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A Novel Robotic Arm for Tactile Perception Using Tele-
Operation and Haptic Feedback  

Vrinda Anand 
Amity International School Vasundhara Sector 1, Ghaziabad, Uttar Pradesh, 201011, INDIA; vrinda.naomi0406@gmail.com 

ABSTRACT: In this research, a cost-effective robotic arm was designed and developed, which empowers a user to clasp 
objects with a third arm and give a sense of touch corresponding to the force that an effector encounters. A cost-effective tele-
operated robotic arm was intended to provide surgeons with tactile perception, as well as handle nuclear waste and biohazards. 
Tele-operation and haptic feedback was achieved with infrared (IR) sensors, servo motors, and force pressure sensors. This arm 
is capable of lifting 600 g which can be further increased by using pneumatic actuators. The robot could also assist patients with 
weak arm strength (Amyotrophic lateral sclerosis) and stroke patients as their movements can be controlled by the user’s facial 
expressions.

KEYWORDS: Engineering Mechanics; Mechanical Engineering; Robotic arm; Effector; Tactile, Haptic feedback; Tele-
operated robotic arm; Sensors. 

�   Introduction
Robots have been proven an efficient workhorse for auto-

motive and other manufacturing industries. In comparison, a 
robotic arm is a mechanical version of the human arm that is 
programmable and can perform functions that humans cannot 
achieve.¹ Such arms can solve many limitations that humans 
face. The human arm is notable for its ability to perform a great 
variety of tasks. Although slower, weaker, and less accurate than 
high-performance robots of today, the human arm is without 
equal in terms of versatility, robustness and gracefulness. It 
can help humans to be self-dependent and not rely on oth-
ers for their daily chores.² A robotic arm can be designed to 
perform any desired task, such as welding, gripping, spinning, 
etc., depending on the required application.³ Robots and their 
components have evolved significantly to be more capable and 
versatile, but there still exists much room to explore.⁴,⁵

This research aimed to design and develop a cost-effective 
robotic arm. This includes a robotic arm, smart glasses (facial 
expression detection), and pneumatic muscles. Haptic tech-
nology was used to provide a sense of touch, similar to the 
technology used by surgeons during robot-assisted surgery.   

The idea was to replace the expensive technology with an 
affordable and stable technology that could perform diverse 
functions. With a novel tactile perception method, it is possi-
ble to  provide a sense of touch to the users with force pressure 
sensors exactly equivalent to the force being experienced by the 
effector. A brain, artificial intelligence (AI), was deliberately 
not given to the robotic arm to keep it as a tool and designed it 
in such a way that these are entirely dependent on user inputs.

Further,  the McKibben muscles were also included, which 
could be used as a cheaper version of the arm’s actuators. A 
McKibben muscle is an actuator which converts pneumatic 
(or hydraulic) energy into mechanical form by transferring the 
pressure applied on the inner surface of its bladder into the 
shortening tension.⁶

�   Materials and Methods
The robotic arm consisted of metal, wood, plastic, servo 

motors, Arduino UNO ATmega 328P, IR Obstacle Sensor 
Module, Thin Film Force pressure sensors and other low-cost 
materials.

Servo Motors:
Servo: Detects the operation error of a mechanism, provides 

feedback and corrects faults. A servo (Figure 1) motor can 
have alternating current (AC), direct current (DC) or stepper 
motors. Servo motors are the kinds of motors that can fulfill 
the commands wanted. They can operate steadily even at very 
small or very large speeds. A set of servos controlled the wrist 
and the elbow movement. A micro servo was positioned on 
the wrist part and a high torque servo on the elbow part. 

Force Pressure Sensor:
Force Sensing Resistors (FSR) are a polymer thick film 

(PTF) device (Figure 2) which exhibits a decrease in resistance 
with an increase in the force applied to the active surface. Its 
force sensitivity is optimized for use in human touch control 
of electronic devices. This robotic arm was equipped with a 
sense of touch capability which was achieved by force pressure 
sensors. Force pressure sensors are placed on the fingertip of 
the robotic arm and connected to a servo motor with an Ar-
duino Uno to provide haptic technology to the arm.

Figure 1: Servo motor.
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Arduino Uno:
Arduino/Genuino Uno (Figure 3) is a microcontroller 

board based on the ATmega328P (datasheet). It has 14 digital 
input/output pins (of which 6 can be used as PWM outputs), 
6 analog inputs, a 16 MHz quartz crystal, a USB connection, 
a power jack, an ICSP header and a reset button.

Infrared Sensors:
An infrared sensor (Figure 4) is an electronic device that 

emits light in order to sense some aspects of the surroundings. 
An IR sensor can measure the heat of an object as well as de-
tects the motion. Some infrared sensors were added to a pair 
of eyeglasses and a controller glove for the robot’s tele-oper-
ation. These were then attached to the servo motors through 
an Arduino Uno. The infrared sensor, attached to the front 
part of the eyeglasses, detects the closing eyelid motion, and 
sends the signal to the servos, which then moves the fingers 
of the robotic hand.

Circuit Diagrams:
For Tele-operation (Figure 5)
In order to achieve tele-operation, connect the IR sensors, 

servo motors and Arduino board as shown in the circuit (Fig-
ure 5). 

Haptic Technology (Figure 6):
For haptic technology, connect a force pressure sensor, ser-

vo motor and Arduino board together with a resistor of 10 
K ohm.

Toque Calculation:
Forearm Torque Calculation:
Length=23cm, Mass=0.06kg
(Where T is Torque, F is force and S is the length of the 
forearm) (Figure 7)
T = F*S
=23*0.06*1/2  (considering center of mass)
≈0.7kgcm

We have used a 15 kg-cm torque servo motor.
NOTE: The torque calculated is only of the forearm. 
On Adding Weight (Figure 8)

M1=S*1/2*W1 + S*W2
=23*1/2*0.06+23*W2
=0.7+23W2
As the motor (M1) used has 15 kg cm of torque (T)
W2=600g
Hence, the weight that this forearm can carry is 600 g.
�   Results and Discussion
Robotic Arm:
The robotic arm has 3D rotation capability. The wrist re-

volves 180 degrees, 90 degrees of elbow movement, and 360 
degrees of bicep rotation (Figure 9). The features ranged from 
tele-operation to sense of touch. Innovative methods that are 
quite affordable were used to give this arm such features. A 

Figure 2: Force pressure sensor. 

Figure 3: Force pressure sensor. 

Figure 4: Force pressure sensor. 

Figure 5: Infrared sensors and servos connected. 

Figure 6: Force pressure sensor and servo connected. 

Figure 7: The forearm. 

Figure 8: On adding weight on the arm. 
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experience of contact by applying force, vibrations, or motions 
to the user.

There is a force pressure attached to the fingertips of the 
robotic hand, which upon touching, sends those signals to the 
servo motor, which is attached to the fingertip of the controller 
glove that the user is wearing to control the robotic hand (Fig-
ure 12). After receiving the signals, the servo rotates according 
to the pressure frequencies received on the force pressure sen-
sor, making the user feel those sensations. Therefore, if the 
sensor touches something lightly, the servo rotates just a few 
degrees giving a lighter sensation. When it is pressed with 
maximum frequency, the servo rotates a full 180 degrees to 
provide a much harder sensation (Figure 13).

Facial Expression Detection:
This research could also assist patients with weak arm 

strength such as patients with Amyotrophic lateral sclerosis, 
stroke patients, etc. For such patients, a technology to control 
the robot with facial expressions, so that they do not have to 
use their hands, has also been developed. To serve this purpose, 
eyeglasses have been used to detect facial expressions. Infrared 
sensors, attached to the front part of the eyeglasses, detect the 
closing eyelid motion and send the signals to the servos, which 
then move the fingers of the robotic hand.

detailed description of the features, capabilities, and intended 
uses is provided in the following sections.

Tele-operation:
Tele-operation means operating a machine at a distance. 

This robot was tele-operated to make the robot copy users’ 
hand movements, which requires correct sensors to be used. 
Initially, flex sensors were used which were working nicely, 
but the cost and the durability were a concerning factor. With 
each sensor costing around $7, the project’s overall cost was 
too high. 

Instead,  the sensors were replaced  with self-made ones, 
as shown in (Figure 10). These sensors were made with card-
board, graphite, and some aluminum foil. These flex sensors 
were working well with the servo motors. However, the chal-
lenge was its consistency. The sensors stopped working after a 
month, which led to a search for sensors that could work with 
the servos. A variety of sensors were found that exists today, 
including Brainwave sensors.

One can control anything just with the power of your brain; 
the power that humans have always wanted has now been 
achieved by some great minds.⁵ Not only Brainwave but also 
the EMG sensors were pretty eye-catching. The only problem 
with these sensors is that they are exorbitantly priced. Hence, 
the reason these sensors were not used in this research.

Finally, it was observed that the infrared sensors were work-
ing well with the servos. They were coordinating perfectly with 
the servo motors. Not just that, but they were economically 
friendly too, about $1. So,  it was decided to go ahead with 
these sensors for this project. They were placed inside the con-
troller glove of the left hand under the fingers (Figure 11). 
After the sensor senses the motion of bending fingers, each 
servo attached to a robotic finger, rotates, and controls the 
mechanical fingers as it pulls and releases them (closing and 
opening of the fingers).

Sense of Touch:
Haptic technology, also known as kinaesthetic communica-

tion or 3D touch, refers to any technology that can create an 

Figure 10: Homemade flex sensors attached to the servos.

Figure 11: Controller glove with infrared sensors.

Figure 13: Pressure frequencies received by the force pressure sensor, which 
shows how the angle of servo increases, with the increase in pressure on the 
force pressure sensor.

Figure 9: The robotic arm. 

Figure 12: Force pressure sensor attached to the robotic hand.
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For this, now, when the user usually closed their eyes, the 
sensor doesn’t receive any signal. Still, when the user  inten-
tionally closes their eyes harder, the sensor senses the motion 
due to the harder blink and a slight movement of the eyeglass 
(due to the muscle movement), making the servos move to 
make the fingers bend. Infrared sensors placed on either side 
of the eyeglasses detect the motion of the user’s mouth to cause 
action in the robotic hand (Figure 14). So, with the movement 
of jaw and smile,  the user can rotate the wrist when  they move  
their jaw and bend the elbow of the robotic hand with a smile 
on their face which would be detected by the sensors. This is 
also an exciting way to bring a smile to the user’s face (Table 1).

Pneumatic Muscles:
The elbow movement can also be controlled by Pneumatic 

muscles (Mckibben muscles). Each muscle (5 g) can lift 350 
g, about 70 times its weight (Figure 15; Table 2). The muscle 
that this project includes is 20 cm long and at 2 bar pressure, 
contracts by 1/7th of its length (Figure 16).  According to the 
requirement,  several muscles can be used to hold on to extra 
weight by using them as actuators. These muscles are made 
with a latex tourniquet tube and a nylon mesh.

Aplication as a bionic or a rehabilitation device:
By wearing the robotic hand, the device can act as an assis-

tive rehab device, where the user needs to wear the controller 
glove on the same hand as the device (Figure 17). With a slight 
motion of the bending finger/fingers, the user can control the 
robotic hand. This device could also serve as an inexpensive 

Figure 14: Smart Eyeglasses.

Table 1: Commands for the Control of the Robotic Arm.

Figure 15: Smart Eyeglasses.

bionic hand. For this, the user needs to control the robotic arm 
with the other hand while he or she wears the device on the 
other (Figure 18).

�   Conclusion
In this research, an affordable robotic arm has been designed 

and developed. The mechanism used is an innovative and inex-
pensive version of robotic arms. Unlike high-end robotic arms 
that cost about $35,000, this project costs under $100. This 
research also shows  how a sense of touch to the robots (hap-
tic technology) can be added. The study demonstrates that by 
using different technologies through sensors,  the expensive 
technology can be replaced. However, further research needs 
to be done in the future to make it fully efficient and stable.

Table 2: Experimental parameters.

Figure 16: Length variations of pneumatic muscle in response to pressure. 
The graph shows how the muscle contracts and decreases in length with 
increase in pressure.

Figure 17: Application as a rehab assistant.

Figure 18: Application as a bionic arm.
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The Relationship Between Sleep and Cognitive and Physical 
Health   

Catherine S. Nemeskal, Jennifer Watrous, Lauren Raine, Charles Hillman
Danvers High School, 60 Cabot Street, Danvers, Massachusetts, 01923, USA; csnemeskal@gmail.com

ABSTRACT: The relationships between sleep and aerobic fitness, intelligence, and cognitive abilities in preadolescent children 
was investigated in this research. Data from 483 children who were 8 - 9 years old were used to conduct correlational analyses. 
One parent of each participant completed a questionnaire pertaining to the typical amount of sleep received by the child par-
ticipant. Each participant completed a maximal oxygen consumption test, a dual energy x-ray absorptiometry (DXA) scan, an 
Intelligence Test, achievement testing in reading, math, and spelling, and a modified flanker task to assess attentional inhibition. 
Greater amounts of sleep correlated with aerobic fitness (r=0.15, p≤0.001). Sleep correlated with body composition, measured 
via body mass index (BMI) (r=-0.15, p≤0.001) and visceral adipose tissue (VAT) (r=-0.12, p=0.02). Sleep also correlated with 
crystallized intelligence (r=0.18, p≤0.001) and fluid intelligence (r=0.16, p≤0.001), as well as performance on reading (r=0.17, 
p≤0.001) and math (r=0.16, p=0.01) achievement tests. Spelling did not correlate with sleep (r=0.09, p>0.05). Greater amounts of 
sleep correlated with congruent flanker task accuracy (r=0.11, p=0.03) and reaction time (r=0.13, p=0.01). Finally, sleep correlated 
with incongruent flanker task accuracy (r=0.16, p≤0.001) and reaction time (r=0.13, p=0.01). These findings indicate a beneficial 
relationship of sleep with physical and cognitive health in children.

KEYWORDS: Behavioral and Social Sciences; Cognitive Psychology; Intelligence; BMI; VO2 Max; Sleep; Attentional 
Inhibition.

�   Introduction
Human beings spend approximately one-third of their life-

time asleep. Many processes that are necessary for survival occur 
during sleep cycles: nerve cells communicate and build connec-
tions; the body repairs cells, tissues, and muscles; and hormones 
are produced throughout the body.¹ But how does the time 
we spend asleep impact the time we spend awake? Children, 
8 and 9 years old, are recommended to get 9-11 hours of sleep 
per night for adequate health and safety.² Adequate sleep is 
particularly important for children since insufficient sleep is 
associated with atypical physical and cognitive development.³ 
According to the National Sleep Foundation, sleeping for un-
der 7 hours or over 12 hours nightly can compromise health 
and development in preadolescent children and may lead to 
serious health problems.² There is growing evidence linking 
sleep and cardiometabolic risk factors in children, particular-
ly in terms of adiposity.⁴ Existing research suggests that more 
chronic sleep leads to a lower body mass index (BMI) in ad-
olescents, young adults, and older adults.⁵ While this research 
exists pertaining to sleep and its effects on BMI in adolescents 
and adults, little is known about the effects of sleep on BMI 
in preadolescent children. In addition, one study also suggests 
that sleep influences physical activity, such that unhealthy sleep 
patterns are related to lower levels of cardiorespiratory fitness.⁶ 
This may be because exercise has been shown to improve sleep 
architecture and sleep continuity in children.⁷ Furthermore, 
research suggests that increased sleep correlates with better ac-
ademic performance in adolescents.⁸ However, less is known 
about the effects of sleep on academic performance in pread-
olescents, as well as its effects on intelligence, both in terms 

of crystallized and fluid intelligence. Crystallized intelligence 
refers to the ability to acquire facts and knowledge. Fluid intel-
ligence refers to the ability to think critically and use reasoning 
to recognize patterns. Crystallized and fluid intelligence pres-
ent differently in children, as fluid intelligence increases until 
adolescence and then declines, whereas crystallized intelligence 
increases consistently.⁹ Additionally, research from the US 
Library of Medicine suggests that sleep deprivation impairs at-
tention and inhibition in adult males.¹⁰ Attentional inhibition 
refers to the ability to suppress irrelevant information in order 
to concentrate on more pertinent information in the environ-
ment. Little is known about the relationship between sleep and 
attentional inhibition in children. This investigation aimed to 
assess the relationship between chronic sleep and cognitive 
and physical health in preadolescent children ages 8 to 9 years. 
The hypothesis is that hours of sleep received per night will 
correlate positively with aerobic fitness levels, crystallized and 
fluid intelligence, and attentional inhibition abilities, as well as 
correlate negatively with BMI and fat mass (i.e., visceral adi-
pose tissue (VAT)).
�   Methods
A total of 483 children ages 8-9 years old were recruited to 

participate in this study, of which a subsample (n=401) was in-
cluded in this exploratory analysis. Demographic information 
can be found in Table 1.

To collect the necessary information to understand the 
relationships between sleep, fitness, BMI, intelligence, and 
cognition, a parent of each participant completed a basic 
questionnaire, which included one question pertaining to 
chronic sleep behavior: “How much sleep does your child 
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regularly?” Answers were given in multiple choice format, 
with options of “under 5,” “5-6,” “6-7,” “7-8,” 8-9,” “9-10”, 
and “more than 10.” For the purpose of this investigation, 
answers were rounded down, with the assumption that par-
ticipants tend to overestimate sleep to satisfy the researcher. 
For example, if the “8-9 hours of sleep” option was selected, 
the variable of “8” was utilized (see Figure 1). A limitation of 
the study was that the questionnaire’s multiple choice options 
did not go beyond “more than 10” hours of sleep per night, 
indicated with the variable of “10” on all figures. 

