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Introduction
In a learning environment, students take various paths in 

school to develop a passion and pursue a goal. For learning, 
students often have trouble comprehending information in 
different subjects. This causes confusion when the student 
is studying and affects the results in exams.1 The underlying 
factor of these difficulties is motivation, the driving force for 
students to take interest and have a passion to learn in school.2

There are two categories of motivation in humans: per-
formance and mastery. A performance goal focuses on the 
demonstration of competence relative to others while a mas-
tery goal focuses on the development of task mastery.3 Valence, 
an essential aspect of motivation, represents the willingness to 
take risks when working towards the goal, i.e., either approach-
ing success or avoiding failure as shown in Figure 1.

    Generally, a student with performance motivation (including 
both approach and avoidance) will pick the easiest tasks, take 
less interest in the tasks, and give up after a failure. A student 
with mastery motivation will choose the most challenging 
tasks, enjoy the tasks, and have determination during failure. 
Studies on the effect of intrinsic and extrinsic motivation on 
children in the learning environment indicate disadvantages of 
performance motivation and the lack of interest or passion in 
the task presented. Eventually, it creates boredom and resis-
tance to achieving the goal.4
   Competence—the ability to perform successfully and effi-
ciently—is another crucial component to the achievement of 
goals. Even with mastery motivation, a lack of competence de-
creases the likelihood of success. Therefore, both factors must 
be combined to create positive outcomes, represented in Fig-
ure 2. One of the most consistent patterns emerging from the 
achievement goal literature is the positive relationship between 
mastery goals and intrinsic motivation.2,5 Our brain can under-
go reorganization and development. The belief that intelligence 
is improvable underlines the mechanism of intrinsic motiva-
tion and resilience to make up for the lack of competence.6,7 In 
fact, growth mindset feeds into both motive dispositions and 
competence expectancies.

Motivational Learning and RLC Resonance Model of Consciousness 
Charley L. Wan
Holicong Middle School, 2900 Township 391 Hwy, Doylestown, PA 18902, U.S.A.; charleywan2004@gmail.com

ABSTRACT: This study’s purpose is to understand student performance in a school environment through student motivation 
dispositions and their correlation with the final grades in class. To understand what drives students’ motivation dispositions, the 
second part of the study proposed a simple model of consciousness, an analogy to a second order RLC circuit, inspired by the 
“resonance theory of consciousness.” Concepts of the second order RLC circuit such as resonance frequency and quality factor are 
used to explain how to adjust personality traits to tune your consciousness “circuit” to achieve motivational learning. The belief that 
intelligence is improvable underlines the mechanism of intrinsic motivation and adjustment to personality traits to synchronize 
both the internal and external learning environment. This study focused on students taking advanced and honor classes in high 
school curriculum.

KEYWORDS: Psychology; Motivation Dispositions; Achievement Goal; Resonance Theory of Consciousness; 
Personality Traits; Growth Mindset.

Figure 1.This matrix shows all the possible combinations of motivation a person can 
have based off of mastery/performance and approach/avoidance.

Figure 2. The achievement goal model shows the components that generate the neces-
sary outcomes of achievement goals․
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Intrinsic motivation naturally links the ancient “mind-body 
problem”. The mind consists of:

•  the conscious mind, a linear processor, that pays attention 
and decides what to do;

•  the subconscious mind, a multidimensional processor in 
the background most of the time, doing many things simul-
taneously; and

•  the instinctive mind, which is concerned with survival.
A metaphorical model of the mind is described as a monkey 

(the conscious mind), riding on an elephant (the subconscious 
mind) with a lizard inside (the instinctive mind), as shown in 
Figure 3.⁸

The resonance theory of consciousness suggests conscious-
ness is a form of synchronized vibrations between mind and 
matter.⁹ The theory is inspired by the phenomenon of sponta-
neous self-organization; when different vibrating things come 
together, they will eventually vibrate at the same frequency.

Consciousness is a state of mind while personality is how 
the mind acts. The five main personality traits are: openness 
to experience, conscientiousness, extraversion, agreeableness, 
and neuroticism. Conscientiousness is considered the stron-
gest correlated with academic performance, but both openness 
and emotional stability have important associations with edu-
cational success as well.10

    
   Results and Discussion

Empirical Correlation Between Survey: Question Scores and Grades
From the survey, students who enjoyed the class, felt fine 

during tests and exams, and felt satisfied about their perfor-
mance obtained higher final grades than those who were not 
interested, tense when doing work, and unsatisfied (Figure 4). 
The three variables – stress, enjoyment, and perceived compe-
tence – had the strongest correlations to the final scores and 
were therefore used in the empirical equation. These variables 
determined the values of the mastery approach and perceived 
competence for this experiment. They also were used to pre-
dict the student’s final grades. The predicted grades and actual 
grades are compared in Figure 5.
   

The empirical equation is:
Final grade = 85.9 + 0.002 * (X12 * X2) + 0.67 * X3 , R² = 84%
where
•  X1, (7- magnitude of enjoyment) represents the motiva-

tion disposition of mastery or performance
•  X2, (7- magnitude of stress) represents the motivation dis-

position of approach or avoidance
•  X3, (magnitude of perceived competence) represents the 

competence value.
The values obtained from the equations are shown in Figure 

5.
The empirical equation coefficients were 85.9, 0.002, and 

0.67, shown in Figure 6. The first is the intercept, representing 
the final grade a student would receive without any motivation. 

Figure 3.A visualization of the locations of each part of the mind in the metaphorical 
model.

Figure 4.The clustering graph shows the similarities of the survey answers. The 
clusters represent the groups of students that stand around the same dispositions. The 
numbers on the right represent student IDs.

Figure 5. This graph shows a regression and clustering of the student’s final grades 
and calculated final grades based off of the empirical equation. Cluster 2 is top right, 
cluster 1 is middle, and cluster 3 is bottom left.

Figure 6. Regression statistics consolidation of data from both the student answers 
from the survey and also their final grades.

DOI: 10.36838/v2i4.1 2 
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The second is the final grades’ rate of change with respect to 
motive dispositions. The third is the final grades’ rate of change 
with respect to perceived competency. Using these compo-
nents, the accuracy of the calculated final grades to the actual 
final grades was 84%. The regression statistics are visualized in 
Figure 5.
   
  RLC Model of Consciousness and Adjusting Personality Traits for 
Motivational Learning

The correlation in part one highlights the importance of 
motivation. By giving students a survey similar to the one used 
in this study and implementing the practical equation teachers 
can understand the students’ motivations and help guide them 
to proactively improve their motivations and ultimately their 
grades. However, the question remains about how to improve 
a student’s intrinsic motivation.

Inspired by the resonance theory of consciousness, I pro-
pose a second-order serial RLC circuit model of consciousness 
consisting of a resistor (R), a capacitor (C), and an inductor 
(L) as shown in Figure 7. This circuit represents the brain and 
how the conscious mind is like a series of vibrations that can 
be synced up to the external world. Like the RLC circuit, the 
mind can filter out different vibration frequencies. This way, 
students can adjust themselves to a better learning style as well 
as coordinate between the conscious and subconscious mind. 
The RLC has two energy storage elements: the inductor, 
which stores electromagnetic energy at high frequencies, and 
the capacitor, which stores potential energy at low frequen-
cies. The two energy storage elements act like a pendulum and 
exhibit resonance with frequency                 and quality factor 
(the sharpness of resonance)  

 In a classroom, a student must filter out various input 
frequencies to sync up with the teacher. For example, if the 
teacher’s input is fast paced then the student should apply the 
high-pass filter (the instinctive/lizard mind) to sync up with 
the teacher. If the teacher’s input is medium paced the stu-
dent should apply the band-pass filter (the conscious/monkey 
mind). If the teacher’s input is slow-paced the student should 
apply the low-pass filter (the subconscious/elephant mind). 
This example is displayed in Figure 8.

The design of an RLC circuit for signal filtering depends on 
selection of circuit impedances for the resistor, capacitor, and 
inductor. Similarly, a student's ability to sync up their internal 
conscious and subconscious minds, and the internal mind to 
the external world depends on adjusting their personality traits 
towards motivational learning..

An RLC filter can be designed to give any resonance fre-
quenc y                              by specifying the impendence of the 
inductor and capacitor.

Similarly, each main personality trait is between two 
extremes (similar to the highest and lowest points of a pen-
dulum), with one gaining energy at higher frequencies and the 
other gaining energy at lower frequencies.

•  Openness to experience ~ inventive/curious (high) vs. con-
sistent/cautious (low)

•  Conscientiousness ~ efficient/organized (high) vs. easy-go-
ing/careless (low)

•  Extraversion ~ outgoing/energetic (high) vs. solitary/re-
served (low)

•  Agreeability ~ friendly/compassionate (high) vs. challeng-
ing/detached (low)

•  Neuroticism ~ sensitive/nervous (high) vs. secure/confi-
dent (low)

To sync one’s conscious mind (the monkey, which tends to 
operate at higher frequencies and seek performance scores) 
and subconscious mind (the elephant which tends to operate 
at lower frequencies and seek mastery experience), students 
must swing between the personality extremes so that both 
minds can be fully utilized. 

Figure 7. A diagram of the RLC circuit, the charge enters through Zin.

Figure 8. An analogy of the metaphorical model of the mind to the RLC circuit. The 
circuit frequencies are waves that have three segments: the low, high and band pass. 
This represents different working environments where transitions between different 
levels of concentration are required to sync up and extract important information.  It 
also represents the communication between the elephant, monkey and lizard or the 
subconscious, conscious and instinctive mind, respectively.

ijhighschoolresearch.org
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and teachers together may create a better learning experience 
and produce better performance.

� Conclusion
This experiment mainly focuses on the significance of  moti 

vation for students in a school environment. The study shows 
a clear connection between survey results and student scores. 
If the student answers swayed towards positive qualities (i.e., 
high enjoyment, low stress, high competence) the final grade 
received in the science class was higher. The experiment yield-
ed a practical equation to predict grades based on the survey 
answers.
   To find practical actions for improving intrinsic motivation, 
a simple model of consciousness was proposed, inspired by the 
resonance theory of consciousness. This second order RLC cir-
cuit model has two energy storage elements, representing the 
conscious and subconscious as well as the two extremes of per-
sonality. Personality adjustments can filter desired information 
from the external world into the internal mind and improve 
intrinsic motivation and achievement.
  For future research, surveys should be given to the teachers 
and students to measure the similarities and differences in their 
personalities. Therefore, adjustments can be made to minimize 
differences to sync up students with the teacher. Surveys would 
then be given to students and put into different environments 
(i.e., the classroom or at home) to measure the similarities and 
differences in their personality. This research structure is illus-
trated in Figure 10. The results could then be analyzed in the 
perspective of the student and show their interactions between 
the conscious and subconscious mind. In the above research 
cases, the independent variables would be the survey scores. 
The dependent variable would be intrinsic motivation. This is 
an extension of current research, where intrinsic motivation is 
the independent variable and achievement goals (grades) is the 
dependent variable.

� Methods
Survey participants were 9th graders aged 14-15 at Hol-

icong Middle School. They had taken either advanced or 
academic science in 8th grade. Students were given consent 

Likewise, to sync one’s internal mind with the external 
world the student should be more curious, efficient, energetic, 
compassionate, and sensitive if the teacher’s style is fast paced 
while a slow-paced teacher requires students’ to be cautious, 
easy-going, reserved, detached and secure.

In the survey, students were asked about their extracurricular 
activities. Students who enrich their curriculums with extra-
curriculars make more connections with and receive benefits 
from their subconscious mind. They are more likely to achieve 
higher performance scores. Prior research supports that in-
creased involvement within the school community is correlated 
with higher performance achievement.12 The experimental re-
lationship between extracurricular activities and final grades is 
depicted in Figure 9. As Professor Little said in his 2016 TED 
talk, to achieve our core personal projects (such as professions), 
we can "act out of characters" (personality traits), and that is 
what makes us unique. ¹³,¹⁴

� Discussion
The structure of the mind oversees the motivation and 

achievement processes. Another way of interpreting the mind 
is by using the analogy of homework, lessons, and exams. 
The lesson is like the elephant; it contains the most impera-
tive information and stores it in the subconscious. The daily 
homework is like the monkey; only the information that is 
quickly memorized and temporarily retained is stored in the 
conscious mind. Finally, when all the knowledge has built up, 
an exam is given. Since the mind has limits to its retention 
of important information, many students are nervous during 
final exams. This is much like how the lizard part of the mind 
activates fight or flight responses during stressful events. Ed-
ucation systems that implement creative and novel ways to 
teach students—such as year-long projects—allow a steady 
flow of knowledge and challenge. This generates a better sys-
tem of communication between the three parts of the mind 
and cultivates intrinsic motivation.

Student intrinsic motivation comes from how the mind re-
acts to different experiences relating to one’s personality. The 
reason students have trouble doing well with specific classes 
could be attributed to the conjecture that they are unable to 
sync their internal conscious and subconscious minds collec-
tively or sync their internal minds to the external educational 
world. By adjusting their personalities as suggested, students 

Figure 9. The relationship between the number of extracurricular activities and the 
final grade for each student surveyed.   

Figure 10. A representation of the future research concept. The first survey is for the 
teachers and students to understand their personalities  in the learning environment. 
The second survey is for students to understand their personalities in different environ-
ments. 
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forms to agree to the experiment. Students who agreed were 
given the survey through confirmation of the principal. The 
surveys were comprised of questions chosen from the Intrinsic 
Motivation Inventory with two questions from each category.13 

The students answered on a 1-7 scale similar to the Likert-
type evaluation as shown in Figure 11. The survey set contained 
19 students with 60% advanced class and 40% academic class 
representatives. The answers to the survey are displayed in Fig-
ure 11. The clustering method was used for the survey analysis 
to understand the general motive dispositions among the set 
of students. Final grades of students were also used to yield 
the results of this experiment. Given permission by the school 
principal, grades were analyzed based on the performance of 
the students the year they took the science classes, 8th grade, 
using regression.
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Introduction
My topic was how the bubbling of water and vinegar affects 

the rate of photosynthesis and in turn, oxygen production in 
plants, since oxygen is a beneficial product of photosynthesis. 
Photosynthesis is a process in which carbon dioxide and wa-
ter is converted into glucose, a fuel molecule, through the use 
of enzymes and light. “Photosynthesis is the process used by 
plants, algae and certain bacteria to harness energy from sun-
light and turn it into chemical energy”.1 Light is necessary for 
photosynthesis because it allows for the splitting of water, thus 
allowing for photosynthesis to lock the necessary energy into 
sugars for plants to us. Based on the use of different enzymes 
and environmental factors, the process of photosynthesis can 
be accelerated or slowed. Environmental factors can lead to the 
quicker uptake of substrates and conversion into products, so 
that glucose can be produced at a faster rate, leading to a quick-
er rate of cellular respiration. Environmental factors explored 
in this experiment include surveying the effect vinegar has on 
the rate of photosynthesis versus the effect water has on the 
rate of photosynthesis, as well as the differences in the rates 
of photosynthesis based on whether or not the environments 
were moving or nonmoving. Vinegar was chosen because it 
contains acetic acid and acetate, which affect acidity and the 
rate of cellular respiration, thus also affecting the rate of pho-
tosynthesis. A moving environment was simulated by bubbling 
two of the environments tested. It was predicted that bubbling 
an environment would cause a rapid exchange of materials 
between the test environment and the surrounding environ-
ment, thus leading to the quicker uptake of the raw materials 
of photosynthesis, producing a faster rate of photosynthesis. 

The surrounding environment contains numerous gases, some 
of which are beneficial to photosynthesis, and others that are 
harmful to it. Vinegar and the bubbling of an environment are 
significant variables for studying photosynthesis and how it can 
be accelerated because while these environments are simulated, 
there are very similar environments in the natural world that 
can be utilized so that photosynthesis can increase, yielding a 
higher crop yield for food production and leading to an overall 
decrease in carbon dioxide in the atmosphere.

I chose this topic because it is important for humans to 
know what environments are best for photosynthesis and 
cellular respiration, thus leading to more optimal living condi-
tions for humans and other species. “Some 80% of the world’s 
wastewater is dumped—largely untreated—back into the 
environment, polluting rivers, lakes, and oceans”.2 Since our 
oceans, lakes, and rivers are being contaminated everyday due 
to toxins, which include “pathogenic microorganisms, putres-
cible organic waste, plant nutrients, toxic chemicals, sediments, 
heat petroleum (oil), and radioactive substances”3 and are in 
turn harming the creatures that live in them, it is important 
we know which environments are best for cellular respiration 
and photosynthesis, so that we can best utilize those environ-
ments for the betterment of the quality of life for all organisms 
on Earth. Although cellular respiration will not be adversely 
affected until oxygen concentrations are very low, it is still im-
portant to know that pollution can harm an organism’s rate of 
cellular respiration by blocking specific biologic and chemical 
pathways, leading to that organism not being able to utilize the 
available oxygen. An overall increase in the rate of photosyn-
thesis will lead to an overall decrease in the amount of carbon 

Most Optimal Environment for Photosynthesis and Oxygen Production  
Sydney J. Haas 

Victor Central School District, 953 High Street, Victor, New York, 14564, U.S.A.; lilac12350@gmail.com 

ABSTRACT: The purpose of this study was to discover what environment is best for photosynthesis and oxygen production 
in plants. In order to answer the question about which environment is most optimal, I conducted an experiment that tested 
four different environments: an acidic, acetic acid-rich, moving environment, (bubbled vinegar) an acidic, acetic acid-rich, still 
environment, (still vinegar) a neutral, moving, raw material-containing, environment, (bubbled water) and a neutral, unmoving 
environment (still water). I made a 0.2% sodium bicarbonate solution and placed 10 leaf discs, along with the solution, in a plastic 
syringe, creating a vacuum so that the leaf discs could be drained of the air from the air spaces in the leaf, filling those spaces with 
the bicarbonate solution. Then, to measure the rate of photosynthesis and the rate of oxygen production of plants, I placed 10 leaf 
discs in each of the simulated environments and recorded the amount of time it took for each of the leaf discs to rise, performing 
a statistical analysis on my results found. I found that the leaf discs in the bubbled vinegar rose at the quickest rate, then the leaf 
discs in the still vinegar were next, then the leaf discs in the bubbled water, and lastly the leaf discs in the still water rising at the 
slowest rate. These results mean that photosynthesis proceeded at the quickest rate in the bubbled vinegar, and at the slowest rate 
in the still water.

KEYWORDS: Biology; Cellular Processes; Photosynthesis; Cellular Respiration; Oxygen Production.
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dioxide in the environment. Carbon dioxide has been increas-
ing over the years due to fossil fuels, and the general decrease 
of carbon dioxide would lead to an overall better quality of 
life for all species on Earth. The quality of life would increase 
for many species because the increase in fossil fuels has led to 
a dramatic increase on the overall temperature of the Earth, 
leading to many species dying and suffering, due to habitat 
loss and other damaging occurrences. If the overall amount of 
carbon dioxide decreased, then the overall temperature of the 
Earth would stabilize as well, leading to species being able to 
flourish. We can then utilize our resources and efforts in en-
vironments where cellular respiration and photosynthesis are 
most optimal, promoting an overall decrease in carbon dioxide 
in the atmosphere.

If the acetic acid or acetate in the vinegar increases the rate 
of photosynthesis, it could then be applied to environments in 
real life situations, leading to a general decrease in the overall 
amount of carbon dioxide on Earth and an overall increase 
in crop production. This would also help damaged environ-
ments because we could alter the conditions of the water so 
that those organisms will have healthy habitats and would thus 
be able to perform cellular respiration and photosynthesis at 
more efficient rates. If the organisms in those bodies of water 
are healthier, those organisms will be able to perform many 
biological processes at more efficient rates. “With an increase 
of oxygen concentration in the atmosphere, the rate of respira-
tion also increases”.4 While this may be true, it will only be a 
significant difference when the amount of oxygen goes from a 
very low concentration, to one of a much higher concentration. 
When oxygen levels are low, carbon dioxide levels are higher, 
leading to a more optimal rate of photosynthesis, since con-
ditions for this process are more ideal. When carbon dioxide 
levels are low, oxygen levels are high, thus promoting better 
conditions for cellular respiration.

I wanted to find out which environment photosynthesis is 
most efficient and produces the greatest amount of oxygen as 
a product. The setup that produced the greatest amount of ox-
ygen as a product would also be the setup that consumed the 
most carbon dioxide. When photosynthetic rates are at a high 
level, its products, glucose and other fuel molecules, are in a 
high abundance. This means that cellular respiration can occur 
at a quicker rate because it has more of a raw material, glucose. 
When there is a high level of nutrient availability, light, and 
water, photosynthesis can proceed at a fast rate as well. The 
raw materials for photosynthesis are carbon dioxide and water. 
The relationship between the amount of raw materials and the 
rate of photosynthesis can be described as a positive correla-
tion. When carbon dioxide increases, it causes a rapid rise in 
the rate of photosynthesis.5 Photosynthesis can be affected by 
many factors, including temperature, light, and concentrations 
of certain chemicals. 

The research question being asked is how does the bubbling 
of water and vinegar affect the rate of photosynthesis, mea-
sured by the time it takes basil leaf discs to rise. The basil leaf 
discs were all of uniform size and shape, thus providing a con-
trol as to how photosynthesis was measured. The leaf discs that 
were used in the experiment did not have veins in them, since 

that is where the vascular bundles mainly are, and as a result, 
would not have led to an accurate representation of the rate 
of photosynthesis. The null hypothesis is there will be no dif-
ference in the rates in which leaf discs rise between any of the 
setups. Since vinegar does not contain carbon dioxide, it may 
have no effect on the rate of photosynthesis and the bubbling 
of the setups may not be strong enough to cause the exchange 
of raw materials between the setups and the surrounding en-
vironment. The alternative hypothesis is the leaf discs in the 
bubbled vinegar will rise at the fastest rate, the discs in the 
bubbled water at the second quickest, the discs in the still vin-
egar next, and the leaf discs in the still water at the slowest rate. 
Since the bubbled vinegar contains acetic acid, this may affect 
the acidity of the carbon dioxide, promoting a quicker rate of 
photosynthesis and the bubbling may lead to the exchange 
of materials with the environment, leading to the leaf discs 
having access to the raw materials of photosynthesis faster. 
Research has been performed that has shown that acetic acid 
increases leaf growth, thus increasing photosynthetic activity, 
when it was used at appropriate levels.6 The acetic acid may 
also have a positive effect on the rate of cellular respiration, 
when used at appropriate amounts, and thus allowing for the 
raw materials of photosynthesis to be more readily available. 
In other experimental studies involving mung bean plants, it 
was shown that acetic acid allowed for an increase in plant 
growth, thus allowing for an increased rate of photosynthesis.7 
Thus, if the results of the alternative hypothesis prove to be 
true, acetic acid could be used as a way to increase crop produc-
tion in a real-life situation, which would also lead to an overall 
decrease in carbon dioxide in the environment. The discs in 
the bubbled water will rise next because the exchange of raw 
materials will most likely be quicker and the discs will have 
greater access to the raw materials than the discs in the still 
vinegar. The discs in the still vinegar will follow because the ef-
fect of the acetic acid on the acidity on the carbon dioxide will 
lead to a faster rate of photosynthesis, but not probably as fast 
as the effect the exchange of materials with the environment 
through bubbling had on the rate of photosynthesis. The discs 
in the still water will rise at the slowest rate because there is 
no exchange of raw materials with the environment and there 
is no acetic acid affecting the acidity of the solution. The in-
dependent variable is the bubbling of water and vinegar, while 
the dependent variable is the rates at which the leaf discs rise 
(photosynthesis). The control group are the groups that are not 
being bubbled and the experimental groups are the groups that 
are being bubbled. Controlled variables include the tempera-
ture at which the experiment was performed at, the amount of 
light each setup was given, the type of plant used for the leaf 
discs, and the amount of the 0.2% sodium bicarbonate solution 
used for each test.

   Results and Discussion
The average amount of time it took for leaf discs to rise in 

bubbled water was 700.7 seconds, in the bubbled vinegar it 
was 56.612 seconds, the leaf discs took 1410.17 seconds to rise 
in the water that was not bubbled and in the vinegar that was 
not bubbled, the average amount of time it took for the leaf 
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discs to rise was 97.60 seconds. Although the two standard 
error bars do overlap for the bubbled water, still vinegar, and 
bubbled vinegar, they do not overlap with the still water, so the 
rate of photosynthesis still occurs at a faster rate in the bubbled 
vinegar, still vinegar, and bubbled water than it does in the 
still water. The alternative hypothesis is also not fully correct 
because in that hypothesis, I predicted that the leaf discs in the 
bubbled water would rise faster than the leaf discs in the vine-
gar that was not bubbled, but the leaf discs in the still vinegar 
rose faster than bubbled water. Although the leaf discs in the 
still vinegar rose at a faster rate than in the bubbled water, the 
rest of the alternative hypothesis is true; that the leaf discs rose 
at the quickest rate in the bubbled vinegar, and they rose at the 
slowest rate in the still water.
   
   

   Conclusion
Elucidating environments that are most optimal for pho-

tosynthesis and cellular respiration can promote further 
experimental research into finding out which environments 
are best for photosynthesis in real-life situations. If we can test 
different environments in the natural world then we may know 
more specific conditions for which bodies of water would allow 
organisms to perform photosynthesis and cellular respiration 
at the most efficient rates, thus having the most optimal liv-
ing conditions. Although optimal living conditions for those 
organisms may not seem limited, many of those aquatic en-

Figure 1. Graph showing the average amount of time it took for each leaf disc to rise in 
each setup

vironments are “as inaccessible as if they were on Mars, and 
those that are accessible are unevenly distributed across the 
planet”.9 Combined with pollution in the available water, lead-
ing to organisms dying, due to the pollution blocking necessary 
biologic and chemical pathways, it is imperative that a solution 
is developed. Air pollution negatively affects photosynthesis 
because it reduces the size of a plant’s stomata, leading to a de-
crease in gas exchange between the plant and the environment. 
A decrease in the amount of carbon dioxide available to the 
plant could lead to an impairment in photosynthesis.¹⁰ So even 
if there was enough available carbon dioxide and oxygen in 
the surrounding environment, it would be inaccessible to the 
plant, due to pollution causing the stomates in plants to close, 
an area where major gas exchange occurs, leading to its death 
and a decrease in the amount of photosynthesis and cellular 
respiration taking place on Earth. 

To apply this experiment to a real-life situation, we could 
experiment with environments that were similar to those that 
were tested. The acetate in acetic acid could be tested for its ef-
fects on leaf growth and thus its effects on photosynthesis and 
cellular respiration and survey how it affected plant growth 
and crop turnover, seeing if overall crop production could in-
crease, leading to an overall increase in the quality of life for 
all species, due to the increase in the overall food available, 
and the decrease in the amount of carbon dioxide in the air, 
that would be being used by the extra crops for photosynthe-
sis. In the lakes in the Adirondacks, as the air pollution has 
decreased, the health of many of the lakes has improved, after 
many years of pollution destroying the lakes and killing many 
fish.¹¹ Due to many forests all around the world burning down, 
the amount of carbon dioxide in the atmosphere has greatly 
increased, due to the trees and other photosynthetic organ-
isms in those destroyed forests no longer offsetting the extra 
carbon dioxide that results from fossil fuels, since their pho-
tosynthesis was lost. The burning of the forests also released 
carbon dioxide into the air, further contributing to the increase 
in temperature. Although acids with a similar pH result in a 
decrease in pH, since the acetate in the vinegar has an opti-
mal pH for photosynthesis, photosynthesis will still proceed 
at an optimal rate. Due to the acetate in acetic acid having an 
optimal pH for plant growth and photosynthesis, the rate of 
photosynthesis will increase in the presence of acetate, leading 
to an increase in overall plant growth, and a general decrease in 
the overall levels of carbon dioxide in the atmosphere, due to 
the increase in photosynthesis. As a result, the overall tempera-
tures would decrease, thus prompting an increase in the quality 
of life for all species on Earth.

To expand on the experiment that was conducted, I would 
research other conditions, besides moving versus nonmoving 
liquids, in which photosynthesis and cellular respiration would 
be most optimal. Some other variables that I could research 
would be the pH of an environment, if specific organisms have 
different needs/have different environments that are most 
optimal, or if different temperatures impact the rates of photo-
synthesis and cellular respiration. If the environment best for 
photosynthesis and cellular respiration can be established, we 

Figure 2. The results from each test and the statistical tests performed
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can then know which environment is most optimal for those 
organisms and the organisms in surrounding areas.
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Introduction
In the field  of genetics, the organism Caenorhabditis elegans 

(C. elegans) presents a powerful model to understand human 
genetics. This is due to the fact that 83% of the genes expressed 
in C. elegans corresponded to human genes.1 Therefore, the 
knowledge about the C. elegans’ genome will also provide con-
siderable insight about the human genome that can be applied 
to study various disorders such as Alzheimer’s and Parkinson’s 
Diseases that present a genetic predisposition. 

To study the C. elegans’ genome, RNA interference (RNAi) 
method is implemented through the usage of double stranded 
RNA.2 The double stranded RNA is readily available to this 
organism through a diet that is composed primarily of bacterial 
sources. The most common feeding vector for this procedure is 
OP50 E. coli due to its ready availability and its limited growth 
rate. The consumption of such double stranded RNA performs 
a “knockout” of gene targets through a post-transcriptional 
mechanism. However, concerns over this practice have  arose 
due to E. coli’s ability to colonize in the worms’ gut. Several 
reports have found that once the worms reach old age, the col-
onization of their intestine by the E. coli degrades the intestinal 
villi allowing the E. coli to spread throughout the worm.3,5 The 
bacterial pathogenicity found in E. coli has led to concerns sur-
rounding gene screenings that utilize RNAi with the bacteria 
as a feeding vector.

