 30 
M⊙, indicating a binary system composed of two stellar-mass 
black holes significantly heavier than those previously ob-
served through electromagnetic methods. While the chirp 
mass is tightly constrained, the individual component masses 
are less precisely determined because they enter the waveform 
at higher post-Newtonian orders and are partially degenerate 
with spin effects. In neutron star mergers, additional finite- 

a different type of spin caused by precessing spins, where the 
spins are tilted to some extent with respect to the orbital an-
gular momentum.30

In this case, the theory of general relativity states that the 
orbital plane precesses around the total angular momentum.28

Precession is the movement of a spinning body around an-
other such body due to a torque that changes the direction 
of the first body’s axis, like how a spinning top will wobble 
under gravity due to precession. This can be detected in grav-
itational wave signals as there are modulations periodically in 
the amplitude and the phase of the waveform due to a change 
in the location of the precessing merger in relation to the 
Earth.30 This not only gives us information that the spins are 
not aligned but also removes any degeneracies that exist while 
interpreting the waveform.

 During isolated binary evolutions, the objects form a binary 
system earlier and end up evolving with each other. Thus, var-
ious processes, including tidal locking and stellar winds, align 
their spins with the orbital angular momentum. They show 
aligned spins with an effective spin nearly equal to zero or pos-
itive in nature.31

In dynamic binary evolutions, the objects are formed sep-
arately and brought together much later. This can be seen in 
dense stellar environments like clusters. The pairing of objects 
in this case is very random, and isotropic spin orientations are 
seen where there is no specific alignment.32 There can be a 
mix of anti- aligned, misaligned, and slightly aligned spins of 
the mergers. The GW190521 event, which had strong evi-
dence of precession, had a dynamic binary evolution,33 but the 
GW170817 event of neutron star merger had relatively small 
spin effects and an isolated binary evolution.26

Radiated Energy and Angular Momentum:
Since the merger of black holes and neutron stars is one of 

the most energetic events, we already know that a small part of 
the masses of the components is transformed into gravitation-
al-wave energy.28 The amplitude and time span of the signal 
give us the radiated energy and angular momentum of the sys-
tem, as those parameters tell us how much energy is converted 
to gravitational wave signals.23 This radiated energy causes the 
collision by decreasing the distance between the objects and 
the overall energy of the system. 

Black hole mergers particularly radiate a lot of gravitation-
al wave energy, with the LIGO and Virgo detectors showing 
that these mergers have radiated energy equivalent to 1–3 so-
lar masses in the fraction of a second.26 This is literally more 
light energy than all the stars in the observable universe can 
emit at the same time. The efficiency of this radiation depends 
directly on the natural or intrinsic properties of the bodies, 
like mass, spin, etc. Binaries that have components with equal 
mass and aligned spins to the orbital angular momentum pro-
duce the biggest fraction for mass-gravitational wave energy 
conversion and have the longest inspiral phase.28 The remnant 
thus contains the remaining mass and angular momentum of 
the system. These can also lead to strong gravitational kicks, 
already discussed earlier, which have a velocity of thousands of 
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size effects appear during the late inspiral. These tidal effects 
introduce small but measurable deviations from the point-par-
ticle waveform, allowing parameters such as tidal deformability 
to be constrained alongside the chirp mass. Thus, gravitation-
al-wave observations enable both precise mass measurements 
and, in the case of neutron stars, direct probes of internal struc-
ture.

Properties specif ic to Neutron Stars:
Tidal Deformability ( Λ) and Radii:
Tidal deformability is one of the main factors that separates 

neutron star mergers from black hole mergers.35 In binary neu-
tron star systems, each star deforms due to the tidal gravitational 
field of its merger partner.35 This deformation, known as quad-
rupole deformation, is small compared to the overall size of 
the star but has a measurable impact on the gravitational-wave 
signal, introducing an additional phase shift. These tidal effects 
become especially important during the final few orbits before 
merger, when the orbital separation is smallest and gravitation-
al tidal forces are strongest.36 The degree of tidal deformation is 
described by the dimensionless tidal deformability parameter, 
Λ, which characterizes how susceptible a neutron star is to tidal 
distortion based on its mass and internal structure.35 Neutron 
stars described by a stiffer equation of state have higher inter-
nal pressure, resulting in larger stellar radii and larger values 
of Λ, which produce stronger tidal signatures in the gravita-
tional- wave waveform. In contrast, softer equations of state 
correspond to more compact neutron stars with smaller radii 
and smaller Λ, leading to weaker tidal effects.36 In this way, the 
tidal deformability parameter Λ provides direct information 
about the properties of ultra-dense nuclear matter.36 landmark 
detection of the GW170817 event provided the first obser-
vational constraints on tidal deformability.27  Analysis of the 
inspiral phase placed an upper limit on Λ, ruling out extremely 
stiff theoretical models that predicted neutron stars with very 
large radii and strong tidal distortions.36