Aerobic fitness was measured using a maximal oxygen con-
sumption test (VO2 max, ml/kg/min).¹¹ Participants walked 
or ran on a treadmill at constant speed and incline increas-
ing until they reached volitional exhaustion. Cardiorespiratory 
fitness was measured as a VO₂peak.¹² Participants’ oxygen con-
sumption was measured using an indirect calorimetry system 
(ParvoMedics TrueMax 2400). Participants walked/ran at a 
constant speed on a treadmill with incline increases of 2.5 % 
every 2 minutes until volitional exhaustion. Participants wore a 
heart rate (HR) monitor throughout the test to calculate heart 
rate max. Ratings of perceived exertion (RPE) were assessed 
every 2 min using the children’s OMNI Scale.¹³,¹⁴ (3) respi-
ratory exchange ratio (RER ≥ 1.0),¹⁵ and/or (4) RPE ≥ 8.14 
VO2peak percentile (VO2peak%) was then determined based 
on the participants’ sex, age and relative score from norma-
tive data.¹⁶ Body composition was examined as BMI and 
VAT mass. BMI was calculated by dividing body mass (kg) 
by height (m) squared. Whole body and regional soft tissue 
were measured by dual energy x-ray absorptiometry (DXA) 
using a Hologic Discovery bone densitometer (software ver-
sion 12.7.3; Hologic, Bedford, MA). VAT was estimated by 
using an automated algorithm that models subcutaneous ab-
dominal adipose tissue (SAAT) at the fourth lumbar vertebra 
and subtracts it from the regional abdominal adipose tissue.¹⁷ 

See Drollette et al.¹⁸ for further details regarding fitness and 
body composition assessments. 

Intelligence IQ was measured using scores on the Wood-
cock-Johnson Tests of Cognitive Abilities¹⁹ or the Kaufman 
Brief Intelligence Test (KBIT),²⁰ both of which are IQ tests 
for children that include measures of crystallized and fluid in-
telligence. Each IQ test was standardized on the same scale 
(mean = 100 ± 15). Academic performance was measured 
using the Wide Range Achievement Testing (WRAT)²¹ or 
the Kaufman Tests of Educational Abilities (KTEA), which 
included math, reading, and spelling. Both the WRAT and 
KTEA were based on a standard score with a mean of 100 and 
a standard deviation of 15.

Attentional inhibition was measured in this study using a 
modified flanker task, which collected measures of reaction 
time and accuracy²² and was completed on a computer us-
ing a response pad. In the flanker task, an array of five fish 
appeared on a screen (see Figure 2), and the participant was 
asked to respond to the direction of the central (target) fish. 
For congruent trials, all five fish faced the same direction. For 
incongruent trials, the four outer fish (also referred to as flank-
ing fish) faced in the opposite direction of the central fish, 
requiring the participant to use attentional inhibition to gate 
out the flanking fish and respond correctly to the direction of 
the target fish. Each participant completed 150 trials of the 
flanker task in two blocks of 75 trials.

All statistical analyses were per-
formed with SPSS 25 (IBM, Armonk, 
New York) using a family-wise alpha 
threshold for all tests set at p=0.05. 
Pearson correlations assessed bivariate 
relationships between sleep and rele-
vant outcome measures.

�   Results and Discussion
As seen in Table 2, a strong correlation emerged between 

chronic sleep and aerobic fitness (i.e., relative VO2 max; 
r=0.15; p≤0.001; see Figure 3). In addition, there were neg-
ative correlations between chronic sleep and BMI (r=-0.15; 
p≤0.001; see Figure 4), as well as VAT (r=-0.12; p=0.02; see 
Figure 5).

Table 1: Participant Demographics. 

Figure 2: Example of congruent and incongruent flanker task trials. 

Figure 1: Average hours of sleep per night depicting the participants’ 
responses to the question “How much sleep does your child get regularly?” 
The majority of participants indicate receiving 8-10 hours of sleep per night 
regularly. 

Table 2: Pearson Correlation Value Comparison of Measures with Chronic 
Sleep: As shown, nearly all relationships between sleep and cognitive and 
physical health measures were significant at the alpha threshold for all tests 
set at p=0.05. 
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Finally, children who received more chronic sleep performed 
better on the flanker task. Congruent flanker trials correlat-
ed with chronic sleep, for both accuracy (r=0.11; p=0.03; see 
Figure 10), and reaction time (r=0.13; p=0.01; see Figure 11). 
Incongruent trials also correlated with sleep, for both accuracy 
(r=0.16; p≤0.001; see Figure 12), and reaction time (r=0.13; 
p=0.01; see Figure 13).

Relative to the intelligence measures (see Figure 6), chronic 
sleep correlated with crystallized intelligence scores (r=0.18; 
p≤0.001). Fluid intelligence scores also correlated with chronic 
sleep (r=0.16; p≤0.001). Crystallized intelligence has a stron-
ger correlation with chronic sleep, relative to fluid intelligence. 
For academic achievement, both reading (r=0.17; p≤0.001; see 
Figure 7), and math (r=0.12; p=0.01; see Figure 8), correlat-
ed with chronic sleep, while spelling was unrelated (r=0.09; 
p>0.05; see Figure 9).

Figure 3: As shown, there is a positive correlation between average hours 
of sleep per night and VO₂ max performance, indicating a beneficial 
relationship between chronic sleep and aerobic fitness. 

Figure 4: As shown, there is a negative correlation between average hours 
of sleep per night and BMI, indicating a beneficial relationship between 
chronic sleep and body composition. 

Figure 5: As shown, there is a negative correlation between average hours 
of sleep per night and VAT mass, indicating a beneficial relationship between 
chronic sleep and reduced fat mass. 

Figure 6: As shown, there is a positive correlation between average hours of 
sleep per night and IQ, indicating a beneficial relationship between chronic 
sleep and cognition.

Figure 7: As shown, there is a positive correlation between average hours 
of sleep per night and reading scores, indicating a beneficial relationship 
between chronic sleep and academic achievement. 

Figure 8: As shown, there is a positive correlation between average hours of 
sleep per night and math scores, indicating a beneficial relationship between 
chronic sleep and academic achievement. 

Figure 9: There is no significant correlation between average hours of sleep 
per night and spelling scores on an academic achievement test. 

Figure 10: As shown, there is a positive correlation between average hours 
of sleep per night and accuracy on the congruent flanker task, indicating a 
beneficial relationship between chronic sleep and cognition.

Figure 11: As shown, there is a positive correlation between average hours 
of sleep per night and reaction time on the congruent flanker task, indicating 
a beneficial relationship between chronic sleep and cognition.
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The findings demonstrate that chronically adequate amounts 
of sleep have a positive correlation with physical fitness, body 
composition, intelligence, and cognitive ability. As for physical 
fitness, adequate amounts of sleep correlated positively with 
higher levels of fitness, as demonstrated via correlations with 
higher VO₂ max values. In addition, findings from our study 
highlight that chronic amounts of sleep correlated with mea-
sures of body composition, as demonstrated via correlations 
with low BMI, and low VAT mass. 

Chronically healthy amounts of sleep correlate positively 
with crystallized and fluid intelligence, as well as performance 
on reading and math achievement tests. This suggests that 
chronic sleep may be beneficial for learning abilities as well 
as innate intelligence. In contrast, spelling was not correlated 
with sleep.

A relationship between chronic sleep and attentional inhibi-
tion are seen clearly in both congruent and incongruent trials 
of the flanker task. The correlation between sleep and perfor-
mance is especially prevalent in the incongruent trials. The 
incongruent trials are those that require greater amounts of 
attentional inhibition, as the participant must actively inhibit 
the flanking stimuli to focus on the central (target) stimulus. 
The participants who slept more on a regular basis performed 
better on the most difficult trials. Taken together, these find-
ings suggest that with more sleep, children may be utilizing a 
strategy whereby they de-emphasize their reaction time in an 
effort to produce more accurate responses.

Almost all correlations show a steady increase in perfor-
mance from 4.9 hours of sleep to peak performance at about 
8 or 9 hours of sleep per night. Thus, the data suggests that 
8-9 hours of sleep may be optimal for cognitive and physical 
performance. There are a few potential causes for this observed 
trend, one of which being that the sample used in this study 
did not contain many participants getting 10 or more hours of 
sleep per night. A second limitation of the study was that on 

the questionnaire used for data collection, the greatest possi-
ble amount of sleep that participants could indicate was “>10 
hours of sleep per night.” Participants who provided this an-
swer could be achieving any amount beyond 10 hours of sleep 
per night, including into the oversleeping range. The Nation-
al Sleep Foundation identifies oversleeping as more than 12 
hours of sleep per night for children ages 6-13 years, therefore 
some members of the “>10 hours of sleep per night” group 
could be in this category of oversleeping.²³ Oversleeping is 
implicated in type II diabetes, obesity, and depression, among 
other diseases and disorders.²⁴ These external factors could be 
related to their decline in cognitive and physical performance.

Existing research suggests that sleep plays a positive role 
in the cognitive development and physical growth of infants 
and children.²⁵ These findings replicate and extend findings 
from a recent meta-analysis and systematic review that found 
a significant relationship between objectively measured sleep 
and cognitive function, particularly for verbal IQ.²⁶ Addition-
ally, existing studies on sleep duration and consistent chronic 
sleep suggest that more sleep leads to better cognitive perfor-
mance.²⁷ These conclusions, in conjunction with our findings, 
suggest that the benefits of sleep are seen in various popula-
tions and can be repeated in future studies.

Based on these correlations, there is evidence that sleep is 
beneficial for preadolescent children in terms of both cogni-
tive and physical health. Children who slept more on a regular 
basis consistently performed better on academic and cognitive 
tasks and demonstrated a higher level of physical and aerobic 
fitness than those who received fewer hours of sleep. This sug-
gests that sleep should be prioritized in childhood to improve 
cognitive and physical health.

The mechanisms linking sleep to physical and cognitive 
health in children are poorly understood and still being investi-
gated. However, most data links sleep restriction to an increase 
in energy intake, which may increase the risk of obesity.⁴ In 
terms of cognition, sleep has been shown to beneficially impact 
memory consolidation and learning.²⁸ Longer sleep duration 
is associated with larger volume in various brain regions such 
as the prefrontal cortex, which is also important for cognitive 
function. Specifically, sleep has been shown to mediate the re-
lationship between brain structure and cognition.²⁹
�   Conclusion
In conclusion, consistently healthy amounts of sleep have a 

beneficial relationship with physical (i.e., aerobic fitness, body 
composition) and cognitive (i.e., intelligence, attentional in-
hibition, and academic performance) health. Future research 
should extend these results using additional, more sophisticat-
ed assessments of sleep behaviors (including sleep beyond 10 
hours a night), such as accelerometers, with these physical and 
cognitive health outcomes. Regardless, these findings provide 
evidence to support sleep as a predictor of childhood health 
and scholastic performance.
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Figure 12: As shown, there is a positive correlation between average hours 
of sleep per night and accuracy on the incongruent flanker task, indicating a 
beneficial relationship between chronic sleep and cognition.

Figure 13: As shown, there is a positive correlation between average 
hours of sleep per night and reaction time on the incongruent flanker task, 
indicating a beneficial relationship between chronic sleep and cognition.
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ABSTRACT: It remains undisputed in the current star formation paradigm that the structure and evolution of a star are 
primarily dependent on its mass. The initial mass function (IMF), the probability distribution function of stellar masses at birth, 
is consequently a vital function to stellar astrophysics. Since its creation in 1955 by Edwin Salpeter, the IMF has undergone much 
study and modification, but a definite understanding of the origin and form of the stellar IMF remains elusive. This review will 
consider the contributions of a multitude of astrophysicists to the study of the IMF in a comprehensive overview and pose several 
avenues for future research.  
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�   Introduction
Stars have long fascinated humans on Earth. Luminous 

spheroids of plasma formed from vast clouds of cosmic dust 
and gas, they captivate us as they shine high on the celestial 
sphere. We have gone a long way since the first study of stars 
by Galileo Galilei in 1610, using ever-developing technologies 
and challenging ourselves to advance the cogent components 
of theories for star formation—the most integral of which, 
arguably, is the initial mass function. Stars of varying masses 
form from interstellar gas and dust, and it is necessary to inter-
pret these masses to understand the characteristics of foreign 
galaxies. 

The IMF, which is based on the initial mass of a star, is a 
probability distribution which can be used to describe the dis-
tribution of stellar masses at birth. The distribution function, 
fit to a histogram indicating the frequency of stars for mass 
intervals ranging from m to m+∆m, is an operational construct 
defined as either a power law (also known as the Pareto distri-
bution) or a log-normal distribution, the two top contenders 
for a best-fitting function. Each function has vastly different 
implications; a power law distributes masses such that any dis-
tribution from a given sample will be the same regardless of 
the size of its progenitor cloud. Contrastingly, the log-normal 
form is a result of multiplicative processes and implies that 
several factors contribute to the outcome.¹ As evident from 
the conclusions drawn intrinsically by each form, the IMF re-
veals information about the star formation rate of the universe 
(SFR) and the physical processes which cause star formation 
and result in a variety of stellar properties by designating the 
fraction of stars at different masses.² Beyond just measuring 
star counts and suggesting properties, the IMF is also useful in 
inferring galaxy characteristics and is often taken into consid-
eration for star formation modeling.³

Past reviews of the IMF and the functional forms that define 
it cover in great depth its importance and the general course of 
development, but these reviews are often quite complex by na-
ture. This review aims to discuss the significance and evolution 

of the IMF in a clear and succinct manner to highlight its in-
fluence in the field of astrophysics. Furthermore, complications 
with current methods of inferring and representing the IMF 
and future directions will be established.
�   Discussion
Salpeter and The First IMF :
Since its founding by Austrian astrophysicist Edwin Sal-

peter, the initial mass function has established itself as a vital 
component of modern astrophysics. The stellar IMF is closely 
tied to the star formation rate (SFR), and both are necessary 
for studies of observed properties and chemical abundances 
of foreign galaxies. Colors and spectra of groups of stars pri-
marily depend on the SFR and stellar IMF, which are used to 
interpret various properties based on mass. The publication 
of Salpeter's 1955 paper, The Luminosity Function and Stel-
lar Evolution, gave the definition of the first stellar IMF of 
the canonical shape ξ(m)=dN ⁄ dm), with dN representing the 
number of locally formed stars with masses ranging from m to 
m+∆m. The Salpeter IMF is also represented as ξ(log m)≈A(m 
⁄ M0)-x, a relation with a suggested index of x = 1.35, limited 
to the solar neighborhood where ξ(m) is a smooth function of 
the input m. Salpeter’s IMF described the mass distribution 
for a population of stars of masses between 0.4 and 10 solar 
masses at birth on the main sequence, but grew uncertain as 
inputs fell below one solar mass as it is difficult to detect the 
dim, overlapping population of low-mass stars. As observa-
tional equipment and techniques improved, the Salpeter IMF 
was eventually considered to flatten below one solar mass.⁴ 
Similarly, massive stars are impossible to fully account for in 
any observationally determined IMF due to their short life-
times.

Due to the natural phenomenon of stars moving from the 
main sequence and becoming red giants and eventually white 
dwarfs, black holes, and neutron stars as they reach the end 
of their lifetimes, they must be drawn back to their original 
positions on the main sequence to infer the IMF. The IMF 
is a restricted version of a distribution of present-day masses 
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of stars (the Present-Day Mass Function or PDMF) based 
on the Luminosity Function, determined by the parameter-
ized luminosity-mass relation L=Mx where x ranges from 1 
to 6 and is commonly 3.5 for main-sequence stars. By us-
ing the PDMF as a basis for IMF development, only minor 
constraints must be made to develop the related function for 
initial mass.

Essentially, the IMF is represented by a mass distribution 
of stars in a selected area and time, created by designating 
mass ranges to a continuous set of histogram bins (Figure 
1). A time interval can be designated for the purpose of un-
derstanding the birth of a sample of stars or for a region over 
its lifetime. This distribution can signify multiple import-
ant properties based on an inference of characteristics due 
to mass, including the luminosities and lifetimes of stars as 
well as the contingent energy feedback due to supernovae, 
which can assist researchers in forming a general picture of 
the region being studied. When graphed, the power law form 
of the IMF is commonly placed upon log-log axes such that 
the intrinsic curve is eliminated, and the function has a linear 
shape despite its exponential nature on normalized axes.

The Development of the gIMF and cIMF by Integration of 
IMFs :

Just as star formation exists on scales both small and large, 
IMFs exist for every range of star forming regions. The gal-
axy-wide IMF (gIMF) is the summation of IMFs over a 
galaxy, synonymous with the probability distribution function 
over said galaxy. In the integrated galaxy theory (IGIMF) 
theory developed by Pavel Kroupa, the gIMF is calculated by 
integration over all clusters formed over an epoch of 10 Myr 
within the galaxy in which the gIMF is applicable. 

As mentioned above, but discussed in more depth pres-
ently, the shape of the gIMF does not necessarily match the 
shape of the IMF because low-mass embedded star clusters 
are implied not to have massive stars.⁵ Specifically, it is in-
sinuated that the gIMF has a steep exponent greater than 
or equal to 2.8 and does not follow the Salpeter power-law.⁶ 
The gIMF, however, is similar to the IMF in a galaxy with a 
star formation rate of approximately one solar mass per year 
and solar metallicity. The gIMF proposed by the IGIMF 
varies with the star formation rate and metallicity of its gal-
axy because, on a smaller scale, the IMF varies among stars 
formed from their progenitor molecular clouds. Recently, an 

Figure 1: A histogram IMF for 10⁶ stars, with thick and thin dotted 
indicators for two versions of 10³ star plots. Vertical dotted lines indicate 
masses where the power law exponent changes, suggesting variation. From 
Kroupa, 2001.¹²  

important forward step has been taken in the study of the 
gIMF—the recently developed Python module, GalIMF, 
is able to calculate the gIMF following the IGIMF theory 
based on the galaxy-wide star formation rate and metallicity. 
By synthesizing stellar populations for galaxies, the GalIMF 
module drives the construction of galactic star formation his-
tory empirically.⁷ 

The cosmic IMF (cIMF, not to be confused with the 
CIMF, the IMF for star clusters) is similarly the integration 
of all smaller-scale IMFs. Presently, no definite procedure 
exists to define the cIMF in entirety, but it is implied that 
star populations within galaxies must be self-consistent to 
obtain a cIMF.⁸ This is simply due to the problematic nature 
of widespread variation if it is confirmed to exist (Figure 2).

Inferring the IMF :
The IMF cannot be entirely derived from observations nor 

is it a singular equation; rather, it is purely a statistical function 
which varies based on mass input. Therefore, it is an opera-
tional construct to characterize galaxies and star formation. 
In actuality, the clusters necessary for a complete observation 
of the IMF are either too distant or not massive enough to 
be observed, with ejections and supernovae further compli-
cating full-scale inferences.⁹ The output varies based on the 
inferring method used and the characteristics of the region to 
which it is applied as well as error in measurement. Galaxies 
forming stars at a rate higher than average tend to have an 
abundance of massive stars, indicated by a peak further to the 
right on the x-axis of an IMF histogram.¹⁰ Oppositely, pas-
sive galaxies which tend to have excess low-mass stars have a 
peak further to the left on the x-axis.¹¹ Many ways to infer 
the IMF exist, all of which have differing methodologies and 
useful applications. The most essential of these methods will 
be discussed presently.