Accordingly, another system for RNAi screening in C. ele-
gans using different bacterium, Bacillus subtilis (B. subtilis), has 
been identified. One of the bacteria that comprise the micro-
biota of these regions is B. subtilis. This bacterium is commonly 
found in the C. elegans’ environment: areas with decaying plant 
material. Unlike E. coli, B. subtilis would better represent the 
worm in situ, or similar to what is experience in their natu-
ral environment.  Surprisingly, when the lifespans of worms 
grown on B. subtilis were compared to those grown on E. coli, 
the worms growing on B. subtilis lived 50% longer than those 
living on E. coli. This difference in host longevity is likely due 
to a difference in pathogenicity between the two bacteria. Al-
though B. subtilis colonizes in the nematode’s gut, just like E. 
coli, it produces a protective biofilm, which produces two es-
sential products: the quorum-sensing molecule CSF and nitric 
oxide. These compounds are the primary contributors to the 
extension of the worm’s lifespan.3

Wild type (WT) B. subtilis presents a rncS gene that codes 
for an endoribonuclease that cleaves dsRNA, which makes the 
strains containing the gene not practical for gene screening 
with RNAi because the introduction of dsRNA is necessary 
for this process.⁶ Another challenge that was presented as a 
result of using B. subtilis as a feeding vector for RNAi was 
that natural isolates of B. subtilis present low genetic compe-
tence, meaning that they had a reduced capacity for taking up 

Utilization of a Novel Method of RNA Interference in Caenohabditis          
elegans to Conduct a Phenotypic Analysis of the daf-2 and daf-16 Longev-
ity Genes  
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Marquette High School, 2351 Clarkson Road, Chesterfield, Missouri, 63005, U.S.A.; rjagarlamudi043@rsdmo.org

ABSTRACT: The daf-2 and daf-16 genes have been highlighted for their reciprocal activity in altering longevity in the model 
organism Caenorhabditis elegans. Both daf-2 and daf-16 present orthologs in the human genome that maintain similar function. 
The most straightforward method for analyzing the impacts of these genes on worm phenotype is through RNA interference. 
This can be accomplished by feeding the worms Escherichia coli containing double stranded RNA intended to make the target 
gene inoperative in the nematodes. However, as the worms age, consumed E. coli colonizes within the gut, resulting in a patho-
genic infection. As part of the following research, a novel procedure for RNA interference with Bacillus subtilis was tested and 
implemented to analyze the IIS signaling pathway. Using this novel system, the daf-2 and daf-16 genes in the IIS pathway were 
analyzed and compared with the results yielded through RNA interference with E. coli. The results from the study indicate re-
duced bending and maneuverability among daf-2 mutants suggesting that successful interference was achieved. Furthermore, 
worms that underwent B. subtilis RNAi (M=.8290, SE= 0.026) are more likely to live longer (t₍₆₈₎ = -4.402, p=.000) than mutants 
undergoing conventional RNAi using E. coli (M=.6133, SE 0.04). In addition, the daf-2 mutants (M=0.8783, SE 0.0186) arrest-
ed development and entered the Dauer stage, resulting in a longer lifespan (t ₍₆₈₎ = 7.008, p = .000) than daf-16 mutants (M= 
0.5640 SE 0.0407). This study demonstrates that using B. subtilis as a feeding vector is the superior course of action for RNAi in 
C. elegans because B. subtilis RNAi is a better representation of the worm’s in situ environment and that daf-2 gene inactivation
lengthens C. elegans lifespan on a non-pathogenic bacteria (B. subtilis), suggesting the mutation slows aging. 
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genetic material. As a result, the conventional method for bac-
terial transformation could not be applied for this experiment. 
Without the expression of the dsRNA found in the plasmid, 
the gene targets cannot be “knocked out” in C. elegans to be 
studied. Thus, to overcome these limitations, the RNase III-
null BG322 mutant strain and a novel protocol for bacterial 
transformation that employed the sugar xylose for increas-
ing genetic competence were used for the present study. The 
BG322 mutant subdues the rncS gene, thereby allowing for 
standard uptake of the plasmid.⁷ 

The present study investigates the effects of daf-2 and daf-
16 gene knockouts on the lifespan and locative effects of C. 
elegans using a novel system for RNAi that utilizes B. subtilis as 
a feeding vector. Both the daf-2 and daf-16 genes are compo-
nents of the IIS signaling pathway, which a major contributor 
to the worm lifespan. The IIS signaling pathway consists of the 
DAF-16 protein, DAF-2 protein, and the serine/threonine ki-
nases: PDK-1, AKT-1, and AKT-2. When the DAF-2 protein 
is activated, these three kinases are found upstream of DAF-
16, and possess the capability to phosphorylate the DAF-16 
protein and prevent its entrance into the nucleus, whereas 
DAF-16 would normally activate genes that promote the lon-
gevity of C. elegans, thereby allowing the kinases to control 
lifespan.⁸

Implementing a novel method of RNA interference for the 
analysis the IIS pathway could lead to new discoveries about 
the pathway and its role in C. elegans lifespan.

   Results and Discussion
   Longevity Assay

B. subtilis was transformed using plasmid vectors obtained
from Addgene, containing different genes of interest targeting 
the daf-2 and daf-16 genes. The pAD48-daf-2 RNAi plasmid 
contains the daf-2 gene and the pAD43-daf15 RNAi plasmid 
introduces the daf-16 gene into the B. subtilis. Once the C. 
elegans consumed the B. subtilis and E. coli containing the daf-
2 or daf-16 genes, the RNAi process deactivated these genes 
respectively within their genomes. Following this process, I 
performed a lifespan analysis of the mutated worms, compar-
ing their lifespans in regard to their food source and their gene 
mutation. The worms grown on B. subtilis lived longer, on av-
erage, than their counterparts grown on E. coli, regardless of 
their genetic mutation. The daf-2 mutants grown on B. subtilis 
lived, on average, 26% longer than those grown on E. coli. This 
difference, however, was more pronounced among the daf-16 
mutants because those grown on B. subtilis lived, on average, 
59% longer that those grown on E. coli. This indicates that the 
daf-2 mutants are either less susceptible to bacterial pathogen-
esis or that daf-16 mutants are more susceptible to bacterial 
colonization within the gut.  Next, I compared the lifespans 
of the daf-2 and daf-16 mutants on B. subtilis to the wild-
type nematodes grown on the same food source, which acted 
as a control. Interestingly, the average lifespan of the daf-2 and 
daf-16 mutants were respectively longer and shorter than the 
average lifespan on the N2 worms. This suggests that the daf-2 
gene inactivation increases lifespan whereas the daf-16 gene 
inactivates decreases lifespan.

Figure 1. (A) daf-2 mutants fed endoribonuclease-null B. subtilis (BG322) lived 28% 
longer compared to those fed the laboratory C. elegans food strain (OP50). The worms 
experiencing daf-2 RNAi on B. subtilis (BG322) did not display a significant difference 
in lifespan when compared to those fed E. coli (OP50; p=0.087>0.05). (B) daf-16 mu-
tants fed endoribonuclease-null B. subtilis (BG322) lived 28% longer compared to those 
fed the laboratory C. elegans food strain (OP50). The worms experiencing daf-16 RNAi 
on B. subtilis displayed a significant difference in lifespan when compared to those fed E. 
coli (p<0.05). (C) daf-2 mutants grown on the BG322 B. subtilis strain lived 41% longer 
than daf-16 mutants fed BG322 B. subtilis (p<0.05). (D) Graph displays the average 
lifespan of the experimental groups. Median lifespan: daf-16 on E. coli = 12 days, daf-16 
on B. subtilis = 20 days, daf-2 on E. coli = 22 days, and daf-2 on B. subtilis = 26 days. Age 
refers to the number of days after egg hatching. Two biological replicates were observed 
for all mutant nematodes (n= 59-82 worms per experiment); errors bars designate 
standard error.’ 

Locomotion Assay
In addition to worm lifespan, an important measurement of 

worm phenotype is worm locomotion. This phenotypic quality 
is particularly important because it can uncover the mecha-
nisms by which gene mutations alter phenotype. To analyze 
worm locomotion, a software called WormLab was utilized. 
This software analyzed 30 second videos of C. elegans and cre-
ated a locomotion summary. Worm bending and displacement 
were determined respectively by the maximum amplitude and 
peristaltic track length. The results indicate that daf-2 mutants 
present reduced locomotive displacement and bending.

Longevity Assay Analysis and Discussion
As emphasized by Uno and Nishida, the daf-2 and daf-16 

genes reciprocally affect C. elegans lifespan. Both of these genes 

Figure 2. This figure shows the reduced motility and bending of daf-2 RNAi mutants 
in comparison to the daf-16 RNAi as shown by the (A) maximum amplitude and (B) 
peristaltic track length. N=4 per experimental group. (C) The figure above illustrates 
the method for calculating maximum bending amplitude. The maximum amplitude is 
calculated by determining where the worm’s centroid displacement is greatest. Centroid 
displacement can be calculated by determining the distance between the worm’s midpoint 
and the average location of the central axis. (Blue = Midpoint; Red= Central Axis). (D) 
The figure above illustrates the method for calculating peristaltic track length, The peri-
staltic track length is calculated by calculating the length of the red line in the picture.
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operate in the IIS pathway, which plays a large role in regulat-
ing the lifespan of C. elegans.9 The decrease in daf-2 activity, 
which can be accompanied by a two-fold increase in lifespan, 
is dependent on an increase in daf-16 activity.  Subsequent-
ly, daf-16 maneuvers to the nucleus where it modifies genes 
that regulate metabolism, the cellular stress response, and au-
tophagy.10 As a result, the extension of lifespan induced by the 
knockout of daf-2 and the shortening of lifespan generated by 
the knockout of daf-16 coincides with previous research. After 
nine days since hatching, 28% more of the C. elegans feeding 
on daf-2 B. subtilis are alive in comparison to those feeding of 
daf-16 B. subtilis.

When analyzing the impact of the C. elegans’ feeding vector 
on the lifespan of worms undergoing daf-16 RNAi, there was 
a significant decline in lifespan for worms with an E. coli diet 
in comparison to those with a B. subtilis diet. However, when 
examining the worms experiencing daf-2 RNAi, it was surpris-
ing to find that there was no longer a significant difference in 
C. elegans longevity. This contrast is likely in part due to the
mechanisms by which the daf-2 and daf-16 genes alter lifespan.

The FOXO transcription factor daf-16 is a key regulator of 
the C. elegans’ innate immune system due to its close relationship 
with the protein FOXO3a, which controls the inflammation 
that accompanies a bacterial infection.¹¹ This would further 
exacerbate the colonization of the worm’s gut, which is spec-
ulated to be a consequence of a weakened immune system as 
the worm grows older. As a result, the knockout of the daf-16 
gene prevents this regulation of the immune system, leaving 
the nematode more susceptible to E. coli colonization within 
the intestinal lumen and the subsequent migration to adjacent 
tissues, which increases worm mortality.

Even when food is present, daf-2 loss of function mutants 
frequently enter the Dauer life stage, which is intended for 
worms facing a harsh environment.¹² This behavior is likely 
due to the elevated sensory perception in the worms, which is 
provoked by increased expression of the odr-10 receptor gene. 
As highlighted by Podshivalova et. al, by examining C. elegans 
consuming GFP expressing OP50 E. coli, daf-2 mutants are 
more resistant to bacterial pathogenicity, which would account 
for the lack of difference in longevity for daf-2 mutants feeding 
on E. coli and B. subtilis.¹⁴ Although the exact mechanism by 
which daf-2 mutants are resistant to bacterial colonization is 
not fully understood, this behavior can possibly be explained 
by higher expression of antimicrobial genes.¹⁵ Pronounced 
resistance among daf-2 mutants would mitigate the lifespan 
decline commonly induced by feeding on E. coli, considering 
the primary factor that is contrasting between B. subtilis and E. 
coli is pathogenicity.

Locomotion Assay Analysis and Discussion
As demonstrated by the elevated bending amplitude (Figure 

2A) and peristaltic track length (Figure 2B), the daf-16 mutants 
exhibit greater motility in comparison to their daf-2 mutants. 
This differentiation between the two mutants is likely a conse-
quence of the enhanced ability for daf-2 mutants to enter the 
Dauer stage.16,17 While in the Dauer phase, worm locomotion 
is remarkably reduced due to a decline in the pumping of the 

worm’s pharynx. This is likely because the mutant’s resources 
are greatly devoted to developing the worm’s immune system.

   Conclusion
As shown in this study, the decline in lifespan caused by daf-

16 mutation is worsened in E. coli in comparison to B. subtilis. 
In order to identify if this decline in lifespan for daf-16 mu-
tants on OP50 E. coli is due to a weakened immune system, 
the nematodes can be fed GFP expressing OP50 E. coli. The 
rate of fluorescence in adjacent tissues could then be record-
ed using fluorescence microscopy and subsequent analysis of 
ROIs. In addition, to analyze the effects of daf-16/daf-2 RNAi 
with B. subtilis on worm offspring, the remaining worms can be 
bleached to leave the eggs on the test plates. Then, the number 
of eggs and genders of the offspring can be analyzed.

Although the IIS signaling pathway plays a large role in reg-
ulating lifespan, the TOR pathway is also a significant regulator 
as well. This pathway is primarily regulated by the PHA-4/
FoxA transcription factor instead of the DAF-16/FOXO factor 
in IIS signaling. A gene that regulates this pathway is the rsks-1 
gene, which could also be knocked out using B. subtilis RNAi.

Although the results from this research presents a means for 
reducing lifespan with a daf-16 mutation, it is more difficult 
to increase lifespan in daf-2 mutants due to the limiting ef-
fects of the gene on bacterial colonization.  Furthermore, this 
leaves the nematodes in a prolonged state of nutrient restric-
tion and bacterial colonization in the intestine regardless of 
the bacteria because the daf-2 gene conducts initiate the entry 
of the worms into Dauer stage. Nevertheless, this study has 
shown that B. subtilis RNAi is likely superior over conventional 
RNAi because its colonization in the worms is less pathogenic 
in comparison to E. coli colonization.

By utilizing daf-2 RNA interference, researchers can increase 
the lifespan of C. elegans. This capability to increase the nem-
atodes lifespan will allow researchers to study diseases that 
occur later in the organism’s lifespan, providing information 
beneficial in studying conditions in the C. elegans similar to 
Alzheimer’s and Parkinson’s Disease in humans. However, this 
technique cannot be utilized to study locomotive disorders be-
cause the locomotive assay from this project found that daf-2 
mutants presented limited motility, which prevents an accurate 
representation of the deactivated gene’s impact on locomotion.

� Methods
Analysis

    For this research, the longevity of the C. elegans was mea-
sured for the nematodes that undergo the RNA interference 
with B. subtilis and those that undergo RNA interference using 
E. coli. An ANOVA statistical test was run to determine the
difference of longevity between the two sets of nematodes. The
data was also analyzed using a Kaplan Meier statistical analysis
and a Tukey post-hoc test.

  Materials
   The 10-microliter sample of BG322 Bacillus subtilis bacteria 
necessary for this experiment was provided by Dr. David Be-
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chhofer at the Mount Sinai Hospital in New York, New York. 
The wild type C. elegans were provided by BRDG Park Facil-
ity at the Danforth Center and Dr. Zachary Pincus's lab at 
Washington University in St. Louis. The plasmids necessary to 
knockout the DAF-16 and DAF-2 genes (pAD48-daf-2 and 
pAD43-daf-16) came from the nonprofit plasmid repository 
Addgene. Other general lab materials were found either at 
Marquette High School or the Pincus Lab facility.

   Plasmid Preparation
   The plasmids were shipped by the Addgene repository in the 
form of an agar stab with transformed E. coli containing the 
plasmid. In order to prepare transformed B. subtilis, the plas-
mid was extracted prior to the transformation of the B. subtilis. 
In order to isolate the dsRNA from the E. coli, the cells were 
lysed in order to expose the nuclear contents for extraction. 
Then, the solution was rapidly acidified with the goal of sepa-
rating proteins and chromosomal DNA from plasmid DNA. A 
potassium acetate solution was used for this purpose because it 
precipitates proteins and chromosomal DNA, but the plasmid 
DNA remains in solution. The plasmid DNA, which remains 
in the supernatant, can then be captured by a silica spin column 
and then eluted using water or TE buffer.18

   Transformation
    Naturally isolated B. subtilis presents low genetic competence, 
which is defined as an organism’s ability to take up exogenous 
DNA. As a result, it is necessary to use alternative methods 
when transforming B. subtilis. The cells were first centrifuged 
at 8,000 rpm for 1 minute and the supernatant was discarded. 
Then 200 microliters of an LB broth medium and 2% xylose 
solution was added. The appropriate plasmid DNA was intro-
duced to the cell suspension and then nutated in an incubator 
set at 37 degrees Celsius overnight.24

   Worm Synchronization
   When conducting longevity assays, it is crucial to synchronize 
all the worms being studied at the larvae stage. This ensures 
there is accurate calculation of surviving worms on each plate. 
Washing C. elegans with a sodium hydroxide and hypochlorite 
solution degrades gravid worms and leaves the eggs intact. The 
yield of eggs that remain can be suspended in a synchronization 
medium (M9 buffer) and then pipetted onto plates containing 
the transformed bacteria. Because all the C. elegans were eggs 
at the initial phase of data collection, it was ensured that all the  
C. elegans were at the same life stage at a specified time.
   
   Analysis of B. subtilis RNAi Viability:
     During the first year of this project, bacterial transformation of 
the plasmid was monitored in B. subtilis, by using a novel system, 
which relies on β-galactosidase α-complementation. Following 
the transformation of the B. subtilis, the bacterial culture was 
added to IPTG (Isopropyl β- d-1-thiogalactopyranoside) agar 
plates. This compound mimics allolactose, which can initiate 
lac operon transcription by binding to and altering the shape 
of the lac repressor. IPTG can be used in conjunction with 

the X- gal substrate (5-bromo-4-chloro-3-indolyl-β-D-galac-
topyranoside) as part of the blue-white screening method in 
order to detect recombinant bacteria. C. elegans were chunked 
into small sections and placed onto the IPTG plates with the 
Bacillus subtilis. The worms were then periodically analyzed to 
look for any signs of a die off that may have been caused by the 
new diet of Bacillus subtilis. The presence of blue fluorescing 
colonies on the plates would indicate the presence of functional 
β-galactosidase, which indicates those bacterial colonies took 
up the plasmid and contains recombinant DNA.19

   Phenotypic Analysis of Transformed Nematodes
   The software WormLab was used to conduct a locomotion 
analysis of the nematodes that are being studied. In addition to 
analyzing locomotion, this software can accurately track com-
plex movements such as entanglements, coiling, and omega 
bends.26,27 Prior to analyzing the video file of the C. elegans, all 
frames underwent background smoothing and the threshold 
level was adjusted, so the worms were detectable by the soft-
ware. Gaussian smoothing was avoided in order to maintain 
resolution.
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Introduction
Uninsured people receive less medical care and they have 

nowhere to turn to in times of an accident or illness. Essential-
ly, they have worse health outcomes and the benefits of safety 
most definitely outweigh the costs that must be paid to the 
insurers.¹ Whether a person visits the hospital twenty times a 
year or once a year, medical insurance is equally important to 
cover the costs of medical expenses related to the patient’s risk.

The high-deductible health plan is straightforward: a plan 
with a high deductible and a lower premium. A deductible is 
the amount that  the insurance holder pays before the insur-
ance company takes over and pays the rest of the medical bills 
for that person. A premium is the consistent the insurance 
holder pays  based on the plan. This money is paid at certain 
intervals that could be days, weeks, or years, but is most often 
months. Maximums for both the premium and the deductible 
insurance are set for each forthcoming fiscal year by the insur-
ance company.

In addition to the basic details of this plan, another optional 
clause is connected to this plan versus traditional health plans. 
Health savings accounts (HSA)  are a personal savings account 
utilized only for healthcare expenses. These medical expenses 
have a wide variety of ranges in use, from medical to dental and 
even mental health. The  main purpose is to help patients to pay  
the out-of-pocket costs from their high-deductible plans. They 
are completely tax-free and any number of people can con-
tribute to these accounts. Shifting the costs to consumers via 
the high-deductible health plan can help to reduce the overall 

medical cost. However, as will be shown, the high deductible 
health plan has several disadvantages as well.²

The high-deductible health plan is very popular among peo-
ple of all ages. Beginning in the year 2004, the high-deductible 
health plan has quickly grown in use since its inception. From 
2007 to 2017, a survey by the “National Health Interview Sur-
vey” showed that enrollment in plans of these types increased, 
whether or not the plan was accompanied by an HSA amongst 
adults aged 18 to 64.3 This same survey shows that no differ-
ences in trends is evident amongst different genders.3 As a 
whole, the presence of such plans has increased from 5% of 
total plans to 20% of total plans between the years 2007 and 
2013. It is estimated that in the health insurance marketplace, 
60% to 80% of plans are HDHPs.4

At first, HDHP seemed like just a smart business move. 
However, upon further investigation, this kind of plan can be 
very detrimental and disadvantageous to certain classes of peo-
ple. For example, people who are often ill or who have a lower 
income may be at higher risk of financial bankruptcy. Although 
it seems that the costs are affordable for people of all levels, the 
out-of-pocket costs actually have many hidden costs. In addi-
tion to the deductible costs, customers still have to worry about 
copayments and coinsurance. Eventually, people in the two 
groups stated previously can lose money much more quickly.5 
A study by USC confirms this hypothesis.5 Those who were 
part of the high-deductible health group were 10% more likely 
to spend $2,000 annually on health care in the census and the 
low-income subgroup.5
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the tax code and expressed their thoughts about experimenting 
with a high-deductible health plan for employers.8 The finan-
cial crisis later in 2008 caused a boom of these plans within the 
entire marketplace. However, the last time American democra-
cy truly assessed their insurance needs was nearly 16 years ago. 
So, what are the problems with this seeming blessing of a plan?
     This study aims to provide the above information through 
the following groups:

A.  Find the long-term effects of the high-deductible 
health insurance plan on subjects of various characteristics. 
These characteristics include gender, age, education level and 
years of high-deductible health insurance.

B.  Compare these findings with a control group (people 
who consistently have used low deductible health insurance).

C.  Conduct interviews with several medical professionals 
and perform statistical analysis on the data gathered in the 
study.

 D.  Discuss possible solutions (if applicable) based on the 
findings that match up with the results and help to solve the 
problem.
      It is hypothesized that when a variety of people are sub-
ject to surveys regarding their use in high-deductible health 
insurance when compared to users of low-deductible health 
insurance, worse health outcomes will be prevalent for holders 
of HDHP plans when compared to users of LDHP plans.

   Results and Discussion

   Literature Review
   Clearly, the controversy of high-deductible health insurance 
is centered around the problems caused by the cost of deduct-
ibles. As this is a serious problem, several other studies analyze 
the influence that low-deductible health insurance has on peo-
ple of different demographics.
  Health spending varies based on factors such as race, age, 
sex, and much more. Studies show that for all adults, health 
spending increases as age increases. However, for other nom-
inal variables, many other factors impact how much health 
spending takes place. Health spending generally refers to the 
consumer point of view while health expenditure refers to a 
more general worldly perspective. Thus, it is quite a surprise 
when the results of Medical Expenditure Panel Survey show 
that the highest-spending 1% of the population contribut-
ed to more than 20% of all health expenditures, and that the 
highest-spending 5% of the population contributed to more 
than 50% of all health spending. In addition to this, the low-
est-spending 50% of the population contributed to only 3% of 
total health spending. These figures show the large discrepan-
cies in the “Lorenz curve for medical insurance.” This pattern 
followed for both out-of-pocket spending and overall spend-
ing. When this study dives deep into the demographics, many 
interesting conclusions can be drawn regarding their specific 
differences.6
   Factors like age, gender, race, and current health conditions 
affect the level U.S. citizens spend on insurance. Those above 
55 years of age represented more than a quarter of the pop-
ulation of the subjects in the study, however, they accounted 
for 50% of total medical spending. Unsurprisingly, the trend 
followed for people with conditions like heart disease, cancer, 
and other serious conditions accounted for a higher percentage 
of total medical spending.6 The survey shows that these pat-
terns remain true for high-end populations as well. For people 
in their 20s up to their 50s, women spend  more on insurance 
than men, however, the difference is mostly negligible.6 As for 
the race, whites dominate almost every single age group in 
terms of overall health spending. On the other hand, Hispan-
ics and Asians are much more conservative in every age group 
for all types of health insurance.6
  A study performed by Sheila R. Reddy et al.7 similar-
ly assessed the effects of high deductible health plans using 
outpatient visits and laboratory/radiology tests. The study was 
conducted by using a pre-post survey with comparison group 
study design to find relative decreases in tests and office visits. 
They eventually discovered a moderate decrease in office visits 
over the course of the observational study.7 Our  study differs 
from this study as we will be using a nonbiased survey to as-
sess the effects that the high-deductible health plan has on the 
health and lifestyle along with the quantity of patient visits. 
We will also be comparing the results to notice trends amongst 
the variables listed in the introduction.

   Purpose and Hypothesis
The last time a major health plan was initiated in the United 
States was in 2003. George W. Bush and his fellow Republi-
can congressmen experimented when they made a change in 

Figure 1. Graph displayed shows how gender effects health trend in subjects. Y-axis is 
frequency of people’s opinion of how their health trend has changed. X-axis is gender. 
Gender does not play a large role in changes in health trends based on insurance type.

Figure 2. Graph displayed shows how gender affects ability to live a healthy lifestyle 
in subjects. Y-axis is frequency of each choice for how a subject’s lifestyle has change. 
X-axis is gender. Gender does not play a large role in a lifestyle change based on 
insurance type.
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Figure 3. Graph displayed shows how gender affects patient’s visits to a doctor. Y-axis 
is frequency of each choice for “a lower number of visits to the doctor.” X-axis is gender. 
Gender does not play a large role in a change in visit number based on insurance type. 

Figure 4. Graph displayed shows how age effects health trend in subjects. Y-axis is 
frequency of people’s opinion of how their health trend has changed. X-axis is age. Age 
does not play a large role in health trend changing based on insurance type.

Figure 5. Graph displayed shows how age affects ability to live a healthy lifestyle in 
subjects. Y-axis is frequency of each choice for how a subject’s lifestyle has change. X-axis 
is age. Age does not play a role in health trend changing based on lifestyle type.

Figure 6. Graph displayed shows how age affects patient’s visits to a doctor. Y-axis is 
frequency of each choice for “a lower number of visits to the doctor.” X-axis is age. Age 
does not play a role in health trend changing based on lifestyle type.

    Data Analysis
   The impact of the number of years of high-deductible in-
surance on high-deductible patients’ opinions on their health 
trend is barely noticeable due to the extreme count of “same” 
responses (Appendix 1). However, of the responses that had a 
yes or no answer, Figures 3 and 6 show that the nominal vari-
ables of age or gender didn’t affect the distribution of responses 

very strongly. As the appendix later shows, this trend was over-
arching for all nominal variables tested: age, gender , education, 
and years of high-deductible health insurance. The graphs also 
show that after the ability to live a healthier lifestyle after the 
effects of the insurance was assessed, the distribution of change 
in lifestyle did not differ much based on either age or gender. 
However, many more people overall claimed that they lived 
a healthier lifestyle after this plan. Once again, the appendix 
shows that for the other nominal variables of education and 
years of high-deductible insurance, the pattern of negligible 
response changes follows.
   Finally, the last question follows the pattern of negligible 
responses with respect to nominal variables. Overall, few-
er people claimed that they went to the doctor more after 
possessing high deductible insurance. However, within the 
nominal variable of age and gender, there was no pattern re-
garding the number people visiting a doctor. The graphs that 
associate years of high deductible insurance and education 
show similar results to those portrayed and explained in the 
graphs and explanation above since their effect on the three 
primary questions asked in the survey are negligible as well.

   Chi-Square Test #1: Change in Health Trend
   Null hypothesis: The proportion of “up”, “down”, and “same” 
responses is the same across HDHP holders and LDHP hold-
ers. 
  Alternate hypothesis: The proportion of “up”, “down”, and 
“same” responses is different across HDHP holders and 
LDHP holders.
    Observed values table (HDHP users):

   Expected values table (LDHP users):

   Chi-square value: 0.97     
   p-value: 0.62
  Since the p-value of 0.62 is above the significance level of 
0.05, I fail to reject the null hypothesis. So, it follows that the 
proportion of responses is the same across HDHP and LDHP 
holders.

   Chi-Square Test #2: Lower Number of Visits
    Null hypothesis: The proportion of “yes” and “no” responses 
is the same across HDHP holders and LDHP holders.
   Alternate hypothesis: The proportion of “yes” and “no” re-
sponses is different across HDHP holders and LDHP holders.
    Observed values table (HDHP users):

Table 1 This is the table of observed values for high-deductible health plan users corre-
sponding health trend between the two plans.

Table 2. This is the table of observed values for high-deductible health plan users corre-
sponding health trend between the two plans.
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Expected values table (LDHP users):

Chi-square value: 4.17 
p-value: 0.04
Since the p-value of 0.04 is below the significance level of 0.05, I re-

ject the null hypothesis. So, it follows that the proportion of responses 
is the different across HDHP and LDHP holders.

Chi-Square Test #3: Healthier Lifestyle Observed
    Null hypothesis: The proportion of “yes”, “no”, and “remained 
the same” responses is the same across HDHP holders and 
LDHP holders.
   Alternate hypothesis: The proportion of “yes”, “no”, and “re-
mained the same” responses is different across HDHP holders 
and LDHP holders.
    Observed values table (HDHP users):

    Expected values table (LDHP users):

Chi-square value: 2.31 
p-value: 0.32 g
Since the p-value of 0.32 is above the significance level of

0.05, we fail to reject the null hypothesis. So, it follows that the 
proportion of responses is the same across HDHP and LDHP 
holders.

As explained in the methods, a chi-square GOF test tests 
whether the proportion of the subjects is constant throughout 
the whole population. Since the p-value is below the bench-
mark p-level of 0.05, we can reject the null hypothesis for 
chi-square test #2. Tables 3 and 4 have a significant difference 
in their observations. Therefore, there is enough evidence to 
reject the null hypothesis for the question of whether there is 
a “lower number of visits to the doctor” after patients switched 
to the high deductible insurance.

    The above data leads to a single major conclusion. The graph 
that associates lifestyle change with more years of high de-
ductible insurance as the two nominal variables shows that the 
HDPH plan results in more people having a perceived similar 
or better lifestyle rather than a worse lifestyle.