Since constraints on the equation of state determine the rela-
tionship between neutron star mass and radius, measurements 
of Λ can also be used to infer neutron-star radii.35 For the 
GW170817 event, gravitational-wave observations indicated 
that a neutron star with a mass of approximately 1.4 M⊙ has 
a radius in the narrow range of about 11.8–13.7 km.27,36 These 
findings not only constrain neutron-star radii and equations of 
state but also provide insight into whether exotic forms of mat-
ter, such as deconfined quarks, may exist in neutron-star cores, 
as well as the maximum mass these stars can support before 
collapsing into a black hole.37 Tidal deformability is unique to 
neutron stars because it arises from their finite size and internal 
structure. Black holes, by contrast, have no material surface or 
deformable interior and are fully described by vacuum solu-
tions to Einstein’s equations, meaning no tidal deformability 
effects occur in black hole mergers.35

The Final Remnant and Signal
The remnant of a binary neutron star merger depends on the 

mass of the total system and the nuclear equation of state.37 
It is not common or universal to all mergers. Various possible 

things could happen- Black Hole- If the mass exceeds the con-
straint or limit determined by the Equation of State, around 
≳ 2.8–3.0 M☉, the remnant immediately collapses to form a 
black hole with almost no stage in the middle and a very short 
ringdown gravitational wave signal.38

Hypermassive Neutron Star- If the mass is slightly lower 
compared to the above case, around 2.6–2.  M☉, a hot neu-
tron star is formed, which rotates in different directions. Its 
mass exceeds the limit on a uniformly rotating star, so though 
it can be stabilized temporarily by rapid rotation and thermal 
support, it almost immediately(within milliseconds to seconds) 
collapses to form a black hole due to cooling down and reduc-
tion of angular momentum.37

Supramassive Neutron Star: If the mass is slightly lower 
compared to the above case, around 2.3–2.6 M☉, a rotating 
neutron star is formed. Since its mass is above that of the 
maximum non-rotating limit but less than the differential 
rotation limit, it survives for longer (it can survive for a few 
hours). Eventually, it collapses to form a black hole due to the 
reduction of angular momentum.38  Stable Neutron Star: If the 
mass is relatively much lower, typically ≲ 2.2 M☉, a new stable 
neutron star is formed that has a long lifetime before it collaps-
es.37 When the remnant forms a Hypermassive Neutron Star 
or Supramassive Neutron Star, a shorter but higher-frequen-
cy (2–4 kHz range) gravitational-wave signal is generated.38 
However, unlike the inspiral signal, which is dependent on tid-
al deformability, the post-merger signal is dependent on the 
supranuclear-density of the EoS.37 These post-merger signals 
are relatively much weaker, so there are certain limits on their 
detections as seen during the absence of a clear post-merger 
signal in GW170817.27 This is trying to be overcome by obser-
vatories like Einstein Telescope and Cosmic Explorer, which 
are currently under development and are sensitive to kHz.38

To conclude and summarize, the following table tells us 
about the physical properties of these compact mergers (Table 
1):

Physical Properties Summary:

2.4. Key Events:
The field of gravitational wave astronomy evolved from Ein-

stein's Theory to reality by the first LIGO detection in 2015.39 
Since then, the LIGO and VIRGO observatories have record-
ed black hole mergers, neutron star-neutron star mergers, and 
even black hole-neutron star mergers, which gave insight and 

Table 1:
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information on the physical properties of these objects.40 The 
following key events- GW150914, have not only validated al-
ready existing theories but challenged them, introducing new 
concepts like multi-messenger astronomy.39–43

These detections have only been made possible by many 
observatories like the LIGO Laser Interferometer Gravita-
tional-wave Observatory and Virgo observatory, which can 
detect minute changes between two mirrors spread across 
vast distances of several kilometers.44 The LIGO in Han-
ford, Washington, and Livingston, Louisiana, has two 4 km 
L-shaped interferometers where split laser beams measure dis-
tortions as small as 10-¹⁹ m.44 The Virgo near Pisa, Italy, with 
3km arms, works similarly. They began joint observations in 
2017, which improved sky localization, helping with follow-up 
observations.