The photometric approach determines an IMF through 
broadband photometry, deriving masses from the mass-lu-
minosity relationship of stars. This method, while popular for 
usage for individual stars and systems, is uncertain for mas-
sive stars.

Figure 2: A diagram of regions with theoretically calculable IMFs ranging 
from the smallest scale (stellar) to the largest (cosmic). Variation within the 
stellar IMF will affect the universality of the gIMF and, consequently, the 
same will occur from the gIMF to the cIMF. From Hopkins, 2020.4 
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The spectroscopic approach, a solution to achieving higher 
accuracy for massive stars, places coordinates on a Hertz-
sprung-Russell diagram for an x-axis of temperature and 
spectral class and a y-axis of luminosity, often measured 
in Kelvin and solar luminosities respectively. An IMF can 
be inferred through analyzing the dependence of a star’s 
evolutionary properties and therefore stage on the Hertz-
sprung-Russell diagram on its initial mass.

The integrated light approach infers an IMF and SFR 
from the strength of Hα lines, the brightest emission lines 
in the visible range, and several colors which determine the 
characteristics of the region being studied.¹²

The chemical abundance approach focuses on the out-
come of supernovae, which enriches the stellar populations 
influenced by said supernovae and can be used to trace IMFs 
based on metallicity.¹³

Notably, inferring the IMF for a star cluster is far easier 
than for field stars due to the nature of stars being born in 
one cluster at the same time, causing a simpler process of con-
structing a histogram from their masses at birth.

The Continuous Development of the Salpeter IMF and its 
Universality:

Whether the IMF is universal or variable has persisted 
as an essential question for astrophysicists. To better under-
stand the universality of the IMF, various researchers have 
investigated alternate methods to develop the function. Such 
efforts included the study of stellar nucleosynthesis and the 
resulting chemical evolution and UV luminosities which are 
now more routinely used to trace the intermediate-mass stel-
lar population.¹⁴ In a relatively recent development, the most 
successful of these alternate methods is gleaned from gravita-
tional lensing, which led to the creation of the IMF mismatch 
α≡ MLDEin ⁄ MSPSEin , the ratio of stellar mass determined by 
gravitational lensing to that determined by stellar population 
synthesis models. This ratio agreed with the Salpeter IMF in 
a reinforcement of its validity.¹⁵ A key result of the applica-
tion of gravitational lensing to the IMF is the implication 
that the IMF mismatch increases with the velocity dispersion 
of a galaxy and implies a non-universal IMF. 

Additionally, and also in support of a variable IMF, the ap-
plication of parameter correction from systematic bias led to 
discovery of some variation which suggested that the IMF 
was radically different among the ancient star population.¹⁶ 
And, as an integration of varying IMFs, the Milky Way 
gIMF implies both spatial and temporal variability. On the 
strength of these studies, researchers are presently advocat-
ing for a non-universal IMF and, consequently, gIMF as the 
basis for further studies. This is a step in the direction of a 
substantial paradigm shift, as the IMF has previously been 
considered to be universal.

The validity of the Salpeter IMF has also been consid-
ered by astrophysicists, as the field of stellar astrophysics has 
grown vastly since its proposal. For instance, Salpeter’s sug-
gestion for the usage of the index 1.35 was disputed due to 
the fact that the Salpeter IMF was based on the accepted 
Galaxy disk age at the time, 6 Gyr, which we now know to be 
approximately 12 Gyr. The index was corrected and instead 

suggested to be 1.05.¹⁷ This correction was itself disputed for 
stars larger than eight solar masses due to a prior observation-
al effort using spectroscopy where 1.35 was determined to be 
the correct value for massive stars.¹⁸ Presently, the usage of a 
log-normal functional form and (more commonly) a param-
eter-based power-law offer irrefutably more accurate IMFs.

Contemporary Log-Normal and Power-Law IMF Forms:
The result of the many aforementioned developments is the 

surfacing of major advances in understanding and developing 
new forms of the IMF (Figure 3). During a period where the 
IMF was considered log-normal-like, the following function 
form was created by Glenn Miller and John Scalo.¹⁹

Gilles Chabrier introduced another log-normal form 
which is modifiable with variable parameters applied to both 
individual stars and systems with masses less than one. Chab-
rier also restated the power-law form for masses greater than 
one.²⁰ The variables a, b, and c are used in this review for 
convenience. This form offered the first jump from Salpeter’s 
original smooth function to a variable IMF.

For individual stars, a = 0.158, b = 0.08, and c = 0.69. For 
binary and multiple systems, a = 0.086, b = 0.22, and c = 0.57.

Also intrinsic are Pavel Kroupa’s piecewise parameters for 
mass ranges for the broken power-law form of the Salpeter 
IMF for the range m to m+∆m.²¹, ²² Prior to the introduction 
of this piecewise form, the IMF was a subject of much debate 
as the topic of universality versus variability grew in popularity. 
As evidence for variation emerged from improved methods of 
inferring the IMF, the need for more accurate parameters grew 
until the following were developed.

These parameters offer the most accurate way of empirically 
estimating the power-law IMF; therefore, the Kroupa IMF is 
considered to be the standard modern function. Exponents are 
fairly uncertain at less than 0.5 solar masses. Kroupa’s IMF is 
accepted because it is statistically corrected for systems too far 
to detect through spectroscopy and too close to be resolved. 
Prior IMFs which did not account for these errors typically 
overestimated masses of stars and therefore underestimated 
their densities. The IMF, previously assumed to be an invari-
ant probability density function, is not commonly known as a 
parameterized distribution to which Kroupa’s power law ap-
plies.²³
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�   Conclusion
Today, the contributions of astrophysicists past and present 

leave a substantial variety of developments in IMF research, 
but there are also many unfilled gaps in the current paradigm. 
The creation of various forms has offered a diverse number of 
options for stellar astrophysicists, and growth in the usage of 
modules and data analysis code bodes well for future studies of 
the IMF. However, ambiguity is commonplace amongst histo-
grams developed using varying methods for different sample 
sizes and regions, with upper bins often being dropped for low 
sample sizes, clearly indicating the incompleteness of census 
data available. As the IMF increasingly shows signs of being 
variable through census data, it is imperative to leave behind 
tendencies towards universality and consider parameterized 
forms and additional distributions.

The upcoming launch of the James Webb Space Telescope 
offers an incredible opportunity to further investigate star 
formation by exploring high-redshift systems forming stars, 
much like the Gaia photometry and parallax mission cataloged 
census data for over one billion stars in an unprecedentedly 
complete survey.²⁴ Astrophysicists are hopeful that the infor-
mation acquired from such a study will offer constraints to 
the variation of the IMF as well as investigations into its uni-
versality.²⁵ A heightened understanding of turbulence and the 
structure of stars will also provide opportunities to advance the 
development of the IMF and other frontiers of stellar astro-
physics.²⁶, ²⁷
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A Study of The Effect Of Understorey Foliage Density On Bat 
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Juliet I. M. Russell
Shrewsbury School, The Schools, Shrewsbury, Shropshire, SY3 7AT, England; jetty2001@icloud.com

ABSTRACT: This paper aims to look at the effect of understorey foliage density on bat populations, understanding of which 
may be crucial for conservation of the some 1,400 bat species around the world.¹ With risks posed to their habitats, such as log-
ging and forest clearing,² understanding their interaction with forest foliage may be vital in protecting these species, as nesting 
sites and food sources are increasingly threatened by human activity.³ Although this study has not been able to show any signif-
icant relationship between foliage density and bat abundance, due to lack of data, the use of diversity indices and contingency 
tables suggests that certain bat species may rely on the presence of particular tree species for roosts and/or food sources.  Across 
two unlogged sites, understorey mist nets were used to catch a total of 221 bats over a two-week period and ‘touchpole’ data was 
used as a proxy for foliage density. The results of this study, although inconclusive, suggest that the removal of understorey on bat 
populations may be greater than previously thought given that bat species dependence on certain tree species is perhaps indicated 
in this study.
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�   Introduction
The Guyana Shield is an area of 270 million hectares of 

rainforest, spanning multiple South American countries. It is 
believed to be home to 148 species of bat;⁴ only a tiny pro-
portion of over 3,000 vertebrate species⁵ believed to be found 
in the forest. Not only home to more common species, it of-
fers habitat for numerous endemic species of both plants and 
animals and, for this reason, the Shield has become a popular 
region for conservation studies and projects. Operation Walla-
cea⁶ runs biodiversity and conservation management research 
expeditions across the world, recording changes in biodiversity 
and collecting data on a range of different species.

The author took part in a 2019 trip to the Guyana Shield 
with Operation Wallacea. The aim of this trip was to study 
and record the different levels of general biodiversity at two 
sites. These sites were sufficiently far apart (c.4hrs by bus) for 
their bat populations (the focus of this study) to be viewed as 
separate and distinct, with approximately the same level of 
human disturbance: no logging, sustainable or otherwise, was 
being carried out near either location. The data collected on the 
bat populations and vegetation has been used in this study to 
see if there is a correlation between forest understorey foliage 
density and bat abundance (and diversity). The hypothesis for 
this study: as density of understorey foliage increases, bat abun-
dance will decrease. In addition, as foliage becomes denser, a 
different diversity of species may be found, with species adapt-
ed to cluttered forest environments found in greater numbers 
in areas of denser foliage. Bats are constrained by their wing 
morphology and echolocation call structure to certain types 
of habitat;⁷ some guilds of bat are adapted for flight in open 
areas, with long narrow wings, whereas others with short, 
broad wings are adapted to the more tightly packed foliage of 

a denser understorey. As density of foliage increases, so does 
the number of obstacles in a bat’s flight path and, although it 
has been shown that their echolocation systems are so accurate 
that they can avoid obstacles the width of telephone wires,⁸ the 
more obstacles present, the greater the chance of a potential-
ly damaging/life threatening collision. Additionally, the more 
foliage, the more changes of direction are required, inevitably 
slowing a bat down, leading to a potential loss of prey. 

For other animals such as birds, higher density understorey 
foliage may be beneficial since, although it slows them down, 
it also provides increased protection from predators, of which 
many are larger birds, which may struggle to pursue them 
through denser foliage. The thicker understorey also provides 
a protective layer through which it becomes harder for pred-
ators to see them from above and for many birds such as the 
humming birds and nectar feeders, the risks of predation, when 
they are relatively stationary whilst at a flower for example, 
might outweigh the benefits of a clearer flight path. However, 
for some species of bat, the risk of not finding food is just as 
dangerous as that of predation; for example, species of vampire 
bat, such as Desmodus rotundus, need to feed at least once every 
48 hours or so, or they cannot survive.⁸ Due to their nocturnal 
habits, predation may be expected to be relatively low in com-
parison to that of small birds, as predators which rely on sight 
to catch their prey are limited by the low light intensity.  There-
fore, the most dangerous times for bats tend to be when they 
leave their roosts at dusk; a time when they are visible to all 
possible predators. At this point, perhaps a denser understorey 
may be beneficial, but after that point it may not. Dense foliage 
will act as an obstruction to echolocating of prey. If an insect is 
obscured by a leaf, the bat’s high frequency, short wavelength 
emissions of sound would not detect it. The waves of sound 
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would bounce back to the bat off the leaf, not reaching the 
insect and the bat would not, therefore, necessarily be aware of 
its presence. Bats may suffer from ‘clutter’ echoes.⁹

The density of foliage may have different effects on bats de-
pending on species and on what a particular area is used for by 
the bats (e.g. roosting or feeding). Bats aim to be as efficient as 
possible in all flying that they do and in order to conserve en-
ergy they need to come to a compromise on speed.⁸ As speed 
increases, two power inputs increase, but one decreases, and 
so optimum speeds can differ for different activities. When a 
bat is making a migratory or long flight, they want to fly fast 
to spend as little time in the air as possible. For this, they will 
want a clearer flight path without obstructions and deviations.  
Similarly, when flying from a roost to a foraging site, bats want 
to get there fast.  If they are too late, they might miss the peak 
time for insects and lose possible foraging time or be in reach 
of predators for longer. Again, in this instance they might want 
a clear path to waste less feeding time. However, when feeding, 
a bat will want to maximise the time for which they can stay 
out foraging so therefore speed will most probably decrease.  
Increased density may then be less of a problem as bats will 
be swerving and diving to catch insects or find other food. In-
creased foliage density may also offer more places to find food.  
But, if too dense, foliage will still hinder a bat’s progress and 
affect its echolocation. Therefore, a slightly sparser area of for-
est might be preferable.
�   Results and Discussion
Bat Data:
Data collected showed absolute number, different species 

and locations of bats (see Table 1).  The data indicates that the 
number of bats caught across the two locations did not differ 
hugely, but that the species diversity and species ratios were 
significantly different between Turtle Mountain and Rock 
Landing. 
Table 1: Number of bats captured. 

Table 2: Bat species data – Turtle Mountain. 

Table 3: Bat species data – Rock Landing. 

Table 4: Total bat numbers at each location over 5 nights. 
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than in Turtle Mountain (H = 2.561), just as it was with the 
bats. 

b) Mann-Whitney U Test:
Using data from Table 7;
The outcome for U1 = 88.5, and for U2 = 43.5.
The lower of the two U values was then compared to the 

critical value, at p = 0.05, for sample sizes of 11 and 12.  The 
relevant critical value in this instance is 33; this is exceeded 
by the lowest U value of 43.5 and therefore null hypothesis 
is accepted.  This means that there is no significant difference 
between the understorey foliage density at the Turtle Moun-
tain and Rock Landing sites.  This suggests that the difference 
between bat diversities should, therefore, be due to another 
factor.
�   Discussion
Bats:
The statistical tests on the bat data show that there were 

differences between the bat assemblages in the two locations.  
Whilst Turtle Mountain may have had more bats caught over 
the time the author was there (although the nets were also 
open for marginally longer due to bad weather conditions at 
Rock Landing), there were fewer different species than were 
found at Rock Landing.  The diversity indices demonstrate 
that the two locations are home to not only different species, 
but different numbers of species.

Whilst the chi-squared test does not indicate the number 
of bats found in an area, it does demonstrate that the popu-
lations are, in some way, dependent on their location.¹⁰ This 
test could not consider all the data due to low numbers of 
certain species, but it may nevertheless be representative of 
the whole sample. Unfortunately, it cannot indicate any cor-
relation between understorey foliage density and numbers or 
species of bats.

Forestry:
Whilst this cannot be statistically shown with only two sets 

of data, it can be seen that where there is increased tree di-
versity there is also higher bat diversity and from this it can 
be inferred that there may be a positive correlation between 
the two factors.  This may be down to chance given the lack 

Shannon-Weaver Index of Diversity:
Using the data shown in Table 4, the Shannon-Weaver In-

dex of Diversity has been calculated for each location.
Based on the Shannon index, Rock Landing had a markedly 

higher bat diversity (H = 2.528) than Turtle Mountain (H = 
1.465). 

Simpson’s Index of Diversity:
Also using the data shown in Table 4, the Simpson’s Index 

has been calculated for Turtle Mountain and Rock Lading.
This index produces results between 0 (no diversity: no spe-

cies) and 1 (infinite diversity: many species all with similar/the 
same relative abundance) 

Based on the Simpson’s index, Rock Landing has a higher 
bat diversity (D = 0.90) than Turtle Mountain (D = 0.60).

Chi-Squared Test:
Both values exceed the critical value of 7.81 for p = 0.05 and 

of 11.34 for p = 0.01 at 3 degrees of freedom.  Therefore the 
null hypothesis can be confidently rejected; that bat species are 
independent of their location as there is less than 1% chance 
that the difference is down to chance. They are, it seems, de-
pendent, which will be discussed later in the conclusion.

Forestry Data:
a) Shannon-Weaver
Using the data from Table 6; Based on the Shannon index 

the diversity of trees was higher in Rock Landing (H = 3.368) 

Table 5: Tree species recorded in each location.

Table 6: Touchpole measurements.
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of sufficient data to form a proper correlation, but it may also 
be related to niche availability: with a higher tree diversity 
there is likely to be a wider range of food available to different 
bat species, opening up more niches for them to fill. A wider 
range of trees offers a wider range of habitats and food sourc-
es to support more different bat species; this might be down 
to the fruits growing on trees or the insects living in them or 
the roosts available. The data indicates that different species 
of bats prefer habitats containing certain tree species. In the 
Turtle Mountain area, 86 Trysel trees were recorded whilst 
none were found at Rock Landing and 72 Artibeus planirostris 
were found at the former and only 20 at the latter. Whilst the 
data is not sufficient to indicate this statistically, it appears 
that there may be a correlation between certain tree species 
and a particular species of bat, either due to roosting or feed-
ing preferences.

The touch pole data did not provide any significant results, 
with the median values for the data sets from the two sites 
being fairly similar. More data is required to assess a possible 
correlation between the bat and forestry data.
�   Conclusion
Unfortunately, due to lack of data, it has not been possible 

to show any significant link between understorey foliage den-
sity and bat population numbers, as, on analysis, although the 
bat populations and species distribution vary between the two 
locations, “Turtle Mountain” and “Rock Landing” appear to 
have similar understorey foliage density, suggesting that this is 
not the influencing factor in the differences seen between the 
bat populations. It suggests that other factors are determining 
bat numbers and species’ occurrence. The two areas differed in 
altitude, tree species diversity and slope gradient, all of which 
could affect the numbers and species of bats found in each 
area. The data does seem to support a link between tree species 
diversity and bat diversity.

In addition to not having collected enough data whilst out 
in Guyana, the data collection was not set up with this hy-
pothesis in mind.  The main aim of Operation Wallacea is to 
collect data for conservation purposes – to record how indi-
viduals and populations of animal and plant species across the 
Guyana Shield are surviving and changing from year to year.  
In order to obtain data suited to this hypothesis, at least one 
more site (and preferably many more) would have to have been 
visited, collecting forestry and bat data in order to confirm a 
correlation.  