   Results and Discussion
This study effectively identifies the detailed effects of the 

high-deductible insurance and provides a sensible and realistic 
approach that combines these results with universal health. The 
deductibles, copayments, and coinsurance that factor into the 
decision that is made by potential customers are still large costs 
that can affect decisions made by customers.

With respect to other studies, this study could be improved 
in a variety of ways. If more outside data was compared with 
the data developed from this study, such as more detailed in-
surance data and hospital data from nearby areas, this study 
could detect and confirm a stronger correlation between the 
three main factors under the high-deductible insurance policy. 
A limitation that comes with this study is the undeniable bias 
from surveying just a small number of people, allowing for an 
easy entry of a nonresponse bias and under coverage since ev-
eryone who was surveyed did not necessarily give an answer 
and only a small sample of the population was taken. However, 
this study could easily be replicated on a larger scale, indicating 
that a survey where the biases are cautiously recognized and 
taken care of is a great method of gathering data.

Considering decreasing health after using the HDHP plan 
is still prevalent despite the high success rates a variety of 
methods can be used in order to improve the results after the 
plan. One way is to use a health savings account. Money that 
is essentially saved from paying less money in the high-de-
ductible account can go towards a health savings account. In 
a health savings account, money is placed every time money is 
saved using the high-deductible insurance plan. This idea was 
initiated so that the health of the users would not be adversely 
affected. If the money they saved simply ends up going to waste 
after all the efforts to begin a new plan, the problem would 
simply arise again.2

Doctor visits clearly are an integral part to improve the 
health of a patient, regardless of the type of insurance. Going 
to the doctor should not be inhibited due to the extra mon-
ey that comes out of the patient’s pocket. The copayment, the 
deductibles, and all other costs are simply not worth the risk 
of great health risks. Since many users responded positively to 
high-deductible insurances, it is important to remember that 
money is still an important factor to take full advantage of the 
plan. When one is dealing with test or procedures that are not 
extreme or urgent, customers should look for the best finan-
cial option that has decent quality to maximize effectiveness 
and provide reasoning against the low deductible health plan. 
Another way to maximize effectiveness is to consider online 
care options offered by specific insurance companies for main-
tenance and routine issues, such as Teladoc, a company that 
provides online help for smaller-scale medical problems.

DOI: 10.36838/v2i4.4

Table 3. This is the table of observed values for high-deductible health plan users corre-
sponding the decrease in the number of.

Table 4. This is the table of expected values for high-deductible health plan users corre-
sponding the decrease in the number of visits between the two plans.

Table 5 This is the table of observed values for high-deductible health plan users corre-
sponding the change in lifestyle between people of the two plans.

Table 6 This is the table of expected values for high-deductible health plan users corre-
sponding the change in lifestyle between people of the two plans.
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Some companies, such as Amazon, JPMorgan, and Berkshire 
Hathaway’s joint company Haven Healthcare, are trying to help 
people who are frustrated with the costs, quality, and service of 
current health care.9 They are attempting to fight rising health-
care costs by attempting to improve patient outcomes, patient 
experience, and most importantly, lower costs for potential 
customers. In many ways, the high-deductible health care plan 
could theoretically result in much lower prices. However, as the 
introduction showed, despite the high-deductible health care 
plan clearly having many cost benefits over the low-deductible 
health plan, people were more likely to spend at least $2,000 
more annually. Amazon and JPMorgan Chase intend to come 
out with a plan alongside Haven that completely eliminates the 
deductible in order to fight this premise.9 On the other hand, 
additional companies are offering only high-deductible health 
plans to their customers. Despite the high-deductible health 
plan’s quick rise as one of the leading health plans of the 21st 
century, one must carefully consider the positives and negatives 
of both LDHPs and HDHPs before making an informed de-
cision about which plan is right for them.

   Conclusion
It was hypothesized that there would be a negative associ-

ation between high-deductible insurance and the resulting 
health and lifestyle that these patients endure. Ultimately, this 
study showed that the high-deductible health insurance plan is 
correlated to a higher lifestyle change and a decrease in visits 
to the doctor. These two claims combined show that there is 
actually a positive correlation between health and increased use 
of the HDHP plan. Since the survey is just an observational 
study, no cause-and-effect relationships can be detected; only 
strong correlations.

Like Reddy’s study, the results show that patients overall 
noticed a decrease in visits to the doctor while observing a 
healthier lifestyle when comparing LDHP and HDHP users.7 
Conversely, across all demographics, the studies showed that 
all demographic groups’ health trended at the same level, indi-
cating that the plan was mostly reminiscent of the original low 
deductible health plan (LDHP). The chi-square test showed 
that the difference in visits to the doctor was significant, jus-
tifying a significant change and providing evidence that the 
high-deductible insurance plan actually improves their health. 
The findings about the second and third primary questions, 
however, paint a different story of the effects of health insur-
ance.

The results from the decrease in visits to the doctor is also 
shown in Reddy’s study. 7 In Reddy’s study, there was a relative 
9% reduction compared to the control group where the sub-
jects who were not in a high-deductible treatment go through.7 
The graphs show that many more people say “no” to going to 
the doctors after they have switched to a high-deductible 
treatment. In addition to the chi-square GOF test develop-
ing a conclusion that mirrored Reddy’s studies, other nominal 
variables were tested in both our study and Reddy’s study. In 
both, they were not found to have too much of an impact as it 
didn’t affect how people answered the three primary questions. 
Although fewer people claimed that they lived a healthier life-

style and had a worse health trend, the difference was miniscule 
and thus statistically insignificant by means of the chi-square 
test.

Finally, when investigating how specific variables such as age, 
gender, years of high-deductible insurance, or education affect-
ed any of the three primary questions, the graphs once again 
show that none of the possible nominal variables have a sizable 
impact on the distribution of any of the answers. These find-
ings mirror the study done by the Center for Disease Control 
and Prevention.3 However, they refute the evidence provided 
in Kamal’s6 study, which states that people of different ages do 
indeed influence the lifestyles and health different, and there-
fore the spending habits of these groups.

An unsupported conclusion without in-depth research 
would be that high-deductible plans are disastrous due to cer-
tain characteristics that entail the plan. However, the survey 
responses clearly suggest that people think they alter their life-
style when they sign-up for this plan. The plan has a substantial 
financial benefit for healthy individuals. People realize this and 
actually change to healthier life style which reduces the need 
for doctor visits and at the same time improve health creating 
a virtuous cycle.

   Methods
In order to gather information about high-deductible in-

surance tendencies, the intention was to survey a variety of 
individuals with differing ethnicities, age, and gender. This data 
was then compared with data from insurance companies and 
hospitals corroborating with the author’s personal research. 
This information was then analyzed using different methodol-
ogies. These methodologies, which will be explained in depth 
later, include a chi-square test to find differences between a 
control group and an experimental group and general graph 
analysis techniques.

These were the questions asked in the survey in Decem-
ber of 2019. The survey was given as a mail survey on Google 
Forms and 117 people were surveyed. The subjects were chosen 
through social media groups. The questions were determined 
based on what questions could be used to create data that 
would accurately portray the effects of the high-deductible 
health plan on lifestyles: 

1.  What is your age group? (Options: 18-37, 38-53, 54-72)
2.  What is your gender? (Options: Male, Female)
3.  What is your ethnicity? (Options: Asian American, White 

American, Black or African American, Hispanic or Latino, 
Native American and Alaska Native, and Native Hawaiian and 
Other Pacific Islander)

4.   What is your highest level of education? (Options: Didn’t 
Graduate High School, High School Diploma, Associates, 
Bachelors, Masters, Doctorate)

5.   Have you been on a high deductible insurance plan? (Op-
tions: Yes, No)

6.   How long have you been on the plan? (No options)
7.  Does the fear of copayment and deductibles keep you 

from going to the doctor when you would have otherwise? 
(Options: Yes, No)

DOI: 10.36838/v2i4.4
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     8.  Has your health level trend been up, down or about the 
same? (Options: Same, Up, Down)

9.  Have you changed your lifestyle to healthier because of 
the high cost of healthcare? (Options: Yes, No, Remained the 
Same)

As part of the analysis, a chi-square test was used to ana-
lyze the collected data. Specifically, we used a chi-square GOF 
test.10 In this test, a set of numbers in a statistical chart is used 
to define a data set that are the observed values for an experi-
mental data set. For example, if the overall health trend increase 
was investigated and found to be positive among people with 
high-deductible insurance, the chi-square test will confirm that 
the null hypothesis is either true or false. In the Chi-Square 
goodness of fit test, the null hypothesis assumes that there is no 
significant difference between the observed and the expected 
value. The alternate hypothesis assumes that there is a signifi-
cant difference. The chi-square value then creates a p-value. If 
this p-value is below a certain threshold, the null hypothesis is 
rejected and the alternate hypothesis is accepted.

   Chi-Square Test
The following model is taken from the TI-SmartView TI-

84 Plus emulator.
Note: The below values are completely unrelated to the sub-

ject of insurance and this research.
First, a set of numbers are listed as the “observed counts” 

(column 1) along with a set of numbers that are labeled as the 
“expected counts” (column 2).

Then, the chi-square value and the corresponding p-value 
are created.

 

In the case of this study, the threshold p-value was 0.05.

How exactly are the calculations made for the chi-square 
GOF test?

This  value is the chi-square value that determines if the 
expected proportions for each aspect of the nominal variable 
matches up with the theoretical model.

What exactly does this chi-square value explain? The chi-
square value dictates the p-value. If the p-value is less than 
0.05, then there is considered a significantly large difference 
between the expected and the observed values.

We conducted three major chi-square tests. They were not 
associated with the specific nominal variables; instead, they as-
sociated all participants in the survey who stated that they were 
on a high-deductible plan with three major categories (Change 
in Health Trend, a Lower Number of Visits, and Healthier 
Lifestyle Observed). The observed values were determined by 
looking at the low-deductible insurance members surveyed and 
assessing their responses since they were the “control group” in 
this case. This proportion was then applied to the total num-
ber of people in the observed group to find what the expected 
numbers that should have been? In order for the test conduct-
ed to be fair. Since the number of people surveyed from each 
group (types of insurance) were different, using just the raw 
numbers for each response value (e.g. “yes”, “no”, “same”) would 
deter the results.

The primary biases that could have affected the surveying 
of the participants in the survey were nonresponse bias and 
response/wording bias. Through a variety of ways, the effects 
of these biases were limited so the results would accurately re-
flect the true stance of the population. Response bias is a type 
of bias where the question is worded in such a way that the 
responder changes their response to give a different, or more 
socially acceptable, answer. The list of questions used in my 
survey explicitly avoided the wording of “due to insurance” 
when assessing how the effects of not going to the doctor or 
lowering the overall lifestyle/health of the insurance users. In 
addition, a method through which response bias was decreased 
was through by not asking any personal questions regarding 
the medications that certain people are taking or the diseases 
that some people have.

The nonresponse bias, specifically, is a form of bias where 
the response rate of a particular survey or questionnaire is very 
low compared to other forms of collecting data. This is an es-
pecially common case in mail surveys, such as the one used in 
this survey. Due to this bias having the ability to easily skew 
the data, a variety of techniques were undertaken to limit the 
effects of this bias as much as possible. For one, the survey was 
kept short (9 questions that were mostly multiple choice) so 
that people would not have to take too much time to answer 
the survey questions. Secondly, all subjects were aware that the 
information was anonymous and even their names would not 
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Figure 7. This calculator screenshot represents the sample data.

Figure 8. This calculator screenshot shows 
where to go to actually find the chi-square 
test to use.

Figure 9. This calculator screenshot 
shows the sample answer. Since the p 
value is above the threshold of 0.05, the 
null hypothesis would hypothetically 
be rejected and the two sets of data 
would not be found to have a significant 
difference.

Formula 1 This is the chi-square GOF test formula. Oi is the observed value of every 
data point while Ei is the expected value of every data point.
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be recorded. Finally, reminders were sent on an incremental 
basis for the audience to respond. All of these combined result-
ed in a respectable and unbiased survey to use as data in this 
research paper.

    Appendix
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cally advanced pancreatic cancer to achieve similar survival 
rates comparable to early stage cancer patients.2 With portal 
vein resection quickly becoming a new standard, a new field 
of study in venous reconstruction has developed, resulting in 
new and innovative methods for combating common compli-
cations. This study endeavored to address the optimal method 
of mitigating a common complication, neointimal hyperplasia, 
post venous reconstruction. The researchers gathered data in a 
quasi-experimental design setting over a nine-month period at 
a mid-Atlantic research university.

To determine the most common complication arising from 
venous reconstruction and the best method of developing a 
preventative measure, it is necessary to perform a review of ex-
isting literature. First, studies conducted in 2016 were analyzed 
to determine current forms of venous reconstruction, success 
rates, and sources of complication. Second, density functional 
theory and its applicability to the methods of this study was 
explored. Next, free-radical polymerization with N-isopropy-
lacrylamide (NIPAm) was analyzed and was determined to 
be the most relevant method of synthesizing polymers. Lastly, 
NIPAm nanoparticles were researched to determine their ap-
plicability as a form of targeted drug delivery.

    Literature Review
  Current forms of Venous Reconstruction 
The reconstruction of the Portal and Superior Mesenteric 

Vein is required when a patient undergoes surgery for pan-
creatic cancer. Currently, after the surgery for removing the 
tumor is performed, the primary surgeon inserts a graft that 
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Introduction
According to the American Cancer Society, 1,762,450 

new cancer cases were diagnosed in 2019. Out of those diag-
nosed with cancer that year, 606,880 patients died.1 Cancer 
has quickly become one of the most devastating diseases in 
humankind. The uncontrolled growth of malignant cells, in-
vading various organs, has proven a formidable opponent for 
medical professions. Pancreatic adenocarcinoma or pancreatic 
cancer, though not the leading cause of deaths from cancer, 
is known for its incredibly low survival rate due to the time 
it takes to diagnose the disease. Pancreatic cancer is difficult 
to catch in its early stages due to the location of the tumor 
and the asymptomatic patient response until the final stages of 
the cancer. If the cancer is caught in time with possible hope 
for remission, doctors perform a pancreaticoduodenectomy, a 
procedure where the cancerous portion of the pancreas, parts 
of the small intestine, gallbladder, and in severe cases the portal 
vein or superior mesenteric vein is resected. A collaborative 
study between Drs. Katharina Marsoner, Rainer Langeder, 
Dora Csengeri, Hans Jörg Mishchinger, and Peter Kornprat at 
the Medical University of Graz and Dr. Gottfried Sodeck at 
the Medical University of Vienna worked to determine the ef-
fects of portal vein resection on patient survival and its viability 
in becoming the standard in pancreatic cancer treatment.2 
They assessed survival rates and postoperative complication 
rates to conclude that patients who underwent portal vein 
resection did not face any lower survival rates or any high-
er postoperative complication rates. The researchers, however, 
were able to conclude that from an oncological point of view, 
portal vein resection “is the only chance” for patients with lo-
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ABSTRACT: Pancreatic adenocarcinoma is one of the most common gastrointestinal cancers and is often associated with a 
poor prognosis. To improve patient outcomes, an en bloc resection of the portal and mesenteric vein is suggested. However, it 
has a high failure rate of 81% caused by graft stenosis and occlusion from neointimal hyperplasia, which is the proliferation of 
vascular smooth muscle cells within the vascular wall. Polytetrafluoroethylene is the material used in constructing venous grafts, 
but we propose a replacement polymer coated with poly (N-isopropylacrylamide) nanoparticles for steady drug release to limit 
proliferation. Kohn-Sham Density Functional Theory was used to compare the bulk modulus of two polymers, Polytetrafluoro-
ethylene and Polyethylene Terephthalate, and free-radical polymerization with swelling tests were used to determine the optimal 
chemical concentrations for nanoparticle synthesis. We found that polyethylene terephthalate had a higher bulk modulus than 
Polytetrafluoroethylene by 16.6 gigapascals, making it more viable as graft material, and that 75% N-isopropylacrylamide, 25% 
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thesis. These particles had an average 48-hour swelling ratio of 38%. From these results, a new graft was proposed, made from 
PET and coated with PNIPAm nanoparticles with the predetermined concentrations. 
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with the total energy being the desired data point for analysis. 
A collaborative study in 2018 between Stanford University and 
the National Institute of Standards and Technology describes 
how elastic tensor is a critical property in determining mechan-
ical properties such as bulk modulus and elastic deformation.⁸ 
The researchers describe how conventional methods such as 
ultrasonic measurement and nanoindentation are limited by ex-
perimental data but density functional theory (DFT) can fill in 
the gap and is applicable to a wider range of materials. In their 
methodology, there are consistent references to the Material 
Project (MP) which provides a large database of compounds 
and their respective bond and chemical properties. Crystalline 
structures and related information necessary for DFT com-
putations can be found using the MP. Furthermore, in their 
study, the researchers categorized thousands of materials and 
their mechanical properties by utilizing DFT calculations, 
supporting its application in the context of this study. Pure, 
orbital free, DFT is based largely on computing the energy of 
interacting electrons as a function of density. This approach has 
proven correct in theory but when placed into practice, the lack 
of accurate approximations for the kinetic energy functional, 
severely limits the applicability of pure DFT computations. 
Kohn-Sham Density Functional Theory attempts to solve this 
problem by working with a system of non-interacting electrons. 
While the density of a non-interacting system is different from 
that of an interacting system, Kohn-Sham DFT constructs a 
fictional non-interacting system which has the same density as 
that of an interacting system.9 This lowers the computational 
cost while maintaining the accuracy of the simulation and cal-
culations.

    NIPAm and Polymerization
    A fundamental aspect of this study lies in the crosslinking of 
NIPAm with N,N'-Methylenebisacrylamide. These two mate-
rials were chosen specifically because they are substances which 
are biologically compatible and have the necessary attributes 
to function well within the body. Additionally, they are often 
cross-linked because they strengthen the positive attributes of 
one another, most important being biological compatibility. 
According to research conducted by Dr. Sonia Lanzalaco and 
Dr. Elaine Armelin,10 NIPAm specifically has many practical 
applications, including “controlled delivery of active molecules, 
in self-healing materials, tissue engineering, regenerative med-
icine, or in the smart encapsulation of cells.” Additionally, one 
important characteristic of NIPAm is its biocompatibility. The 
researchers listed different methods of achieving biocompati-
bility, among which include using dextrin, Bis, and Potassium 
Persulfate. Additionally, the article lists several useful methods 
of crosslinking NIPAm, including free radical polymerization, 
atom transfer radical polymerization, and copolymerization. 
The research suggests that NIPAm linked with acrylic acid 
produces a biocompatible biomaterial. The step-by-step anal-
ysis of NIPAm’s behavior will prove useful in our research, as 
NIPAm will be the main polymer used for our synthesized 
particles. Furthermore, the potential applications of NIPAm 
copolymerization, which include cell adhesion, regenerative 
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is made from polytetrafluoroethylene (PTFE). Polytetrafluo-
roethylene is primarily used because of its believed durability 
and resistance to bacterial growth compared to other mate-
rials. In Dr. Farzard Alemi et al.’s research, he discusses how 
the surgery should be performed in the area of interest so that 
the placement and patency of the graft would be optimal. In 
performing the surgery, he laid out 5 different zones: hepatic 
hilum, hepatoduodenal ligament, portal vein/splenic vein con-
fluence, infra-confluence, and the splenic vein. These five zones 
are where the veins of interest are located and where the graft 
will be inserted during the operation. They also described that 
the surgery should be done by adding the vascular clamps first, 
and then removing the gland so that the graft can be placed 
in afterwards. Backup procedures are also included in the case 
of an unexpected event. The researchers also detailed the pro-
cedure for the attachment and reconstruction of the graft so 
that it is placed in the right area with the necessary fit so that 
it is not loose and does not constrict any functions inside the 
body. Throughout these five zones however, these grafts have 
almost an 80 percent failure rate. The research performed by 
Dr. Suh Min Kim et al.4 explored the reconstruction of the 
portal vein and the superior mesenteric vein. Their objective 
was to see how venous reconstruction could work if it was en-
countered during surgery for pancreatic cancer. The researchers 
analyzed the effects of reconstruction and performance over 
time for two different veins. When these grafts were placed 
in the human body, human error was a secondary reason for 
the high failure rate with graft occlusion being the primary 
cause.5 Dr. Dyre Kleive et al. attempted to determine the fea-
sibility and surgical outcomes of using venous allografts in the 
reconstruction of the portal vein and the superior mesenteric 
vein in patients who underwent pancreatic resection.5 Through 
this experiment, it was determined that many patients died 
after surgery and before discharging due, in part, to installa-
tion error but primarily graft stenosis and restriction of the 
luminal diameter. Dr. Kleive et al.’s research demonstrated 
the current method of applying allografts for venous recon-
struction and how effective the graft was in terms of patency, 
presenting information on the methods that are currently used 
in reconstructing the Portal and Superior Mesenteric Vein. 
Additionally, another study found that the grafts that are cre-
ated and placed inside patients may cause other issues such 
as cardiac arrest, thrombosis, and multi-organ failure within 
ninety days, and in this study, the mortality rate of those tested 
was 4.4%.6 This can ultimately be attributed to the inability of 
grafts to combat graft occlusion and stenosis, demonstrating 
an increasing necessity for an adequate alternative.

Density Functional Theory and Quantum 
    ESPRESSO
  Density functional theory can be used to determine the 
mechanical properties of chemicals by utilizing Kohn-Sham 
Density Functional Theory and solving an approximation to 
the Schrödinger equation. Quantum ESPRESSO uses “lo-
cal-density approximation to quantum mechanical exchange 
correlation effects” to solve the approximation.7 Self-consistent 
field (SCF) calculations are run in a loop until convergence 
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medicine, and tissue engineering, support the high biological 
application of this project. 
  It has been established that when crosslinked, NIPAm and 
Bis complement each other’s properties. An important step, 
therefore, is establishing the means to produce such a copoly-
merization. According to Dr. Xiaobo Hu, Dr. Zhen Tong, and 
Dr. L. Andrew Lyon, in their paper “Control of Poly(N-isopro-
pylacrylamide) Microgel Network Structure by Precipitation 
Polymerization near the Lower Critical Solution Temperature,” 
it is possible to achieve a link between NIPAm and Bis using 
precipitation polymerization.11 They state that a “water soluble, 
free-radical initiator” is needed to start the cross-polymer-
ization.11 Regarding our study, since we will be performing 
emulsion polymerization, we require the utilization of a wa-
ter-soluble initiator. Potassium Persulfate is one of the most 
common initiators used in emulsion polymerization and will 
also be used in this study. Additionally, in this reaction, oxygen 
is a critical factor to consider because it can slow down the rate 
of cross-polymerization. To account for this, we will be utiliz-
ing Tetramethylethylenediamine (TEMED). TEMED is used 
as a stabilizer in free-radical polymerization and will be used 
to speed up the reaction of our polymerization.12 TEMED will 
be the alternative to traditional degassing due to limitations of 
supply and materials. With these limitations in mind, a critical 
component of this research project includes how NIPAm works 
inside the body. A study by Dr. Kenichi Nagase, Dr. Masayuki 
Yamato, Dr. Hideko Kanazawa, and Dr. Teruo Okano titled 
“Poly(N-isopropylacrylamide)-based thermo-responsive sur-
faces provide new types of biomedical applications” describes 
the application of NIPAm in the human body.13 This report 
outlines various biomedical uses of NIPAm and its biocom-
patibility. They state that NIPAm “is the most well-known and 
widely used stimuli-responsive polymer in biomedical fields.”13 
The biomedical applications include thermo-responsivity and 
“thermally modulated drug and delivery systems.”13 This is sig-
nificant to our project because it confirms that NIPAm will 
work within the body in several broad applications, including 
targeted drug delivery.

    NIPAm Based Nanoparticles for Drug Delivery
   A novel application of NIPAm for venous graft would be the 
implementation of nanoparticles. This could be used to combat 
neointimal hyperplasia where muscle cells accumulate within 
the interior of the graft or vein restricting the luminal diameter, 
making it harder for blood to flow. If cells do build up along-
side the wall of the graft, then the NIPAm nanoparticles and 
their respective thermo-responsive properties could be used to 
limit cell proliferation, allowing for the blood to flow through. 
A typical nanoparticle is defined by its shape and size. They 
are usually between 100 and 2500 nanometers long and are 
typically circular. To maximize efficiency and guarantee that 
proliferation will be limited, a spherical shape is mostly used. 
By using nanoparticles, it is possible to load them with the 
drug dexamethasone and use them to target the area of cell 
accumulation. Dexamethasone is a pharmaceutical drug which 
inhibits the phosphorylation of the Rb protein. By slowly re-
leasing it and targeting the cells, the chances of graft stenosis 

and occlusion drastically decrease resulting in optimal blood 
flow. Another aspect to consider when utilizing nanoparticles 
is the lower critical solution temperature properties (LCST). 
The LCST property is the critical temperature below which 
the components of a mixture are miscible for all the various 
compositions found. These properties are significant because 
they are critical to the design and development of certain poly-
mers. The Lower Critical Solution Temperature for NIPAm 
is thirty-two degrees Celsius (89.6 degrees Fahrenheit) in 
aqueous solutions. This allows any polymer that contains NI-
PAm to be fully functional in any form within the human body 
which is typically within the temperatures in which NIPAm 
is stable and therefore will not negatively affect the human 
body. Another aspect that the “LCST properties determine is 
whether the polymer is thermo-responsive.”14 If the polymer 
is thermo-responsive, certain aspects may be utilized to fur-
ther increase nanoparticle efficiency and fluctuate drug release 
periods.

� Results and Discussion
    After running fifty plane wave self-consistent field calcu-
lations per chemical and utilizing Murnaghan’s equation to 
determine the bulk modulus of each chemical based on the 
total energies from volume, polyethylene terephthalate (PET) 
demonstrated a significantly higher mechanical composition 
value compared to polytetrafluoroethylene (PTFE). PET had 
a computed bulk modulus of 105.9 GPa whereas PTFE had 
a computed bulk modulus of 89.3 GPa (Table 1). The bulk 
modulus is a numerical representation of how much pressure is 
required to alter the volume of a substance. Higher bulk mod-
ulus values indicate a sturdier polymer capable of withstanding 
larger amounts of force, increasing the respective applicabili-
ty of the polymers in a strenuous context such as within the 
human body. Apart from the direct comparison of the bulk 
modulus values for the two chemicals, relevant distinctions 
arose when analyzing and comparing the two graphs where 
the data points of volume vs total energy were plotted (Figure 
1 and 2). With constant decrements from the starting chemical 
volume for both PET and PTFE, the calculated total energies 
began to rise sharply at an exponential growth rate. The smaller 
volumes had a noticeable correlation to higher energies and as 
the volume began to reach the natural values, the exponential 
increase in total energy began to decrease.

Correlation statistics were used to determine the correla-
tion strength between volume and total energy per compound. 
PET had a correlation value of -0.5049 indicating a negative 
relationship between the volume data column and total energy 
data column (Appendix Table 1). The correlation number was 
predicted to be higher but the apparent inconsistency in total 
energy fluctuations towards the higher volumes resulted in a 
lower correlation value. Due to this, PTFE exhibited a higher 
negative correlation of -0.6072 between the volume data col-
umn and the total energy data column (Appendix Table 2). The 
higher correlation value resulted from more level and consistent 
values for total energy for the larger volumes as opposed to the 
inconsistency of respective data points for PET. Furthermore, 
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the data set had a p value of 1.4E-133. This means that our null 
hypothesis indicating that there was no difference in the bulk 
modulus values between the two chemicals was incorrect and 
our alternate hypothesis was supported.
   Another important distinction regarding the data was the 
noticeable fluctuations in CPU computational time for com-
puting the SCF calculations for PTFE when compared to PET. 
PET convergence was achieved within 14 iterations for most 
of the trials and total CPU time did not exceed 10 minutes. 
PTFE, in contrast, fluctuated greatly in CPU time and number 
of iterations for convergence. For example, the final calculation 
for PTFE with the largest tested volume took one hour and 
seventeen minutes to finish computing whereas the previous 
volume trial took twenty minutes. In addition, the number of 
iterations for convergence reached 212 iterations, whereas the 
previous volume calculation reached the convergence threshold 
within 52 iterations. This may be because the lattice parameters 

reached a certain value where Kohn-Sham Density Functional 
Theory was unable to create a non-interacting system of par-
ticles with  the same density as the original system within the 
same time frame as the previous trials. Further analysis into 
computational time and number of iterations revealed that a 
possible way to decrease computational time for large volumes 
would be to fluctuate the wave function cutoff parameter for 
larger volumes  to achieve convergence quicker, but with the 
same level of accuracy. 
   From the polymerization portion of the second phase, the 
data indicated a critical trend attesting to a previously held 
hypothesis regarding the point of diminishing returns for the 
concentrations of Bis and PVA. Bis was initially added as a 
crosslinker to enhance the desirable properties of NIPAm. 
The molar concentration of Bis was gradually increased by 
5% to improve the mechanical integrity of the polymer. A Bis 
concentration of 25% resulted in a polymer which passed all 
mechanical tests. To determine if this concentration of Bis was 
optimal, the molar concentration was increased by 5% three 
more times to see if the synthesized polymer would retain its 
structural integrity, possibly even becoming sturdier. Based on 
the data, the opposite was observed: as the concentration of 
Bis exceeded 25%, the polymer failed to pass the elastic test 
and passed the shear test only once (Table 2). Compression 
testing was the only test consistently passed by the polymers. 
Based on these results, the conclusion was formed that a con-
centration of 25% Bis represented the threshold value for Bis 
concentration before mechanical and structural degradation 
was noticed in the synthesized polymers. With the optimal 
concentration of Bis determined, PVA was added incremen-
tally to determine a similar optimal concentration value. Two 
concentrations were noticed to have passed all three mechan-
ical tests: 40% and 42.5% PVA. A similar threshold value was 
noticed for PVA concentrations: as the concentration passed 
42.5% PVA, the polymer no longer was able to pass all three 
mechanical tests and failed sheer testing. From mechanical 
testing, three polymer concentrations were determined to be 
viable for swelling tests. Overall, a general trend was noticed 
for the polymers synthesized: The  majority of the polymers 
passed compression testing with only the  polymer with 10% 
Bis concentration failing. Another critical observation was 
noticed: the inclusion of PVA resulted in polymers which con-
sistently passed elastic testing, indicating the ability of PVA to 
create an interpenetrating polymer network which adds elastic 
properties to synthesized polymers.