GW150914- The first detection of gravitational waves by 
LIGO on 14th September, 2015, when two black holes of 29 
and 36 M⊙ merged into a 62 M⊙ remnant, radiating 3 M⊙c² 
in 0.2s.39 Before this, we only knew of black holes as massive as 
20 M⊙, but this showed us that black holes of 29 and 36 M⊙ 
can exist and merge, releasing ~3 M⊙ of energy in a fraction 
of a second—more than all the stars in the observable universe 
at that moment. It confirmed Einstein’s Theory of General 
Relativity, matched the Kerr metric, and proved that interfer-
ometers like LIGO can detect waves invisible to telescopes, 
revolutionizing the field of gravitational wave astronomy.39

GW170817- The first neutron star merger on August 17, 
2017, by LIGO and Virgo, where both gravitational waves and 
electromagnetic waves were detected, giving rise to the concept 
of multi- messenger astronomy.41,42 In this event, a 100-second 
signal was followed by gamma rays, kilonova, X-rays, and radio 
waves, which confirmed the r-process nucleosynthesis in neu-
tron star mergers, constrained neutron star radii (~10–13 km), 
and showed the effects of tidal deformability.41,42

GW190521- The detection of 85 and 66 M⊙ black holes 
merging to form a 142 M⊙ remnant on May 21, 2019, by 
LIGO and Virgo, which was the first detected intermedi-
ate-mass black hole43 and violated the “mass gap” from stellar 
evolution theory and confirmed theories of hierarchical merg-
ers where black holes can combine to form larger ones.43

GW200105 & GW200115- The detection of neutron star 
and black hole collisions by the LIGO and VIRGO collabora-
tions on January 5, 2020, and January 15, 2020, respectively.40 
GW200105 had a 9 M⊙ black hole and 1.9 M⊙ neutron star 
forming an 8.9 M⊙ black hole remnant, while GW200115 
had a 6 M⊙ black hole and 1.5 M⊙ neutron star forming a 6.4 
M⊙ black hole remnant. This confirmed neutron star–black 
hole mergers as well as dark mergers due to almost no electro-
magnetic radiation detected, and expanded our knowledge on 
these mergers.40

The above-mentioned 5 key events revolutionized this field 
in astrophysics forever by detecting gravitational waves, three 
merger types (BH–BH, NS–NS, NS–BH), and introducing the 
concept of multi-messenger astronomy.39–43 They constrained 
the equation of state of ultra-dense matter and confirmed the 
r-process of nucleosynthesis as well as intermediate-mass black 
holes.39–43 New upcoming detectors and improved sensitivity 

of the current detectors shall help us detect more gravitational 
waves and possibly discover a new type of signal.44

2.5. Astrophysical Implications:
Detection of Gravitational-Waves and Multi-Messenger As-

tronomy:
The field of gravitational wave astronomy has become a new 

way to explore the universe, as these waves have not only con-
firmed black hole-black hole collisions, neutron star-neutron 
star collisions, and black hole- neutron star collisions, but also 
allowed us to test existing theories and gain information on the 
physical properties of these stellar objects and their mergers.26,27 
Certain events like GW170817 combined this gravitational 
wave emission with electromagnetic emission, which gave rise 
to the concept of Multi-Messenger Astronomy and helped us 
get a better understanding of physical parameters like chirp 
mass, distance, and the location of the collision.28,29

The Equation of State and Tidal Deformability:
Neutron stars are made of ultra-dense nuclear matter, so 

their structure depends on the nuclear equation of state (EoS), 
which describes how matter behaves under different condi-
tions.30 One of the main observable properties related to the 
EoS is tidal deformability, which tells us the degree of distor-
tion of a star due to its partner’s gravitational field.31 Although 
this quadrupole deformation may be small, it causes a mea-
surable phase shift in the inspiral gravitational-wave signal, 
especially in the final orbits before the merger, where the grav-
itational tidal forces are strongest.32

A stiffer EoS produces neutron stars with larger radii and 
stronger pressure support, resulting in stronger tidal effects, 
whereas a softer EoS produces smaller, more compact stars 
with weaker tidal deformation signatures.30 This information 
also tells us about the size and stability of neutron stars.