Problems also occurred with the method of capture.  Mist 
nets need to be very fine so that bats do not detect them.  As 
a result, they are likely to fly straight into the nets.  But, be-
cause of this, the nets are also very prone to tearing if snagged 
or bitten.  Therefore, holes would often be left in the nets if a 
stick or insect were removed from the nets without enough 
care or, more frequently, if a bat chewed their way out.  This 
not only allows for the captured bats to escape without being 
recorded, but also for other bats to fly through the holes which 
had been made. Although both sets of data were recorded at 
similar times of year (both at the end of the rainy season), they 
were a week apart.  Ideally, the data would have been collected 
during the same week in both locations to minimise the num-

ber of uncontrolled variables. Aiming to minimise the number 
of variables in data collection, or to record any discrepancies 
between the two sites, humidity, air temperature and wind 
speed, for example, all could have been recorded.

As has been seen above, to make any conclusions as to the 
effect that understorey foliage density would have on bat pop-
ulations in these two areas it turns out that at least one further 
data set (and preferably more) is needed to test reliably for a 
negative or positive correlation between the two. This would 
allow a Spearman’s Rank test then to be carried out but, as it 
is, a connection between the forestry and bat data is difficult to 
make. It can be seen where possible trends may arise, like with 
bat and tree species diversity, but without more data it cannot 
be certain although other authors have suggested that there is 
indeed a correlation.⁹

To get a better idea of the entire bat assemblage of each lo-
cation, ideally taller nets, and a method of extracting bats from 
higher up in those nets, would have been used.  This would 
provide data not only on the low flying, smaller, understorey 
feeders, but also the often-larger canopy feeders that tend to be 
found flying higher than the nets used.  The collection was of 
data on only a fraction of the bats known to be present in the 
rainforests across Guyana.

If nets were checked more frequently, the likelihood of bats 
having time to chew their way out of the net would be smaller 
and therefore fewer holes would be made and so fewer bats 
missed.

Carrying out this project has made evident that it would be 
interesting to look further into the relationship between tree 
diversity and bat diversity. This study has shown that there may 
well be a connection and it would make sense for there to be 
correlation. It would be particularly interesting to look more 
closely at individual species preferences, like that possibly 
shown by Artibeus planirostris. Additionally, investigating the 
effect of sustainable logging on bat populations in surround-
ing areas could be very informative. One of the sites in the 
Iwokrama reserve, that unfortunately was not part of this data 
collection, is an area involved in sustainable logging. The effect 
of loss of potential food sources and roosting sites could be 
huge on the bat populations and since bats are such good in-
dicators and maintainers of ecosystem health, on biodiversity 
generally; they distribute seeds and keep insect numbers down 
but are highly susceptible to changes in their environment.¹¹
�   Methods
Data was collected over a two-week period in the first half 

of July 2019, towards the end of the Guyanan rainy season. At 
this time of year, the temperature ranges from c. 30oC to low 
20s at night, with high daytime humidity levels (fairly stan-
dard for this time of year). Rainfall was sporadic and heavy, 
often during netting hours in the evening, frequently accom-
panied by thunderstorms.

Study sites:
a) Turtle Mountain (‘Turtle’):
The mountain has an elevation of 164m surrounded by a 

flat region of forest. The bat net site was slightly above the 
base of the mountain, on a slight slope, above the river.  It was 
further from water than the site at Rock Landing, but 
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nearer to the Essequibo river. The Essequibo is c.500m wide 
at the nearest point to the net site and may have deterred fre-
quent movement of many bats over such an exposed distance, 
perhaps slightly isolating bat populations from those on the 
opposite bank. The nets were c.2km from the main river and 
c.20m higher than it.

b) Rock Landing (‘Rock’):
These nets were near water level (c.3m above) on a relatively 

flat area compared to the Turtle Mountain site. The nets were 
set up close to a small river, which would be easy for bats to 
traverse and may also offer a good food source in the form of 
insects and larvae, particularly for trawler feeder bats such as 
Noctilio albiventris.¹²

Bat Data Collection:
A series of mist nets were set up to trap the bats and the rel-

evant information (as described later) was recorded between 
each netting period before setting them free.  

Nets were set up as follows:
“Mist nets” are made of very fine black nylon c.2cm mesh.  

They have 4 horizontal furling strings; Figure 1.¹³
One block of 18 “mist nets”, in each location, were set up in 

pairs at right angles to form ‘L’ shapes in a 3x3 grid as shown 
in Figure 2. Nets were set up in this way as bats are known to 
zigzag in flight and so there was a higher chance of catching 
them in this layout than had the nets been in straight lines.

Each net was 2.6m high x 12m wide and c. 0.4m above 
ground level, reaching to 3m above ground level when open.  
Nets were suspended on poles secured to trees (see Figure 1). 
The grid of nets was located roughly in the centre of the area 
in which forestry measurements were taken and they spanned 
one of the forestry plots.  The gap between the bottom of the 
net and the ground was to ensure that no small animals, for-
aging along the floor got ensnared in or ripped the nets.  Net 
heights any higher than 3m would have been difficult to ex-
tract bats from.  The nets, split into four shelves, were slightly 
slack to prevent bats from bouncing off on contact or tearing 
straight through.

Trapping times:
Nets were left furled between closing and reopening the 

next night.  They were opened at 17:30, shortly before dusk, 
and checked at 1.5-hour intervals until 23:30 when they were 
furled, c.6 hours after opening. On opening, nets were checked 
for insects or debris and these were removed as anything of 
this nature could be detected by the bats and avoided, causing 
them to avoid the nets altogether. Bats caught in the nets were 

removed, placed in individual bags which were securely knot-
ted and held by the string to minimise physical contact with 
the bat. These bats were carried back to camp a few minutes 
away. The nets stayed open until c.23:30 unless closed due to 
heavy rainfall as bats tend not to fly in bad weather.  Any holes 
made by bats were mended to prevent others flying through.

Bat release:
Bats were released from camp. As the nets were quite close 

to camp and given the distances bats fly and their ability to 
navigate so effectively, it was not a problem to release them a 
short distance away from where they had been found. Sub-
adults found in the nets alongside an adult of the same species 
were released together, on the grounds that they may have 
been parent and offspring. Any bats appearing to have sus-
tained injury from being in the net (predation, exhaustion 
etc.) were given a small volume of sugar water in an attempt 
to give them energy to return to their roosts and heal.

Data recording:
Weight of bat was recorded (weight of empty bag sub-

tracted from weight of bag with bat). Forearm length (mm) 
was measured; the bat forearm is homologous to our own. 
Sex of the bat was also recorded, along with the age; adult or 
sub-adult (age is determined from examination of the bony 
protrusions on the front of the bat’s forearms. Juveniles have 
smooth joints until they fully fuse, becoming more uneven 
and knobbly and recognisably adult).

Bats were then checked for recapture marks. If a bat was 
a new capture, a small wing punch was made in the bottom 
of the left wing membrane, between blood vessels. This does 
not endanger the bat as they heal over relatively fast and only 
leave a residual mark. As a natural part of life, bats receive 
multiple tears and rips in their wings, from predation and col-
lisions, all of which heal over leaving a scar. If a bat had a mark 
from a previous wing punch, it was recorded as a recapture 
(see Table 1). The teeth were examined, and bats were then 
photographed (whole body, head and teeth). Dichotomous 
keys¹⁰,¹⁴ were then used to determine its species (see Tables 
2 and 3). 

Forestry Data Collection:
Data was collected over an area of c.3km x 3km at each of 

Turtle Mountain and Rock Landing; data were taken from 11 
plots at Turtle Mountain and 12 at Rock Landing. The 20m 
x 20m plots were roughly equally distributed across each site. 

Five types of data were recorded in each plot, two of which 
are used in this paper.

Number of each species of tree was recorded (see Table 4) 
– data used for this study. Understorey foliage density was 
estimated in this study using ‘touchpole’ measurements as a 
proxy for foliage density. Poles were 3m high (matching mist 
net heights). Measurements were taken at 1m horizontal 
intervals along one East-West transect of the plot and one 
North-South transect. i.e. 2 x 20 measurements across the 
plot, 40 in total (please refer to Figure 3) – data used for this 
study. 

The following data were not used in this study but could be 
used, for example, when investigating the effect of density of 
canopy foliage on the higher-flying bat species. The 

Figure 1: Mist net appearance. Figure 2: Mist net layout.
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diameter at Breast Height (DBH) of trees was recorded: trees 
with diameter >10cm were measured.  Taken together with 
approximate tree height, this data allows for a potential esti-
mate of timber density/volume in each plot.  Canopy density 
was then measured: a ‘densiometer’ was used to measure rel-
ative density of upper canopy in each plot, with 5 readings 
taken per plot and averaged.  The points of light penetrating 
the canopy and seen on the densiometer were used as a proxy 
for foliage density.  (The Spherical Crown Densiometer is a: 
reflective, shallow convex dome of c.70mm diameter marked 
with c.5mm grid.  Points of light on grid intersections are 
counted and recorded whilst holding densiometer steady.)   
Five readings of leaf litter depth a were taken per plot using 
graduated stick.  Results were averaged.  This data also has not 
been used for this study.

Touchpole measurements taken along dotted axes

At each of the 40 points, the number of vegetation touch-
es on each pole was recorded (graduations not used for this 
study).  In this study, a simple aggregate of total pole touches 
on all 40 poles was taken as an estimate of relative understo-
rey density (see Table 5).

Data Analysis:
i. Bat Data:  
The species data collected has been analysed using both the 

Shannon-Weaver and Simpson’s indices to establish which 
of the two sites, Turtle Mountain or Rock Landing, have a 
higher diversity of bat species, as outlined later on.

a) Shannon-Weaver Index of Diversity :
Accounts for how ‘evenly the total number of individuals in 

a sample is apportioned between each species’.¹⁵ 
It does not take into account how many species are present, 

but how even the numbers of each species are. 
It usually ranges from c.1-3.5, but can only be used to com-

pare like with like as it gives relative values.

Figure 3: Touchpole transect. 

b) Simpson’s Index of Diversity  :
Measures species “evenness” (no. of individuals of each spe-

cies) and “richness” (no. of different species).
This differs from Shannon-Weaver; a location could have 

only four species, but if those species are evenly represented, it 
would have a high diversity.  With Simpson’s, a high diversity 
comes from evenness but also the number of different species.  
Fewer species and/or less even distribution of those species 
mean lower diversity.

Contingency Table and Chi-squared test  :
A Chi-squared test was used to compare the bat species 

ratios between the two locations and therefore to indicate 
whether bat species are dependent on their location. 

A contingency table is used to work out the expected values 
for the chi-squared test (see Table 5).  For the contingency 
table, only four species of bat were used.  More could not be 
used, as their numbers were too few and would have led to ex-
pected values of below 5 which would have made the results 
of following calculations inaccurate and unreliable.  

The species used are shown in Table 5. 
The Chi-squared test compares observed and expected 

values (bat numbers).  Expected bat numbers are calculated 
using a null hypothesis for the contingency table that assumes 
that ratios of each bat species are the same across both loca-
tions.  

H0: bat species are independent of their location (therefore 
we would expect the same ratios of each bat species at both 
locations)

H1: bat species not independent of their location (ratios 
would be different between locations)

The expected values were worked out from the observed 
values:

Using the calculated expected values, a Chi-squared test 
can be carried out.

Table 7: Contingency Table. 
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ii. Forestry Data:
Forestry data has been analysed using:
1) the Shannon-Weaver test for diversity in the tree popu-

lations for each site
2) the Mann-Whitney U test to find out if there is a statis-

tically significant difference between the understorey density 
of each location, using the touch pole data as a proxy for that 
density.

a) Shannon-Weaver :

b) Mann-Whitney U Test: 
This test determines whether the medians of the two sets of 

data are significantly different.  

Touchpole data from both Turtle Mountain and Rock 
Landing is combined and ranked from smallest to largest.  
The sum of each location’s ranks is then put into the relevant 
equation along with the sample size of the set.
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ABSTRACT: An abundance in lignocellulosic biomass can be an effective solution for increasing fuel and chemical demands. 
Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin – all components that are vital to its ability to be 
converted into various value-added chemicals. Despite its abundance and subsequent potential, the depolymerization of lignin 
remains a big technical challenge. This experiment entailed the oxidation of corn stover with the dye sensitized solar cell (DSSC) 
as a pretreatment process for easy depolymerization. In the photoelectrochemical reaction, raspberry extract coated titanium 
dioxide (TiO2) electrode and a visible LED light source were used to see if solar energy could be used. It was observed that the 
absorption spectra changes, which infers structural changes in corn stover through UV-vis spectroscopy, finding the possibility of 
depolymerization of lignin in mild conditions at a low cost.

KEYWORDS: Energy; Chemical; Solar Materials; Woody biomass; Photoelectrochemical Cell; Sustainable Energy. Man-
hattan had a more pronounced upward when compared to the data gathered from the stations in relatively less populated areas.

�   Introduction
Wood is composed of three components: microfibrils of cel-

lulose (35-50%), hemicellulose (20-35%), and lignin (15-20%) 
– all shown in Figure 1. Lignin is the largest non-carbohydrate 
component in the lignocellulosic biomass (LCB) and the most 
abundant aromatic polymer (LCB contains up to ~20% lignin) 
but is currently underutilized. Most of the lignin is used for 
producing heat energy but instead, it can be converted to valu-
able chemicals (i.e. ethanol, phenol).¹ Previous studies show 
that lignin can be decomposed at high temperatures and pres-
sure, resulting in the production of value-added chemicals.² 
Recently, several research groups developed effective methods 
to break down lignin into small molecules by utilizing visible or 
solar light, a naturally abundant, safe, and cost efficient source.³ 
More importantly, these solar-powered reactions allow for im-
provement in selectivity and the yield of lignin decomposed, 
especially under mild conditions such as room temperature 
air. Inspired by the recent studies about visible light induced 
lignin depolymerization, a unique method was reported to 
modify lignin into decomposed lignin with a dye-sensitized 
solar cell under the illumination of visible light. Composed of 
light absorbing molecules, fruit dyes extracted from raspber-
ries, blueberries, and blackberries were utilized as a component 
of the dye sensitized solar cell, because it can absorb photons 
which make up light. 

Solar energy is considered an alternative renewable and sus-
tainable energy source. As a result of using fossil fuels, global 
warming and air pollution are problems that substantially 
degrade the environment today. In 2017, 81% of the world’s 
consumed energy was oil, coal, and natural gas and nearly fif-
teen billion metric tons of fossil fuels are consumed every year.⁴ 
At this rate, it’s predicted that the world will run out of fossil 
fuels in seventy years’ time.⁵ Not only is this a strain on our 
available energy sources, but it presents a health crisis as well. 

The resulting air pollution alone, which has been on the rise 
since 2016, contributes to 9% of global deaths.⁶ 

To find a solution to this global issue, researchers are creating 
modernized ways to acquire energy by using natural resources 
such as solar radiation. Among these modernized alternatives 
is the dye sensitized solar cell. These cells produce electric en-
ergy by absorbing the rich visible light radiated from the sun 
and applying the principles of plant photosynthesis (Figure 2). 
The process of chlorophyll utilizing solar energy is mimicked 
by the dye in these cells. Similar to how plants absorb solar 
energy to turn it into chemical energy, these cells are able to 
absorb solar energy and process it into usable electric energy 
as shown in Figure 3. Like the process of photosynthesis where 
chloroplasts capture light energy to convert into chemical en-
ergy (ATP, NADPH in chloroplast), the fruit dye in the dye 
sensitized solar cell attaches to the TiO₂ particles to absorb 
light. The dye then gives its electrons to allow the flow of en-
ergy throughout the cell, which is kept in a cycle by the iodine 
mediator that is added.

Goal of the project:
In the following project, the isolated lignin gained from a 

range of pretreatments will be used as feedstock to produce 
mono-aromatic compounds and/or dicarboxylic acids. A 

Figure 1: . Wood components and the structure of lignin (The green lined 
structures represent the major molecular structure in lignin).
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range of aromatic compounds, often used as another renew-
able source for petroleum-based chemical building blocks, 
will be produced from lignin through depolymerization with 
a final goal of improving the economics of LCB- based biore-
fineries. 

As a pretreatment process, the dye sensitized solar cell was 
fabricated and checked for the possibility of lignin depolym-
erization in corn stover through photo-oxidation using solar 
energy. Corn stover is the non-grain portion of corn crop and 
considered to be a substantial potential biorefining resource 
and often used for lignin decomposition research. Untreated 
corn stover has ~20% lignin.
�   Methods
Chemicals:
Sunscreen (Bare republic, Titanium Dioxide 6.4%), rasp-

berries, blueberries, and blackberries were purchased from 
Wegmans, NY. Isopropyl alcohol (~99%) was purchased from 
Amazon. Hydrogen peroxide (3%) and acetone (~99%) were 
purchased from CVS without the purification. The Leem and 
Yoo research groups at SUNY ESF provided TiO2 paste, corn 
stover, FTO glass, and electrolyte solution.

General fabrication of Dye Sensitized Solar Cells:
The three dyes were extracted from blueberries, raspberries, 

and blackberries by crushing the fruit and filtering out the 
dye using vacuum filtration. The dyes were then diluted with 
water and each was used to measure the UV-visible absor-
bance spectrum to understand the absorption of the dyes. The 
next step was to fabricate the dye sensitized solar cell using 
sunscreen containing TiO2 and other ingredients. Before ap-
plying anything to the fluorine doped tin oxide (FTO) glass, 
it was placed in isopropyl alcohol for ten minutes in the son-
icator to cleanse the glass surface of any small particles. After 
the glass was cleansed, the sunscreen was evenly coated on 
the FTO glass by using different layers of tape on the perim-
eter to create various thicknesses and placed in the oven at 
120 °C for one hour. After depositing the sunscreen on FTO 
glass at high temperature, the concentrated dye solution from 
fruit juice was dropped on top of the dry sunscreen coated 
FTO glass. After twenty minutes, any excess dye on the glass 
was gently rinsed off with solvents. The counter electrode was 
then prepared, which was a carbon coated FTO glass made 
by using graphite pencil. The two glass pieces, one with the 
fruit dye coated TiO2 containing sunscreen and the other 
electrode with the carbon coating, were sandwiched together 
and held together with two binder clips. Drops of redox elec-

trolyte solution (0.5M iodide electrolyte solution) were then 
placed between the two glass samples and spread throughout 
its inner surface by clipping and unclipping the binder clips.⁹ 
The cell was assembled with an electric wire connected to a 
multimeter, which was used to find the maximum current of 
the cell when placed in front of different LED light sources, 
Red, Green, and Blue.