Swelling tests were conducted on polymers created from 
75% NIPAm 25% Bis (Polymer A), 75% NIPAm 25% Bis 
40% PVA (Polymer B), and 75% NIPAm 25% Bis 42.5% PVA 
(Polymer C). During this test, the particles varied drastically in 
size so average change in mass and average swelling ratio were 
needed to draw accurate results. Polymer A had the lowest av-
erage swelling ratio with the average initial mass being 0.0186 

Table 1. Calculated Bulk Modulus of PTFE and PET with Equilibrium Volume.

Figure 1 Plotted Data Points for DFT Calculations for PTFE.

Figure 2. Plotted Data Points for DFT Calculations for PET.
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grams and the average change in mass being 0.0048 grams 
resulting in a swelling ratio of 28% (Table 3). This was the low-
est swelling ratio with polymer B having a swelling ratio of 
32.28% (Table 4) and polymer C having an average swelling 
ratio of 38% (Table 5). From this test and the averages, we 
were able to determine that polymer C had the most desirable 
absorption properties. While the data and averages indicated 
a polymer, which performed better than the others, the trends 
noticed in the data were difficult to discern. The data appeared 
to lack any significant relationship between the initial mass of 
the polymer and the change in mass. The only noticeable re-
lationship was that there was a positive relationship between 
the initial weight and the change in mass, indicating that as a 
polymer had a higher initial mass, there was a larger change in 
mass compared to smaller polymers. In the context of the poly-
mer’s absorption behaviors, this may indicate that the polymers 
at the lower weights were oversaturated in the solution and 
were unable to absorb as much as the larger polymer fragments. 
Furthermore, the data had a p value of 0.223473, indicating no 
polymer’s swelling ratio was able to be definitively identified as 
more optimal. Ultimately, based on the mechanical testing and 
swelling testing, a polymer was identified with more desirable 
characteristics from mechanical integrity to absorption rates.

From the two phases of study conducted, not only was a new 
material suggested as a replacement to the currently used 
PTFE, but optimal concentrations for nanoparticle synthe-
sis in drug delivery were determined. PET was determined 
to have a higher bulk modulus which translated to a sturdi-
er polymer in application. This conclusion was supported by 
existing research on the mechanical properties of PTFE and 
PET. According to testing conducted by Phoenix Technolo-
gies, the modulus of elasticity for PET which represents an 
object’s resistance to elastic deformation was between 2 and 
2.7 GPa.15 In comparison, DuPont conducted material anal-
ysis on PTFE and found that it had a modulus of elasticity of 
66,700 psi which is close to 0.46 GPa.16 A higher modulus of 
elasticity indicates a more rigid and composite polymer. Based 
on past research and the results of the first phase of this study, 
PET was conclusively determined to be a more rigid polymer, 
potentially more applicable in venous graft material.

Poly-NIPAm is a thermo-responsive polymer which has col-
lapsing properties around the temperature range of 37˚C. At 
that temperature, the polymer shrinks drastically, expelling 
any solution. Due to this property of Poly-NIPAm, N-isopro-
pylacrylamide was chosen as the base chemical for polymer 
synthesis and was crosslinked with Bis to form a solid poly-
mer. Poly-vinyl alcohol, a known elastomer, was added to 
develop a full interpenetrating polymer network (IPN) to not 
only improve the strength of the polymer but also enhance 
the swelling properties: Poly-vinyl alcohol was the monomer 
which was added to the initial polymer synthesized from NI-

Table 3. Swelling Test Results for Polymer A.

Table 4 Swelling Test Results for Polymer B.

Table 5 Swelling Test Results for Polymer C.

Table 6. Mean Swelling Ratio for Each Polymer with Standard Deviation.

Table 2. Results from Mechanical Integrity Testing for Polymers.
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PAm and Bis. The impact of an IPN on the structural integrity 
of a polymer was demonstrated through mechanical testing of 
the polymers without PVA and with PVA and the comparison 
between swelling rates of polymers with a PVA concentration 
compared to a polymer without it. The polymers with a PVA 
concentration, on average, had an 85% higher success rate in 
passing elastic testing compared to polymers without it and 
had a 10% higher success rate in passing shear testing. Fur-
thermore, when subject to swelling tests, polymers with a PVA 
concentration had on average a 7% higher swelling rate than 
polymers without a PVA concentration. A study conducted by 
researchers from the Institute of Organic and Polymeric Ma-
terials, Research and Development Center for Smart Textile 
Technology, and National Taipei University of Technology 
characterized the relationship between N-isopropylacrylamide 
and its thermo-responsive properties.17 The researchers found 
that a semi-IPN structure increased the fracture strain of the 
polymer by at least 46% and the swelling and deswelling rates 
increased significantly for the hydrogels. While the research-
ers used Itaconamic acid instead of Poly-vinyl alcohol, their 
research still attests to the possibility of an IPN increasing 
the mechanical integrity of a polymer and improving swell-
ing/deswelling rates. The effects of Poly-vinyl alcohol and 
the development of an IPN on the mechanical integrity and 
absorption rates of synthesized polymers was analyzed and 
quantified, showing the benefits of developing an interpene-
trating polymer network with the monomer PVA in a hydrogel 
synthesized from NIPAm and Bis.

� Conclusion
 The overall takeaways of this experiment lie in the data pro-

duced from the Quantum Expresso software Kohn-Sham 
density functional theory analysis of PET and PTFE and the 
comparison between the different polymers that were synthe-
sized. When analyzed, the bulk modulus for PET was 105.9 
GPa, which was higher than the value that was determined 
for PTFE by 16.6 GPa. With Phase 1 data complete and a 
mechanical analysis of the polymers finished, it is possible 
to conclude that PET is a more rigid polymer compared to 
PTFE, corroborating the initial hypothesis that PET can re-
place PTFE in a graft application. The second phase was also 
completed, and three polymers were determined to be the most 
viable in terms of rigidity from qualitative strength analysis and 
one polymer was deemed the most applicable for nanoparticle 
synthesis based on swelling tests. From polymer variations and 
qualitative sheer, compression, and elastic testing, the data in-
dicated that polymers created from 75% NIPAm and 25% Bis 
(Polymer A); 75% NIPAm, 25% Bis and 40% PVA (Polymer 
B); and 75% NIPAm 25% Bis and 42.5% PVA (Polymer C) 
were the most mechanically sound and held the most promise 
for future nanoparticle synthesis. With the polymers analyzed 
and the viable molar concentrations chosen, swelling tests were 
conducted. Multiple polymers were created from the chosen 
chemical concentrations. These polymers were then broken 
into multiple pieces until polymer pieces did not exceed 0.0450 

grams. Swelling tests were performed on each piece with a 
solution which had a pH of 7.6. Although initial mass was var-
ied purposefully, change in mass and swelling ratio were still 
representative of which polymers had more desirable swelling 
capabilities. Data analysis showed that the polymer without 
any concentration of PVA was the worst performing in terms 
of average change in mass and had the lowest average num-
ber of polymers intact with only 50% remaining as a single 
composite piece. The polymers which incorporated PVA had 
higher changes in mass and more polymers remained intact 
after the 48-hour period. Polymer B had an average swelling 
ratio of 32.28% which was lower than Polymer C whose re-
corded average swelling ratio was 38%. Polymer B however 
had a higher percentage of polymer particles intact after the 
swelling test in comparison to Polymer C. With this analysis, 
it can be determined that the polymer concentration with 75% 
NIPAm, 25% Bis, and 42.5% PVA, Polymer C, may be a more 
viable polymer concentration for future nanoparticle synthesis 
and for further study on LCST properties.

� Methods
 Method A
The first phase of the study focused on utilizing Quantum 

ESPRESSO and Kohn-Sham Density Functional Theory to 
compare two polymers to determine which one is sturdier and 
more resistant to deformation. The bulk modulus is a mechani-
cal value which indicates a material’s resistance to deformation 
in gigapascals (GPa). BURAI Software was used to generate 
input files for the quantum software to run the calculations. 
From the Materials Project, a “.CIF” file was found for the 
desired chemicals which describes the crystallographic na-
ture of the compound. BURAI utilizes this file to generate an 
input file in Fortran code for the quantum program. Certain 
parameters need to be defined before the input file is ready 
for computation. The structure of the compound needs to be 
changed to crystal form and the dimensions of the compound 
given by “a, b, c” coordinates need to be defined. Furthermore, 
the parameters for the SCF calculations need to be defined. 
The max step was set to 200 iterations and the max time al-
lotted for computation was set to 86,000 seconds. Force and 
Stress parameters were set to “on” and the cutoff parameters for 
wave function and charge were autogenerated to maintain con-
stants and lower the computational cost. K-Points were also 
auto-generated. The occupation of the calculation was set to 
gaussian smearing. With the parameters defined, the input file 
was run through command prompt which opened the quan-
tum software to run calculations. Each input file corresponded 
with a singular output file. The output files were searched to 
find the data point indicating total energy which was denoted 
by a “!”. The total energy was recorded in a table with the cor-
responding volume. Fifty trials were run per chemical with the 
“a, b, c” parameters incrementally increased by 0.1 angstrom 
for each iteration. After fifty trials, the table was then used 
as an input file for another quantum program which utilized 
Murnaghan’s Equation to compute the bulk modulus of the 
materials. To run the program, certain parameters needed to 
be defined: the unit of measurement needed to be defined as 
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“Ang”, the Bravais lattice structure had to be defined as noncu-
bic, and finally the correct equation needed to be selected from 
the listed options. The program then generates an output file 
which gives the bulk modulus of the chemical. This procedure 
was repeated for each tested compound over a timeline from 
about November 2019 through January 2020.

Method B  
The second phase focused on the polymerization and syn-

thesis of various polymers and the characterization of the 
mechanical and absorption properties. N-isopropylacrylamide 
(NIPAm), N, N'-Methylenebisacrylamide (Bis), Poly-vinyl 
Alcohol (PVA), Tetramethylethylenediamine (TEMED) and 
Potassium Persulfate (KPS) were used in the polymerization 
process. NIPAm was the base polymer with Bis acting as a 
crosslinker and PVA was later added to create an interpene-
trating polymer network. TEMED was the catalyst used to 
overcome oxygen acting as a retarder for the polymerization 
process and KPS was the initiator. Polymers were initially syn-
thesized from varying molar concentrations of NIPAm and Bis 
to create a polymer capable of passing qualitative mechanical 
testing. For the conduction of the elastic test, the polymer was 
stretched to its limits to identify the point at which it broke. 
The shear test was performed by exerting force in directions 
that were perpendicular to the major axis. The compression test 
was performed by putting the polymer under an extreme force 
to see how a large load would impact the structural integrity 
of the polymer. All of these polymers received a score based 
on how they performed on the various tests. Polymers were 
created until one polymer had passed all three mechanical tests 
and remained a single composite piece. These polymers had 
varying concentrations of NIPAm and Bis but did not have 
any amount of PVA. Once a polymer which passed all tests 
was identified, the concentrations were noted, and new poly-
mers with the same concentrations of NIPAm and Bis were 
synthesized with varying PVA concentrations. The polymers 
were once again subjected to qualitative mechanical testing to 
determine which PVA concentration resulted in the most du-
rable polymers. Once multiple polymers had been identified, 
they were then broken into pieces within a 1-3-millimeter size 
range. Next, a solution with a pH of 7.6 was created by using 
a sodium phosphate buffer, the monobasic and dibasic compo-
nents, to mimic the drug which the particles are intended to 
hold during its application. Once the solution was created, the 
polymer particles’ initial weights were measured, and each par-
ticle was placed in a separate well-plate. Twelve particles were 
tested per polymer. Each particle was then submerged in the 
solution for 48-hours and after the final weights were recorded, 
the change in mass was calculated. To determine the approxi-
mate swelling rates per polymer type, the change in mass was 
divide by initial mass and was averaged to determine the mean 
swelling ratio per polymer. Higher values were indicative of 
more desirable absorption properties. Trials were run from Jan-
uary 2020 through March 2020.

� Acknowledgements
We thank Dr. Alexis Patanarut (George Mason University) 

for providing access to the laboratory equipment and offering 
guidance throughout the duration of this study.

� References
1. Cancer Facts & Figures (2019). American Cancer Society. 

American Cancer Society. 
2. Marsoner, K., Langeder, R., Csengeri, D., Sodeck, G., Mischinger, H. J., 

and Kornprat, P. (2016, August) Portal vein resection in advanced
pancreatic adenocarcinoma: is it worth the risk?
Wiener klinische Wochenschrift. Springer Vienna.

3. Alemi, F., Rocha, F. G., Helton, W. S., Biehl, T., and Alseidi, 
A. (2016, October) Classification and techniques of en bloc venous
reconstruction for pancreaticoduodenectomy. HPB : the official
journal of the International Hepato Pancreato Biliary Association. Elsevier.

4. Kim, S. M., Min, S.-K., Park, D., Min, S.-I., Jang, J.-Y., Kim, S.-W., 
Ha, J., and Kim, S. J. (2013, June) Reconstruction of portal vein and
superior mesenteric vein after extensive resection for pancreatic cancer. 
Journal of the Korean Surgical Society. The Korean Surgical Society. 

5. Kleive, D., Berstad, A. E., Verbeke, C. S., Haugvik, S. P., Gladhaug, I. P., 
Line, P.-D., and Labori, K. J. (2016, July) Cold-stored cadaveric
venous allograft for superior mesenteric/portal vein reconstruction
during pancreatic surgery. HPB : the official journal of the
International Hepato Pancreato Biliary Association. Elsevier.

6. Dua, M. M., Tran, T. B., Klausner, J., Hwa, K. J., Poultsides, G. A., 
Norton, J. A., and Visser, B. C. (2015, December 16) Pancreatectomy
with vein reconstruction: technique matters. HPB. Elsevier.

7. Using DFT to Predict the Equilibrium Lattice Parameter and Bulk
Modulus of Crystalline Materials. Materials Science and Engineering
at Illinois. University of Illinois.

8. Choudhary, K., Cheon, G., Reed, E., and Tavazza, F. (2018)
Elastic properties of bulk and low-dimensional materials using
Van der Waals density functional. Physical review. B. U.S. National
Library of Medicine.

9. Skylaris, C.-K. The self-consistent field procedure for Kohn-Sham DFT
calculations. CHEM6085: Density Functional Theory. University of
Southampton.

10.Lanzalaco, S., and Armelin, E. (2017, October 4) Poly
(N-isopropylacrylamide) and Copolymers: A Review on Recent Progresses
in Biomedical Applications. Gels (Basel, Switzerland). MDPI.

11.Hu, X., Tong, Z., and Lyon, L. A. (2011, April 5) Control of poly
(N-isopropylacrylamide) microgel network structure by precipitation
polymerization near the lower critical solution temperature. Langmuir : 
the ACS journal of surfaces and colloids. U.S. National Library of Medicine.

12. 2001, January 5) SDS Page Gel Electrophoresis. SDS-PAGE. 
Georgia Tech.

13.Nagase, K., Yamato, M., Kanazawa, H., and Okano, T. (2017, October 27)
Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide
new types of biomedical applications. Biomaterials. Elsevier.

14.Peralta, M. E., Jadhav, S. A., Magnacca, G., Scalarone, D., Mártire, 
D. O., Parolo, M. E., and Carlos, L. (2019, February 26) Synthesis and

in vitro testing of thermoresponsive polymer-grafted core-shell magnetic mes-
oporous silica nanoparticles for efficient controlled and targeted drug delivery. 
Journal of Colloid and Interface Science. Academic Press.
15.(2008) Polyethylene terephthalate Key Properties. PET Properties. 
    Phoenix Technologies.
16.Teflon PTFE. Properties Handbook. Dupont.
17. Rwei, S.-P., Tuan, H. N. A., Chiang, W.-Y., and Way, T.-F. 

(2018, April 28) Synthesis and Characterization of pH and
Thermo Dual-Responsive Hydrogels with a Semi-IPN Structure Based
on N-Isopropylacrylamide and Itaconamic Acid. Materials
(Basel, Switzerland). MDPI.

� Authors
Anish Pothireddy is a high school senior who attends the 

Governor's School at George Mason University. He is current-
ly studying university physics with the intention of achieving 

DOI: 10.36838/v2i4.5

ijhighschoolresearch.org



29 

a double-major in computer science and biology with a con-
centration in machine learning. He has completed multiple 
research projects including one for NASA.
    Samyak Thapa is a high school senior who attends the Gov-
ernor’s School at Innovation Park and Colgan High School. 
He is currently pursuing an advanced diploma with a focus 
on physics at the Governor’s School. He plans on majoring in 
computer engineering in college with a minor in finance.
     Vishnu Lakshmanan is a high school senior who attends the 
Governor’s School at Innovation Park pursuing an advanced 
studies diploma. He is currently enrolled in University Physics 
and plans on graduating with a computer science major cou-
pled with an economics minor. 

 Appendix
Appendix Table 1: Polyethylene Terephthalate Data Table.

Appendix Table 2: Polytetrafluoroethylene Data Table. 

DOI: 10.36838/v2i4.5

ijhighschoolresearch.org



© 2020 Terra Science and Education 30 

� Introduction
An estimated 217 million people have moderate to severe vi-

sion impairment, and 36 million people are blind according to 
2018 World Health Organization data.1 Glaucoma, a leading 
cause of blindness, clogs the eye’s drainage system which causes 
pressure to build up inside the eye. High pressure damages the 
optic nerve which is responsible for carrying visual informa-
tion to the brain. Optic nerve damage can lead to blindness.2 
It is important to explore this issue because glaucoma affects 
60.5 million people globally.3 As vision loss from glaucoma is 
irreversible, early detection and timely treatment are critical to 
managing the disease. The diagnosis of glaucoma in its early 
stages is challenging. Misdiagnosis can lead to failure in iden-
tifying those with the condition until significant vision loss has 
occurred.4,5 The regular eye checkup for early detection takes 
a great deal of time for ophthalmologists, which prompts the 
development of an automatic disease diagnosis system.

Similarly, Diabetic Retinopathy (DR) is an eye condition that 
affects people with diabetes and is the fastest growing cause of 
blindness.6 DR occurs when high blood sugar levels damage 
blood vessels in the retina. These blood vessels can swell, cause 
leakage, or, in some cases, completely close, preventing blood 
from passing through. Sometimes new, abnormal blood vessels 
grow on the retina. All of these changes can cause vision loss.7 
Doctors use retinal fundus images to diagnose DR. The manual 
evaluation of these images is slow and demands substantial re-
sources. Regular screening is required for early detection of the 
disease which makes automatic detection techniques a very at-
tractive alternative or supplement to current medical practices.

Machine learning, a branch of artificial intelligence, is de-
fined as a set of methods that can learn from data, detect 

patterns in data, and make decisions with minimal human 
intervention.8 Classification problems are a particular sub-
class of machine learning problems in which models use data 
to distinguish between distinct classes or categories. Hence, it 
is suitable for diagnosis of glaucoma or diabetic retinopathy. 
In the last few decades, many studies have been done on the 
automation of detection and prediction of glaucoma using dif-
ferent machine learning techniques as well as deep learning. 
In one of the studies, a comparison of the performance of the 
three machine learning classification models, neural network 
(NN), naïve Bayes (NB), and support vector machine (SVM), 
was done.9 This study concluded that the NN had the best 
performance with an accuracy of 87.8% using only nine oc-
ular parameters. The selected parameters enabled the trained 
NN to classify glaucomatous optical discs with relatively high 
performance without requiring color fundus images. Other 
studies have used deep learning methods to detect glaucoma in 
colored retinal fundus images. In one such study, the features 
were extracted from the raw images by Convolutional Neural 
Network (CNN) and fed to the SVM to classify the images 
into normal or abnormal. CNN distinguishes between normal 
and glaucomatous patterns for diagnostic decisions with an ac-
curacy, specificity, and sensitivity of 88.2%, 90.8%, and 85.0% 
respectively.10

    Goal
The goal of this study is to develop a software model that 

would help detect severe eye diseases like glaucoma and dia-
betic retinopathy at their early stages using different machine 
learning algorithms. The developed software would be used in 

An Intelligent System for Early Detection of Eye Diseases that Lead to       
Irreversible Vision Loss   

Navya Ramakrishnan 

Jasper High School, 6800 Archgate Dr, Plano, Texas, 75024, U.S.A.; nr24.ramk@gmail.com

ABSTRACT: Based on a 2018 World Health Organization survey an estimated 217 million people live with moderate to 
severe vision impairment. Glaucoma and diabetic retinopathy (DR) are two eye diseases that cause a large percentage of vision 
impairment. Glaucoma affects 60.5 million people globally and is a leading cause of blindness. Similarly, DR, an eye condition 
that affects diabetics, is the fastest growing cause of blindness with nearly 415 million at risk worldwide. Treatments of these 
diseases are incredibly tricky and require sophisticated instruments, so the best countermeasure is early detection. One paradigm 
of early detection systems is statistical inference, specifically machine learning. In this work, the effectiveness of machine learning 
classifiers on early detection of glaucoma and diabetic retinopathy is demonstrated. On a dataset of over 300 glaucoma patients, 
the best model, the random forest classifier, showed an accuracy of 97% with equally impressive precision, recall, and F1 score. It 
is also shown that ensemble methods work particularly well for prediction of diabetic retinopathy. The models are packaged into 
a website where doctors can input patients’ features to make quick and efficient predictions to aid in their diagnosis. This system 
can improve detection capabilities of these debilitative eye diseases and prevent vision impairment. 

KEYWORDS: Vision impairment; Glaucoma; Diabetic Retinopathy; Machine learning; Ensemble learning. 

DOI: 10.36838/v2i4.6

ijhighschoolresearch.org



31 31 DOI: 10.36838/v2i4.6

a web application with strong predictive power which would 
be very helpful to clinicians. 

Results and Discussion 
Various classification models including Logistic Regression 

(LR), Linear Discriminant Analysis (LDA), k-nearest neigh-
bor (KNN), Classification and Regression Trees (CART), 
Gaussian Naive Bayes (NB), Support Vector Machines 
(SVM), Random Forest (RF), and Gradient Boosting (GB) 
were tested to develop the software model. The patient dataset 
contained the information about patients as well as healthy 
individuals. The dataset was shuffled and 70% of the dataset 
was used as training dataset and the remaining 30% was test 
dataset. To determine the best models, each model was evalu-
ated on the unseen test dataset using various metrics including 
accuracy, precision, recall, and F1 score. The best performing 
classification model was selected to create the web application.

   1. Testing the Glaucoma Dataset
   Using the training data, a 10-fold cross validation was per-
formed to train and evaluate the classification models. The 
average of the results obtained from ten iterations of cross 
validation were given in Table 1 for each classifier. The clas-
sification models were then used to validate the new, unseen 
test dataset and the predictions of each model was compared 
with the ground truth diagnosis. A summary of these results is 
displayed in Figure 1.

The RF model showed the highest performance considering 
all four metrics. The high recall means the model has a high 
ability to identify patients with Glaucoma. It also means that 
the RF model shows a small false negative ratio. In the medi-
cal field, the false negative ratio is often more important than 
the false positive ratio. The ROC/AUC of each classification 
model is given in Figure 2. RF again showed a high value of 
AUC. RF builds multiple decision trees and merges them to 
get a more accurate and stable prediction.

     2. Testing the Diabetic Retinopathy Dataset
   Using the training data, a 10-fold cross validation was per-
formed to train and evaluate the classification models.  The 
results are given in Table 2. None of the classification models 

showed an excellent prediction accuracy of the DR data set 
which led to the author’s attempt at using ensemble learning.

 A voting classifier (VC) ensemble model was developed 
with the four best-performing base classifier models (LR, 
LDA, RF, and GB). The ensemble model was used to vali-
date the test dataset and the predictions were compared with 
the ground truth diagnosis. The performance of the ensemble 
model and the base classifier models in validating the new, un-
seen test dataset are given in Figure 3. The ROC/AUC curve 
is plotted in Figure 4.

Table 1. Performance of the Models with glaucoma training dataset (10-fold Cross 
Validation).

Figure 1. Performance of the models with Glaucoma Test Dataset.

Figure 2. ROC/AUC with Glaucoma Test Dataset.

Table 2. Performance of the Models with the DR training dataset (10-fold Cross 
Validation).
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3. Web Application Development
   Using the highest-performing algorithms for the glaucoma 
dataset, RF, and diabetic retinopathy dataset, VC ensemble, a 
web application with an intuitive user interface was developed. 
The frontend of the web application was created with JavaS-
cript and backend was with Python. The knowledge acquired 
by the best-performing model in the case of each disease was 
saved for the backend. Users can input a csv file with the pa-
tients’ features and generate the output classification for each 
patient.

� Methods
 Performance Evaluation Criteria of Classification Models
A binary classification model classifies each data sample into 

one of two classes: a true and a false class. This gives rise to four 
possible classifications for each sample; a true positive, a true 
negative, a false positive, and a false negative. 11, 12

1. True positive (TP): the patient has a disease and the pre-
diction is positive.

2. False positive (FP): the patient does not have a disease, but
the prediction is positive.

3. True negative (TN): the patient does not have a disease
and the prediction is negative

4. False negative (FN): the patient has a disease, but the pre-
diction is negative.

Metrics such as accuracy, precision, recall, F1 score, and Re-
ceiver Operating Characteristic (ROC) are used to evaluate the 
performance of the classification models in this research. 

The accuracy of a diagnosis model refers to the model’s abil-
ity to correctly identify patients with the disease and without 
the disease. 

The precision of a diagnosis model refers to the ratio of 
correctly predicted positive observations (disease) to the total 
predicted positive observations.

The recall (sensitivity) of a diagnosis model refers to the abil-
ity of the test to correctly identify patients with the disease. 

The F1 score of a diagnosis model is the harmonic mean of 
precision and recall.

    Receiver Operating Characteristic (ROC)
   ROC graphs are constructed by plotting the TP rate against 
the FP rate. The diagonal line from the bottom left corner to 
the top right corner represents the random classifier perfor-
mance (Figure 5). The number of FP responses produced by 
a model mapped onto this line is equal to the number TP re-
sponses produced. Classifiers that fall in the region to the right 
of the random performance line have a performance worse 
than the random classifier, meaning it consistently produces 
more FP responses than TP responses. 

The point in the top left corner denotes perfect classification: 
100% TP rate and 0% FP rate.11,12 The area under the curve 
(AUC) can have any value between 0 and 1. The area under the 
dashed line (ROC curve of a random classifier) is 0.5. When 
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Figure 3. Performance of the models with DR Test Dataset.

Figure 4. ROC/AUC of the models with DR Test Dataset.

Figure 5. ROC Curve.13
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AUC is higher than 0.5, the model exceeds the random clas-
sifier whereas the prediction model is perfect when AUC = 1.  

The methodology used for this research is given in Figure 
6. The following classification models were compared in their
performance across glaucoma prediction and diabetic retinop-
athy prediction: LR, LDA, KNN, CART, GNB, SVM, RF, and
GB. After training the model on the training dataset, the mod-
el is tested on a new unseen test dataset. The web application
development centered on the highest performing algorithms
from each task and allows users to input csv files with patient
data for analysis. The website then generates the classification
for each patient.

A 10-fold cross-validation is used to evaluate the perfor-
mance of each model (Figure 7). The advantage of this method 
over repeated, random sub-sampling is that all observations are 
used for both training and validation and each observation is 
used for validation exactly once.14

   Ensemble Learning
   While a single model can capture the relationships within 
the data, several studies have found that single models have a 
ceiling in terms of performance.20 Many practitioners of ma-
chine learning use ensemble learning to improve performance 
on particular tasks. An ensemble contains a number of learn-
ers which are usually known as base learners.  Base learners 
are generated from training data by a base learning algorithm 
such as a decision tree, CART or other machine learning algo-
rithm. The generalization ability of an ensemble is often much 

stronger than that of base learners. Ensemble learning is able 
to boost weak learners into strong learners which can make 
very accurate predictions. The goal of ensemble methods is to 
combine the predictions of several base estimators built with a 
given learning algorithm to improve performance over a single 
estimator. In contrast to ordinary machine learning approaches, 
which try to learn one hypothesis from training data, ensemble 
methods try to construct a set of hypotheses and combine them 
for prediction. 

Typically, an ensemble is constructed in two steps. First, a 
number of base learners are produced, which can be generated 
in a parallel style or in a sequential style where the generation 
of a base learner has influence on the generation of subsequent 
learners. Then, the base learners are combined for use where 
among the most popular combination schemes are majority 
voting for classification and weighted averaging for regression. 
Generally, to get a good ensemble, the base learners should be 
as accurate and diverse as possible.15,20

  Patient Datasets
1. Glaucoma Dataset: The database includes eye examina-

tion records of glaucoma and normal cases. The records contain 
Retinal Nerve Fiber Layer (RNFL) thickness, ocular pressure, 
patient age, and Visual Field (VF) test parameters (Table 3). 
There are two datasets available, a training set containing 399 
cases and a test dataset containing 100 cases.16,17 The training 
dataset is used to train and validate the various classification 
models. Then, each classification model is used to validate the 
test dataset and the model with the highest performance is 
identified.

2. Diabetic Retinopathy Dataset: This dataset contains fea-
tures extracted from the Messidor image set to predict whether 
an image contains signs of diabetic retinopathy or not. The 
dataset contains 1151 cases including examination records 
of both diabetic retinopathy and normal cases.18 All features 
represent either a detected lesion, a descriptive feature of an 
anatomical part, or an image-level descriptor (Table 4). The 
features are extracted from the original image set, Messidor.19

Figure 6. Methodology.