Observations from GW170817 show that a 1.4 M⊙ “canon-
ical” neutron star has a radius of around 11.9 ±1.4 km, ruling 
out extremely stiff EoSs that predict oversized stars as well as 
overly soft EoSs that are inconsistent with the existence of 2 
M⊙ pulsars.28,33

Because neutron stars reach densities several times greater 
than that of an atomic nucleus, conditions unachievable on 
Earth, they act as natural laboratories for nuclear physics.34 
Constraints from GW170817 placed limits on the pressure of 
matter at approximately twice nuclear saturation density, help-
ing refine theoretical models and rule out unrealistic EoSs.28,35 
The EoS also determines whether the merger remnant collaps-
es immediately into a black hole or forms a long-lived neutron 
star, as well as the amount of matter ejected, linking it to nu-
cleosynthesis and short gamma-ray bursts.28,36 A remnant with 
a softer EoS has less pressure support and is more likely to col-
lapse promptly into a black hole, whereas a stiffer EoS allows 
higher maximum masses and can produce a hypermassive or 
supramassive neutron star that survives for milliseconds to sec-
onds before collapse, or in some cases remains stable. A stiffer 
EoS can also lead to greater matter ejection through tidal in-
teractions, which is important for r-process nucleosynthesis.28
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R-Process Nucleosynthesis:
Neutron star mergers tell us of the origin of heavy elements 

like gold, platinum, and even uranium through the rapid neu-
tron-capture process (the r-process).37 Nucleosynthesis is the 
process by which atomic nuclei are formed through existing 
particles like protons, neutrons, etc.38 In GW170817, neu-
tron-rich debris ejected at ~10% the speed of light underwent 
nucleosynthesis, with radioactive decay powering the kilonova 
afterglow.28,39 The kilonova color change from red to blue indi-
cated many ejecta components which produced lighter nuclei 
(Z < 140) and heavier nuclei, including lanthanides and ac-
tinides.28,39 Spectroscopic observation confirmed strontium, the 
first element traced to cosmic nucleosynthesis.40 Though this 
confirms that neutron star-neutron star collisions are dominant 
sources of r-process nucleosynthesis, questions remain whether 
other cosmic phenomena like collapsars also contribute.41

Stellar Formation:
Binary black hole mergers form through isolated binary evo-

lution and dynamical assembly in dense stellar clusters.42

The isolated binary evolution of two stellar objects evolves 
together and eventually collapses to form a black hole, though 
uncertainties exist, like "common envelope," where the out-
er envelope of one object should expand and engulf its 
companion, mass transfer, and supernova kicks that can unbind 
binaries.42,43 The dynamic channel in denser environments like 
globular clusters and nuclear star clusters brings black holes 
together, often leading to hierarchical mergers where remnants 
can merge again, possibly producing intermediate-mass black 
holes.44 However, parameters like merger rate evolution with 
redshift, eccentricity, and most importantly, spin alignment are 
required to gain more information.45

Mass Gap:
Stellar evolution theory predicts a mass gap of ~50–120 M⊙ 

where black holes cannot form due to the pair-instability su-
pernova where the core of massive stars is hot enough to form 
electron–positron pairs, reducing internal radiation pressure 
that counteracts the impact of gravity, triggering the run-
away contraction and explosive burning that destroys the star, 
leaving no remnant which explains the predicted black hole 
“mass gap” of 50–120 M⊙.46,47 This theory was disputed by 
the GW190521 event, where the masses of the colliding black 
holes were 66 M⊙ and 85 M⊙ approx, and forced scientists to 
reconsider.48 Alternate theories like dense stellar environments, 
where repeated mergers push remnants into the gap, and alter-
native stellar pathways, where low metallicity and rotation alter 
mass loss and allow direct collapse into heavier black holes, 
have been proposed.49 Detecting black holes in this mass gap 
has broader implications for stellar evolution. Population III 
stars could have formed black holes and distinguished between 
isolated stellar evolution and dynamical assembly ways.50

Neutron Star-Black Hole Collisions:
The fate of a neutron star-black hole merger can be de-

termined depending on whether the neutron star crosses the 
black hole’s event horizon before it is deformed by tidal forc-

es.51 If disruption happens before the ISCO is reached by the 
powering kilonovae, gamma-ray bursts, and r-process nucleo-
synthesis.52  Otherwise, the neutron star directly moves into 
the black hole with limited matter ejected. This causes a “dark 
merger" that can only be detected by gravitational waves.51