Instead of a small component of TiO2 in sunscreen, anoth-
er dye-sensitized solar cell was prepared by using pure TiO2 
paste and graphite carbon. Various samples of glass were even-
ly coated with TiO2 (Figure 4). The active area was controlled 
by adjusting the number of layers of scotch tape placed around 
the edges. When all the glass samples were coated with TiO2 
paste, they were then placed on a hot plate at 80oC for twenty 
minutes. After drying, the concentrated raspberry dye solution 
was dropped on the preheated TiO2 electrode (Figure 5). The 
counter electrode, carbon coated FTO glass, was fabricated by 
coating the conductive side of the glass with graphite pencil. 
Then, the two electrodes, the dye attached TiO2 electrode, and 
the carbon coated FTO electrode, were sandwiched and held 
together with two binder clips. Iodide electrolyte solution was 
dropped between the two glass samples and spread through-
out the inner surface by clipping and unclipping the binder 
clips. The electrodes, with an electric wire, were connected to 
a multimeter which was used to find the maximum current of 
the cell in Figure 6 and 7.¹⁰ The photocurrent density data was 
obtained with different distances between the electrodes and 
the different LED light sources: Red, Green, and Blue.

Figure 2: Process of photosynthesis.7 Figure 3: Process of dye sensitized 
solar cell.8

Figure 4: FTO glass substrate coated with sunscreen containing TiO₂ with 
various thickness. (from left 1 layer, 2 layers and 3 layers of tape)

Figure 5: FTO glass substrate coated with TiO₂ paste and raspberry 
extract.
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TiO2 (6.4%) and other organic ingredients in the sunscreen. 

Dye Sensitized Solar Cell (DSSC) with TiO2 Paste:
Using an LED light source, the electrical currents were mea-

sured from (1) the different active areas and (2) the distance 
between the light source and the DSSC. Interestingly, it was 
observed that greater surface areas with closer distances to the 
light source produced higher electrical currents (Table 1). Es-
sentially, the closer distance between the light source and the 
DSSC exhibited higher light intensity and the larger surface 
area allowed for more light absorption. In Figure 11, the elec-
trical current was plotted per cm2 versus power density. Based 
on this graph, it was concluded that the two measurements 
were very similar at the same distance.

Measurements of the Electrical Current by Colors of the Light 
Source:

The wavelengths varied based on the colors of the light 
source (Table 2). Out of the three colors that were experi-
mented (blue, green, red), the blue light produced the highest 
electrical current. From the previous experiment above, it was 
shown that the raspberry dye absorbs the most visible light in 
the blue wavelength. This evidence explains how the blue light 
produced the most electrical current.  

Photoelectrochemical Oxidation of Lignin:
In a 100 ml beaker, 10 ml of acetone and 20 ml of 3% hy-

drogen peroxide were put in water as an oxidizing agent. In 
addition, 1.0g of corn stover was added. To set up the photo-
electric oxidation experiment, the raspberry dye coated TiO2 
electrode was used as a working electrode. Then, platinum wire 
was used as a counter electrode and an Ag/AgCl electrode as 
a reference electrode. The solution was heated to 60°C for an 
hour shown in Figure 8.¹⁰,¹¹ The photocurrent, approximately 
10-⁶ A/cm2, was monitored under visible light illumination.

In another 100 ml beaker, the same procedures were fol-
lowed as above except for the absence of electrodes as a control 
experiment in order to compare the effectiveness of the dye 
sensitized solar cell (Figure 8).

�   Results and Discussion
UV-visible absorbance spectra of various fruit dyes:
In Figure 9, maximum absorbance in the visible light range 

was 494 nm for blackberries and 508 nm for raspberries, but 
the blueberry dye solution barely showed any peak in the vis-
ible range. Previous studies reported the broad absorption of 
light between 400 and 600 nm in blackberry.¹² This UV-vis 
data is largely consistent with our observation based on the 
visible absorbance spectrum of the blackberry dye. According 
to the solar radiation spectrum, visible light is most abundant 
between 400 nm and 700 nm (Figure 10). To maximize the 
usage of solar energy, fruit dyes are appropriate due to their 
absorption in the visible region. Among the fruits, raspberry 
dye was chosen based on its efficient absorption in the visible 
range, showing it can absorb the most visible light for the use 
of dye sensitized solar cells.

Dye Sensitized Solar Cell (DSSC) with Sunscreen:
TiO₂ is widely used as a semiconductor in DSSCs because 

it is easy to synthesize and has a low cost. Sunscreen, which 
contains TiO₂, was used for the DSSC tests.  Unfortunately, 
a photocurrent was not detected due to the small amount of 

Figure 7: Measuring electrical current of DSSC with multimeter.

Figure 6: Measuring light intensity with optical power meter in various 
distance and various light colors.

Figure 8: Photoelectrochemical oxidation experiment of corn stover.

Figure 9: UV-vis absorption spectrum of various fruit extracts.

Figure 10: Solar radiation spectrum.

Table 1: Measurement of electrical current in various areas and distances.

Figure 11: Graph of power density vs electrical current.
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Photoelectrochemical oxidation of lignin obtained by corn sto-
ver:

Next, the photoelectrochemical oxidation of lignin extracted 
by corn stover was carried out and the solution samples were 
characterized using UV-vis spectroscopy. UV–vis absorption 
spectroscopy is the measurement of the attenuation of a beam 
of light after it passes through or reflects from a sample surface 
(Figure 12). Different structures of molecules absorb differ-
ent wavelengths from the light source. According to Planck’s 
equation (E = h · c / λ), the shorter the wavelength, the more 
energetic the photon, which are the particles that make up 
light.

In Figure 13, the UV-vis absorption level decreased around 
a wavelength of 260 nm and increased around 320 nm. This 
change implies that the molecular structure was altered so that 
the molecule absorbs lower energy. This absorption data could 
indicate that lignin is oxidized photochemically or thermo-
chemically under the illumination of visible light. In the basis 

of the previous study, the observation of lignin degradation can 
monitor the absorption band between 310 nm and 320 nm. 
This specific wavelength can be the evidence of the presence 
of a carbonyl bond or ethylene type double bond in conjunc-
tion with benzene groups.¹⁵ Therefore, it was concluded that 
photoelectrochemical reactions using solar energy can be used 
as a pretreatment for depolymerization of lignin in mild con-
ditions. The photochemical reactions of lignin are currently 
under investigation.
�   Conclusion
Among the three fruits, raspberry, blackberry, and blueberry, 

raspberries showed the strongest absorption in the visible range, 
and thus were chosen for the dye sensitized solar cells to uti-
lize abundant visible light in solar energy. After fabricating the 
DSSC with TiO2 paste and raspberry coating, electric currents 
were measured in various light intensities and light colors. As a 
result, shorter distances from the light source showed stronger 
light intensities and stronger electric currents. In the measure-
ment with different light colors, DSSCs showed the strongest 
electric current in blue light, besides white light, which can 
be explained with UV-vis absorption spectrum showing that 
raspberry has an absorption peak at 508 nm wavelength. In 
the photoelectrochemical reaction of corn stover with DSSC, 
a UV-vis absorption spectrum change was observed. The peak 
at 270 nm decreased and the peak at 320 nm increased. This 
means that there was a molecular structural change in which 
the reaction’s products absorbed less energy. Therefore, the 
experiment suggests the potential of lignin depolymerization 
using solar energy in mild conditions and at a low cost.
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Key Prognostic Biomarkers of Acute Myeloid Leukemia: 
Genetic Mutations and Measurable Residual Disease   
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ABSTRACT: Acute myeloid leukaemia (AML) continues to be one of the most fatal forms of leukaemia, with a high 
recurring relapse rate (RR) even in patients who have achieved complete remission (CR). Although there is no remedy, certain 
genetic mutations and measurable residual disease (MRD) play an important role as a prognosticator in monitoring disease 
progression in AML. This review illustrates some of the most conventional biomarkers that predict patient outcomes in AML, 
including MRD, fusion genes RUNX-family- transcription-factor-1-RUNX1-partner-transcriptional-co-repressor-1 (RUNX1-
RUNX1T1), core binding factor beta subunit-smooth muscle myosin heavy chain 11 (CBFB-MYH11) and promyelocytic 
leukaemia-retinoic acid receptor (PML-RARA) and genetic mutations such as nucleophosmin 1 (NPM1). Collectively, results 
have shown that independent mutation factor, NPM1mut and MRD are currently the most accurate indicators for relapse in 
AML upon CR. Whereas DTA mutations (i.e. mutations in epigenetic regulators DNA methyltransferase 3A (DNMT3A), ten-
elevan-translocation-2 (TET2) and additional sex comb-like 1 (ASXL1)) are likely preleukemic clones that persist throughout 
therapy, and their association with leukemogenesis and older patients leaves their functionality in prognosis uncertain. Studies 
suggest that genetic mutations isocitrate dehydrogenase (IDH) and fins-like tyrosine kinase 3 (FLT3) as standalone biomarkers 
are unreliable, but under the condition of concomitant NPM1mut, their prognostic validity is enhanced. Outcomes from the 
increasingly personalised risk-adapted treatments, via patient stratification based on their MRD risk status, have revealed that the 
previous “one-size-fits-all” approach to AML treatment should be abandoned, whereas a more personalised treatment should be 
adopted to maximise chances of survival.

KEYWORDS: Biomedical and Health Sciences; Genetics and Molecular Biology of Disease; Hematology; Acute Myeloid 
Leukemia; Measurable Residual Disease.
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�   Introduction
AML is an aggressive heterogenous group of disorders, 

characterised by uncontrolled clonal proliferation of myeloid 
progenitor cells (blasts) and differentiation arrest.¹-³ Making 
up approximately 25 % of all adult-onset leukaemias in West-
ern countries,² with an incidence rate of 4.3 cases per 100,000 
adults per year,⁴ AML is the most common type of leukae-
mia with the lowest mortality rate.⁵ According to the World 
Health Organisation (WHO), AML is classified by ≥ 20 % 
of blasts in the bone marrow (BM) or peripheral blood (PB). 
In addition, the expression of precursors such as cluster of dif-
ferentiation (CD) markers CD13, CD33, CD34, CD117 and 
HLA-DRpos are used to confirm the immaturity of blasts and 
myeloid maturation.⁴,⁶ Per the initial stage of induction thera-
py, chemotherapy (CT) drugs, cytarabine and anthracycline are 
prescribed, followed by either repeated cycles of high-dose cy-
tarabine and/or haematopoietic stem cell transplant (HSCT),⁷ 
e.g. allogeneic stem cell transplant (AlloSCT) or autologous 
stem cell transplant (AuSCT). However, despite the increas-
ing understanding of the disease, little improvement has been 
made in controlling disease progression, particularly in old-
er patients. There is still a 50 % relapse rate (RR) in patients 
who have achieved morphological complete remission (CR),8 
as the highly varied factors affecting prognostic results, such 
as age, recurring genetic mutations, cytogenetic and somat-

ic clonal chromosomal abnormalities, remains a challenge to 
clinicians.⁵,⁹ The common understanding of CR is defined by 
fulfilling three criteria: 1) less than 5 % myeloblasts present 
in the bone marrow, 2) peripheral blood absolute neutrophil 
count of greater than 1,000 cells/μL, and 3) peripheral blood 
platelet count of over 100,000 platelets/μL.¹⁰ In addition to the 
existing criteria, a new response category “complete remission 
without MRD” is added by the 2017 European LeukemiaNet 
(ELN).¹¹

In recent years, clinicians and researchers have been studying 
the significance of MRD in AML patients, where small num-
bers of persisting neoplastic cells are detected after treatment.¹² 
Commonly used biomarkers that account for high relapse rates 
in AML are as follows:

NPM1mut : are amongst the most prevalent genetic aberra-
tions found in AML patients, composing up to 25 % - 35 % 
of the cases.¹³ The presence of NPM1mut results in abnormal 
expression of the NPM1 protein in the cytoplasm,¹,¹³ activat-
ing myeloid proliferation.

RUNX1-RUNX1T1 fusion gene: is formed from t(8;21)
(q22;q22) translocation, where the majority of the coding 
region of RUNX1T1 gene is fused to the RUNX1 mino ter-
minus containing the DNA-binding runt homology domain 
generate a RUNX1- RUNX1T1 fusion protein.¹⁴ It is also a
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RUNX1- RUNX1T1 fusion protein.¹⁴ It is also considered 
one of the most common fusion genes found in AML patients, 
and represents a favorable prognosis.

CBFB-MYH11 fusion gene: is formed due to the Inv(16)
(p13q22) associated AML subtype M4Eo, the chromosomal 
rearrangement leads to the fusion of the MYH11 gene with 
Cbfb locus. Other genes may combine with Cbfb-MYH11 to 
induce leukemia.¹⁵

PML-RARA fusion gene: is formed by the fusion of PML 
proteins and RARA. The PML protein is pivotal in several 
cellular processes and tumor suppression mechanisms. It has 
a dominant negative action on transcription which inhibits 
the proliferation of myeloid progenitors and causes matura-
tion arrest at the promyelocytic stage.¹⁶

MRD: is the term for a small group of leukemic cells that 
remains in the patient during or after treatment in CR. It is 
considered an independent prognostic and post-diagnosis in-
dicator with a highly accurate prediction in patient outcome, 
particularly in AML where relapse occurs recurrently. Many 
studies have proven that the presence of MRD is associated 
with higher RR and lower event-free survival (EFS) in acute 
leukemia.⁶,¹⁷,¹⁸ An empirically distinctive MRD level with a 
logarithmic scale or a quartile segregation in correlation to 
the OS is being set up as a threshold to define MRDpos and 
MRDneg. Currently, the ELN MRD Working Party suggests 
that MRD denotes the presence of leukemia cells at levels of 
1:10⁴ to 1:10⁶ white blood cells, which is compared with 1:20 
in morphological examinations.¹⁹ The party also recommends 
a threshold of 0.1 % to distinguish between MRDpos and 
MRDneg, in addition to the peripheral blood absolute neu-
trophil count ≥1x10⁹/L and platelet count ≥100x109/L, for 
defining CR.²⁰ But due to an already lower threshold level, 
for example, from 0.01 % to 0.1 %, for measuring leukemia 
associated immunophenotype (LAIP), a 0.1 % may signify 
MRD positivity in LAIP patients.²¹ In later sections, this 
review will explore the more reliable technologies of MRD 
detection in facilitating the reflection of MRD’s functionality 
as a biomarker.

Although certain genetic mutations are often detected in 
AML patients prior and after treatment, it is said that the 
following mutations when independently evaluated demon-
strate a degree of uncertainty in prognostic implications:

DNMT3Amut: are epigenetic modifiers that are usually 
sorted with ten to eleven translocation 2 (TET2) and ad-
ditional sex comb-like 1 (ASXL1) under the umbrella term 
- DTA mutations. DNMT3A is a recurrent mutation found 
in 22 % of AML patients,¹³ arising from somatic mutations, 
they persist throughout therapy and remission.

FLT3mut : are identified in one third of AML patients,² 
with two main types: internal tandem duplications (ITD), 
which mainly occurs in exons 14 and 15 of the juxtamem-
brane domain; and tyrosine kinase domain (TKD), which are 
point mutations of D835 and 836.¹³ FLT3 activates down-
stream signalling of the RAS, MAPK and STAT5 pathways, 
stimulating cellular proliferation.⁹

stream signalling of the RAS, MAPK and STAT5 pathways, 
stimulating cellular proliferation.⁹

IDHmut: cause an alteration to the oxidative role of IDH 
enzymes in the Krebs cycle, such that the original product, 
α-ketoglutarate (α-KG), is reduced to 2-hydroxyglutarate, a 
cancer-related metabolite.² IDHmut have an occurrence of up 
to 15 % in AML patients, in which its subtypes IDH1 and 
IDH2 are mutually exclusive.¹³

This literature review aims to provide insight on the ra-
tionale behind selecting the appropriate markers for greater 
accuracies in prognostic outcomes, as well as guiding the di-
rection of prospective development in treatment strategies for 
recurring relapse in AML patients.
�   Results and Discussion
Genetic Mutations as Biomarkers:

(A) :
OS probability of patients with the mentioned independent 

mutations (i.e. NPM1mut,²² DTAmut,23 FLT3-ITDmut,²³ 
IDH1mut,²⁴ and IDH2mut), ²⁴ excluding cohorts with other 
coexisting mutations; 

(B) : 
OS probability of patients with concomitant mutations 

with NPM1mut (i.e. NPM1mut,²² DTAmut/NPM1mut,²⁵ 
FLT3-ITDmut/NPM1mut,²⁶ IDH1mutNPM1mut,²⁴ and 
IDH2mut/NPM1mut) ²⁴, excluding combinations with other 
types of mutations. NPM1mut is the relative point of com-
parison for the prognostic value of other mutated alleles, the 
coherence of OS in other mutated alleles with the trend in 
NPM1mut can only be seen when the supposedly unconclu-
sive gene mutations (e.g. DTAmut, FLT3-ITDmut, IDH1mut, 
and IDH2mut) coexist with NPM1mut.

In a study by Bertoli et al. (2020),²⁷ 540 patients were doc-
umented at diagnosis for NPM1mut. 430 of them were in 
CR1 (67.6 %) and 160 patients relapsed (46.2 %). Among 

Figure 1: Summarised data from previous research on the OS probability 
of patients with independent mutations and concomitant mutations with 
NPM1mut. 