Figure 7. 10-Fold Cross Validation

Table 3. Attribute Information of the Glaucoma dataset.
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� Conclusion
   Diagnosing glaucoma is challenging, especially in the early 
stages of the disease. It usually takes a very long time to deter-
mine whether a patient has glaucoma. The proposed model will 
assist in early detection of glaucoma during routine eye check-
ups. The classifications of patients after providing a csv file 
with patients’ features, or test results, can be generated with-
in a matter of seconds using the developed web application. 
Earlier detection allows glaucoma patients to undergo earlier 
treatment and reduces the likelihood of complications includ-
ing blindness. The ensemble model could be used for early 
screening of diabetic retinopathy among diabetic patients. The 
web application would be a great support to doctors to evaluate 
more patients quickly. In the future, this type of web applica-
tion could be integrated into hospitals and eye care centers for 
quick, reliable glaucoma and diabetic retinopathy testing that 
can potentially catch these diseases in their earliest stages. An 
automatic feature extraction scheme from the eye images could 
be developed in the future to use with the proposed model to 
improve the performance.
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Introduction
Infantile spasms (IS), also known as West Syndrome, are 

catastrophic epileptic seizures that usually develop between 3 
months to 1 year of age.1 One out of every 3,000 live births 
will result in a diagnosis of infantile spasms.2 The mortality 
rate is 15-30%, with up to 85% of surviving patients affected by 
mental deterioration. Visible symptoms include uncontrollable 
flexion and extension of arms and legs. The spasms frequently 
occur upon awakening and can occur hundreds of times each 
day. The syndrome is characterized by a specific brain pattern 
produced on an electroencephalogram (EEG) a device used to 
track and record brain wave patterns called hypsarrhythmia: 
chaotic, asynchronous, high amplitude waves recorded from 
the entire skull surface. The spasms usually disappear by age 
5 but may lead to other seizure types such as the more severe 
Lennox-Gastaut syndrome and increased risk for autism.3 

In a healthy infant, the hypothalamus stimulates the pitu-
itary gland with a corticotropin-releasing hormone to release 
ACTH or adrenocorticotropic hormone, a peptide hormone. 
It maintains homeostasis during periods of stress by sending 
messages through the melanocortin (MC) receptor proteins 
and these messages in turn act on the adrenal glands.

However, in IS patients, this hypothalamic-pituitary-adre-
nal (HPA) axis is impaired, causing decreased ACTH levels,4 
so ACTH intramuscular injections are currently used as a 
first-line of treatment.1

Though this treatment is widely used, it is not effective in 
45% of patients. In these patients, ACTH does not bind effec-

tively to its receptors and therefore does not suppress spasms.5 
It is in this context that a need for a better understanding of 
the pathways of ACTH arises.

Our  research indicates that prenatal betamethasone prim-
ing enhances expression of the melanocortin receptor accessory 
protein MRAP2, which allows ACTH to reach its receptors 
and actively suppress infantile spasms. MRAP2 expression is 
significantly enhanced in the ARC region of the hypothala-
mus but not enhanced in the PVN region of the prenatally 
betamethasone primed rats in vivo.

   Review of Literature
   Peptide hormones are carried into and out of the cells by pro-
tein receptors or receivers. By manipulating such receptors, it is 
possible to determine their role and impact so that hormones 
can be increased or inhibited to actively change the response 
of the body.6 In addition, there are other proteins, called ac-
cessory proteins, that either act as an agonist (enabler) or an 
antagonist (inhibitor) for the receptors, and aid or inhibit the 
function of the receptor.6
   G-protein coupled receptors (GPCRs) are regulated by nu-
merous proteins including kinases, G-proteins, β-arrestins, and 
accessory proteins. Several families of GPCR accessory pro-
teins such as Receptor Activity Modifying Proteins, Receptor 
Transporting Proteins, and Melanocortin Receptor Accessory
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 Proteins (MRAPs) have been identified as regulators of recep-
tor trafficking, signaling and ligand specificity.6 
  The MRAP family contains two members, MRAP1 and 
MRAP2, which are responsible for the formation of a func-
tional melanocortin receptors (MCRs) and the regulation of 
energy homeostasis, respectively. Like all known GPCR ac-
cessory proteins, MRAPs are single transmembrane proteins, 
however, they form a unique structure since they assemble as 
an antiparallel homodimer.7 The earlier understanding that 
MRAPs only regulate melanocortin receptors was challenged 
by the discovery that MRAP2 also inhibits the activity of 
prokineticin receptors. Recent studies are starting to explain 
the role of the unusual structure of MRAPs and to illustrate 
the importance of MRAP2 for the maintenance of energy and 
glucose homeostasis.6 See Figure 1 for an illustration of the 
MRAP2 protein and how it enables MC1R through MC5R 
receptors. Figure 2 shows the anti-parallel homodimer struc-
ture of MRAP2 proteins.

   MRAP1 and MRAP2 are accessory proteins that are found 
to interact and control receptors primarily the melanocortin 2 
receptor (MC2R). The MC2R receptors are occupied by the 
ACTH that is released from the pituitary gland of the brain. 
ACTH and the MC2R are primarily responsible for the in-
teractions and signaling tied to the synthesis and release of 
corticosteroids, energy use, body length, and glucose metab-
olism, all of which are directly related to body growth and 
obesity as seen in multiple studies.8 
  Between the 2 MRAPs, MRAP2 seems to be more com-
plex as it not only interacts with MC2R but also with other 
G-proteins, such as the Kir7.1 protein. MRAPs are sometimes
dubbed “promiscuous” as a result.6 Research done by other
scientists has also shown that MRAP2 interactions are much
more complex and there are multiple pathways through which
MRAP2 is observed to work and hence reinforced the term
“promiscuity” of the MRAPs. Taken together, both MRAP1
and MRAP2 are implicated with glucose and energy balance
and regulation within the body.

Melanocortin 2 Receptor Accessory Protein (MRAP) was 
originally discovered as an essential co-receptor for ACTH/
Melanocortin 2 receptors. A related molecule called MRAP2 
is mainly expressed in the central nervous system (CNS) and 

seems to have a role as an accessory protein to the Melano-
cortin 4 receptor. Though Mrap2 knockout mice (where the 
Mrap2 gene is removed) have shown to become obese, other 
characteristics of this phenotype differ from MC4R deleted 
mice. 9 So, the MRAP and MRAP2 accessory proteins may 
have a wider role than in melanocortin receptors alone.10

MRAPs are also shown to interact with melanocortin protein 
receptors as well as the transportation of prokineticin recep-
tor 1. However, MRAP2 is shown to be more complex and 
multi-faceted than in its workings in prior research. MRAP2 is 
also shown to regulate another receptor called Orexin Receptor 
1 (OX1R), which is also known as the Hypocretin I receptor. 
This protein receptor is localized in the hypothalamus region 
of the brain and its activation promotes wakefulness in the 
body.12 Naturally, if MRAP2 can control and activate OX1R, 
then MRAP2 can be used in drugs that need to activate OX1R.

Interestingly, a newly described Melanocortin type 2 re-
ceptor (MC2R) antagonist called GPS1574 was shown to be 
effective in vitro in an earlier study. Results indicated that it is 
not a useful MC2R antagonist in vivo. The receptor showed 
conflicting behavior by being an agonist or an enabler in the 
presence of high ACTH concentrations but also an antagonist 
or an opposer in low ACTH hormone concentrations.13

ACTH is also seen as a potent agonist of human MC4R 
when coexpressed with MRAP2. As both proteins are ex-
pressed in the hypothalamic neurons, it provides a target for 
peripheral ACTH in IS treatments.14

Other research on MRAP and MRAP2 seems to offer fur-
ther information on how stress affects the energy balance and 
metabolism and how that can in turn lead to obesity and other 
disorders.

Betamethasone is a cortisol drug that is used to increase 
susceptibility to spasms.5 If it can be shown that prenatal beta-
methasone priming increases MRAP2 levels, it may be possible 
to boost the expression of MRAP2 in the hypothalamus so 
that ACTH can bind more efficiently, helping in the effective 
treatment in the 45 percent of IS patients.

Figure 1. MRAP2 as a regulator of an ACTH Receptor.11

Figure 2. Schematic representation of MRAP1 structure and domains. A. Represen-
tation of MRAP1 antiparallel homodimer. B. Localization and function of important 
MRAP1 domains for MC2R trafficking and/or signaling.6
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   Hypothesis
We hypothesize that MRAP2 expression will be significantly 

enhanced in the Arcuate Nucleus (ARC) and the Paraventric-
ular Nucleus (PVN) regions of the hypothalamus in prenatally 
betamethasone primed rats compared to the saline controls. 
The evidence for the expression can be ascertained by measur-
ing the cell density and the cell area density in the ARC and 
PVN regions.

Specifically, the null hypothesis, or H0, will be that the cell 
density and the cell area density will not be statistically signif-
icant between the prenatally betamethasone primed and saline 
control animal groups. The Research Hypothesis, or H1, will 
be that the cell density and cell area density will be statistically 
different between the 2 groups.

Figure 3 shows a schematic of the research objective.

Results and Discussion
A group of 2 male and 2 female rats were exposed to 0.4 

mg/kg betamethasone on prenatal day 15, with an identical 
group exposed to saline as controls. On postnatal day 15, the 
rats were perfused under deep anesthesia, and the brains were 
sagittal sectioned. Those steps were performed by qualified sci-
entists in the lab.

Immunohistochemistry (IHC) was performed over 2 days 
on the sections. Then, they were stained, and the results were 
analyzed. Pictured here are the blocking buffer, primary anti-
body, secondary antibody, and Avidin-Biotin solution.

On the first day, after washing and adding a blocking buffer, 
300 microliters of the primary rabbit polyclonal antibody were 
applied to each well for a concentration of 1:1000. The plates 
were then refrigerated for over 48 hours.

On the second day, after washing the sections, 300 microli-
ters of the anti-rabbit secondary antibody were applied to each 
well, followed by 300 microliters of Avidin-Biotin solution. 
Then, 3,3'-diaminobenzidine (DAB) staining was performed 
to ensure cell visibility during scanning.

8 tissue sections were collected each for ARC and PVN 
regions. After scanning, the Fiji image analysis software was 
used to get the cell and cell area density for each image. Finally, 
the results were tabulated and analyzed.

Figure 3. MRAP2 Expression Hypothesis.

To determine whether the MRAP2 expression is significant 
in prenatally betamethasone primed rats, a two-tailed Welch 
t-test for two samples assuming unequal variances for both the
cell density and the cell area density in the ARC and PVN re-
gions was performed. The calculations were done assuming the
null hypothesis and that the null hypothesis could  be rejected
if the t-statistic is greater than the expected value for the con-
fidence level desired. The cell density is calculated as number
of cells per unit area of the ARC and PVN region and the cell
area density is calculated as ratio of the area of the total cells to
the total region area. The MRAP2 expression was detected by
the help of the antibody specific to MRAP2 as shown in the
methods section.

Figure 4 and Figure 5 show the MRAP2 expression in the 
ARC area for a prenatally betamethasone primed rat on left 
and the saline control group on the right for comparison.

The cell area density in the ARC region was statistical-
ly significant in the betamethasone group using the 2-tailed 
t-test with 99% confidence level (t = 3.952, P = 0.01). The cell
number density in the ARC region was statistically significant
using the 2-tailed test only at the 94% confidence level (t =
2.277, P = 0.06). The results are indicated in Figure 6 and Fig-
ure 7. The Null hypothesis was rejected for the cell area density.

Figure 8 and Figure 9 show the MRAP2 expression in the 
PVN area for a prenatally betamethasone primed rat on left 
and the saline control group on the right for comparison.

On the other hand, both the cell density and the cell area 
density were not statistically significant in the PVN region 
using the 2-tailed t-test between the betamethasone and the 
saline control groups. The t-statistic was 0.48 and the P-val-

Figure 4. ARC region of betametha-
sone group rat

Figure 5. ARC region of saline control 
group rat

Figure 6. Cell Density in ARC regions 
(#cells / mm2). The cell number density 
in the ARC region was statistically 
significant using the 2-tailed test only 
at the 94% confidence level (t = 2.277, 
P = 0.06).

Figure 7. Cell Area Density in ARC 
region. The cell area density in the ARC 
region was statistically significant in the 
betamethasone group using the 2-tailed 
t-test with 99% confidence level (t = 
3.952, P = 0.01).
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ue was 0.65 for the cell density. The t-statistic was 0.58 and 
the P-value was 0.58 for the cell area density. The results are 
indicated in Figure 10 and Figure 11. Therefore, the Null Hy-
pothesis could not be rejected for both the cell density and cell 
area density in the PVN regions.

In prior research, it was shown that MC4R becomes an 
ACTH receptor after an interaction with MRAP2. Further-
more, as both MC4R and MRAP2 are co-expressed in the 
hypothalamus, it is suggested that this provides the mechanism 
for therapeutic actions of ACTH in the treatment of infantile 
spasms.14

In the current experiment, it was discovered that MRAP2 
expression is significantly enhanced in the ARC region in pre-
natally betamethasone primed rats compared to saline controls. 
The cell area density shows a conclusive significance and the 
cell density also clearly demonstrated the 6% significance. One 
future work would be to reproduce these results with a greater 
sample size.

Conversely, the current experiment indicates that in the 
PVN region the MRAP2 expression was not statistically sig-
nificant compared to the control group. In future experiments, 
it would be important to not only research as to why there 
was significance in ARC and not in PVN but also to establish 
how MRAP2 expression is affected by the onset of seizures 
using the Velisek IS rat model, which consists of prenatal beta-
methasone priming and postnatal triggering of spasms with 
N-methyl-D-aspartic acid (NMDA).

Conclusion
The cell area density in the ARC region was statistically

significant in the prenatally betamethasone primed rats group 

using the 2-tailed t-test with a 99% confidence level. The null 
hypothesis was rejected for the cell area density. 

The cell number density in the ARC region was statistically 
significant using the 2-tailed test only at the 94% confidence 
level; therefore, the null hypothesis could not be rejected.

On the other hand, both the cell density and the cell area 
density were not statistically significant in the PVN region us-
ing the 2-tailed t-test between the prenatally betamethasone 
primed and the saline control groups. Our research shows that 
prenatal betamethasone priming enhances the expression of 
the melanocortin receptor accessory protein 2 (MRAP2) in 
the ARC region that confirms the sensitivity to ACTH after 
priming. If it is possible to boost either the activity of MRAP2 
proteins by specific agonists or their expression by molecular 
biology tools to improve the activity of ACTH on their MC 
receptors, it may be possible to make the 45% of children that 
are currently not responsive to ACTH therapy become respon-
sive and help such children be spasm-free.

� Methods
 General Information

   A group consisting of 4 male rats and 4 female rats was used 
in the study. The betamethasone group consisted of 2 male and 
2 female rats and the saline control group consisted of the oth-
er 2 male and 2 female rats respectively. Both the ARC and 
PVN regions were measured in all of the animals and the re-
sults were tabulated per section.
    The following abbreviations are used throughout this section 
to identify aspects of the procedure: Immunohistochemis-
try (IHC), Phosphate-Buffered Saline (PBS), Bovine Serum 
Albumin (BSA), Normal Goat Serum (NGS), 3,3'-Diamino-
benzidine (DAB)
    The first group of rats was injected with 0.4mg/kg intraper-
itoneal (IP) betamethasone on prenatal day 15 to serve as the 
experimental group. The other group of rats was exposed to 
saline instead of betamethasone as a control group.

    Perfusing and Cutting
   To examine the effects of prenatal stress on the MRAP2 
gene, rat brains were perfused on postnatal day 15 under deep 
anesthesia.
    The resulting brains were cryoprotected with ascending su-
crose concentration (10, 20 and 30% each for 24 hours) and 
were then flash-frozen and sagittal sectioned in a cryostat with 
a thickness of 40 µm to access the areas of interest: the paraven-
tricular (PVN) & arcuate (ARC) nuclei of the hypothalamus. 
The slices remained immersed in PBS while immunohisto-
chemistry was performed.

   Immunohistochemistry Day 1
   IHC is a multi-step method used to ensure antibody vis-
ibility as well as the ability to view neurons from under the 
microscope.
   The first step following the brain sectioning was the con-
centration testing of the primary antibody to ensure optimal 

Figure 8. PVN region of betametha-
sone group rat

Figure 9. PVN region of saline control 
group rat

Figure 10. Cell Density in ARC 
regions (#cells / mm2). The cell number 
density in the ARC region was statisti-
cally significant using the 2-tailed test 
only at the 94% confidence level (t = 
2.277, P = 0.06).

Figure 11. Cell Area Density in ARC 
region. The cell area density in the ARC 
region was statistically significant in the 
betamethasone group using the 2-tailed 
t-test with 99% confidence level (t = 
3.952, P = 0.01).
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contrast for IHC. IHC was performed with antibody ratios 
1:250, 1:500, 1:1000, and a negative control, using brains treat-
ed with Kainic acid, which are known to express MRAP2. 
Kainic acid brains were also used as a positive control during 
IHC to verify that the process was working correctly (Figure 
12 and Figure 13). After considering the concentrations of 
1:250, 1:500, and 1:1000, the microscope images determined 
that 1:1000 offered the best contrast between the background 
and the stained cells in the foreground (Figure 14). It was de-
cided to move forward with a concentration of 1:1000 of the 
primary antibody to PBS. This concentration was used when 
working with the experimental tissue. DAB was used to stain 
the tissue and a set of reference slides were stained with cresyl 
violet (which stains all nuclear bodies) to aid with microscopy 
in addition to Paxinos’ Rat Brain Atlas, 6th ed.
  Avidin-Biotin IHC was used. The primary antibody was 
the Proteintech MRAP2 Rabbit Polyclonal antibody (catalog 
number 17259-1-AP) and my secondary antibody was an-
ti-rabbit, raised in goats.
   Avidin-Biotin IHC exploits the high affinity between biotin 
and avidin. Biotin can be linked to the secondary (anti-rabbit) 
antibody, i.e., the biotinylated antibody, localizing the site of 
the antigen by tagging the primary antibody. Then, avidin con-
jugated to horseradish peroxidase was added. It bound to the 
biotinylated antibody and localized the peroxide molecule at 
the site of the antigen. Finally, the antigen can be detected by 
using a substrate for peroxidase.
      For the first day of IHC, the sagittal slices were washed three 
times on ice while changing the 0.01 M PBS every 10 minutes 
and allowing the slices to wash on the shaker. Then, the block-
ing buffer was prepared and placed, which is composed of 20% 
BSA (1% of final solution), NGS (10% of the final solution), 
and Triton X-100 (0.3% of final solution). 300 microliters of 
the resulting blocking buffer were then applied to each well 
and the plates were placed on the shaker for 60 minutes. Then, 
the primary antibody was applied to each well at an amount of 
300 microliters per well (concentration 1:1000). The one des-
ignated negative control per plate of approximately 19 sagittal 
slices was kept in the previous blocking buffer and was not in-

troduced to 

the primary antibody. The resulting wells were then refrigerat-
ed for over 48 hours before beginning IHC day 2.
Immunohistochemistry Day 2
   On the second day of IHC, the plates were removed from the 
fridge and were washed again in PBS three times, while on the 
shaker for 10 minutes each. Using a pipette, the PBS from each 
well was carefully removed to keep the tissue intact.
Next, the secondary antibody was applied. The secondary 
antibody was anti-rabbit, and it made up 0.5% of the final sec-
ondary solution. The solution also contained 4% of 20% BSA 
and 95.5% PBS. The plates were then placed on the shaker for 
60 minutes and then washed.
    Avidin-Biotin solution consists of 1% Avidin and 1% of 
Biotin, with the remaining 98% of the solution consisting of 
PBS. 300 microliters of the solution were placed into each well 
after successfully removing the cleansing PBS, and the plates 
were then placed on the shaker again for another 60 minutes.
     

DAB Staining

   The DAB portion of the IHC requires personal protection 
equipment as well as a chemical fume hood. The creation of the 
DAB solution, as well as the staining process, took place fully 
underneath the fume hood. 25% of Reagent A, which was the 
oxidized form of benzene, and 25% of Reagent B, which was 
hydrogen peroxide, were combined with a remainder of 50% 
PBS. As the solution remained in ice, the PBS was quickly 
extracted from three wells at a time and applied 300 microliters 
of DAB solution to each well. During the concentration test-
ing, it was noted that three minutes was preferable in achieving 
the correct amount of darkness in the staining. A timer was set 
to three minutes and the plate was gently moved throughout 
that period to ensure even staining. After three minutes, PBS 
was instantly applied to each of the three wells to dilute the 
solution. Then, the diluted solution was removed using a pi-
pette and the stained tissue was then immersed in new PBS. 
This procedure was repeated until each plate was stained. The 
waste solution was properly disposed of in the hazardous waste 

Figure 12. Concentration Testing Setup

Figure 13. Concentration Testing Samples

Figure 14. Scans at various concentrations of antibody. Dilution 1:1000 offers the best 
contrast between the background and the stained cells in the foreground.
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bucket within the lab and the gloves were also properly dis-
posed of.

   Mounting and Imaging
   The resulting plates were left in PBS for a few days before 
mounting. Five sagittal sections were placed on each gelati-
nized slide, and the slides were cover-slipped using xylene and 
glue under the fume hood.
    The resulting slides for the regions of interest were imaged at 
40x and 100x magnification using a Nikon Eclipse microscope 
and an Olympus camera with the cellSens Dimension soft-
ware. Structures that were too large for the field of view were 
montaged using the MIA feature of the microscopy software.
  The ARC and PVN regions of the hypothalamus were 
scanned to detect differences between the prenatally beta-
methasone primed and saline tissues.

    Image Analysis
   The slide images were analyzed using the Fiji software pack-
age. First, the regions were marked on each image. Next, the 
ROI tool was used to select and measure the regions. Once the 
region was measured, the cells and cell density were measured 
using the ‘analyze region’ option. Where necessary, appropriate 
band-pass filtering was done to ensure proper measurements. 
The measurements were used to derive the number of stained 
cells as well as the area of the cells per unit area (density of 
staining) in each tissue sample.
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ABSTRACT: The human brain is fundamentally a big data processor in terms of both image content and neural data. Yet, 
magnetoencephalography (MEG) neuroimaging studies are typically conducted with small numbers of visual stimuli, which may 
not support generalizations because they severely under-sample the stimulus space. This study analyzes available MEG data on 
human brain response across a large stimulus space spanning images of indoor and outdoor scenes, multiple objects, and singu-
lar objects. The images were divided into four categories: faces vs objects; large scenes vs small scenes; multiple objects vs single 
object; and moving (action) vs static. Time-resolved decoding was performed using a linear support vector machine classifier to 
estimate the time series with which categorical content emerges in the human brain. Decoding results were robust, reaching 100% 
accuracy as early as 100-130ms from the onset of the stimuli for all categories, excluding the action vs. static category that yielded 
relatively weaker decoding results. Overall, the results indicate that decoding several visual categorical representations with MEG 
data is possible even with very large numbers of diverse naturalistic image stimuli. The findings pave the way to future studies for 
exploring the critical dimensions of scene processing in the human brain.

KEYWORDS: Biology; Neuroimaging; Neural Patterns; Magnetoencephalography; Multivariate Pattern Analysis.

Introduction
The recognition of complex visual patterns emerges from 

neural activity in a distributed network of cortical regions. 
In studying the primary visual cortex, an important question 
in cognitive neuroscience arises: how does the brain manage 
complex tasks such as instantly recognizing and distinguishing 
a familiar object? In recent years, the field of neuroscience has 
been transforming: Multivariate Pattern Analysis (MVPA) 
tools are enabling technologies such as Magnetoencephalog-
raphy to decipher neural patterns and begin to formulate a 
comprehensive understanding of the complexity of the human 
brain. Previously, progress towards this goal has been hindered 
by the limitation of non-invasive brain imaging technologies 
and their inability to simultaneously decode temporal and spa-
tial information.1 

Unlike functional magnetic resonance imaging (fMRI), elec-
troencephalography (EEG), positron emission tomography 
(PET), and single-photon emission computed tomography 
(SPECT), magnetoencephalography (MEG) provides a di-
rect measure of brain function rather than functional measures 
and has very high temporal and spatial resolution. MEG is a 
non-invasive neurophysiological technique that measures the 
magnetic fields generated by neuronal activity of the brain. The 
nature of this technique means the source of an event can be 
localized with millimeter precision and the timing with milli-
second precision.2  

The introduction of multivariate decoding methods has 
made a significant impact on advancing cognitive neurosci-
ence. Multivariate pattern analysis of MEG data provides 
detailed insights into the temporal dynamics of neural activity, 
containing information about cognitive and sensory process-

es.1 This decoding of brain activity can help assess not only 
cognitive function but also provide a basis for comparing nor-
mal and abnormal function of the brain. These classification 
methods have been used to study simple visual features not 
limited to  complex visual patterns, and auditory functions of 
the brain.3 Further research into these methods could lead to 
a deeper understanding of the biological basis of several brain 
disorders and aid the development of imaging biomarkers 
leading to clinical treatments.

Decoding visual categorical information in MEG with high 
temporal and spatial information can provide insights into 
how categorical content emerges in the human brain, leading 
to a deeper understanding of temporal dynamics of cognitive 
representations. The scope of this study is to decode infor-
mation captured with MEG from evoked responses using a 
very large number of stimuli for brain activity over a period 
of time. Sample stimuli is shown in Figure 1. Associating and 
distinguishing the brain patterns based on the corresponding 
stimulus can help researchers determine if valuable informa-
tion on brain representations can be derived from the MEG 
neuroimaging data.4

To analyze the time course of brain processing for applied 
stimuli, multivariate pattern analysis was performed on the 
MEG data in a time-resolved manner. A strength in doing 
such time-series decoding is that the dynamic changes in brain 
patterns can be examined across multiple time points yielding 
a time series that accurately describes how the brain processes 
information. Figure 2 below depicts the multivariate pattern 
analysis pipeline.
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Figure 1. Sample images across multiple categories used as stimuli to evoke response 
and capture neural patterns.

Figure 2. Multivariate pattern analysis pipeline.

  Previous studies for analyzing MEG data for visual rec-
ognition have generally employed a small stimulus space.3 
This study is unique in its investigation of decoding across a 
large number of stimuli which de-emphasizes the impact of 
low-level image features, such as pixel intensity, pixel gradi-
ent orientation, and color, and puts more focus on high-level 
semantic image content such as objects and actions in order 
to deepen our understanding of information processing for se-
mantic visual recognition.

� Results and Discussion
   This study explored the spatio-temporal dynamics of cog-
nitive processes using a large stimulus space. The stimuli 
represented a set of 4,916 unique images, which were divided 
into eight subcategories: faces (438 images), objects (547 im-
ages), multiple (874 images), single (907 images), moving (669 
images), static (622 images), large scenes (1004 images), and 
small scenes (944 images). The data was recorded using MEG 
and was analyzed using multivariate pattern classification 
methods (time-resolved decoding using a linear support vector 
machine classifier). The use of 306 MEG sensors allowed for 
both millisecond and millimeter precision in analyzing how 
categorical content emerges in the human brain.
   Data was recorded from -200 ms to +700 ms after stimulus 
onset. At each time point (tx), a linear SVM classifier was used 
for decoding each of the four categories (faces vs objects, mul-
tiple vs single images, moving vs static images, and large scenes 
vs small scenes). Figure 3 shows the time series representation 
of neural pattern evolution in the brain. Figure 4 highlights the 
difference in brain response to different stimuli on a time scale.

Figure 3. Time series representation of neural pattern evolution.

Figure 4. Difference in time series of evoked responses.

  As shown in Figure 5, decoding results were robust; they 
reached 100% accuracy as early as 100-150ms from the onset 
of the stimuli for all categories, excluding the moving vs. static 
images category. Decoding time series for faces vs objects fluc-
tuated between 80% and 95% after stimulus onset until +150 
ms, thereafter remaining at 100% for an extended period of 
time until after +700 ms. Decoding time series for multiple vs 
single reached 100% decoding accuracy as early as +105 ms, 
with little fluctuation until +700 ms after stimulus onset. Large 
scenes vs small scenes similarly achieved 100% decoding accu-
racy as early as +105 ms, however there was marginally greater 
fluctuation between 90% and 100% accuracy until +250 ms, 
subsequently remaining at ~100% accuracy. The moving vs 
static image category, which yielded relatively weaker decod-
ing results, had a decoding accuracy varying between 78% and 
100% (78% at +150 ms) from +100 ms until +700 ms after 
stimulus onset. This was to be expected because of the simi-
larities between a “static” image and a “moving” image which 
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captures a moment of action. In comparison, the other three 
categories had far more defined boundaries differentiating 
them from one another.

� Conclusion
   Using the linear support vector machine classifier, we were 
able to decode the MEG sensor data which is critical in un-
derstanding how brain response varies across different image 
stimuli. Successfully using this classifier to identify these re-
sponses opens up the opportunity to apply this research to 
auditory, olfactory, tactile, and gustatory stimuli. The research 
shows us that MEG data can effectively capture subtle vari-
ations in brain response with both high spatial and temporal 
resolution. By leveraging the classifier, we will be able to de-
rive meaningful outcomes from the MEG data to advance our 
knowledge of information processing in the human brain. 
     There are multiple opportunities to enhance the study further, 
such as extending the work to include temporal generalization. 
Temporal generalization of decoding analysis enables us to dis-
tinguish transient brain patterns from persistent brain patterns. 
The decoding procedure is very similar to the one used in this 
study; however, one could train the SVM classifier at a given 

time point and test it across all other time points rather than 
the given time point. If the brain pattern representations are 
consistent over time, it implies that for a given stimulus, the 
neural activity is similar over that time interval. Similarly, this 
approach can also be used to test cognitive models which can 
help us understand the association of brain response between 
two completely different stimuli, where the SVM classifier is 
trained on one stimulus (ex. faces) but tested on different stim-
uli (ex. objects).
    It must be noted that decoding can only confirm that a 
neural pattern corresponds to a given stimuli and therefore 
contains “some” information but does not prove this infor-
mation is used by the brain. One approach to determine the 
functional relevance of decoding results would be to analyze 
the brain patterns triggered from a behavioral response, for 
example, correlating the decoding accuracy with reaction time 
(ex. pressing a button).