This depends on physical properties like mass ratio, spin of 
black holes, and compactness of neutron stars.53 High spins 
and lower mass ratios shift the innermost stable orbit inward, 
giving tidal forces time to disrupt the neutron star and produce 
ejecta and light.54 High mass ratio and low spin cause plung-
ing of the neutron into the black hole with no electromagnetic 
signals. GW200105 and GW200115 confirmed these “dark 
mergers” with minimal electromagnetic radiation.55 Thus, the 
absence of detection of light from a merger reveals informa-
tion like the mass, spin, as well as constraints on the EoS of 
ultra-dense matter.51 Thus, gravitational astronomy has helped 
us revolutionize our understanding of astrophysics, constrain 
the EoS of dense matter, uncover nucleosynthesis sites, and re-
shape stellar evolution theory.26–55

2.6. Future:
After the first detection of gravitational waves in 2015, a 

new window was opened to observe the universe. The current 
observatories, like LIGO and Virgo, have made revolutionary 
discoveries that not only confirmed the Theory of General

Relativity, but also provided unprecedented insights into the 
properties and collisions of black holes and neutron stars.56,57 

As science progresses, this initial phase of discovery is now 
transitioning into an era of more precise detections and quanti-
tative measurements in gravitational-wave astronomy.58

Next-Generation Observatories:
The new era will be ushered in by third-generation ground-

based detectors already in advanced planning and early 
construction stages. These instruments are designed with a sen-
sitivity an order of magnitude greater than Advanced LIGO.59  

This enhancement has profound consequences:
•	 Range: Because the amplitude of gravitational waves 

decreases inversely with distance, a tenfold sensitivity 
increase corresponds to a tenfold extension in range.60

•	 Volume: Since observable volume scales with the cube 
of distance, detection volume grows by a factor of a 
thousand.61

•	 Events: The detection rates could increase from dozens 
per year to millions.62 This massive dataset will shift the 
focus from individual case studies to statistical popula-
tion analyses of compact binaries.63

Key scientific goals like mapping the mass and spin distribu-
tions of compact binaries,64 inferring merger rates as a function 
of redshift,65 and studying binary formation channels and evo-
lutionary pathways.66 

The two main third-generation observatories are:
•	 Cosmic Explorer (CE): Two L-shaped surface interfer-

ometers with 40 km and 20 km arms are planned. The 
40 km instrument will provide broadband sensitivity, 
while the 20 km interferometer will excel at detecting 
high-frequency signals from the ringdown phase.67
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•	 Einstein Telescope (ET): A subterranean triangular de-
sign, with three 10 km arms forming three V-shaped 
Michelson interferometers. Its “xylophone” configura-
tion consists of interferometers optimized separately for 
low and high frequencies, providing sensitivity across 
the full spectrum.68 ET’s low-frequency capability ex-
tends inspiral phase tracking and enables detection of 
intermediate-mass black hole binaries.69

Understanding Supranuclear Matter:
Binary neutron star inspirals generate gravitational 

waves encoding the cold nuclear Equation of State (EOS), 
while post-merger ringdown phases probe the hot nucle-
ar EOS.70 Current detectors primarily access inspiral signals, 
but next-generation sensitivity will allow detection of faint, 
high-frequency post-merger waves.71

Key insights from these detections include constraints on 
temperature-dependent EOS in ultra- dense matter,72 prob-
ing phase transitions in neutron star matter,73 and establishing 
connections between gravitational-wave signals and heavy-ion 
collision experiments on Earth.74

Challenges include noise contamination of faint, short-lived 
post-merger signals. Advanced signal processing and novel in-
strument configurations are required to overcome glitches and 
non-Gaussian noise.75

Black Hole Spectroscopy:
A cornerstone of General Relativity is the No-Hair Theo-

rem, which posits that black holes are fully characterized by 
mass and spin.76 Gravitational-wave spectroscopy of ringdown 
emissions provides the means to rigorously test this theorem. 
Older detectors could only observe the dominant quasinor-
mal mode (QNM).77 Next-generation detectors will resolve 
multiple subdominant QNMs and even nonlinear quadratic 
QNMs.78 Independent recovery of black hole parameters from 
multiple modes allows consistency checks of the No-Hair 
Theorem.79

Multi-Messenger and Multi-Disciplinary Future:
Third- generation detectors are also expected to significantly 

advance multi-messenger astronomy, coordinating gravita-
tional-wave detection with electromagnetic and neutrino 
observatories.80 Such synergies will enable precise localization 
of neutron star collisions and deeper insights into r-process nu-
cleosynthesis.81