A

B
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of 0.07 % and 0.11 % were set for IDH1/2 AND DNMT3A 
mutation analyses respectively. A trend of decrease in patient’s 
mutated IDH1/2 is visible since diagnosis, although a slight 
increase after initial post induction (MRD1) period is present 
in the cohort (n=4) with both IDH1/2 and NPM1 mutations 
during remission period throughout post consolidation. Com-
pared with the patient cohort with discordant DNMT3A and 
NPM1 mutations (n=6), the percentage of mutated DNMT3A 
slightly decreases in MRD1 from the initial levels measured at 
diagnosis, the numbers continue to rise despite the continual 
period of post consolidation and complete remission. Another 
notable feature in this cohort is the long remission period, in 
which relapse happened in the previously mentioned patients 
with mutated IDH1/2 significantly early on their post con-
solidation stages, whereas patients in this cohort remained at 
remission at an average of 57 months as of the time the in-
vestigation has taken place. A major limitation of this study 
is its small sample size. In patient 5, there was a discrepancy 
detected in the changes amongst IDH1/2 and NPM1 levels, 
whereas in patient 2 a correlation is shown. The paper claims 
that IDH1/2 mutation-based MRD better predicts relapse in-
cidence than NPM1 mutation-based MRD, but observations 
were made based on the outcome of selected individual sam-
ples, where some evidence did not meet the claim.³⁰ Therefore, 
the validity of IDH1/2 analyses has yet to be determined by 
further investigation. However, with prior research on the ef-
fects of DTA on complete remission, this paper supports the 
previously mentioned hypothesis that DNMT3A mutations 
are insufficient to trigger proliferation of cancer cells. DN-
MT3Amut patients are significantly older, with an increasing 
mutation frequency until reaching a plateau in the range of 
40 to 60 years.²⁵,³¹ Hence, it remains uncertain whether these 
mutations (IDH1mut, IDH2mut and DNMT3Amut) will play 
a role in contributing to the driving force of leukemogenesis 
or relapse in older patients. An opposing finding by Brambati 
et al. (2016),³² presents the prospective significance of DN-
MT3A and IDH1/2 mutations in future detection of AML 
relapse. The study used ddPCR to determine the percentage 
relapse of patients with molecular alterations, in which 9 out 
of 17 patients in a longitudinal follow up relapsed and the 
remaining 8 did not. The results between relapsed to non-re-
lapsed samples are: DNMT3A (77.8 vs 25 %), NPM11 (66.7 
vs 25 %), IDH1 (- vs 12.5 %), IDH2 (22.2 vs 87.5 %). How-
ever, the outcome only accounts for the number of patients 
with the said mutated alleles, rather than an evaluation regard-
ing the impact of the genetic abnormalities. Therefore, results 
that seemingly present significance in DNMT3A, IDH1 and 
IDH2 are inconclusive. Thus, in reference to the consensus 
from the ELN MRD Working Party, it is agreed that the 
prevalence of the aforementioned non-DTA mutations and 
IDH1/2 alone, without the discordant NPM1mut in view, are 
inadequate interpretations of prognostic outcome.¹⁹

FLT3-ITD is often associated with increased RR and poor 
OS, whereas FLT3-TKD is thought to have a neutral effect 
on patient outcome in normal karyotype AML (NK-AML). 
They are discouraged by the ELN to be employed as markers 
of MRD due to their constantly altering allele ratio of ITD 
to TKD in various stages of treatment, in which they are occa

the 142 CR1 patients with NPM1mut, 67 relapsed (47.2 %). 
58.2 % of the relapses occurred during the first year and 34.3 
% occurred after 3 years onwards. Among the 288 NPM1 
wild-type (NPM1wt) patients in CR1, there were 160 relaps-
es (55.6 %), 60 % occurred in the first year, and only 11.2 % 
of relapses were after the 3-year mark. Though the duration 
of complete remission is seemingly more favorable in patient 
cohorts of NPM1mut AML, risks of late relapses were sig-
nificantly higher. Moreover, the notion proposed by Salipante 
et al. (2014)¹² on NPM1 as a representation of early genet-
ic lesions in AML, an indicator that its mutation serves as 
one of the few driver mutations in this disease, is refuted in 
this paper with the reason that NPM1mut cells are responsive 
to treatment and disappeared in 40 % of the patients with 
late relapse. Which is why the paper recommends the use of 
MRD detection in long term complete remissions due to half 
of the patient’s undetectable levels of NPM1mut.

As for whether the NPM1wt is a reflective of potential re-
lapse, insights form another recent investigation by Höllein 
et al. (2018)²⁸ states that patients with NPM1wt are more 
susceptible to relapse, suggesting that preleukemic cells with 
NPM1wt may be a subsequent cause of relapse due to clon-
al haematopoiesis in AML. Though it is uncertain whether 
NPM1mut has a higher prognostic value than NPM1wt, it is 
evident that NPM1mut is a strong indicator of patient out-
come, particularly in short-term recovery.

In a study designed by Jongen-Lavrencic et al. (2018),²⁵ DTA 
mutations are the most common in age-related malignancies. 
Persistent mutations were detected with targeted NGS, where 
it was prevalent in 51.4 % of the 430 patient bone marrow 
samples collected. Within the proportion of persistent muta-
tions, rates of persistent mutation in DNMT3A was at 78.7 
%, 54.2 % for TET2 and 51.6 % for ASXL1, all of which are 
significantly greater than other variant alleles. The distribution 
of residual mutation-bearing cells could be shown by the large 
discrepancies in individual variant allele frequencies (VAF), 
thus existing in virtually negligible volumes to populating most 
of the cells. It is suggested that morphologic CR is achieved 
when heterozygous mutations <2.5 %, but levels of DTA in the 
samples were noticeably above the cut-off during remission. 
By contrast, non-DTA alleles (e.g. NPM1) only occasional-
ly persisted at >2.5 % levels after induction CT, typically the 
number of mutations are drastically reduced during CR. The 
outcome of the research highlights the adverse effects of non-
DTA mutations in both training and validation cohorts. The 
overall survival (OS) and relapse rate (RR), regardless of the 
presence of persistent DTA mutations, are noticeably lower 
than patient samples with no detection of non-DTA mutation. 

The research by Debarri et al. (2015),²⁹ further supports the 
notion that DNMT3A mutations are repopulated non-leuke-
mic clones, meaning that they are not associated with increased 
relapse risk in the short term. Results were obtained from pa-
tient samples of BM and PB, in order to compare the makeup 
of cell subpopulations NPM1, DNMT3A and IDH1/2. The 
study employed NPM1 as a reference marker for the relative 
changes in the levels of other indicators, as well as the basis for 
accuracy in prediction of relapse. The detection limits of 0.07 
% and 0.11 % were set for IDH1/2 AND DNMT3A 
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sionally undetectable at relapse and often only significant 
at initial diagnosis.³³ In a study by Santos et al. (2011),³⁴ of 
the 272 patients with NK-AML, 22 % had isolated FLT3‐
ITDmut, 7 % had isolated FLT3-TKDmut, and 4 % had both. 
Patients with FLT3‐ITDmut are reported with higher WBC 
counts and higher BM blast percentages than patients with 
FLT3wt. There was no significant difference in the CR rate be-
tween patients with FLT3‐ITD mutations and patients with 
wt‐FLT3, but the results demonstrate patients with FLT3-
ITD had inferior EFS, DFS, and OS, in which those with 
low FLT3‐ITD burden had a longer OS. In patients carrying 
FLT3-TKDmut, there was no significant difference in the CR 
rate when compared with FLT3wt, and no particular impact on 
EFS and OS despite varying FLT3‐TKD burden.

Another point to note is in the results of patients with FLT3-
ITD mutations and concomitant NPM1, OS appears to be 
higher than cohorts with only FLT3-ITD mutations (Figure 
1B). Suggested by some studies, the coexistence of NPM1 and 
low ratio FLT3-ITDwt is demonstrated in patients with lower 
relapse rates,¹¹,³⁵ and can be regarded as a favourable prog-
nostic indicator, along with the co-occurrence of FLT3-TKD 
and NPM1 mutations.³⁶ Recently, a novel analysis program, 
getITD, has been developed to identify and annotate all of the 
ITDs tested, as well as its insertion sites, length and variant 
allele frequency, facilitating the investigation on the influence 
of ITD in MRD.³⁷ Although the validity of this technology 
has yet to be reviewed in other lab and clinical settings, the 
technology offers a prospective vision on the utility of FLT3 in 
MRD monitoring throughout the patient’s recovery. Thus, the 
prognostic significance and potentials of FLT3 should not be 
undermined solely because of its minimal utility as an MRD 
biomarker.

MRD Monitoring:
Multiparametric flow cytometry (MFC)
Diagnostic immunophenotyping is one of the most com-

mon applications of MFC.⁶,³⁸ A distinctive feature of this 
technology is the ability to simultaneously characterise mixed 
cell populations via the detection and combination of cell 
surface markers present on leukemic blasts. MFC is divided 
into two major approaches - the leukemia associated immuno-
phenotype (LAIP) and the different from normal (DfN).⁶ 
According to ELN recommendations, both approaches are 
integrated to define and identify individual specific surface 
markers that differentiate leukemic cells from healthy cells, 
in order to track aberrations during and after diagnosis.¹⁹ A 
major distinction of the MFC technology is its applicabili-
ty to over 90 % of patients,⁶ such that MFC-based MRD is 
also considered an independent prognostic indicator of AML. 
However, it has limited standardisation and slightly lower sen-
sitivity than other newly developed methods.

Polymerase chain reaction (PCR)
Quantitative polymerase chain reaction (qPCR):
qPCR uses florescent labelling techniques and identifies 

targets under three aspects: transcription ratio at diagnoses, 
reduction kinetics of leukemic clones and early detection of 
recurring clones.³⁹ Thus the detection of fusion genes and mo-
lecular biomarkers are typically conducted via qPCR. Unlike 

MFC, it is a standardized technique with notably higher sensi-
tivity, providing high-throughput detection and quantification 
of target DNA sequences via simultaneous amplification.⁶,⁴⁰ 
However, functional targets detected are only present in half 
of the patients, and several mutations do not facilitate MRD 
monitoring (e.g. FLT3mut).

Digital droplet polymerase chain reaction (ddPCR):
A novel modification of the conventional qPCR assays, 

encompassing an even higher sensitivity (up to 0.001 % mu-
tated allele frequency) for tracking gene mutations.³² ddPCR, 
uses a combination of microfluidics and proprietary surfactant 
chemistries to emulsify samples,⁴¹ fractioning samples into 
droplets,³² in order to distinguish wild-type versus mutant 
gene copies.⁴² But despite its high sensitivity and absolute 
quantification ability, results produced by ddPCR are often 
highly variable due to the novelty of the technology, lower 
accuracy in quantification of larger amplicons, higher risk of 
contamination due to the open nature of the operating system 
and high cost in acquiring instrumentation.

Next Generation Sequencing (NGS):
NGS enables a comprehensive and highly sensitive de-

tection of somatic mutations, as well as the identification of 
hotspots and abnormal blasts.⁴³,⁴⁴ It enables simultaneous se-
quencing in large amounts of DNA or RNA, revealing a broad 
spectrum of molecular alterations in patient samples. However, 
due to the novelty of NGS, this technology is not yet widely 
available, and requires complex interpretation of data, which 
not all labs can provide. 

MRD as a Biomarker:
Considering an investigation carried out by Short et al. 

(2019),⁴⁵ 141 adult patients were analysed retrospectively for 
their MRD levels before and after salvage treatment. 61 % 
were patients with MRDneg or had undetectable MRD, their 
results indicate a lower cumulative incidence of relapse and 
better RFS. Moreover, RR within 1.4 months in second remis-
sion were 13 % higher among MRDpos patients without CR, 
compared with MRDneg patients who have achieved CR. The 
paper concludes that patients with MRDneg and CR had the 
best outcomes in 2-year cumulative incidence of relapse, RFS, 
and OS.⁴⁵ In a similar research by Walter et al. (2013),⁴⁶ 253 
patients undergoing first myeloablative HCT were assessed for 
the presence of MRD after achieving morphological CR. 54 
patients were MRDpos and 199 others were MRDneg. After 
adjustments of factors using multivariate models proposed by 
the international working group (2003) and the ELN (2010), 
the hazard ratios of MRDpos to MRDneg were 3.14 for overall 
mortality, 4.72 for failure of DFS and 6.78 for relapse.⁴⁶ The 
results from both studies and many more conclusively suggest 
that MRD is a highly accurate and useful measure in disease 
progression and prognosis at diagnosis, relapse and during CR. 
⁶,¹⁷,¹⁸

While it is evident that MRD is an independent biomarker 
in many cases, molecular MRD monitoring often incorporates 
the quantification of fusion genes RUNX1-RUNX1T1, CB-
FB-MYH11 and PML-RARA, as well as NPM1mut, which 
is the best-validated molecular marker for MRD. Though it is 
commonly believed that the mentioned fusion genes are 

DOI: 10.36838/v3i5.6

 ijhighschoolresearch.org



 32 

strong indicators of favourable outcomes, their high copy num-
bers pose a fatal threat to patient outcome as it signifies the 
presence of MRDpos, in which case patients with persistent 
MRDpos seldom survive in the long term.³⁹ In a research 
conducted by Kern et al. (2007),³⁹ amongst relapsing patients 
with core binding factor leukemias (AML with RUNX1-
RUNX1T1 or CBFB-MYH11), there is an increase in MRD 
levels during CR. Another observation was that an increase 
in patient transcript ratios indicated molecular relapses 1 to 
5 months prior hematologic and cytogenetic relapses. This is 
supported by Ommen et al. (2010),⁴⁷ in CBFB-MYH11 leu-
kemias where it performed the earliest prediction of relapse 
in 50 % of the patients tested RQ-PCR positive in BM 8 
months prior. By contrast, patients with high copy numbers 
of RUNX1-RUNX1T1 and PML-RARA showed more rapid 
relapse kinetics as 50 % of the patients relapsed within 3 to 
3.5 months of testing positive. With evidence from Stentoft et 
al. (2005)⁴⁸ concluding that virtually all cases of relapse occur 
with persistent levels of MRDpos in patients with core-binding 
factor leukemia.

As for high NPM1mut allele burden, it, in various instanc-
es, has been shown to be related to MRD positivity in first 
complete remission. This notion is supported by the findings 
of Patel et al. (2018)⁴⁹, where it is suggested that the ability 
of high-burden NPM1 mutated hematopoiesis to persist after 
induction chemotherapy reflects the difficulty in full eradica-
tion, which correlates to a higher likelihood of MRD. Other 
results obtained from the University Hospital Leipzig between 
January 2001 and January 2016 by Bill et al. (2018),²² shows 
that 33.3 % of the patients were found to be mutated NPM1 
MRDpos before HSCT. It was observed that mutated NPM1 
MRDpos occurred more frequently during AlloSCT in pa-
tients’ second complete remission (CR2) after relapse in first 
complete remission, than during their first complete remission 
(CR1). Amongst pre-transplant mutated NPM1 MRDpos af-
ter AlloSCT, the 2-year cumulative incidence of relapse (64.7 
vs 6.0 %) was significantly higher than MRDneg patients, 
which translates into a lower overall survival rate (38.8 vs 71.7 
%). There is a clear correlation between the prevalence of mu-
tated NPM1 that is followed by MRDpos, leading to increased 
chances of relapse rates and mortality. However, despite the 
seemingly indicative outcome, cases of false positives and neg-
atives are reported. In the group of mutated NPM1 MRDpos 
patients, 17 of 51 patients (23.5 %) did not relapse, and 2 cases 
of MRDneg patients (6 %) relapsed prior HSCT. Further anal-
ysis was not possible due to the small sample size. The false 
negative is suggested to be explained by the limited sensitivity 
of ddPCR, which despite the presumed accuracy of the tech-
nology, may still be at times fallible due to multiple factors (e.g. 
the equipment available in the clinical setting, and proficiency 
in employing the technique, etc.), and most importantly the 
uncertain influence of the NPM1wt subclone.

In conclusion, it is well established that early detection of 
MRD is indeed crucial for identifying impending relapse, 
staging intervention as predicted from longitudinal progno-
sis, assessing objective establishment of remission status and 
producing accurate prognostic analyses.⁵⁰ Although the bio-

markers of MRD are distinctive in nature, they are all equally 
essential in monitoring recovery status during CR.

Defining High and Low Risk Stratification:
The current approach of devising treatment plans for AML 

patients involves referencing the corresponding risk stratifica-
tion of the patient. According to the ELN, risk stratifications 
are generally categorised into three conditions: favourable 
(FR), intermediate (IR), and poor (PR) (Table 1).¹

Genetic Mutation and MRD in Therapeutic Guidance:
The respective conditions provide prognostic value to OS 

and relapse predictions, in which age >60 is, on its own, an 
independent risk factor for poor prognosis and therapeutic 
outcome. Thus low-risk patients, MRDneg with favourable 
and intermediate conditions, are shown to present significantly 
higher probability of relapse free survival and lower relapse rates 
than high-risk patients, MRDpos and FLT3-positive.¹³ In the 
GIMEMA AML1310 trial of risk-adapted, MRD-directed 
therapy for young adults with newly diagnosed AML,⁵¹ entail-
ing four tiers: favourable-risk (NCCN-FR), intermediate-risk 
(NCCN-IR), poor-risk (NCCN-PR) and intermediate-risk 
without LAIP identification (NCCN-IR-no LAIP). NCCN-
IR-Neg and NCCN-FR (low risk) patients were submitted to 
AuSCT, whereas NCCN-IR-Pos and NCCN-PR (high risk) 
patients received AlloSCT. Combining the results of this study 
with the investigation of Zhu et al. (2013)⁵² and Hourigan et 
al. (2020)²³ on risk-adapted treatments (Figure 2), the results 
reveal that high doses of cytarabine, myeloablative condition-
ing (MAC) and AlloSCT are the most well received in high 
risk cohorts, showing an improvement in OS probability. By 
contrast, the patients in the low risk cohort benefitted the most 
in CT, with a relatively better OS outcome under reduced-in-
tensity conditioning (RIC) treatment. The effects of CT are 
significantly more responsive in low risk cohorts, however the 
lowest probability of OS occurring in high risk patients was 
from cohorts undergoing CT. Moreover, the effects of the 
various therapeutic intensities for high and low risk patients 
are similar in both OS and disease-free survival (DFS) prob-
abilities, conclusively indicating high intensity therapy and 
AlloSCT are more suitable in high risk patients (Figure 2), 
whereas low intensity chemotherapy approaches may be more 
beneficial to low risk patients than transplantation. Therefore, 
patients should receive transplants based on the treatment plan 

Table 1: 2017 ELN molecular, genetic and cytogenetic mutation risk 
stratification.1,31
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devised for their risk stratification, and not because of donor 
availability.²³

�   Conclusion
Recent technological advancements have increased the abil-

ity to detect and analyze gene mutations as well as MRD in 
AML patients. Novel instruments have been shown to reduce 
technical limitations with a heightened sensitivity in monitor-
ing prognostic biomarkers in AML, as well as facilitating the 
discovery of concomitant and independent mutations associ-
ated with poor prognoses, locating an array of leukemic clones 
and transcription factors for the investigation of potential 
mutation drivers in hematopoiesis. As reviewed, certain gene 
mutations not only encompass a high prognostic value, but 
also provides a valid biomarker to MRD monitoring, an even 
more sensitive measure of patient recovery. An in-depth review 
of the potentials and shortcomings of our enhanced under-
standing of how genetic mutations and MRD affect the actual 
clinical outcomes is out of scope for this review. Moreover, the 
question of whether full eradication of NPM1mut or achieving 
MRDneg is necessary before treatment remains open to further 
research and discussion. Evidently, monitoring key molecular 
biomarkers of AML is a quintessential part of standard care 
and should be continued, but at the same time, the impact of 
less conventional biomarkers should not be undermined, for 
they are all possibilities in furthering the progression of AML 
prognosis and treatment development. Hopefully, costs of 
standard, as well as less conventional technologies for detec-
tion of genetic aberrations will decrease in the future, enabling 

more advanced discovery in the field of AML prognosis with 
less financial constraints.
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ABSTRACT: Post-traumatic stress disorder (PTSD) is widely regarded as a post-war veteran’s disease, a stereotype that 
this study aims to dispel. The goal of this study was to determine the prevalence of this disorder in understudied populations, 
specifically in the South Asian population. Firstly, the prevalence of post-traumatic stress disorder (PTSD) in various geographical 
areas was determined using existing datasets. This experimental approach to determining PTSD prevalence used the PCL-C 
self-assessment and scoring based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) criterion. 40 adult 
subjects of South Asian descent living in the U.S., Canada, and India were randomly selected and their anonymous responses to 
the PCL-C questions were analyzed. The results showed that 37.5% of the subjects had moderate to very severe levels of PTSD.  
This suggests that there may be a higher percentage of PTSD in South Asians than previously recognized.  This study was limited 
by the fact that the South Asians within this study were self-identified and that the study had a small sample.  However, due to 
the inadequate amount of existing research on anxiety and trauma/stressor-related disorders in this subject population, it is highly 
recommended that a broader and deeper study of PTSD prevalence, causes, and treatment in this population be examined. 