� Methods
  The study utilized the raw MEG data originally collect-

ed across ten sessions based on a large stimulus set.⁵ The data 
was made available for this research. The dataset consisted of 
brain response to 4,916 unique images which were separat-
ed into eight different subcategories: faces, objects, multiple, 
single, moving (action), static, large scenes, and small scenes. 
The categorized data was analyzed using Brainstorm, an open-
source software dedicated to MEG and EEG data analysis, 
written in primarily Matlab scripts.6 For every category of data, 
an arithmetic average was calculated, resulting in an average 
time series, Dynamic Statistical Parametric Map  (dSPM), and 
MEG topography. The difference between the average time se-
ries for each of the four categories, resulted in a new time series 
showing variation in signals between subcategories. 
     Next, decoding was performed using a linear Support Vector 
Machine  (SVM) classifier. At time tx, using k-fold cross-vali-
dation (Figure 6), the data was divided (ex. Faces and Objects) 
five-fold (subsets) to be used for classification, where each of 
the five subsets consisted of two 306 pattern vectors: one of 
faces and one of objects. Each set contained a proportionate 
number of face and object stimuli (one-fifth of the total faces 
and one-fifth of the total objects). Four of the subsets were 
used for the training set and the remaining subset as the testing 
set. 
      The process  was repeated fifty times for the same tX, cre-
ating a new set of folds for each permutation, where t ranged 
from -200 ms to 700 ms, in increments of 1 ms. By averaging 
the results of fifty trials (testing sets) at each time tx, a decod-
ing matrix was created resulting in the decoding time series 
(decoding accuracy vs time) for faces vs objects. This process 
was repeated for the remaining three categories: multiple vs 
single, moving vs static, and large scenes vs small scenes.

Figure 5. Multivariate classifier decoding accuracy.
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Figure 6. K-fold cross-validation procedure.

� Acknowledgements
The author would like to thank Dr. Dimitrios Pantazis, Mc-

Govern Institute for Brain Research, MIT, for being a mentor 
for this research project and providing access to the MEG data 
and software tools to help accomplish the objective of this re-
search.

� References
1. Baillet, S. Magnetoencephalography for brain electrophysiology and

imaging. Nat Neurosci 20, 327–339 (2017). 
https://doi.org/10.1038/nn.4504.

2. Chang, N., J.A Pyles, A. Marcus, A. Gupta, M. Tarr, and E. Aminoff. 
BOLD5000, a public fMRI dataset while viewing 5000 visual images. 
Sci Data 6, 49 (2019). https://doi.org/10.1038/s41597-019-0052-3.

3. Radoslaw MC., A. Khosla, P. Dimitrios, and O. Aude. “Dynamics of
Scene Representations in the Human Brain Revealed by
Magnetoencephalography and Deep Neural Networks.” NeuroImage, 
vol. 153, 2017, pp. 346–358., DOI:10.1016/j.neuroimage.2016.03.063.

4. Dobs, K., L. Isik, D. Pantazis, and N. Kanwishewr. “How Face
Perception Unfolds over Time.” Nature Communications, 
vol. 10, no. 1, 2019, DOI:10.1038/s41467-019-09239-1.

5. Gross, J., S. Baillet, G. Barnes, R. Henson, A. Hillebrand, O. Jensen, 
K. Jerbi, V. Litvak, B. Maess, R. Oostenveld, L. Parkkonen, J. Taylor, 
V. Wassenhove, M. Wibral, and J.M. Schoffewlen. “Good practice
for conducting and reporting MEG research.” NeuroImage
vol. 65,100 (2013): 349-63. doi:10.1016/j.neuroimage.2012.10.001

6. Tadel, F., S. Baillert, J. Mosher, D. Pantazis, and RM. Leahy. “Brainstorm: 
A User-Friendly Application for MEG/EEG Analysis.” 
Computational Intelligence and Neuroscience, vol. 2011, 2011, 
pp. 1–13., DOI:10.1155/2011/879716. 

� Authors
   Yuvraj Sethi is a senior at Phillips Exeter Academy. He has 
a passion for scientific research in the field of healthcare. His 
research work has been published in IEEE conferences pro-
ceedings and Vision Science Society conferences. In his free 
time, Yuvraj enjoys playing football, the saxophone, and the 
piano.

DOI: 10.36838/v2i4.8

ijhighschoolresearch.org



© 2020 Terra Science and Education 45 

Validation of Two CRISPR sgRNA’s Directed at the α-5-Nicotinic acetylcho-
line Receptor Subunit.   

Sid Thakker 

James Madison High School, 2500 James Madison Drive, Vienna, 22181, U.S.A.; Sid.thakker3@gmail.com

ABSTRACT: Nicotinic acetylcholine receptors, or nAChRs, form the basis of nicotine addiction. The ⍺4β2⍺5 nAChR(Nic-
otinic acetycholine receptor) is the focus of this study. When an individual uses either a cigarette or an e-cigarette, nicotine is 
released, rapidly moving from the bloodstream to the brain. From there, it binds to the nAChRs and results in the opening of the 
receptor which causes sodium and calcium to enter into the receptor and allows potassium to exit. The effect of calcium entering a 
neuron releases the neurotransmitter dopamine. Once this transmitter is released the user experiences a pleasurable feeling, which 
reinforces continued use of the substance to achieve more pleasure, thereby strengthening the addiction. This process is known as 
the “Dopamine Reward Pathway.” Thus, defining the nicotinic receptor subunit composition in vivo remains a critical issue to be 
addressed in characterizing the mechanisms underlying addiction. Western Blot tests were conducted to help both characterize 
the ⍺5 receptors. The new tool that was used to help with the knockdown of ⍺4β2⍺5 nAChR is the gene editing tool called CRIS-
PR-Cas9. After finding the correct antibody, I was able to, with the help of the pX330 DNA plasmid, knock-down the ⍺4β2⍺5 
nAChR. To help visualize the knockdown, western blots were performed, allowing me to identify the presence of specific proteins.

KEYWORDS: Gene editing; CRISPR-Cas9; Nicotine Addiction; Molecular Biology; Alpha5.

Introduction
Addiction is a dependence on an item or substance. One 

of the most common addictions in society today is smoking/
vaping. Vaping has grown in popularity with the rise of e-cig-
arettes and is becoming a massive issue. Additionally, smoking 
cigarettes increases the risk of COPD (Chronic Obstructive 
Pulmonary Disease) or Lung cancer (Figure 1). The Ameri-
can Cancer Society shows that so far in 2019 alone there were 
228,150 new cases of lung cancer, and of those 142,670 died, 
which means that 63% people died from smoking. Someone 
who smokes only five cigarettes a day (which is considered 
low) has a 15% chance of lung cancer after smoking 45 years. 
However, a person who smokes 40 cigarettes a day has a 55% 
chance of getting lung cancer.1 The current rate of lung cancer 
is staggering; hence it is crucial to develop new methods to 
stop the addiction to cigarettes.

Nicotinic acetylcholine receptors (nAChRs) are ligand-gat-
ed ion channels which allow Na+ and Ca2+ ions to enter a cell 
and K+ ions exit when selective ligands bind to the receptor.2 
The ⍺4β2⍺5 nAChR is the focus of this study. These receptors 
are made up of two ⍺4, two β2 and one ⍺5 subunits as seen 
in Figure 2, a single nucleotide polymorphism (SNP) in the 
⍺5 subunit causes “heavy smoking” which is the receptor that 
I have targeted in this research. Inhalation of smoke from a 
cigarette releases nicotine (NIC) from the tobacco in the ciga-
rette which carries the NIC into the lungs, where it is rapidly 
absorbed into the pulmonary venous circulation. The NIC 
then enters the arterial circulation and moves quickly from the 
lungs to the brain, where it binds to nAChRs (ligand-gated ion 
channels that usually bind and are activated by acetylcholine). 
The binding of nicotine at the interface between two subunits 
of the receptor opens the channel, therefore allowing the en-
try of sodium and calcium into the cells. Following the open 
channel state, the channel remains desensitized for a period of 
time before returning to the closed channel state (Figure 3). 
One of the effects of the entry of calcium into a neuron is the 
release of neurotransmitters.3

The neurotransmitter we are focused on in this research is 
dopamine. This neurotransmitter works in the system called 
the Dopamine Reward Pathway. Once this transmitter is 
released the user receives a pleasurable feeling. This feeling 
reinforces the behavior of the person to continue using the 
substance to achieve more pleasure and strengthens the addic-
tion. Thus, defining nicotinic receptor subunit composition in 
vivo remains a critical issue to be addressed in characterizing 
the mechanisms underlying addiction.4

Figure 1. The relative lung cancer risk increases as the number of cigarettes and the 
duration of smoking are increased. 
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Figure 2. Heteromic  ⍺4β2⍺5 nAChR www.lookfordiagnosis.com/mesh_info.php?ter-
m=Nicotini Agonist&lang=1

Figure 3. Membrane view of nAChRs www.cnsforum.com/upload/imagebank/down-
load/rcpt_sys_nic_ag1.png.

Current Issues: 
More need to be understood about the role of the ⍺5 nA-

ChR SNP in smoking addiction.
Goals of the study: 
1. To create the CRISPR tools to knock down ⍺5 nAChR

in specific brain regions. 
2. Prepare and characterize CRISPR plasmids to be used

the study the effect of ⍺5 nAChR subunit knockdowns of mice 
that constituently express either the ⍺5 nAChR D- or N-vari-
ant subunit.

This study provides a crucial first step in order to under-
stand the role of the ⍺5 nAChR subunit in smoking addiction 
and perhaps to develop drugs that target these receptors. The 
experiments presented here demonstrate the creation of new 
CRISPR tools and show that they will be useful in future “in 
vivo” studies.

The tool that was used to help with the knockdown of the 
⍺4β2⍺5 nAChR is the gene editing tool called CRISPR-Cas9. 
The CRISPR-Cas9 system consists of two key molecules that 
induce a change in DNA: (1) Cas9 acts as molecular scissors,” 
cutting both strands of DNA at a specific location in the ge-
nome. This allows a bit of the DNA to be inserted or deleted, 
which is called an indel; (2) Guide RNA (gRNA) consists of a 
small piece of pre-designed RNA sequence (around ~20 bases) 
located within a more extended RNA scaffold. The scaffold 

Figure 4. Heteromic  ⍺4β2⍺5 nAChR www.lookfordiagnosis.com/mesh_info.php?ter-
m=Nicotini Agonist&lang=1.

� Results and Discussion
   In order to observe a knock-out of the ⍺5 nAChR subunit 
we first needed to characterize our ⍺5 antibodies. We used a 
monoclonal rat and rabbit polyclonal anti-⍺5 nAChR subunit 
antibody and an anti-rat secondary (green) and an anti-rabbit 
secondary (red). As seen in both Figure 6 and Figure 7, both 
antibodies specifically recognized the mouse and human ⍺5 
nAChR subunit. To help test whether these antibodies work, 
we examined the mouse ⍺4β2 and the human ⍺4β2. Important-
ly, lanes that contained cells only expressing the ⍺4β2 nAChR 
did not reveal an immunoreactive band where the ⍺5 nAChR 
subunit should have been present highlighting the specificity 
of both antibodies. 

Figure 6.Demonstration of the specificity 
of the rat anti-⍺5 nAChR subunit primary 
antibody. The ⍺5 nAChR subunit was 
visualized with an anti-rat secondary 
antibody coupled to a near-infrared green 
(800 nm) fluorescent dye.  The specificity is 
demonstrated by the presence of an immu-
noreactive band around 42 kDa only when 
the ⍺5 nAChR subunit is present. 
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Figure 7. Demonstration of the specificity of the rabbit anti-⍺5 nAChR subunit 
primary antibody.  The ⍺5 nAChR subunit was visualized with an anti-rat secondary 
antibody coupled to a near-infrared red (700 nm) fluorescent dye.

Figure 8. The blot showing only ⍺4 and β2 are the same PX330 samples that used 
m268. This demonstrates the ⍺4β2⍺5 D or N nAChR receptor are present in each lane 
(This is the receptor we are interested in). 

Figure 9. Uses β-actin which is a ubiquitous protein in cells to demonstrate that the 
loading was similar for each sample.

Now that both the rat and rabbit antibody could be used to 
locate the ⍺5 subunits we could test the CRISPR-Cas9 tools. 
Before we can achieve a knock-down of the ⍺5 receptor. Fig-
ure 8 shows that in the receptor we are interested in has the 
⍺4 and β2 which the pX330 contains. In addition, Figure 9 
uses β-actin, an ubiquitous protein in cells to demonstrate that 
the loading was similar for each sample was made. Figure 11 
correlates with Figure 10 as this western blot shows that the 
Cas9 is present in all of the lanes. Figure 10 helps to explain 
the full potential of the CRISPR-Cas9 tool and its real-life 
implications in the reduction of nicotine addiction. Lanes 2, 3, 
4, and 5 represent the absence of the ⍺5 receptors. These lanes 
contain both our pX330 plasmid with the Cas9 enzyme and 
show that a knock-down is possible. Lane 1 has a nonsense 
sgRNA(pX330) which is shown to make no knock-down. 
And lane 6 which is our control has no Cas9 and no sgRNA 

and shows the ⍺5 receptors clearly with the fluorescent dye 
and acts as a positive control. These studies help us move to the 
end goal of creating a knock-down, and since the sgRNA in 
the PX330 is identical to that in 60231, it is highly likely that 
this exon 2 sgRNA will work in mouse brain as well. 

� Methods
Western blots (immunoblots) are used to identify the pres-

ence of specific proteins in transfected cells and brain regions. 
In this case, I was detecting the ⍺5 nAChR subunit. Samples 
were denatured with the sulfhydryl reducing agent, dith-
iothreitol, and heated to about 90°C. We carried out Gel 
electrophoresis using a 4% stacking gel and an 11% resolving 
gel was used to separate proteins by their apparent molecular 
weight. Proteins were then transferred to PVDF membranes 
by electrophoresis. The PVDF membranes (immunoblots) 
were then treated with a propriety protein solution to block 
the non-specific sites on the membrane.  The immunoblots 
were then incubated overnight with the primary antibodies di-
rected at epitopes present ⍺5 nAChR subunit. The next day the 
primary antibodies are removed by washing in PBS (including 
the detergent TWEEN-20). The immunoblots were incubated 
with species-specific secondary antibodies that are specific for 
each ⍺5 nAChR subunit primary antibody.  These secondar-
ies possess near-infrared (NIR) red (700 nm) and green (800 
nm) fluorescent dyes which allow the visualization of the ⍺5 
nAChR subunit and other specific and relevant proteins such 
as Cas9 and Beta-actin. Developing the blot is accomplished 
after several washes of the secondary antibodies and the uti-
lization of Licor’s Odyssey system (Figure 12). The scans are 
digitally recorded.6

Figure 10. This figure can help to conclude that the exon 2 sgRNA can knock out 
both the ⍺5D and the ⍺5N subunits (lanes 2,3,4) and that a scrambled sgRNA has no 
effect that is, ⍺5 is expressed under this condition. 

Figure 11. This western blot shows that lanes 1 through 5 contain the cas9 enzyme 
which is essential for the CRISPR-Cas9 process to knock-down the ⍺5 receptors.
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� Conclusion
  The initial work used molecular biological techniques to 

create plasmids to knockdown the mouse ⍺5 nAChR subunit. 
Two antibodies were then characterized by Western blots and 
demonstrated ⍺5 nAChR subunit specific immunoblots. The 
PX330 plasmids were expressed with either the mouse ⍺4 
and β2 nAChR subunits alone or including mouse ⍺5 nA-
ChR subunit as well. Knockdown the ⍺5 nAChR subunit was 
demonstrated with no effect on the ⍺4 or β2 nAChR subunits. 
We are now ready to use these tools to localize and compare 
the effects of the nAChR subunits in discrete mouse brain 
regions. Continuation of these studies could lead to a better 
understanding of smoking and other addictions and hopefully 
lead to better treatments of addiction.
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ABSTRACT: This study investigates whether a focus on pain will increase pain relief during an acupuncture session. For the 
control group, an acupuncturist performed consecutive acupuncture-only treatments on thirteen patients, and collected their pain 
rating information before each session. For the experimental group, a patient focused on her pain for three trials and compared 
those results with her past acupuncture experiences without a focus on pain. In addition, another acupuncturist advised eight to 
ten of his patients per day over the course of three days to focus only on their pain during treatments and compare their pain relief 
with their past acupuncture experiences without a focus. Overall, the control group demonstrated that acupuncture reduces pain 
intensity by 50% over a period of treatment from acupuncture alone, while the experimental group experienced an additional 10-
20% decrease in pain from concentrating on their pain.

KEYWORDS: Biomedical and Health Sciences (Other); Physiological Psychology; Pain Relief; Acupuncture; Focusing on 
Pain.

Introduction
   In America alone, 50 million adults suffer from chronic 
pain.1 Researchers have developed numerous drugs to rise to 
the challenge. Alternatively, one can use hot and cold therapy, 
music therapy, exercise, biofeedback, physical therapy, massage, 
yoga, and tai chi to reduce pain.2 Pain has the ability to draw 
one’s attention involuntarily, which makes it an unavoidable 
experience among the general population. One might think it 
is a mistake to pay attention to pain, since it can increase pain 
intensity. Paying attention to pain only increases pain intensity 
at first.  However, it has been shown that individuals are not 
be able to concentrate on pain over time. Instead, their mind 
will float to many things other than pain, which is known as 
distraction; this leads to pain relief. In contrast, if a person 
follows instructions to distract themself from the pain at the 
beginning, eventually their mind may wander back to the pain; 
this will increase pain intensity.3 Although it is hard to pay 
attention to intense pain, other pain relief methods such as 
acupuncture may reduce the intensity to make paying atten-
tion to pain easier. If acupuncture does not completely remove 
the pain, one can combine acupuncture along with focusing on 
pain during acupuncture treatment. There may be additional 
pain relief from concentrating on the pain.

    Literature Review 
 Mindfulness meditation is a solution that researchers persist 

in promoting as an effective attentional activity for pain man-
agement. Previous research verifies that mindfulness relieves 
chronic pain.4 Meditation connects to our research because of 
its association with attention, and this paper focuses on treat-
ing pain with an attentional method. Meditation may involve 

distraction or focus. In traditional meditation programs, one 
learns to focus on one’s breath and then chooses to focus on 
the area of pain or a different area on their body.5 

There is brain activity that produces the perception of pain, 
and that activity increases through paying attention to pain.6 
However, a study published in 2002 shows that males and clin-
ically anxious chronic pain patients experience less pain when 
they focus on pain stimuli.7 Here, the literature guided us to 
the debate over whether concentration or distraction is the 
better way in treating pain. As the reader will see, the effec-
tiveness of one technique over the other depends on the type 
of pain one experiences. And ultimately, concentration leads 
to pain relief, only because it keeps one’s mind away from pain 
longer than if one were trying to directly distract oneself from 
pain.3

This principle comes from Wegner’s Ironic Process theory. 
Wegner’s theory expanded on the white bear experiment in 
which it was shown that it is hard to follow the instructions 
to not think of a white bear.3 Essentially, paying attention to 
something starts an unconscious process that tries to make one 
pay attention to something else.3 Paying attention to pain will 
start a process that tries to make one pay attention to anything 
other than the pain.3 So, paying attention to something other 
than pain, known as distraction, will start a process that tries 
to make one pay attention to anything other than the object 
of attention—which could include pain.3 In Man’s Search for 
Meaning, Viktor Frankl discusses the concept of paradoxical 
intention that in some ways resembles Wegner’s Theory of 
Ironic Processes. For instance, Frankl discusses how one can 
get rid of anxieties by trying to worsen them instead of trying 
to resolve them.8
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Cioffi and Holloway demonstrate Wegner’s theory in their 
experiment where they had participants stick their hands into 
ice water.9 There was a group that paid attention to their hand’s 
pain while it was in the ice water, and a group that distracted 
themselves from their hand’s pain while it was in the ice wa-
ter.7 Both groups continued to experience pain after taking 
their hands out of the water, however, the group that focused 
on the pain experienced pain that faded away faster than the 
distracted group.9 

Despite these results, the medical literature suggests limita-
tions to mindfulness in the treatment of pain. For example, 
meditation affects arthritis pain more than chronic migraines.10 
This research seeks to improve attentional strategies in the 
treatment of pain intensity and solve these deficiencies.

A 2012 study on migraine headaches showed that authentic 
acupuncture reduces more pain than placebo acupuncture that 
does not follow traditional Chinese medicine practices.11 This 
matters because it is difficult to focus on pain from a migraine 
due to its high intensity.  Acupuncture treatment can make 
paying attention to such pain easier by lowering the intensity. 
In agreement, Wegner argues that distraction—not concen-
tration—works better for intense pain.3 Alternatively, Wegner 
suggested that focusing on pain works better for moderate and 
repeating pain.3 So, acupuncture makes concentrating on pain 
easier and more effective in reducing pain. Here, the idea of 
synthesizing a pain relief method of focusing on pain along 
with acupuncture treatment was developed. 

A combined treatment with acupuncture and concentra-
tion may be best for people who desire pain relief without 
medication and regularly undergo acupuncture sessions. This 
experiment will test this new method for greater pain relief. 
We  will then evaluate the results and discuss future research 
areas.

   Interviews: Athletic Trainer 
 We interviewed an athletic trainer first. He referred to dry 

needling when asked of his knowledge of acupuncture. Dry 
needling involves spinning a needle near an injured part of 
the body in order to improve blood flow, allowing for a faster 
recovery from injury. Although this is similar to how acupunc-
ture works, he told us that acupuncture also involves a system 
in which puncturing one point on the human body triggers 
a network of other bodily processes. After we brought up 
the method of paying attention to pain and whether it could 
increase pain tolerance, he alluded to the transcutaneous elec-
trical stimulation he currently gives to his athletes, recalling 
that many of his athletes could undergo higher degrees of stim-
ulation as the treatment progressed, because each time their 
pain tolerance increased. We also asked if paying attention to 
pain could reduce pain intensity. He responded with another 
reference to transcutaneous electrical stimulation treatment, 
explaining that athletes focus on the greater pain coming from 
the stimulation rather than the lower pain from their sports 
injury, because the greater pain grabs more attention. Focusing 
on the pain from the acupuncture needles, he proposed, could 
increase the distraction from the injury, which would help with 
pain relief for the injury.

    Interviews: Acupuncturist 
 We interviewed the acupuncturist second, in order to com-

pare the athletic trainer’s point of view on acupuncture with 
an acupuncture expert’s view. We first asked the acupuncturist 
to explain the acupuncture theory of pain relief. In reply, he 
referenced nerves around the body that needles could activate 
to release pain relieving hormonelike substances. We then 
asked him about the well-known Deqi sensation of acupunc-
ture analgesia. He characterized the sensation as soreness from 
needling. We brought up other terms in acupuncture, such as 
meridians and qi. He explained that meridians are channels of 
energy. The term for energy in acupuncture is qi, and the type 
of energy acupuncturists refer to is oxygen. There are certain 
points on meridians that when punctured by needles allow for 
qi to enter the blood. So, the blood becomes oxygenated, which 
enhances the healing of wounded cells. When the cells fully 
heal, pain vanishes. After explaining all of this, he introduced 
a study that won a Nobel Prize, which explained that greater 
oxygen levels in body cells improves immunity. This supported 
the acupuncture theory of pain relief that he had just discussed. 
We also asked him whether he believes that focusing on pain 
from injury during acupuncture would increase pain relief. He 
answered that the acupuncturist should be the one paying at-
tention, so that qi would pass through the acupuncturist into 
the patient effectively. When asked if acupuncture treatment 
works in a similar way to transcutaneous electrical stimula-
tion, he responded that they are different, because acupuncture 
works by Oriental medicine theory and transcutaneous electri-
cal stimulation works by physiological theory.

    Interviews: Neurologist 
We asked the neurologist to introduce his profession and 

his understanding of the pain process. He specializes in treat-
ing Parkinson’s disease, and believes that pain is one of the 
main senses, such as taste and touch, that humans experience. 
Pain follows a pathway from the area of damage to small fibers 
that lead up to the spinal cord into the thalamus. Both the 
thalamus and somatosensory cortex are responsible for pro-
ducing pain perception. We also asked him about pain relief 
treatment without medication. He mentioned experiments 
where patients experienced pain relief by focusing on pleasant 
thoughts. Clinicians also commonly make use of signals from 
external sources, such as electrical and spinal cord stimulation, 
to suppress pain signals. In addition, he referred to a few stud-
ies done on meditation, where subjects both distracted from 
and paid attention to their pain.

He also suggested the book, Healing Back Pain, written by 
John Sarno, that uses a concentration technique to help patients 
better tolerate their pain.25 More specifically, the technique in-
volves uncovering and paying attention to repressed emotion 
that may be responsible for one’s pain.

He also talked about his understanding of acupuncture. 
Much pain control research has gone into acupuncture. He 
has observed demonstrations of acupuncture analgesia—that 
is, pain relief caused by acupuncture—during appendicitis 
surgery. He agreed with the acupuncturist in that Oriental 
medicine is incompatible with western medicine. Particularly 
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in pain relief treatment, traditional Chinese medicine claims 
that acupuncture works through a pain network, while western 
medicine claims that acupuncture works by the release of en-
dorphins, which numbs the pain. He agrees that acupuncturists 
have already demonstrated the effectiveness of acupuncture 
convincingly. The neurologist also agreed with the acupunc-
turist that the effectiveness of acupuncture treatment depends 
on the practitioner’s skill, because different people can produce 
different results. So, from both points of views, the person pro-
viding the treatment themself has a large impact on the result. 

As for transcutaneous electrical stimulation, the neurolo-
gist referred  to spinal cord stimulation. Both methods involve 
stimulating the nerves leading to the spinal cord close to pain 
pathways. The external signals disrupt pain signals, which 
leads to pain relief. While cells mostly interact with each other 
chemically, cells themselves have electrical qualities, which al-
lows this method to work. 

In relation to Wegner’s Theory of Ironic Processes, the neu-
rologist commented on how the brain does not like general 
commands. For example, children break rules when told “not” 
to do something. This is because the brain is only able to fol-
low specific commands, such as those involving the “doing” 
of a certain action, but not general commands, such as those 
involving “not” doing something. Consequently, the brain 
searches for a specific command to follow, which most of the 
time turns out to be the forbidden action. 

As for paying attention to pain, the neurologist thought that 
pain intensity would increase. Using signal-to-noise ratio terms 
from his practice, he stated that neuronal noise—coming from 
processes in the background of a person’s mind—decreases 
when one focuses on a signal. When the noise decreases, the 
signal becomes enhanced. So, when pain is the signal, paying 
attention to pain would increase pain intensity, because the 
background noise decreases. 

Mood can also change pain perception. The neurologist 
suggested that a calmer mood could lead to a lower pain in-
tensity, because how one thinks about the pain influences how 
one experiences the pain. 

    Comparison of Ideas  
 Both what the athletic trainer and acupuncturist said 

primarily helped with a general understanding of how acu-
puncture treatment works. 

The neurologist’s views were somewhat more relevant to the 
paying attention to pain aspect of my experiment. Notably, the 
signal-to-noise ratio idea does not contradict my experiment. 
From the beginning, we agreed with Wegner that paying atten-
tion to pain should initially increase pain intensity. However, 
after a period of concentration, the pain intensity will decrease. 

The reality that general commands with the word “not” are 
hard to follow did not cause the pain relief effect observed 
in my experiment. More specifically, the general command to 
“not” pay attention to anything other than their pain, would 
have led some patients to not pay attention to their pain. How-
ever, this effect does not apply, because patients followed the 
direct command to pay attention to their pain. 

 �   Results and Discussion
   Figure 1 describes pain ratings versus the number of ap-
pointments for the thirteen cases in the control group. The 
graphs exemplify that, in general, the last session of each treat-
ment period yielded a lower pain intensity than that of the 
first session, which implies that acupuncture after a period of 
treatment lowers patient pain intensity, despite pain intensity 
fluctuations in between. Alternatively, it is possible that the 
patients were healing naturally too, so further study should be 
done in this area.

Figure 1. Image produced with Tableau© 

Figure 2. Image produced with Tableau© 
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study did not investigate differences in pain relief from the 
treatment between ethnic groups. Maybe one could consider 
comparing a different ethnic group with a sample of Chinese 
people, since it appears that Chinese people tend to believe in 
the effectiveness of this form of treatment and participate in it 
more than any other people. 

   The Psychological Aspect of Pain 
   While culture influences whether or not a person perceives 
pain as dangerous, psychology explains how these emotion-
al responses affect the pain perception. Specifically, one’s fear 
of pain could increase perceived pain intensity.18 Researchers 
in this area refer to the activity of fearing pain as “catastro-
phization”.19 The neurologist I interviewed supported this 
phenomenon, in addition, mentioning that a peaceful mood 
could lower perceived pain intensity. Similarly, acceptance 
therapy aims to change the psychological reaction of patients 
to their chronic pain, in order to help them cope with pain as 
much as possible.18
    The patients lied down on a cushion in a silent room, with a 
warm beam of light on their back. Maybe these surroundings 
elicited a peaceful mood from most of the patients, which per-
haps aided the reduction of pain intensity during acupuncture 
treatment. An investigation into the pain relief from emotion-
al responses could involve two groups of patients undergoing 
acupuncture, one group with a beam of light and the other 
without.

The Biological Aspect of Pain 
   The actual biological process behind the pain sensation is 
more significant than the psychosocial evaluation process. The 
neurologist we interviewed explained the biological process, 
referring to the journey of a pain signal from an injury through 
the nerves to the spinal cord, then mediated with small fibers 
leading up to the thalamus. After entering the somatosensory 
cortex, the signal activates the nociceptors in the brain respon-
sible for producing the perception of pain.20 However, despite 
this common interpretation, other parts of the brain are also 
responsible for the perception of pain.21 For example, research 
suggests that acupuncture analgesia works by changing pain 
related activity in the amygdala.22 
The athletic trainer we interviewed introduced to us the gate 
control theory of pain. Essentially, a gate in the spinal cord 

Figure 3. Image produced with Tableau© 

Figure 4. Image produced with Tableau© 

    As for the first experimental subgroup, Figure 3 is a pain 
relief comparison of acupuncture treatment with and without 
concentrating on pain. Referring to Figure 3, the subgroup 
yielded a total pain relief of 70% with concentration, and pain 
relief of 50% without concentration. So, paying attention to 
pain contributed 20% pain relief. The base data was collected 
from patients’ previous experience with acupuncture only.
    For the second experimental subgroup, Figure 4 is also a 
pain relief comparison of acupuncture treatment with and 
without concentration on pain. The acupuncturist averaged 
the pain relief results of eight to ten people per day for three 
days. Referring to Figure 4, the second subgroup yielded a to-
tal pain relief of 90% with concentration, and a pain relief of 
80% without concentration. So, paying attention to pain con-
tributed 10% pain relief. The acupuncture only data was again 
gathered from prior experience.