The nuclear EOS faces discrepancies between astronomical 
observations and terrestrial nuclear physics experiments. Fu-
ture detectors will help bridge this divide as gravitational-wave 
constraints on neutron star structure will inform and refine nu-
clear theory and EOS modeling,82 these models can be tested 
against experimental data from facilities like Jefferson Lab and 
FRIB400,83 and machine learning approaches will iteratively 
improve EOS predictions through a feedback loop between 
theory, astrophysical measurements, and laboratory data.84 This 
integration of astrophysical measurements, nuclear physics 
experiments, and computational modeling is poised to revolu-
tionize our understanding of matter under extreme conditions, 

advancing gravitational-wave science into a quantitatively pre-
dictive discipline.85

�   Conclusion 
To conclude, gravitational wave astronomy has complete-

ly changed the way we study the universe by transforming a 
mere theory in Einstein's Theory of General Relativity into 
reality by the 2015 LIGO detection.86 This new beginning in 
observational astronomy has helped us detect the collisions of 
black holes and neutron stars and thus infer physical infor-
mation from them.87 Thus, this paper aimed to describe the 
physical properties of neutron stars and black holes that can 
be detected through the analysis of gravitational waves from 
their collisions.

The foundations of this are rooted in the Theory of General 
Relativity, which describes gravity as the curvature of spacetime 
rather than a conventional force.88 The detection of gravita-
tional waves confirmed this with a high degree of accuracy and 
showed that the three phases of a merger- inspiral, merger, and 
ringdown align with the theory.89

Each phase carries its own signals, which carry unique infor-
mation on not only the merger but also the physical properties 
of the objects involved in the merger.90 The inspiral phase tells 
us about physical parameters like mass and spin with high pre-
cision, the merger phase releases huge amounts of energy in the 
form of gravitational wave emission, and the ringdown phase 
gives us information on the remnant formed and its stability, 
providing the most stringent tests of Einstein’s theory.91

A huge amount of information on the physical properties, 
such as mass and spin of colliding objects and their remnants, 
can also be inferred through gravitational waves from the 
collisions.92 Since gravitational waves are directly produced  
from compact objects, we can get accurate information on 
parameters like masses, spins, radii, and even internal struc-
ture, unlike in electromagnetic astronomy, which depended on 
light interacting with matter.93 Some events like GW170817 
tell us about tidal deformability and the equation of state of 
nuclear matter, giving us information on physics at densities 
unattainable on Earth.94 There have been many key detections 
that have shaped this field which include GW150914- first 
detection of gravitational waves from a black hole-black hole 
collision,95 GW170817- first detection of neutron star-neutron 
star collision which introduced the concept of multi messen-
ger astronomy,96 GW190521- detection of black holes in the 
“mass gap” which challenged the stellar evolution theory,97 
GW200105 and GW200115- detections of black hole-neu-
tron star collisions.98

This also has far-reaching astrophysical implications.99 Bina-
ry neutron star mergers give us a way to connect gravitational 
physics with nuclear physics and chemistry, giving us a deeper 
insight into the r-process of nucleosynthesis, nuclear Equation 
of State, etc.100 Binary black hole mergers tell us about stellar 
evolution, binary formation channels, and dynamical process-
es in dense clusters.101 Neutron star–black hole collisions shed 
light on the concept of “dark mergers” without any electromag-
netic radiation produced.102
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The future of gravitational wave astronomy is also very 
promising.103 It includes both updates to current detectors 
and development of third-generation observatories such as 
the Einstein Telescope and Cosmic Explorer, which will help 
improve sensitivity to fainter and more distant gravitational 
wave signals, possibly helping us detect millions of mergers per 
year.104 This also helps in the development of multi- messenger 
astronomy, which will give us better measurements of proper-
ties of compact objects, their evolution, and destruction.105

Thus, gravitational-wave astronomy is changing the way we 
see the universe, but it is only in its beginning stages.106 There 
are many persisting questions, like the true equation of state 
of matter in neutron stars, and how much nuclear matter is 
ejected into the universe during nucleosynthesis. Though cur-
rent models have provided plenty of information on this field, 
many uncertainties, like the ones mentioned, remain. However, 
since future detectors will be able to detect fainter and a broad-
er range of frequencies, the mysteries can be resolved, and a 
gap between theory, observation, and experimentation can be 
closed. Around a decade ago, the signals were a mere theory, 
but now they are frequently detected, observed, and decoded to 
gain information and test the laws of physics.107 As the detec-
tion technology advances, we are at the threshold of discoveries 
that change our understanding of matter, gravity, and tell us the 
story of how the cosmos has been made.
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