KEYWORDS: Behavioral and Social Sciences; Neuroscience; Mental Disorders; Post-Traumatic Stress Disorder; South Asia.
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�   Introduction
One in eleven people will be diagnosed with PTSD at some 

point in their lives, and it affects about 8 million people per 
any given year.¹ Soldiers and veterans are most susceptible to 
trauma, and therefore, to PTSD. But this “soldier’s disease” has 
been given multiple names in its past, including “shell-shock” 
during World War I and “combat fatigue” in the time of World 
War II. Although these descriptions corresponded to the same 
disease, the idea that PTSD only affected war veterans was 
erroneous.

Causes and Risk Factors:
Risk factors for PTSD include histories of substance abuse, 

mental illness, physical and sexual assault, high-stress level in 
daily life, lack of a support system, and poor coping mecha-
nisms. Women are twice as likely to get PTSD simply for the 
reason that they are a more common target for sexual assault 
and rape. ² 

Family history is one of the biggest factors for mental ill-
nesses and neurodegenerative disorders, and PTSD is no 
different. Susceptibility to PTSD also has genetic compo-
nents and environmental effects as a result of trauma, that 

leaves a chemical (epigenetic) mark on your genes, as illus-
trated in Figure 1.

Diagnosis and Brain Function:
When diagnosing patients for PTSD, clinicians often 

look for detachment, reexperiencing the traumatic event, 
emotional effects, avoidance, and sympathetic hyperactivity 
(hypervigilance), most of which must span a month or lon-
ger. More specifically, physicians often examine the amygdala, 
prefrontal cortex, and hippocampus. Indicators of PTSD 
come from immune, genetic, hormonal, and diagnostic fac-
tors. The amygdala is used for fear, and PTSD affected brains 
often over-panic and have heightened fear reactions. The pre-
frontal cortex processes and regulates the emotional reactions 
coming from the amygdala, and it often does not function 
well when a patient has PTSD because of their tendency 
to be over/under emotional. Finally, the hippocampus is the 
memory center of the brain, and the PTSD-affected brain has 
difficulty remembering the event and often constantly replays 
specific memories of the trauma.⁴

As with other psychological disorders, physicians often re-
fer to the DSM-5. The manual, as written by the American 
Psychological Association, lists seven criteria that must be 
met in response to the first criteria, a stressor. ⁵ Criterion A 
is arguably one of the most essential to be met, as most other 
criteria overlap with those of general anxiety disorders and 
phobias, as well as acute stress disorder. A stressor is defined as 
an event in which one has been exposed to death, threatened 
death, actual or threatened sexual violence. Criterions B and 
C include intrusion symptoms and avoidance, with at least 
one of each required. These are defined as the traumatic event 
being persistently reexperienced in memories, nightmares, 
flashbacks, emotional distress, physical reactivity to trauma Figure 1: Diagram of Genetic PTSD.3
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reminders respectively. Criterion D, or negative alterations in 
cognitions and mood, is negative thoughts/feelings that have 
worsened after trauma in inability to recall key features of 
the trauma, exaggerated blame, decreased interest, and iso-
lation. Two of these are required for a patient to be properly 
diagnosed. Criterion E is closely related, being alternations in 
arousal and activity. This is shown through worsened behavior 
such as irritability, risky or destructive behavior, heightened 
startle reaction, difficulty sleeping and concentrating. Criteria 
F, G, and H are duration, exclusion, and distress. These re-
quire that symptoms last for more than a month, are not due 
to substance abuse, medication, or mental illness, and cause 
distress or functional impairment.

Screening and Treatment:
Current brain-screening techniques include Positron 

Emission Topography (PET) scans of mGluR5 receptor 
availability, which is a type of brain cell receptor for the neu-
rotransmitter glutamate, that is altered in PTSD patients. 
Figure 2 showcases the PET scan of a PTSD affected brain. 

Magnetic Resonance Imaging (MRI) scans assess the ef-
fects of stroke, trauma, and degenerative diseases and can be 
used on PTSD patients to reveal grey-matter reductions in 
certain parts of the brain, as demonstrated in Figure 3 (see 
scan on the left). 

The current most productive treatment is therapy-based, 
specifically Cognitive-Behavioral Therapy (CBT) and Eye 
Movement Desensitization & Reprocessing (EMDR). Oth-
er common forms of psychotherapy include exposure therapy, 
cognitive restructuring therapy, and group therapy. Thera-
pists employing CBT encourage patients to re-evaluate their 
thinking patterns and assumptions to identify unhelpful pat-
terns in thought, like overgeneralizing bad outcomes, negative 
thinking, and expectations of catastrophic outcomes, into 
more positive and effective thinking patterns. CBT is meant 
to help the person rethink their understanding of traumatic 
experiences, themselves, and their ability to cope. The goal of 
exposure therapies for the patient will actively confront fears 
and emotions, learning along the way that anxiety and fear 
will lessen on their own. The goal is to eliminate avoidance 
and increasing quality of life. EMDR therapy accesses the 
traumatic memory network in order to enhance information 

processing, forming new associations between the traumatic 
memory and more adaptive memories or information. Trau-
ma is often stuck in the limbic system of the brain, consisting 
mainly of the hippocampus, amygdala, hypothalamus, and 
thalamus, and which is known as the emotional brain. EMDR 
focuses specifically on these areas. These result in elimination 
of emotional distress and development of cognitive insight.

Pharmacological treatments can also be effective, and usu-
ally aim to reduce specific symptoms. Symptoms of PTSD 
overlap with those of depression and anxiety; therefore, an-
tidepressants and anti-anxiety medication are feasible for 
patients. Anti-depressants focus on the production of three 
chemicals in the brain- serotonin, norepinephrine, and oxyto-
cin. Ongoing and completed clinical trials have investigated 
the effect that music therapy,⁸ cannabis, ⁹ and medications 
including hydrocortisone, morphine, oxytocin, propranolol, 
and benzodiazepines.¹⁰ Understanding the differences in ap-
proaching trauma and targeting symptoms is vital to a full 
understanding of the disorder. 

Geography:
Current research in PTSD based on geographic location 

shows a very limited reach, and studies generally only re-
search into countries in Europe and the Americas. Countries 
like Canada show the highest PTSD-affected population, at 
9.20%,11 while China has the lowest rate, with only 0.30%¹² 
reported with PTSD. A geographical compilation of existing 
PTSD research is encapsulated in Figure 4. As seen there, 
the South Asian region has been greyed out, only limited 
studies have been done in the villages surrounding Pakistan, 
Bangladesh, and India investigating the effects of low natural 
resources and disasters on PTSD. ¹³ In contrast, this research 
focuses on the prevalence of PTSD in the South Asian ethnic 
pool. 

�   Methods
The PCL-C self-assessment was used based on the DSM-5 

PTSD symptom requirements. The exact measures and ques-
tions from the official assessment were entered onto an online 
form, allowing participants to be completely anonymous. 
Therefore, there was no requirement to submit the methods 
to a research review board. This study assumed the presence 
of a stressor, or Criterion A (Diagnosis and Brain Function) 
in each participant, given the variance in the answers received 
when asking for participants to recall a traumatic event. 
Hence, the eventual prognoses may lack certainty in asso-
ciating stressor type and severity with a specific individual. 
The anonymous surveys were conducted from August 2020 
to September 2020 by sending the online form to social me-
dia groups dominated by South Asians and a random pool of 
subjects voluntarily responded to it. The subjects 

Figure 2: PET Scan of PTSD Afflicted Brain vs. Healthy Brain.6 

Figure 3: MRI Scan of Healthy Brain vs. PTSD Affected Brain.7
Figure 4: PTSD Prevalence.
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descent, the scores received were all sufficiently higher than 
the 5.2 percent average worldwide.¹⁵

These scores were potentially affected by the stress of the 
coronavirus pandemic, which gave families worldwide trauma 
from businesses closing, death of loved ones, and even having 
the virus themselves.
�   Conclusion
The prevalence of PTSD in the South Asian population 

and in the coronavirus-affected world is disproportionately 
large, indicating further studies into these particular subject 
groups. Having a realistic idea of how common trauma and 
mental disorders is necessary for the general public and for 
patients. With stress about working conditions, personal/
family health, and online school, the entire population has 
become more susceptible to trauma. 20% of the subjects in 
this study were diagnosed with severe to very severe PTSD 
with no previous diagnosis or knowledge of PTSD, showing 
how often and undiscussed this disorder is. This 20% average, 
although within a relatively small sample size, shows a clear 
advance from the 5.2% of PTSD-affected people worldwide. 
Previous research focuses mainly on areas within Europe 
and North America, disregarding Asian countries, despite 
the level of PTSD there and the universal nature of PTSD 
exposure – PTSD can affect anyone. Hence, it is strongly rec-
ommended that future studies are conducted with a focus in 
this ethnic group. Larger sample sizes within these areas are 
highly encouraged in order to gain a better understanding. 
Finally, understanding the effect this pandemic has had on 
humans’ mental state and risk towards trauma is also essential 
to helping everyone recover from this past year – for exam-
ple, repeating this survey with the same subjects after the 
COVID pandemic has ended globally.
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ABSTRACT: Plastic is a commonly used carbon-based product that poses a major environmental pollution hazard due to its 
poor biodegradability.  The natural environment is rich in organic carbon sources. Only few microorganisms have developed abilities 
to disintegrate heavy plastic molecules, and their lytic capabilities are generally poor. Microorganisms select carbon molecules that 
require less energy to digest. As bacteria are highly adaptable organisms, it is hypothesized that bacterial plastic biodegradation 
activity could be stimulated by limiting carbon sources to plastic and forcing bacteria to upregulate necessary metabolic pathways. 
Bacteria with natural abilities to decompose plastic from three different ecosystems in Alberta, Canada (forest, river, and farm) 
were cultured in an artificially created environment with limited carbon access. Pseudomonas sp. demonstrated the ability to 
accelerate LDPE biodegradation from 1.39% in carbon-saturated to 21.335% in carbon-restricted mediums in three months. 
The results of our study suggest that plastic pollution could be reduced by increasing its biodegradation in dedicated composters. 
Finding a solution to the overwhelming waste issue is critical to the planet’s health. 

KEYWORDS: Microbiology; Bacteriology; Biodegradation; Pseudomonas; Plastic. 
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�   Introduction
Plastic is a carbon-based polymer of high molecular mass, 

usually produced from petroleum. It is a very versatile modern 
material, widely used in the manufacturing of a large range of 
products from automobiles and buildings to toys and cosmet-
ics.¹ Plastic poses a significant environmental pollution threat 
due to its resistance to biodegradation. In 2009, it was estimat-
ed that 10% of modern waste was in the form of plastics.² In 
marine areas, plastic debris reaches 50%-80% of total waste.³ 
Indeed, a study done in 2014 estimated that 245,000 tons of 
plastic waste were floating in the ocean.⁴ Plastic pollution has 
been described as the “single greatest threat” to marine animals 
and birds.⁵ Moreover, animals of different sizes are affected by 
plastic in a variety of ways. When consumed, plastic blocks di-
gestion in animal’s stomachs and can cause starvation. Large 
marine mammals can be killed by entanglement. Poisoned 
animals can harm human food supplies as well. Additionally, 
some additives may be cancerous to humans.⁵ Additives such 
as phthalates and BPA can provoke hormonal dysregulations 
like thyroid, fertility, and skin disorders.⁵

The disposal of plastics is extremely difficult. Despite be-
ing a carbon-based material, plastics are synthetically produced 
and, because of the high molecular weight of their hydrophobic 
long carbon chains, are not easily breakable by microbial en-
zymes. Several bacteria, yeast, and fungi have been identified to 
have a weak ability to breakdown plastic.6 Research has been 
done to create biodegradable plastics, but the resulting prod-
ucts are expensive.⁷ In a landfill, plastic becomes a carbon sink, 
and incineration increases carbon emissions.⁸ If the plastic is 
incinerated, it also increases carbon emissions and produces 
polychlorinated di benzo-p-dioxins, a carcinogen.⁹ Recycling 
is difficult and labor intensive. During 2008 in the US, only 
6.5% of plastic waste were recycled, while 85.5% were discard-

ed in landfills.¹⁰ Because of plastic’s intractable resistance to 
biodegradation, the disposal strategies are crucial and demand 
attention.

Low-density polyethylene (LDPE) is one of the most 
used plastics.¹ LDPE biodegradation, the safest way to treat 
waste, is limited by microbial abilities to break strong poly-
mer chains. Several bacteria have demonstrated a natural 
ability to biodegrade plastics. Ideonella sakaiensis 201-F6 is 
able to use polyethylene terephthalate (PET) as its major 
energy and carbon source.¹⁴ Bacillus brevis showed ability to 
degrade polycaprolactone.¹⁶ Streptomyces can degrade PHB, 
poly(3-hydoxybutyarate-co-3-hydroxyvalerate), and polyester. 
¹⁷

This degradation occurs in sequential steps. Firstly, bio-de-
terioration alters the chemical and physical properties of the 
polymer before bio-fragmentation can use enzymatic cleavage 
to breakdown polymers to a simpler form. Then, in the as-
similation phase, microorganism’s uptake polymer molecules 
produce oxidized metabolites (CO2, CH4, H2O). In the final 
step of degradation, mineralization occurs. ¹⁸

Several natural metabolic pathways leading to plastic deg-
radation were identified. Ideonella sakaiensis produces two 
enzymes, terephthalic acid and ethylene glycol allow it to 
efficiently convert PET into environmentally friendly mono-
mers.¹⁷ Rhodococcus ruber uses copper-binding laccase in 
enzymatic degradation of polythene.¹⁹

However, the activity of enzymes participating in the syn-
thetic polymer’s fermentation has been shown to be weak. 
This could be possibly explained by the availability of other 
biopolymers, such as cellulose, requiring less energy to digest.¹¹ 
Nevertheless, since natural pathways for plastic fermentation 
exist, it might be possible to stimulate their activity to increase 
plastic natural and safe decay. It is possible that re
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simulate a carbon-rich natural environment (soil). A colony 
representative of each isolate was inoculated into two test 
tubes (one in carbon-restricted and one in carbon-enriched 
groups). Three samples of bacteria were collected from the 
forest soil, three from the river soil and six from the farm soil 
agar dishes. A plastic strip was also added to one test tube 
with a carbon-deprived medium in the absence of inoculum 
to account for any abiotic losses. Tubes were labelled, and 
medium and soil type data was recorded in a corresponding 
logbook. Tubes were incubated for three months at 25°C. The 
inoculation and incubation were carried out under aseptic 
conditions. After three months, incubated plastic samples 
were removed and cleaned of the colonizing bacteria and 
their metabolism byproducts with water and 70% ethanol. 
Samples were air-dried for 24 hours before the weight was 
recorded. 

Biodegradation activity, as a percent of LDPE weight loss, 
was measured for each test sample and compared between 
respective cultures in carbon-saturated and carbon-restrict-
ed mediums. Cultures (isolates) with the most accelerated 
biodegradation activities were identified following sample 
preparation using the polymerase chain reaction (PCR) of 
the 16S rRNA gene and subsequent DNA sequencing at the 
University of Calgary.
�   Results and Discussion
In the first stage of the study, LDPE samples with bacteria 

from three Alberta natural environments were colonized to 
isolate bacteria with presumed natural biodegrading abilities. 
Twelve bacterial cultures were isolated from colonies formed 
on LDPE.

A summarized weight loss of the plastic samples after 
three months of incubation in three natural soils was created 
to provide a better understanding of the rate of natural bio-
degradation (Table 1). In the first stage, the most active BA 
was detected in the soil collected from Alberta mixed forest 
at 6.01%, compared to farm soil at 3.13 % and from river at 
1.27%. 

In the second stage of the experiment, LDPE samples 
were submerged into carbon-deprived substrate and separate-
ly exposed to twelve bacterial isolates with presumed plastic 
degenerative abilities cultured in the first stage of the study. 
The results for the carbon-deprived group are summarised in 
Table 2 and for the carbon-enriched group in Table 3. In three 
months, all twelve cultures demonstrated an increase in bio-
degradation activity. A plastic strip incubated in the medium 
with no inoculum was compared to account for any abiotic 
losses that did not show any weight loss. 

To determine statistical significance in the groups’ BA dif-
ferences, a student t-test was performed. 