    Overall, the experimental group demonstrated a 10-20% 
increase in pain relief from paying attention to pain alone.

� Results and Discussion
 The Cultural Aspect of Pain 

   Pain perception changes between cultures with different 
values for expressing pain publicly.12 For example, stoicism in 
the West accounts for its subjects’ greater pain tolerance when 
compared to subjects from the East.12 Yet, due to the Amer-
ican cultural stereotype that lower economic backgrounds 
possess a higher pain tolerance, blacks often receive poorer 
pain relief treatment than whites.13 People may try to find 
meaning in their pain—such as developing views of divine de-
terminism—and depending on their rationalization, they may 
choose to endure more pain by themselves or they may reach 
out for help.14 The appraisal of pain accounts for some of its 
intensity.15 The biopsychosocial model of pain works by the 
experience of a nociceptive stimulus, followed by an evaluation 
of the threat, somatic responses, and then an adaptation of be-
havior.16 Culture influences the evaluation process—whether 
a person perceives their situation as dangerous or normal—
which affects the intensity of the pain experience.17
    Perhaps with more Chinese people participating in tra-
ditional acupuncture, the results demonstrated a greater pain 
relief from the treatment, as they evaluated the pain experience 
with an expectation that their pain would decrease from it. This 
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prevents innocuous stimuli from entering the thalamus, and 
allows in noxious stimuli, the latter producing pain percep-
tion.23 The gate is able to differentiate between innocuous and 
noxious stimuli because innocuous stimuli travel through large 
fibers, while noxious stimuli travel through small fibers.23 See 
Figures 5 and 6 below:

   Figure 5 shows the inhibitory interneuron and projection 
neuron at the spinal cord. The inhibitory interneuron is inac-
tive when there are no innocuous stimuli coming through the 
large fiber Aβ. Otherwise, when there are innocuous stimuli 
coming in, the inhibitory interneuron is active, and closes the 
gate at the projection neuron, so that stimuli do not reach the 
thalamus. Alternatively, when the inhibitory interneuron is off, 
the projection neuron is active. So, stimuli enter the thalamus, 
and pain sensation occurs.
    Figure 5 depicts a situation where there are incoming nox-
ious stimuli but no innocuous stimuli. Because there are no 
innocuous stimuli entering  through the large fiber, the inhib-
itory interneuron is off. The crossed-out lightning bolts signify 
their inactivity. Because the inhibitory interneuron is off, the 
projection neuron is on. The lightning bolt next to the projec-
tion neuron signifies activity. The small fiber C has noxious 
stimuli traveling through its pathway. The lightning bolt next 
to the small fiber signifies activity. Since the gate at the projec-
tion neuron is open, noxious stimuli is arriving at the thalamus, 
so that pain sensation occurs.
    Figure 6 depicts a situation where there are both noxious and 
innocuous stimuli going into the system. Innocuous stimuli 
are traveling through the large fiber Aβ, as symbolized by the 
lightning bolt. Because innocuous stimuli are coming in, the 
inhibitory interneuron is active, also symbolized by a lightning 

bolt. Since the inhibitory interneuron’s function is to close the 
gate at the projection neuron, the projection neuron is inactive 
in this case, symbolized by a crossed-out lightning bolt. With 
the gate closed, even though the small fiber C has noxious 
stimuli traveling through its pathway, none of the stimuli enter 
the thalamus, and pain sensation does not occur.
     Western clinicians commonly explain acupuncture analgesia 
based on gate control theory. The acupuncture needles send 
innocuous stimuli through large fibers to close the gate at the 
spinal cord, which in effect also blocks noxious stimuli from 
entering the thalamus.24 Other research suggests that electri-
cal transmission from acupuncture needles releases the pain 
relieving neurochemicals that are responsible for acupuncture 
analgesia.24 This is similar to how pain relief from electrical 
needling works.24 

� Conclusion
   Acupuncture treatment is an effective alternative to pain 
relief drugs. One can also expect an additional 10-20% pain 
relief from paying attention to pain during an acupuncture 
session when combined with mind exercises that focus on the 
pain.

� Methods
    The difference between the control and experimental groups 
was that, during acupuncture treatment, the control group did 
not focus on their pain, while the experimental groups did fo-
cus on their pain.
    We started our investigation with a control group in an acu-
puncture clinic. The acupuncturist provided the information. 
We randomly sampled thirteen patients. Patients reported 
pain ratings in certain areas on their body using a form pro-
vided by the acupuncturist. The pain rating scale on the form 
was from an intensity of one to ten. Pain ratings were recorded 
before each session of a treatment period.
    Treatment periods lasted until the patient decided they no 
longer needed the acupuncture. Pain ratings right after each 
session were not available. Many patients reported multiple 
types of pain at different times during their treatment period. 
One type of pain always took a longer part of the treatment 
period, so only this part of the treatment period was consid-
ered.  
    For the experimental group, there were two subgroups. The 
first experimental subgroup was a study of one patient for three 
trials in the control group clinic. For the second experimental 
subgroup, another acupuncturist treated eight to ten people 
per day over the course of three days. In both clinics, patients 
focused on their pain from their injury during the acupuncture 
treatment. Each patient then reported their pain relief while 
focusing on pain. They also compared their pain relief from 
acupuncture alone using a previous treatment experience. 
    There were two experimental groups because my first exper-
iment was only with one willing participant. A survey was used 
for the second experiment to enlarge the sample size.

Figure 5. Figure altered from commons.wikimedia.org.

Figure 6. Figure altered from commons.wikimedia.org.
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Experimental Limitations
   The experiment measured correlational rather than causation-
al results due to possible confounding variables. One limitation 
in my experimental group is that patients used their memory 
to report pain relief from past acupuncture alone experienc-
es. A person’s memory is not always reliable. A more accurate 
experiment can record the pain relief from acupuncture alone 
immediately after an acupuncture session without paying at-
tention to pain. Later, another session can record the pain 
relief experienced by patients from a combined treatment of 
acupuncture with paying attention to pain. As for the  control 
group, it would have been improved  if we had access to patient 
pain ratings immediately after each session 

   Future Direction
   It is possible that acupuncture treatment reduces more pain 
intensity for some types of pain than others. One could test if 
this is the case by comparing the pain relief that patients of 
different types of pain experience from acupuncture treatment. 
The experiment will have to consider the area of the pain on 
the body, as well as the pain’s cause, duration, and symptoms. 
    It is also worthwhile to explore whether paying attention to 
pain, or distracting from pain, relieves pain intensity. This may 
relate to the patient’s original pain intensity. The experiment 
needs one group of patients suffering high intensity pain, and 
another group of patients suffering medium to low intensity 
pain. Within each group, there are two subgroups to explore 
paying attention to pain or distracting from pain. The exper-
imenters will then compare the pain relief experienced from 
the methods with respect to the initial level of pain intensity.
    It would be useful to know how long it takes for a person to 
drift into unrelated thoughts, after instructed to pay attention 
to something. In the same experiment, it would be interesting 
to find out how many times participants drift back and forth 
between distraction and paying attention, and the percentage 
of time spent in each area.
    The neurologist raised that researchers have used fMRIs to 
objectively quantify reported pain ratings with brain activity. 
Another experiment could use this technology to understand 
the neurological processes behind the pain relief from paying 
attention to pain.
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ABSTRACT: The oceans provide enough sustainable wave energy to power human civilization. However, due to the ineffi-
ciency and ineffectiveness of current technologies, most of this energy remains unharvested. My research aimed to fabricate and 
test a new, inexpensive, portable, and efficient device to capture wave energy. The Circular Electromagnetic Generator (CEG) has 
a magnetic sphere traveling within a toroid tube coiled with copper wire. Electricity is generated as waves propel the magnet to 
roll. A dumbbell-shaped transducer was created to understand how the size and speed of the magnetic sphere would affect the 
electrical output. It was observed that larger magnetic spheres moving at higher speeds produced greater voltage outputs. A CEG 
unit was fabricated and a Wave and Rocking Shaker was used to simulate wave movements. The experimental results showed that 
the CEG can capture the kinetic energy of small waves since small tilt angles and low rocking speeds induced the CEG to produce 
electricity. A waterproof CEG unit prototype composed of a CEG unit, full wave rectifier, smoothing capacitor, and LED was 
able to float and generate electricity as the water moved. Additionally, a CEG farm was proposed and modeled to capture large 
amounts of wave energy.

KEYWORDS: Energy; Sustainable Ocean Wave Energy; Physical Energy; Circular Electromagnetic Generator.

� Introduction
  The United States utilizes 21% of the world’s total energy 

and relies heavily on nonrenewable fossil fuels (oil, coal and 
natural gas) and nuclear energy, while renewable energy makes 
up only 11% of energy that we use.1,2 Burning fossil fuels re-
leases massive amounts of carbon dioxide into the atmosphere 
and increases the rate of climate change. Hydraulic fracturing 
for natural gas and oil requires millions of gallons of water that 
depletes water supplies for nearby communities, releases meth-
ane and wastewater back into the environment, and increases 
the possibilities for oil spills and earthquakes.3 Nuclear power 
is a dangerous as well as expensive resource and may lead to 
nuclear meltdowns, nuclear waste, and radiation leakage.4 Due 
to their limited supply and detrimental effects to the environ-
ment these energy resources are not sustainable, necessitating 
an increased reliance on green energy.
   Renewable energy is generated from resources including 
solar radiation, wind, waves, biomass, and geothermal heat. 
These energy sources are constantly replenished by nature, so 
society only needs to focus on developing energy-harnessing 
and conversion technologies without much concern for the 
energy source depletion. Furthermore, renewable energies im-
pose minimal pollution to the environment because there is no 
byproduct or waste in the power generation process. In recent 
years, renewable energy-harnessing technologies have led to 
tremendous progress in the awareness and adoption of renew-
able energy. 

 Oceans cover more than 70% of the Earth’s surface, making 
them an important renewable energy source.5 There are five 
different types of ocean energy: tidal, water wave, ocean current, 

temperature gradient, and salinity gradient.5 Water wave ener-
gy refers to the kinetic and potential energy originating from 
the movements of surface ocean waves. Open oceans can pro-
vide up to 20-30 terawatts (TW) of power annually, which is 
greater than the amount consumed by human society (roughly 
15 TW annually).5 Compared to solar and wind energy, water 
wave energy depends much less on the season, climate, and 
temperature, making it a more predictable resource with high-
er power density.6 Furthermore, the U.S. has many coastlines 
(95,471 miles)⁷ with high wave power and more than one third 
of the world’s wave energy companies. These benefits give the 
U.S. a tremendous advantage in leading the future develop-
ment and adoption of ocean wave energy.⁶

There are four main categories of existing ocean wave 
energy technologies: terminator devices, attenuators, point ab-
sorbers, and overtopping devices.8 Terminator devices utilize 
an oscillating water column to drive a turbine for electricity 
production. Attenuators have multiple long segments connect-
ed to hydraulic pumps and other converters to generate power. 
Point absorbers are floating buoys linked to the seafloor that 
harness the rising and falling wave movements to drive elec-
tromagnetic energy convertors. Overtopping devices utilize 
the buildup and release of water pressure inside reservoirs to 
turn hydro turbines.⁹ All of these devices are usually located 
nearshore or onshore. 

Since these devices are usually connected to the seabed and 
located onshore or nearshore, they cannot be used in the open 
ocean. However, the power collected globally from areas near 
the shoreline has been estimated to be 2-3 TW, only a tenth 
of the possible power collected on the open ocean.10 All of the 
aforementioned devices utilize electromagnetic generators to 
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produce electricity. These generators are bulky and have to be 
mounted onto the seabed or float with support from a separate 
platform or buoy. For this reason, they are expensive and diffi-
cult to install.10,11 Due to the challenges and downfalls posed 
by these devices, harnessing wave energy is still not popular. 
New technologies and devices are critical to increasing the use 
of wave energy. Recently, Triboelectric Nanogenerators were 
explored based on the conjugation of tribo-electrification and 
electrostatic induction.12 However, this technology has limited 
practical applications due to its output of high voltage and low 
current.

    Newly Designed Circular Electromagnetic 
Generators  

 The goal of this project was to fabricate and test an in-
expensive, compact, portable, and efficient device to capture 
ocean wave energy. The proposed Circular Electromagnetic 
Generator (CEG) utilizes the electromagnetic effect to pro-
duce electricity by rolling a magnetic sphere inside a closed, 
hollow, ring-shaped tube that is coiled with copper wire. This 
ring is housed inside a sealed waterproof container that en-
ables floating. Additionally, a CEG farm can be created by 
linking thousands of these devices together and harnessing a 
great amount of open ocean wave energy. The CEG farm can 
be easily installed and is workable onshore, nearshore, and in 
open ocean.

The goal of this research was: (1) to design and build a nov-
el, effective, and economical device to harness wave energy; (2) 
to investigate the various factors affecting the electrical output 
of this device; (3) to create a working prototype of this device; 
and (4) to design a CEG farm for practical applications

 �    Results and Discussion
   Geometrical Design for Optimal Magnetic Sphere 
Rolling  
     This research aimed to create a device to generate electric-
ity by having a magnetic sphere roll within a tube wrapped 
with copper wires as the waves move. The magnetic sphere is 
expected to move freely and avoid crashing into the sides of 
the tube in response to wave movements from all directions so 
that energy harvesting and the durability of the device can be 
maximized. 

     With these requirements in mind, six different designs were 
considered (Figure 1). For the rod, square/rectangle, triangle, 
and trapezoid shapes, the magnetic sphere cannot roll freely in 
response to waves moving in certain directions. Therefore, the 
device cannot harness the wave’s energy in some directions. 
In contrast, the magnetic sphere in the oval and circle-shaped 
devices can roll freely in response to waves moving in any di-
rection. However, the oval shape possesses two tight curbs. The 
tight curbs, corners, and ends can cause the sphere to collide 
with the sides of the tubes. During these collisions, the sphere 
loses kinetic energy and thus decreases the electrical output. 
After repeated collisions, the tube and the magnetic sphere can 
become damaged, shortening the device’s lifetime. Ultimately, 
the circular design is optimal because its uniform curvature 
results in greater kinetic energy preservation and maximizes 
durability.

  Electrical Output of the Dumbbell Shaped Transducer  
     As the sphere rolls through a tube coiled with copper wire 
an electrical output is generated. The apparatus in Figure 2 was 
constructed in order to test this hypothesis. The center of the 
transducer was anchored 127 cm away from the top end of the 
PVC pipe. A 1.26” magnetic sphere was set gently and released 
at the top entrance of the PVC pipe. As the sphere rolled 
through the copper wire coils the digital oscilloscope record-
ed the electrical output as shown in Figure 3. The oscillating 
electrical output observed in Figure 3 appeared consistently 
across all trials. The positive electrical output is created when 
the sphere approaches the copper wires and increases the mag-
netic flux. The sphere’s departure from the coiled copper wire Figure 1. Diagram of the different designs for the device

Figure 2. The experimental set up for the dumbbell shaped transducer. (a) Schematic 
diagram. (b) Picture of experimental set up.

Figure 3. Plot for the voltage output as the 1.26” magnetic sphere rolled through the 
copper wire coils of the dumbbell transducer.
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decreased the magnetic flux, producing a negative electrical 
output. 
    As shown in Figure 4, the highest positive voltage output 
varied greatly throughout the 20 experiments. This electrical 
output variation is due to the changing magnetic field direc-
tions as the magnetic sphere rolled down the PVC pipe. In 
order to maintain a constant magnetic field direction, two 3/8” 
magnetic spheres were attached to opposite sides of the 1.26” 
magnetic sphere so the spheres would slide down the PVC 
pipe instead of rolling.

   As shown in Figure 5, comparable highest positive voltages 
were produced throughout the six experiments. Additionally, 
the transducer was utilized to investigate how the magnetic 
sphere’s size and sliding speed affected the voltage output. For 
the following experiments, either two magnetic spheres of the 
same size (3/4”, 5/8”, 1/2”, 3/8”) were attached together or two 
3/8" magnetic spheres were attached to opposite sides of the 
1.26” magnetic sphere.

   As the total volume of the two equivalent magnetic spheres 
increased, the highest positive voltage also increased, shown in 
Figure 6. This phenomenon can be explained by Faraday’s Law 
of Magnetic Induction where voltage is proportional to the 
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Figure 4. Plot for the highest positive voltage output resulting from rolling a 1.26” 
magnetic sphere down the PVC pipe 20 times.

Figure 5. Plot for the highest positive voltage output resulting from sliding the sphere 
down the PVC pipe. Note: two 3/8” magnet spheres attached to opposite sides of the 
1.26” magnetic sphere.

change in magnetic field strength (which is proportional to the 
sphere’s volume since they are made from the same material).
    In Figure 7, it was shown that longer distances traveled by 
the magnetic spheres resulted in greater highest positive volt-
age outputs. The sliding speed of the magnetic spheres passing 
through the magnetic wire loops can be calculated according 
to the following equation v=√(√2 gL). As shown in Figure 
8, as the sliding speed increased, the highest positive voltage 
signal also increased linearly.

    

CEG Unit Performance 
     

The movement of ocean waves was simulated using a Wave 
and Rocking Shaker. The set-up for the experiment is shown 
in Figure 9. A 1.26” magnetic sphere was used, and the rocking 
speed and tilt angle of the shaker was set to 50 rpm and 10 
degrees respectively. The CEG unit produced a continuously 
oscillating electrical output. After adding a full wave rectifi-
er, the negative electrical output was converted into a positive 
electrical output, as shown in Figure 10. A subsequent addi-
tion of a 100 uF smoothing capacitor converted the rippled 
output into a smoother electrical output.
   The effects of rocking speed and tilt angle on the electrical 
output were investigated. The digital oscilloscope continuously 
recorded the electrical output for 30 seconds and the average 
electrical output was used for analysis. As shown in Figures 
11 and 12, low rocking speeds and small tilt angles yielded an 
electrical output. This signifies that the CEG unit can capture 
kinetic energy even from small waves.

Figure 6. Plot of the highest positive voltage versus the total volume of the two equiv-
alent magnetic spheres attached together. Note: two equivalent magnet spheres (3/4”, 
5/8”, 1/2”, 3/8”) attached together.

Figure 7. Plot of the highest positive voltage versus the distance traveled. Note: two 
3/8” magnetic spheres attached to opposite ends of the 1.26” magnetic sphere.

Figure 8. Plot of the highest positive voltage versus the sliding speed. Note: two 3/8” 
magnetic spheres attached to opposite ends of the 1.26” magnetic sphere.

Figure 9. a) Schematic diagram of the experimental set up for the electrical output of 
CEG unit. (b) Picture of the CEG unit. (c) Picture of the experimental set up for the 
electrical output of CEG unit. 
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    Waterproof CEG Prototype for Wave Energy Harvest-
ing 
     

The ocean is high in salt content and humidity, so a closed, 
plastic container was chosen to house the CEG as it is water-
proof and enables the CEG to float above the water’s surface. 
The total mass of the CEG prototype was 360g. Placing the 
CEG prototype in a swimming pool proved the CEG could 
float above the water’s surface. As the water moved, the LED 
lit up. This device was able to generate about 2 V of voltage to 
power a 0.06 W LED light bulb. This confirms the feasibility 
of the CEG unit as an effective device to capture water wave 
energy.
     The total cost to build this waterproof CEG prototype was 
$27.58. Because resources were not bought in bulk the pro-
totype is considerably more expensive than one unit in mass 
production. Therefore, for this cost comparison, the cost of a 
CEG unit in large scale production is scaled down to ten per-
cent of the original cost, $2.80.13 This cost is comparable to a 
single Duracell Coppertop D Alkaline Battery ($9.99 for a 4 
pack on Amazon).

    CEG Farm for Wave Energy Harvesting 
     As illustrated in Figure 13, thousands of these waterproof 
CEG devices can be linked together via flexible tubing and 
floating frames to form a CEG farm. Each individual CEG 
unit can be used as a power source for electronics while a large 
scale CEG farm can function as a large-scale electricity gen-
erator. The power from the CEG farm can be transferred to 
power plants or the electric grid on land.

Figure 10. Plot of the voltage output for CEG unit. (a) No accessory. (b) A full wave 
rectifier added. (c) A full wave rectifier and smoothing capacitor added. Note: the speed 
and tilt of the Wave and Rocking Shaker was set to 50 rpm and 10 degrees, respectively.

Figure 11. Plot of the average voltage versus the tilt angle for five different rocking 
speeds.

Figure 12. Plot of the average voltage versus rocking speed for the six different tilt 
angles.

     
 � Conclusion

   

The CEG is an effective device to produce electricity by hav-
ing water waves drive a magnetic sphere to roll inside a toroid 
tube coiled with enameled copper wire. The transducer exper-
iment showed that larger magnetic spheres moving at higher 
speeds produced greater voltage outputs. A Wave and Rocking 
Shaker was used to simulate the movement of ocean waves, 
and small tilt angles and low rocking speeds were able to in-
duce the CEG to produce electricity. This demonstrated that 
the CEG unit can capture the kinetic energy even from small 
waves. Then, a waterproof CEG prototype unit was fabricated 
and successfully generated electricity in the presence of wa-
ter waves. Finally, a CEG farm was proposed to capture large 
amounts of wave energy and a model was created.
    

 � Methods and Materials
    Resistors were from Elegoo. 5mm round 2 Pin LED was 
from Lead Star. 100 uF electrolytic capacitors were from Elec-
tronics-Salon. 1A 100V 59-10 standard diode was from On 
Semiconductors. 13200 Gauss grade N42 neodymium mag-
netic spheres with diameter of 1.26”, 1”, 3/4”, 5/8”, 1/2” and 
3/8” were from Applied Magnets. 24, 30 and 31 AWG mag-
net enameled copper wires were from Remington Industries. 
1-1/2” 90ostreet elbow PVC DWV was from NIBCO. 1 ¼” 
DWV PVC Type 1 SCH 40 Pipe was from Charlotte Pipe. 
2” x 1-1/2” PVC DWV reducing coupler was from NIBCO. 
1-1/4 in. × 5 ft. furniture grade Sch. 40 PVC Pipe was from 
Formufit. Plastic container was from Keeper Flexible Seaware. 
Plastic tube (Brilliant Rock-a-Stack) was from Fisher-Price. 
The Wave and Rocking Shaker SHRK04DG was from 
OHAUS. The rocking speed varied from 0-50 rpm and the tilt 
angle varied from 0 to 10 degrees. SDS1072CM Digital Os-
cilloscope (7'' TFT-LCD Display Bench-Top, 70MHz) was 
from Siglent. 

    Fabrication of the Dumbbell Shaped Transducer 
   A 62 mm long 1.25” PVC pipe was inserted and glued be-
tween the narrow ends of two 2” x 1-1/2” PVC DWV reducing 
couplers (Figure 14). 2.5 lb. (60,198 cm) of 24 AWG enameled 
copper wire was evenly and tightly coiled around the pipe. The 
wire was coiled 2,813 times around the tube with each loop 
having a circumference of 21.4 cm. The two ends of the wire 
were connected to a 1K ohm resistor and the voltage of the 
resistor was measured by a digital oscilloscope. 

Figure 13. (a) Schematic diagram for the proposed CEG farm structure. (b) Picture of 
the CEG farm model. (c)  Illustration of a large scale CEG farm.
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   Measuring the Electrical Signal from the Movement of a 

Magnetic Sphere through the Dumbbell Shaped Transducer   
    The 1 ¼” DWV PVC pipe was placed at an angle of 45 de-
grees with respect to the ground. This PVC pipe was inserted 
through the transducer and the transducer was anchored using 
tape (Figure 2). The center of the transducer was positioned at 
various distances from the top of the PVC pipe. The magnet-
ic sphere was released gently at the top entrance of the PVC 
pipe. The distance traveled (L) by the sphere was defined as the 
distance between the top end of the PVC pipe and the center 
of the transducer. 
   Assuming that the frictional force between the magnetic 
sphere and the PVC pipe is negligible and setting the initial 
magnetic sphere sliding speed to 0 m/s, the sliding speed of 
the magnetic sphere after traveling a distance L is equal to 
√(√2 gL), where g is the gravitational acceleration (9.8 m/s2). 
After releasing the magnetic sphere at the top end of the PVC 
pipe, the digital oscilloscope started to record the electrical 
signal produced by the magnetic sphere traveling through the 
dumbbell shaped transducer. For each different L, the electri-
cal signal was measured three times and the highest positive 
voltage average was taken.

Fabrication of the CEG Unit
   A 1.26” magnetic sphere was placed into a circular tube 
formed by gluing together four 1.5” 90o street elbow PVC 
pipes (Figure 9). After the glue had solidified, 1 lb. (95,464 
cm) of 30 AWG enameled copper wire was evenly and tightly 
coiled around the pipe. The wire was coiled 6,080 times around 
the tube with each loop having a circumference of 15.7 cm. 
The two ends of the wire were connected to a full wave rectifier 
made up of four 1A 100V 59-10 standard diodes. A 100 uF 
capacitor was then added to the circuit.

  Measuring the Electrical Output from the CEG Unit
   The CEG unit was placed inside a Styrofoam container, 
which sat on the metal tray of the Wave and Rocking Shaker 
and anchored using tape. The distance between the CEG unit 
and the tray surface was adjusted to 17.8 cm by foam padding 
in order to nullify the attraction between the magnetic sphere 
and the metal tray. 
    The tested rocking speeds were 10 rpm, 20 rpm, 30 rpm, 40 
rpm, and 50 rpm. The tilt angles used for experimentation were 
2°, 3°, 4°, 6°, 8°, and 10°. After stabilizing the tested rocking 
speed and tilt angle, the electrical output was recorded three 
times using a digital oscilloscope. All combinations of rocking 
speeds and tilt angles were tested.

   Fabricating a Waterproof CEG Prototype
   A 1” magnetic sphere was placed into a hollow plastic ring 
(Brilliant Rock-a-Stack) through a cut slit that was later taped 
shut (Figure 15). 0.25 lb. (30,906 cm) of 31 AWG enameled 
copper wire was evenly and tightly coiled around the ring. The 
wire was coiled 3,091 times with each loop having a circum-
ference of 10 cm. The two ends of the wire were connected to 
a full wave rectifier made up of four 1A 100V 59-10 standard 
diodes. A 100 uF capacitor was then added to the circuit.
The CEG unit was placed into a plastic container (10 cm tall 
by 15 cm wide). Foam spacers were used to secure around and 
above the CEG unit. The full wave rectifier, capacitor, and 
LED were placed above the foam spacer. The container was 
sealed tightly with a cap. The total mass of the waterproof 
CEG prototype was 360g.
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ABSTRACT: As antibiotics become less effective against superbugs, the need for alternative treatment has increased. The pur-
pose of this experiment is to better understand the relationship between audible sound and bacterial growth in hopes of a potential 
alternative to standard disease prevention practices. One control and three experimental groups, inoculated with Escherichia coli, 
were exposed to different frequencies of sound waves in the audible sound spectrum. Colony diameter (mm) was measured using 
ImageJ software. There was an inverse relationship between sound wave frequency (Hz) and colony diameter (mm); as frequency 
increases, colony diameter decreases. The control group (0 Hz) exhibited average colony diameter 2.733 mm, experimental group 
432 Hz had average colony diameter 1.987 mm, experimental group 802 Hz had average colony diameter 1.696 mm, and exper-
imental group 4000 Hz had average colony diameter 1.442 mm. This implies that higher frequency sound waves have an adverse 
impact on bacterial growth, thus suggesting its usability in the medical field as a way to fight microbial disease. However, it cannot 
eradicate existing bacteria. Sound therapy cannot fully treat bacterial infection, but it is associated with the ceasing of  proliferation 
and the prevention of infection.

KEYWORDS: Microbiology; Sound; Frequency; Energy; Disease; Medicine; Bacteria.

� Introduction
 The sound that is registered in human ears is energy—the 

energy produced when molecules vibrates. When an object 
vibrates, it utilizes kinetic energy; as the object moves, its ki-
netic energy is transferred to the surrounding molecules, and 
the energy successively travels throughout the medium.¹ The 
sound wave spreads out in a process called diffraction, and as 
sound waves move through the air, they create compressions 
and rarefactions, respectively pushing and pulling the air.¹ The 
amplitude of a sound wave, the maximum displacement of the 
average molecule as it oscillates back and forth, determines its 
perceived loudness.¹ The frequency of the sound wave, how 
fast the average molecule completes a cycle, determines the 
perceived pitch. In classical physics, the energy contained in a 
sound wave is determined  by the change in air pressure—am-
plitude—measured in decibels.1 However, energy in modern 
physics can be quantized. The vibrational energy in sound 
waves can be exchanged through something known as pho-
nons.2 The equation to calculate the energy of a phonon is 
given by the following: 

   DV: Bacterial Growth
   Once pathogenic bacteria enter their host, they multiply rap-
idly, crowd out the host tissue, and create toxins.3  Limiting 
bacterial reproduction prevents the spread of disease, giving 
the body time to eliminate the pathogens. Bacteria are simple 
prokaryotes with circular DNA.3 Electrons flow through the 
bacteria’s DNA loop, producing energy when those electrons 
change energy levels.4 Therefore, because bacteria produce 

energy, they respond differently to various levels of energy, as 
intuitively expected.

    Literature Review
   A previous study demonstrated the ability of sound waves 
(at frequency 400,000 Hz) to break up luminous bacteria.5 
More recently, a study showed that audible sound had a pos-
itive effect on bacterial growth—the exposure of colonies to 
sound waves increased bacterial growth rate.6 Another study  
performed more extensive research and found that bacterial 
growth increased when exposed to frequencies below 1 KHz 
and decreased above 1 KHz.⁷ These results are inconsistent 
with Harvey and Loomis 1929, but are more recent. There is 
little other research to compare these results to, thus leading to 
a gap in the research, which this experiment attempts to fill.

Experimental Design
     The purpose of this experiment is to test a few frequencies 
in the audible hearing range (20 Hz to 20 KHz) in order to 
better understand the interaction between sound waves and 
bacteria. This experiment also focused on colony size rather 
than growth rate since colony size is more indicative of how 
widespread a pathogen is in the body. If we can understand 
the relationship between the two variables, we can apply this 
novel method of bacterial treatment as a safe, alternative form 
to traditional antibiotic treatments. The research question is: 
How does sound wave frequency affect bacterial growth? The 
hypothesis presented is: If sound waves are applied to plates of 
E. coli and growth is allowed to occur, then the 4000 Hz sound
waves will decrease bacterial growth the most, and the least ef-
fective sound wave will be the control group. This is because E. 
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coli should fail under high amounts of energy, while thriving 
with no interference.

� Results and Discussion

     As sound wave frequency (Hz) increases, colony diameter 
(mm) decreases. A one-way ANOVA test shows that the F sta-
tistic (7.24) is greater than the critical statistic (2.52), meaning
that the difference is statistically significant. There is an inverse
relationship between the variables. The control group (0 Hz)
exhibited average colony diameter 2.733 mm, experimental
group 432 Hz had average colony diameter 1.987 mm, experi-
mental group 802 Hz had average colony diameter 1.696 mm, 
and experimental group 4000 Hz had average colony diameter
1.442 mm. See Table 2 and Figure 1 for all collected data and
graphical trends, respectively.
      The hypothesis was partially supported, because instead of a 
direct functional dependence as predicted, there was an inverse 
functional dependence between the two variables.

Like all experiments involving bacteria, there were many pos-
sible errors. When plating the petri dishes, the lid was opened 
to streak the bacteria, and some specimen in the air could have 
landed on the nutrient agar, thereby reducing surface area 
available for the E. coli to grow. Furthermore, the containers in 
which the sound was applied was not completely soundproof; 
thus, some noise interference could have entered the system 
and skewed the results. However, these effects were minimized 
as much as possible. Should the experiment be repeated, the 
researcher should include more intermediate levels to better 
determine trends in the graph. They  should also use more 
sound-proof containers to obtain more accurate results.
     One concern is that the bacteria were allowed to grow for 
17 hours before treated with sound, and because the colonies 
should not have diminished in size, the ones treated with low-

Table 1. Sound frequencies used for experiment were 0Hz, 432Hz, 802Hz, and 
4000Hz.

er/no frequency sound must have grown to account for the 
different in colony size. This seems unlikely but is not entire-

ly impossible because bacteria on a plate grow exponentially, 
and the E. coli were already substantial pre-sound treatment. 
To better isolate the independent variable and confirm re-
sults, if replicated, testing of the dependent variable should 
be performed twice—once before sound treatment, and once 
afterwards. 
    It is important to note that this experiment was only per-
formed with E. coli bacteria and is narrow in scope. Further 
study could investigate other types of bacteria and even virus. 
Future research could also study the effect of sound frequen-
cy on healthy human cells. This is immensely important, as 
it would not be safe to use sound therapy to kill bacteria if it 
killed human cells as well. Another topic of research could be 
the effect of sound treatment on antibiotic resistance. Since 
sound treatment has been proven in this experiment to change 
bacterial formation, it is possible that behavior has changed, 
possibly weakening their ability to resist traditional antibiotics.

� Conclusion
    Higher sound wave frequencies have negative effects on 
bacterial growth; this suggests its potential utility in the 
medical field as a way to prevent microbial disease. However, 
colony size seems to stop short of the x-axis, approaching an 
asymptote. Thus, audible sound may not be able to completely 
eradicate all bacteria. Sound therapy cannot fully treat bacte-
rial infection. However, it can stop proliferation and prevent 
bacterial infection to an extent.

� Methods
 First, we prepared twelve 90mm petri dishes with nutri-

ent agar, and transferred the E. coli from the culture (Home 
Science Tools (Billings, MT) to each petri dish using a ster-
ile inoculating needle and the streak plate method with four 
quadrants. Then, the plates were secured, labeled, and put 
into an incubator at 37°C for 17 hours (see Figure 2).  Plates 
contained (5g) dehydrated nutrient agar or (200ml) prepared 
nutrient agar.

Table 2. complete data set collected. T1.1 and T1.2 represent two different colonies 
from the same plate. On average, as sound wave frequency (Hz) increases, colony 
diameter (mm) decreases. 

Figure 1. Graphical trends of data collected. Colony diameter (mm) is inversely cor-
related with an increase in sound frequency (Hz).
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Experiment
   We  took the 3 plates labeled with level 1 out of the incubator 
and transferred them to a sound-proof container at 21°C and 

applied 0Hz sound at 50dB for 1 hour. This was repeated for 
the other 3 levels, changing the sound frequency as outlined 
in Table 2. When all plates had finished experimentation, we 
poured household bleach (10%) over all petri dishes before 
disposing of them properly. All safety precautions, including 
wearing gloves and washing hands, were observed carefully.
   Data Analysis:
    We  used ImageJ software [9,10] to determine colony diam-
eter size. (see Figure 3)
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ABSTRACT: Migraines are the sixth most disabling illness in the world.  Although they are often seen as just headaches,  they 
severely lower the quality of life for afflicted patients. Currently, migraine monitoring applications are ineffective and inaccurate. 
Through this project, multiple types of machine learning models were trained to predict the occurrence of migraines in individuals. 
Data that was accumulated from an online public database was converted into a usable format. In order to reduce imbalance and 
bias in the database, we used Synthetic Minority Over-Sampling Technique (SMOTE), a data augmentation technique on the 
database. Data visualization enabled patterns to be observed, determining the most significant factors for a migraine occurrence. 
Two models were trained to accurately predict the occurrences of migraines: a logistic regression and a random forest. The logistic 
regression model achieved significant results with a 97% accuracy, but the random forest was also close with an 89% accuracy. The 
number of triggers was found to be the deciding factor in determining migraine occurrences. The second most important factor 
was the number of helping factors present, such as getting enough sleep or exercise. Finally, a user-friendly website was developed. 
This website took in biometrics and user-inputted data to display the probability of getting a migraine, using the logistic regression 
model.

KEYWORDS: Migraines; Predicting Migraines; Migraine Triggers; Machine Learning; SMOTE; Feature Selection; Logistic 
Regression Model; Random Forest Model.

� Introduction
Migraines are the sixth most disabling and third most preva-

lent illness in the world. More than four million people suffer 
from chronic migraines at least fifteen times a month.1 A mi-
graine is a recurrent headache that causes moderate to severe 
pain experienced through throbbing or pulsing in the head. 
Often, it is also associated with sensitivity to light and loud 
sounds, nausea, and vomiting.2 Those who suffer from mi-
graines are unable to complete daily tasks . But while most 
research is focused on finding treatments and cures for mi-
graines, there is a need to help patients predict their future 
migraine occurrences from their migraine triggers, which 
would allow them to avoid triggers and minimize pain.
    Some companies have tried to create “migraine diaries” that 
allow users to track their migraines by inputting migraine oc-
currences. However, there are two main problems with these 
efforts: they are often time-consuming for patients, and they 
do not allow users to see the causes of their migraines, mean-
ing that they cannot take preventative measures. Migraine 
Buddy© and Migraine Coach©, for example, are two popular 
migraine tracking apps that allow patients to record how long 
their migraines last and how frequently they occur. Although 
Migraine Buddy allows patients to input factors that may 
have caused their migraines, the process is intensive and takes 
a lot of time to complete every day. Some information that 
Migraine Buddy tracks is “the type of attack, pain level, your 
location when your migraine began, and potential triggers”.3 
Though they attempt to improve patient lifestyle, these apps 

are not designed to predict the likelihood of a future migraine 
occurrence based on the current status of a user; they are only 
meant to be used as a calendar to store information on past 
migraines. Additionally, this only allows for retrospective in-
formation to be relayed to the individuals and no information 
about preventing future migraines.
   To address this gap, we built machine learning models that 
predict migraines based on individual biometric and user-in-
putted data. Machine learning methods can differentiate 
between a migraine occurrence and a non-migraine occurrence 
after being trained with data. Machine learning methods can 
be applied to find correlations between certain migraine trig-
gers and the probability of a migraine occurrence. Our machine 
learning models take user-inputted data to predict migraine 
occurrences. Users also have the option to enter personal trig-
gers through the website we built. Once a user confirms or 
inputs a new migraine, the model categorizes migraines based 
on the inputted triggers. In the future, patients will have the 
option to provide their data to physicians, who will be able to 
use it to improve treatment.
  Predicting migraine occurrences is crucial in both its pre-
vention and mitigation. Patients can be more aware of their 
triggers and avoid them, sparing them the pain of severe mi-
graines. Doctors and other medical providers can analyze the 
data to change and administer treatments per their discretion. 
Our solution specifically tackles the problem of the lack of an 
accurate prediction system for migraines. By implementing a 
machine learning model that can find patterns between indi-
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vidual migraine factors inputted into the application, we hope 
to be able to improve the lifestyle of countless patients who 
suffer from these severe headaches.
   In a prior study,4 the authors created their own dataset from 
over half a million migraines. They reported the most common 
triggers, but they did not fit predictive models to do so. In 
another study, researchers  created an application that provid-
ed video, audio, and animated instructions about learning how 
to manage migraines.5 Additionally, they provided a headache 
diary that tracked triggers that users self-report. But because 
these were self-reported by patients, they were susceptible to 
biases. Users may not have had enough knowledge on how 
migraines occur and might have mistaken coincidences for 
trigger factors. Because migraines involve physical pain, pa-
tients may not have the awareness to remember and record 
details about their migraines. By incorporating machine 
learning into the process, human errors become less common 
and the results more reliable. In another research study,6 the 
authors administered a questionnaire and used the results to 
train a Naive Bayes classifier and Support Vector Machine 
(SVM). Additionally, they reported that feature selection using 
the Naive Bayes improved the prediction accuracy from 67% 
to 93%, while feature selection improved the accuracy from 
90% to 95% for the SVM. Other researchers have used deep 
learning models and wearable devices to predict migraines.7 
For many migraine studies using machine learning, researchers 
analyzed electroencephalograms (EEG) patterns in their data. 
One study utilized an ANOVA test, a hypothesis test deter-
mining if something is different and statistically significant, 
to classify EEG patterns.8 They also utilized a neural network 
and achieved a total accuracy of 90.9%. In another study, re-
searchers  used AR Burg, which was an autoregression based 
method, and MUSIC method, which was a subspace-based 
model, and SVM to analyze migraine EEG signals.9

  In this study, we addressed the open problem of how ma-
chine learning models can be utilized to predict migraines. 
Our study is different from previous ones because we focused 
on mitigating the imbalance in the data before applying ma-
chine learning techniques in order to improve the accuracy of 
the machine learning models. We also used different machine 
learning models, specifically a Logistic Regression model and 
a Random Forest model, to obtain our results. Instead of fo-
cusing on EEG activity, which requires a professional, we used 
common migraine triggers that many individuals have to pre-
dict future migraine occurrences, making our implemented 
model accessible to patients from their homes.

� Results and Discussion
 Data Collection

     The database we used was called “Analysis of Trigger Factors 
in Episodic Migraineurs Using a Smartphone Headache Di-
ary Applications”.10 This database was published on February 
22, 2016. The study that published this database was done by 
Jeong-Wook Park, Min Kyung Chu, and other collaborating 
scientists and published on Plos One. In the dataset, there were 
numerous migraine triggers or features that could increase a 
chance of a migraine, such as “stress”, “excess sleep”, “exercise”, 

“fatigue”, “drinking”, “overeating”, “caffeine”, “smoking”, “trav-
el”, etc. These features were used to predict ‘getting a migraine’ 
or ‘not getting a migraine’, which were the two classes for clas-
sification. Each feature had two options for selection and the 
answers were represented in a binary. Responding  “yes” to a 
feature equated to 1, while “no”  equated to 0. For example, if a 
user had stress, then the database had a 1 under the stress fea-
ture. Each feature represented a column in the database while 
each user and his or her migraine prediction was a row in the 
database. The dataset contained 4580 entries including both 
migraine and non-migraine days.

   Proposed Mechanism
   Recently, machine learning has been used to classify and 
predict many diseases and illnesses such as COVID-19. Due 
to machine learning’s ability to learn the representation of 
the data through the models, it was often used to classify la-
bels for given data. Because our question focused on building 
a model that classified large amounts of data into categories 
accurately, we decided that machine learning would improve 
the prediction accuracy for migraines in our research. Machine 
learning enabled computers to find patterns through numer-
ous data samples in order to predict the outcome of new data. 
The two types of machine learning models were classification 
and regression. Classification  allows  data to be put into dis-
crete outcomes. Regression, in contrast, is  a continuous model 
that can  predict probabilities of a continuous target. The two 
models used in our research were a logistic regression model 
and a random forest model. Although the logistic regression 
model was most often used as a regression model, we repur-
posed it for classification to match our needs. The random 
forest model, which can be used for both purposes, performed 
as a classification model in our research as well. Figure 1 shows  
the process used from getting the data to training the model. It 
represents  the process for both the logistic regression and the 
random forest model.

It represents  the process for both the logistic regression and 
the random forest model.

To have a basis of comparison between both models, we had 
certain parameters that were defined as constants.  We re-

Figure 1. The proposed approach for our machine learning models to classify 
migraines.
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served 30% of the dataset for our testing data, while the other 
70% became the training  Synthetic Minority Over-Sam-
pling Technique (SMOTE)11 was only implemented it on the 
training data. We used the testing data to get our results in 
accuracy, precision, and macro-average F1 scores. Macro-av-
erage scores were calculated so that they did not take class 
imbalance into consideration. Thus, we directly compared our 
results from the machine learning models with and without 
SMOTE. SMOTE is a data augmentation method used to 
increase the number of under sampled instances of a class us-
ing the “k-nearest neighbors” algorithm. In our case, the under 
sampled instances were  “no migraine” occurrences. Because of 
the significant imbalance observed in the dataset, we utilized 
the imbalanced-learn library in Python to applying SMOTE 
to our dataset.12

  In evaluating our results, we did not only focus on accura-
cy, as accuracy alone could not provide detailed insight about 
our conclusions. Instead, we evaluated macro-average preci-
sion, macro-average recall, and macro-average F1 scores. In 
Table 1, we describe the metrics that were used to evaluate 
the results of our research. These metrics were also used in the 
formulae for accuracy, macro-average precision, macro-average 
recall, and macro-average F1 scores, which are shown below in 
Equation 1:

    In our experiments, we used the accuracy, precision, re-
call, and macro-average F1 scores from the Scikit-Learn 
open-source Python library.13 Additionally, these metrics 
were evaluated with the testing data to determine whether our 
models performed well on data they had never seen before. In 
other words, the higher the metrics were, the better our models 
generalized to new data.

Data Visualization
Before training our machine learning models, we visualized our 
data using different Python libraries to gain an understanding 
of overall patterns and trends in the data.  In Figure 2, the class 
imbalance in the dataset was evident; there were over 3 times 
as many “no migraine” occurrences as there were “migraine” oc-
currences. In Figure 3, the correlation between the number of 

Table 1. Metrics for the discussion of the results. triggers an individual suffered and whether they got a migraine 
is  observed. We saw that there was an association between the 
number of triggers and the migraine occurrence: as one got 
more triggers, it became more probable that one will also get 
a migraine. There are a few discrepancies in Figure 3. The pro-
portion of no migraine occurrences goes to 0 for 7 triggers and 
then rises back up to 0.5 for 8 and 9 triggers. While this may 
seem like a contradiction to the claim above, it is explained by 
the dataset we used. Our database only had 2-3 values for each 
of those categories (7, 8, and 9 triggers). Because of this limited 
size of data, those sections of the graph are not  reliable. Our 
machine learning models were able to take advantage of these 
associations in order to accurately predict when a user will get 
a migraine.

Logistic Regression
   One machine learning model utilized in this research was 
a logistic regression. The logistic regression model is a sta-
tistical model that calculates the probability of two different 
results given one or more predictors or features. The outcome 
of our  logistic regression was a dichotomous variable, mean-
ing that there were only two possible outcomes. In predicting 
migraines, a migraine occurrence corresponded to 1 while a no 
migraine occurrence corresponded to 0. Given certain triggers 
of migraines, the logistic regression algorithm found a pattern 
between the triggers and predicted whether a migraine will oc-
cur or not. The probability of the migraine occurrence or P(x) 
for an observation with feature x was determined by the logis-
tic equation, otherwise known as a sigmoid function, which 
was denoted by Equation 2:

where β_0 and β_1 represented parameters to the sigmoid 
function as determined by the individual features and data of 
the migraine dataset. X represented a data matrix given by the 
inputs and features of our dataset.   
    While the logistic function provided a probability that 
represented a continuous variable, we used the probability to 
determine whether an individual experienced a migraine occur-
rence or not. When training on the dataset without SMOTE 

Figure 2. The comparison of migraine occurrences and the bias in the dataset
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but with all the features, the logistic regression achieved an 
accuracy of 0.95 and a macro-average F1 score of 0.88. The 
confusion matrix for the logistic regression model is shown 
in Figure 4. We saw that generally the model performed well 
predicting real no migraines while it inaccurately predicted no 
migraines when the individual did  experience a migraine. To 
quantify, it accurately predicted 1193 instances of no migraines 
as no migraines and 119 instances of migraines as migraines. 
However, it inaccurately predicted 46 actual migraine occur-
rences as no migraines and 16 actual no migraine occurrences 
as migraine occurrences.    

     In order to see if the imbalance in the classes caused the false 
negatives, we implemented SMOTE, a method of data aug-
mentation, on the data. SMOTE produced synthetic instances 
of the migraine class because there were more instances of the 
no migraine class than the migraine class. Without SMOTE, 
it seemed obvious that the model could have kept predicting 
no migraine and kept getting a high accuracy just because of 

Figure 3. The stacked bar chart of the number of triggers versus migraine occurrence.

Figure 4. The confusion matrix for the logistic regression model trained on the testing 
data without SMOTE.

the high ratio of the no migraine occurrences to the migraine 
occurrences. To see if the model could improve its classification 
on migraine occurrences, SMOTE must be utilized to mit-
igate the imbalance in the dataset. After applying SMOTE, 
there were 2832 instances of the migraine class and no mi-
graine class each. The model with SMOTE outperformed the 
model without SMOTE, as its accuracy improved by 2% to 
97%, and its macro-average F1 score improved by 0.06 to 0.94. 
The confusion matrix in Figure 5 detailed the TP, TN, FP, and 
FN classifications that the model achieved on the testing data. 
We saw that the number of FN, or when the model predicted 
no migraine, but the individual did  have  a migraine, fell to 0 
as opposed to the 46 from the model without SMOTE. How-
ever, after utilizing SMOTE, we saw that the false positive rate 
increased. To quantify, the model predicted 16 no migraines as 
migraines without SMOTE, but predicted 39 no migraines 
as migraines with SMOTE. The increase in FP and the de-
crease in FN is due to the newly formed balanced dataset from 
SMOTE using the same logistic regression model as before. 
Although the false positive rate increased, the macro-aver-
age F1 score still increased and the accuracy increased with 
SMOTE because of the large improvement in lowering the 
number of false negatives. Thus, Figure 5 shows  that SMOTE 
enhanced our model’s accuracy and macro-average F1 score. 
Additionally, SMOTE suggests  that the model got better at 
predicting true migraine occurrences.
  The results for the model with and without SMOTE are  
shown below in Table 2. We saw that the macro-average pre-
cision score decreased due to the increase in FP. However, the 
macro-average recall increased more than the decrease in mac-
ro-average precision, which resulted in an overall increase in 
the macro-average F1 score. The increase in the number of TP, 
which was when the model predicted correctly for a migraine 
occurrence, ultimately increased the overall accuracy for the 
logistic regression with SMOTE.

  The receiver operating characteristic (ROC) curve shown 
in Figure 6 details  the opportunity cost between the false 
positive and true positive rates. The ROC curve was used to 
determine the logistic regression’s performance on distinguish-
ing between what truly was a migraine occurrence and what 
was not. The baseline curve, represented by the dashed red 
line, shows  the performance of an untrained and inaccurate 
classifier, as the true positive rate was equivalent to the false 

Figure 5. The confusion matrix for the logistic regression model trained on the testing 
data with SMOTE, an improvement from the classification without SMOTE.

Table 2. The results obtained with and without SMOTE on the testing data with the 
logistic regression model.
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positive rate. When the curve was closer to the upper left cor-
ner, the classifier became more accurate. This curve represented 
the performance of the logistic regression with SMOTE on 
the dataset. As shown by the solid blue line, which represents 
the logistic regression’s ROC curve, the logistic regression was 
very accurate at predicting migraines. This means the logistic 
regression classifier was able to correctly predict migraine oc-
currences almost all the time. Overall, from the ROC curve, 
our model performed well on the testing data.

   Random Forest
   The second model that was created in this research was a 
random forest. The random forest model is a supervised re-
gression-based machine learning algorithm that predicts 
outcomes based on a step-by-step decision-making process. A 
decision tree is an intuitive branching system that leads each 
entry to a conclusion based on similarities and differences.

   In the random forest model, many uncorrelated decision 
trees predicted outcomes individually. These results were com-
pared through ensemble learning and the random forest model 
reached a conclusion. This prevented any individual errors or 
outliers from influencing the final answer and safeguarded 
against overfitting, which is one of the larger errors of ma-
chine learning. Overfitting is the phenomena when the model 
performed well on the training data but poorly on the test-
ing data. In other words, the model did not generalize well to 
newly seen data. To avoid overfitting, random forest utilizes 
ensemble learning to reach a conclusion. In the context of this 
research, the model took in the various triggers and symptoms 
and predicted whether a migraine will occur or not. In addi-
tion, the random forest model created many different decision 
trees, and then viewed the overall trend from all those trees to 
reach  a conclusion. Because of this, even if a few decision trees 
did overfit, the general trend would ensure that overfitting is 
avoided.
    Before the model was tested, a baseline estimation was done. 
This gave us a target to reach through our model. If the model 
randomly chose migraine for 50% of the data and no migraine 
for the remaining half, we received an accuracy of 75.6%. 

For the random forest to be a proper predictor of migraines, 
it would need to reach an accuracy significantly higher than 
75.6%. This performance indictor also revealed the imbalance 
of the dataset as the baseline accuracy was above 50%.
   Figure 7 highlights an example of a certain node in one of 
the decision trees from our random forest model. The top stem 
includes the deciding factor for all the values that fell under 
it. Based on Figure 7, this variable was the number of help-
ing factors being less than or equal to 0.5. If there were more 
than 0.5 helping factors present, then the process moved to the 
right. Otherwise, it continued to the left.
    The line underneath calculated the mean square error (MSE) 
of this node. This error was calculated by finding the average 
of the sum of all errors squared. Calculating the mean square 
error of data provided a metric to create a decision tree. For 
optimal results, the model minimized the MSE of all nodes. 
The next line gave the total number of samples that were pass-
through this node, and the last line (value) gave a prediction 
for all values under this node. In this figure, for the first node, 
the prediction for all 2201 samples that pass through it was 
no migraine. In this way, each data value passed through the 
entire decision tree and reached the end, at which no further 
distinctions could have been made between values. As seen in 
Figure 7, the very bottom nodes, called the leaf nodes, provid-
ed an individualized prediction for each data value. Looking at 
the node at the bottom left corner, there were 228 values that 
fall under this specific category and the prediction for these 
was 0.2, or no migraine.

          Many similar decision trees were constructed in the 
random forest model, each leading the data to a conclusion 
of migraine or no migraine. The majority response was then 
returned. Using the testing data, our random forest model 
achieved a prediction accuracy of 89.66%.  This was the re-
sult with SMOTE. The average absolute error was 0.1. This 
was a significantly higher accuracy than the baseline predic-
tion’s accuracy of 75.6% and meant that the model improved 
prediction accuracy. We saw that SMOTE also improves the 
accuracy of the classification by mitigating the imbalance in 
the dataset. The random forest algorithm provided a feature 
importance attribute that weighed certain features based on 
the contribution to the classification. From evaluating our 

Figure 6. The receiver operating characteristic (ROC) curve for the logistic regression 
model with SMOTE applied on the testing data

Figure 7. One section of a single decision tree from the random forest model.
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model, the most contributing feature to the classification was 
the number of triggers while the second most contributing 
feature was the number of helping factors such as the amount 
of exercise and sleep. While the model showed that an increase 
in the number of triggers contributed the most to migraines, 
the opposite was true for the number of helping factors. The 
more the helping factors, the lower the chance for a migraine. 
Through future research, we hope to further investigate these 
factors along with others to further understand these weights 
and their effects on migraines.

    Website Development
   Research was conducted in making an application for the 
users to predict migraine occurrences. Because the logistic 
regression with SMOTE outperformed all the other models 
utilized in this research, we implemented the logistic regres-
sion model with SMOTE on our website. In Figure 8, the 
layout of the website is shown. Users were prompted with a 
quiz where they entered  certain personal triggers  through a 
simple questionnaire having the same features and inputs as 
the features used to train the logistic regression model with 
SMOTE. Then, in the backend of the website, we used Flask, 
which is a micro web framework written in Python, to load our 
logistic regression model, predict the probability a user has a 
migraine, and display the probability on the screen.
    

   Conclusion
   Recently, there has been a demand for accurate migraine 
prediction through machine learning to help physicians advise 
patients what is best to avoid future migraines. By analyz-
ing the dataset and utilizing SMOTE data augmentation, 
we provided an accurate, fast, and user-friendly application 
that might help migraineurs predict their future migraines. 
Through research and experiments, it was understood that 
many factors affect migraines. Both the logistic regression and 
random forest models achieved high results, but the logistic 
regression outperformed existing models using a standard 
dataset. To quantify, the logistic regression achieved a 97% 
prediction accuracy when SMOTE was employed. Through 
the random forest model and feature selection, it was found 
that the deciding factor for migraines was the number of trig-
gers present. A website, MyGraine, was created where both the 

triggers and helping factors can be entered to receive a predic-
tion. We made the following contributions through our paper:
•  We concluded that the Logistic Regression model out-
performed many of the previous models for migraine 
classification. To quantify our success, the Logistic Regression 
model achieved a 97% prediction accuracy on the test data.
•  We determined that feature selection could improve a Ran-
dom Forest model’s accuracy to 89%. By choosing different 
features to train our Random Forest with, we used the more 
discriminative features in order to improve a model’s classifi-
cation accuracy.
•  We demonstrated that SMOTE data augmentation was 
useful in mitigating bias in the dataset and improved the clas-
sifiers’ accuracies on an imbalanced dataset.
    In the future, we want to research into federated learn-
ing14 so that individuals can have their own machine learning 
model tailored to their own migraine triggers. Additionally, 
we are in contact with the American Registry for Migraine 
Research in order to get a larger database to confirm our re-
sults and have more extensive testing. We also want to expand 
our website into a mobile application through Xcode to al-
low patients to record migraines and the predictions to send 
to healthcare providers as well as advise patients about their 
migraine predictions. The application could be connected to 
Apple HealthKit, allowing the app to use biometrics as inputs 
as well as user-inputted features. Eventually, through testing 
with migraine patients with various backgrounds, our logistic 
regression model will become more accurate and will be able to 
impact the lives of many from around the world.

 � Methods
    A critical part of our research was in the code that we wrote. 
The code was essential in order to produce similar results to 
our findings. Our GitHub repository with all the code and 
resources will be available upon publication.
    
     Data Manipulation
     In order to use the database, we pre-processed the data. 
There were some empty and “null” spots in the database. Here, 
we put 0’s in these places because it was reasonable to assume 
that the answer was no for the question. The questions be-
ing asked for data collection were about important measures 
taken in a day such as exercising or sleeping in. We expected 
and assumed that the subjects would remember any important 
activities they have taken in their day. If they did not report 
an answer for a question, then we could consider that activity 
“not significant” for the day and thus assumed that either the 
subject did not partake in it or was not exposed to it a signif-
icant duration of time (which would mean that it most likely 
did not affect the migraine occurrence). Next, we dropped 
features such as “number”, “patient”, and “ID” because these 
were unique for every individual and were used to identify the 
individual. The number specifies what number entry the indi-
vidual was. For example, the first person in the database, had 
a 1 in the “number” category, while the second person in the 
database had a 2 in the “number” category and so on. The “pa-
tient” feature was a unique combination of letters and numbers 

Figure 8. The layout of our MyGraine website that allows users to predict their 
migraines using the logistic regression model with SMOTE.

DOI: 10.36838/v2i4.13

ijhighschoolresearch.org



 71 

given to the patient that had no correlation to whether a user 
experiences a migraine occurrence or not. Similarly, the “ID” 
feature was a random combination of numbers and letters giv-
en to each patient. Since “number”, “patient”, and “ID” had no 
correlation to whether a user experienced a migraine or not, we 
removed them before training our machine learning models.

    Machine Learning Models
   The machine learning models utilized were implemented 
in Python and different Python libraries. The data was in a 
comma-separated values (CSV) file. In order to read the data 
in the file, we utilized the Pandas library to load the data. For 
data visualization, we employed the Seaborn and Matplotlib.
pyplot library. Additionally, we used the Sklearn library for 
SMOTE, the logistic regression model, the random forest 
model, splitting the training and testing data, the confusion 
matrices, the ROC curves, and the decision tree visualization.

    Website
   The website was coded in HTML and styled using CSS. Ad-
ditionally, the backend was in Flask library in Python. In order 
to load the logistic regression model into the website, we first 
used the Pickle library in Python to save the logistic regression 
model. The Flask backend dealt with processing the user-in-
putted features in the questionnaire, predicting the probability 
of the migraine after the user submitted the questionnaire, and 
displaying the result to the user on the website.
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