Twelve bacterial cultures demonstrated statistically signifi-
cantly increased biodegradation activity in the carbon-deprived 

stricting bacterial sources of carbon to plastic will cause the 
microorganisms to adapt and naturally activate their plastic 
biodegrading ability. Providing synthetic polymers, like plas-
tic, as a sole carbon source will stimulate bacteria to adapt 
to these carbon sources, forcing the upregulation of plas-
tic-degrading enzymes to allow the metabolism of synthetic 
polymers and, therefore, help decompose plastic into environ-
mentally neutral monomers faster.
�   Methods
In the first stage of this study, to obtain bacteria with nat-

ural plastic biodegradation ability, soils from three sources 
were utilized: an Alberta cattle farm, Elbow riverbed, and 
an Alberta mixed forest. It was previously demonstrated that 
biodegradation begins with the colonization of microorgan-
isms on the surface of the material.¹² Soil microorganisms 
were cultured in nature-like landfill conditions, recreated in 
a miniature, enclosed ecosystem. Winogradsky columns con-
taining the soil, rainwater, and 30 cm² LDPE strips were used. 
Plastic samples were incubated for three months in a room 
with indirect natural light and allowed temperature fluctu-
ation consistent with the Alberta climate. This allowed the 
bacterial strains capable of using LDPE as a carbon source to 
colonize the plastic. After three months, biofilm was observed 
to form on the surfaces of the plastic. Three colonies formed 
on the plastic incubated in the forest ecosystem, three in the 
river and six in the farm Winogradsky columns. Bacterial 
samples were collected and cultured on agar in petri dishes to 
isolate monoclonal bacterial cultures with the presumed nat-
ural plastic-degradation ability. Twelve colonies were isolated 
and used as the study subjects in the second stage of the study.

In the second stage, to assess each isolate's plastic biodeg-
radation activity (BA), two test groups were created with 
carbon-restricted and carbon-enriched media. Each bacteri-
al culture was with an LDPE sample in two mediums for 
three months. In three months, the BA in the two groups 
was compared. Biodegradation is characterized by signs of 
disintegration such as a loss of weight, change in physical 
properties, carbon dioxide production etc.  In this study, BA 
was monitored as a percentage of plastic weight loss after 
three months of incubation. BA in the control group served 
as an indicator of baseline biodegradation activity for a given 
bacterial strain.

Procedure:c
Twenty-five 15 ml test tubes were sterilized and filled 

with 10 ml sterile Bushnell-Haas medium (MgSO4 - 0.2g, 
CaCl2- 0.02g,KH2PO4- 1g,FeCl2 - 0.05g, NH4NO₃ - 1g, 
distilled water - 1000 ml, pH - 7.0) to provide necessary 
elements for bacterial growth other than carbon.  Twenty-
five strips of LDPE plastic (1x3cm) were prepared: washed 
with distilled water, sterilized with 70% ethanol for 5 minutes 
and subsequently dried in an incubator at 25°C for 24 hours. 
Plastic samples were then weighed with a Mettler Toledo 
model AL204 analytical balance and added to each test tube. 
In the carbon-restricted group, twelve monoclonal cultures 
were incubated in a medium where plastic was the only source 
of carbon. In the carbon-saturated test group, starch was 
added to the medium as a source of easy-to-digest carbon to 

Table 1: Weight (in grams) of plastic samples.
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ments. One of the most striking properties of Pseudomonas 
species is the ability to use a wide variety of organic carbon 
and energy sources. Some Pseudomonas species utilize over 100 
different compounds, including many simple sugars, fatty ac-
ids, alcohols, glycolic, amino acids, and many other compounds 
not fitting in any other categories.¹⁴ Pseudomonas contain 
multiple different enzymes and capable of using multiple met-
abolic pathways to allow different types of carbon digestion. 
Pseudomonas are known for a weak lytic activity necessary to 
break down long polymers’ chains. For example, Pseudomonas 
can degrade polythene, PVC, PHB, poly(3-hydroxybutyr-
ate-co-3-mercaptopropionate), and poly(3-droxypropionate). 
Since Pseudomonas species possess such a wide variety of met-
abolic mechanisms, in order to survive, the bacteria can be 
highly adaptive and activate their lytic activity.

Study limitations:
Identification and isolation of bacteria with a natural abili-

ty to decompose plastic was a challenging process. There were 
billions of bacteria and millions of cultures in the original soil 
samples. The selection process was based on the assumption 
that bacteria would adhere/colonize plastic. Samples were 
collected from the plastic surface. However, it is possible that 
some active cultures were not captured. It does not change the 
outcome of this study as the focus was on a variety of bacteria 
with a different degree of enzyme activity. The focus of the 
study was to research the ability of bacteria to adapt in a car-
bon-restricted environment. Therefore, it is possible that even 
more active in lytic activity bacteria could exist in a natural 
environment.

Due to limited resources, it was not possible to replicate each 
test condition. In the future, a goal for this project would be to 
repeat the test with the study’s most accelerated culture Pseu-
domonas sp. Creating three to five replicates would strengthen 
the statistical analysis of the study. Also, limited resources pre-
cluded the use of PCR to identify all 12 isolates. It would be 
interesting to know if other tests contained the same species 
but did not accelerate at the same rate.
�   Conclusion
Some bacteria’s natural metabolic pathways could be 

stimulated to allow the digestion of synthetic polymers and ac-
celerated biodegradation of LDPE plastic.  The current LDPE 
recycle rate is very low (less than 10%) due to the labor-in-
tensive recycling technique.¹³ The study showed a promising 
ability of the microorganisms to decay LDPE at a faster rate 
than it currently occurs in nature. To achieve that, synthetic 
polymers need to be treated as selective compost to stimulate 
the microorganism’s lytic activity. A designated site for proper 
disposal of rejected recyclables could help reduce the planet’s 
overall pollution.   
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ABSTRACT: Current research suggests that roughly 50% of all food that is produced around the world is wasted. Finding a 
sustainable solution to the global compost waste issue was the primary motivation for this study. This analysis encompasses the 
first-ever quantitative data sought for “Soil Sauce”, an organic-compost based liquid fertilizer. To understand the impact(s) of 
fertilizer on the efficacy of plant growth, a lab analysis - Procedure I - along with a fertilizer test - Procedure II - were conducted 
to gain more insight into the product's ability to aid in plant growth and reduce food waste. The lab analysis involved observing the 
properties of soil sauce under a microscope using the Gram’s sample staining method. Procedure II involved applying quantities 
ranging from 2-6 drops of soil sauce into distinct plant groups to test product efficiency.  

A basic understanding of fertilizer, what it possesses, differences between commercial and compost-based fertilizers, and 
fundamental knowledge of bacterial shapes were needed as a foundation to thoroughly comprehend the different parts of this 
study thoroughly. The main conclusions from this experiment were that “Soil Sauce” is, in fact, extremely beneficial for plant 
growth. The results showed that the plant group with the most drops of “Soil Sauce” grew significantly better compared to its 
counterparts, the plant groups with less drops of soil sauce and the control group. 

KEYWORDS: Earth and Environmental Sciences; Hybrid Fertilizer; Soil Sauce; Bacterial Ecology; Environmental Effects 
on Ecosystems. 
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�   Introduction
“Soil Sauce” is a hybrid fertilizer made in Pittsburg, Penn-

sylvania by the Ecotone Renewables Team. The fertilizer is 
described as “hybrid” due to its unique combination of proper-
ties from both compostable and chemicalized fertilizers. The 
process to make “Soil Sauce” involves taking leftover vegeta-
bles and fruits and putting the scraps through a manufacturing 
process involving an anaerobic digester. Anaerobic digestion is 
the process in which organic matter is broken down to produce 
biogas or biofertilizer. This process occurs in the absence of 
oxygen in a sealed oxygen-free tank known as an anaerobic 
digester.¹

Fertilizer is a solution composed of essential elements and 
nutrients needed to make plants grow rapidly and healthier. 
Important elements such as nitrogen, phosphorus, potassium, 
magnesium, sulfur, and calcium are all needed in successful 
plant growth. Nitrogen (nitrate) strengthens foliage during 
the critical development stage. Nitrate also contributes to 
chlorophyll production, responsible for creating the signature 
green color commonly seen in many plants. Phosphorus aids 
in root growth and offers protection to plants against harmful 
environmental stresses and factors.² Potassium helps in wa-
ter retention, contributes to early plant growth, and protects 
against insects and diseases. Magnesium aids in chlorophyll 
production by absorbing sunlight during photosynthesis. 
Magnesium is also critical to plant organisms for cell division, 
protein/enzyme formation, cell membrane stabilization, and 
metabolic functions in the plant.³ Sulfur aids in protecting the 
plant organism from disease and helps with the production of 
amino acids, enzymes, proteins, and vitamins. Calcium con-
tributes to the growth and development of the cell wall, which 

is critical as the cell wall is the first line of defense for the plant 
organism in withstanding harmful diseases.⁴ 

One of the objectives of this study was to classify where “Soil 
Sauce'' fits in the spectrum of fertilizers. This research was crit-
ical in understanding how exactly “Soil Sauce” works. Roughly 
50% of all food that is produced around the world is wasted.⁵ 
By understanding Soil Sause proper classification, in terms 
of fertilizer, it distinguished how exactly “Soil Sauce” aids in 
plant enrichment whilst potentially reducing global waste and 
improving soil health through utilization of natural, reusable 
compostable waste. By understanding where “Soil Sauce” fits 
within fertilizer classification, it can be distinguished how this 
plant-enriching product can potentially reduce global waste 
and improve soil health by utilizing natural, reusable, com-
postable waste. Additionally, we can understand how the use 
of “Soil Sauce” can contribute to regenerative agriculture and 
preserve vital soil nutrients. 

The spectrum of fertilizers, ranging from compost-based to 
chemicalized, entails a variety of options to enrich plant life. 
Fertilizer provides the vital nutrients plants need to regener-
ate and grow effectively. The creation of fertilizer is to bring 
back the nutrients the soil loses through the previous plant 
cycle continuing the food production process effectively. The 
broad types of fertilizers include mineral rich, nutrient rich, 
and chemicalized fertilizers. These fertilizers tend to capital-
ize on specific vital nutrients, such as calcium, phosphorus, 
magnesium, to promote plant growth. Mineral-based fertil-
izers transform naturally occurring, geologically derived raw 
materials into plant nutrients. Conversely, there are organic 
fertilizers typically comprised from cow manure, left over crop 
yield, or compost. These fertilizers, unlike their chemicalized 
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counterparts, depend on their composition by way of regional 
resources. Organic fertilizers are ambiguous in terms of consis-
tent nutrient compounds. As resources and crop yields change 
the organic fertilizer, the makeup adheres to the change as well, 
providing different nutrient compositions per each batch. This 
does not take away from its ability to benefit plant growth and 
proves to be just as effective as its chemicalized counter parts.⁶ 
Nevertheless, both organic and inorganic nutrients are import-
ant to sustainable crop productivity and soil health. ⁷

A compost-based fertilizer is composed primarily of com-
post consisting of natural ingredients such as leftover fruits 
and vegetable scraps. Compost has notably assisted in plant 
growth due to its soil-enriching properties. It is associated 
with improving texture and aiding in creating a healthier en-
vironment for plant life due to its composition. Organisms 
found in compost such as bacteria, fungi, redworms, and dung 
beetles replenish and provide nutrients to the soil, correlating 
with successful and healthy plant growth. Commercial fertil-
izer is mostly, if not entirely, chemical-based. The vitamins and 
minerals needed are chemically processed and manufactured 
from raw elements and compounds such as ammonia (NH3). 
The elements are broken down chemically or manually with 
machinery to make the process of absorbing the vital nutrients 
easier for the soil.⁸ 

The main gap found throughout prior research was the 
lack of proper classification for what “Soil Sauce” is in terms 
of fertilizers on the market today. “Soil Sauce” is classified as 
a chemicalized fertilizer made out of compost; it combines 
elements from both the compost-based and commercially 
chemicalized fertilizers, placing the product within its own hy-
brid classification. Since this category of hybrid fertilizer hasn’t 
been researched in detail, it made distinguishing “Soil Sauce” 
as a proper fertilizer cumbersome and made finding informa-
tion on its properties difficult.

Understanding the basic bacterial shapes, arrangements, 
sizes, and organisms found in many fertilizers is beneficial. It 
offers reference and a basic framework on what needed to be 
looked for and observed, especially during Procedure I, to be 
detailed later in this paper. 

The three shapes that were looked at were cocci, spirilla, and 
bacilli cells. Coccus (single cell) is a round, spherical shaped 
cell. Spirilla cells (spirillum for single cells) are bacteria with a 
distinct curve range varying from gently curved to tight cork-
screws. Spirilla cells are rigid and capable of movement. Bacilli 
(bacillus for single cell) are rod-shaped bacteria.⁹ Soil enrich-
ing organisms such as gastrotrichs were also looked for and 
observed. 

The objectives of this study were to measure and establish 
concrete quantitative data for “Soil Sauce” as this fertilizer had 
no data previously. Objective 1 was to collect data points to see 
if “Soil Sauce” had the capabilities to accelerate plant growth. 
Objective 2 involved seeing if “Soil Sauce” could potentially be 
an alternative needed to minimize global compost waste whilst 
helping and nourishing the environment.

�   Methods
Measurements (Variables):
The independent variable was the amount of fertilizer in 

each batch of mustard plant samples. The dependent variable 
was how tall the mustard plants grew. The constants includ-
ed the experimental material, procedures, and the amount of 
water, sunlight, and soil each plant received.

Design:
The procedures were critical in analyzing and under-

standing “Soil Sauce” from all perspectives and finding the 
information needed to test and prove its efficiency. Procedure 
I involved evaluation and observation of chemical and bacte-
rial make-ups. Procedure I was also crucial in comparing “Soil 
Sauce” to fertilizers on the market today for possible correla-
tions. Procedure II directly tested “Soil Sauce” on plant life. 
Procedure II was vital in testing the efficiency of the fertilizer. 

The experimental design involved growing mustard plants 
and observing growth rate after the addition of Soil Sauce. 
Thus, the execution of the procedures was critical in data 
identification. The aim was to take the growth rate into 
account and gain calculations to support the research hy-
pothesis: the plant group with the most soil sauce will thrive 
the best. The results and data were then placed in charts and 
analyzed. Data for each group was reported separately. The 
data compiled the growth rates of each plant group per day 
for approx. 1 week. The data helped identify patterns, cor-
relations, and constancies in plant growth. A chart of growth 
throughout the week, the averages for each day, and a visual 
data curve were created based on each group.

Procedure I:
Procedure I involved testing, analyzing, and observing the 

bacterial and chemical compositions of “Soil Sauce” using 
the Gram's Staining Method; a process of finding bacteria 
involving a methodical repetition of staining and washing 
until a final stained product is achieved. The materials used 
were microscope slides, matches, alcohol lamps, crystal vio-
let stain, safranin stain, isopropyl alcohol, gram’s iodine stain, 
agar plates, loop, and tryptic soy broth cultures. The alcohol 
lamps were heated to sterilize the loop after each use to avoid 
contamination from sample to sample. The heated loop was 
then put into “Soil Sauce” and then placed onto a labeled agar 
plate. The samples were then incubated with the broth cul-
tures at 37℃ to develop over 24 hours. After the incubation 
period, the samples were subjected to the Gram’s Staining 
method. The sterilized loop was then used to scrape off a 
part of the incubated sample and was placed on a microscope 
slide with a drop of water. The water was combined with the 
scraped sample to create a homogenous mixture. The slide 
was then placed on and off an open fire, fueled by the alco-
hol lamps, until the water and excess liquid evaporated. What 
was left was the evaporated residual sample of “Soil Sauce” 
on the microscope slide. Crystal violet was then applied onto 
the cooled sample for 20 seconds. It was rinsed off with water, 
which was then followed up with gram’s iodine for 1 min. 
The isopropyl alcohol was then used to decolorize the gram’s 
iodine after 1 min. The isopropyl alcohol was then washed off 
with water and was followed by the safranin for 20 seconds. 
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The overall growth average (OGA), took the average of the 
averages from each day (refer to Table 6), was also determined 
for all plant groups (refer to the Tables 1-4 & Figures 2 - 5 
below). Table 2 focuses on the plant group data with the least 
“low” amount of fertilizer (red group). Table 3 contains the 
data for the yellow group; the group contained the “medium” 
amount of fertilizer. Table 4 covers the data of the green group; 
the plants that received the most drops of fertilizer (“high”). 
The blue group was the control group. No fertilizer was added 
to this group. All plants (regardless of grouping) received the 
same amount of sunlight, water and were subjected to the same 
temperature. The data recorded for all plants was over a 5-day 
period and was recorded down at the same time every day.

The final wash of water was then used to rinse off the excess 
stain and the slide was blot dried until no water or liquids 
were left. Since 5 samples of “Soil Sauce” were taken, this 
process was repeated 5 times. Finally, each of the 5 samples 
were put under the microscope to be observed. 

Procedure II:
Procedure II involved actively testing “Soil Sauce” on plant 

life and recording the data accumulated. The hypothesis “the 
plants with the most fertilizer will thrive the best” guided this 
part of the experiment. Some materials used included egg car-
tons as planters, tray, eyedropper, “Soil Sauce” fertilizer, cups, 
soil, and mustard seeds. This experiment was set up and split 
into 4 main groups. The first group was the control group with 
no fertilizer, labeled and marked with the blue popsicle stick. 
The second, third, and fourth groups all contained varying 
amounts of soil sauce. Group 2 had the least amount of fertil-
izer (1-2 drops) represented by the red popsicle stick. Group 
3 contained 3-4 drops of fertilizer, represented by the yellow 
popsicle stick. Group 4 had the most amount of fertilizer 
(5-6 drops) and was represented by the green popsicle stick. 
All groups received equal amounts of soil, water, sunlight, and 
seeds. The tray was placed near a window for a consistent, ade-
quate source of sunlight. The egg cartons were then placed onto 
the tray along with the dampened soil within them. The pop-
sicle sticks were then cut and labeled with a color and placed 
into its allotted group to keep data collection organized. 14 ml 
(approx. 1 tsp) of seeds were added to each big group (each big 
group was comprised of four mini-groups) and then covered 
up with the remaining soil. 14 to 28 ml of water along with the 
specific amounts of “soil sauce” per group were added every day 
for 5 days until the experiment concluded. Data was recorded 
and accumulated through measuring each plant individually, 
consistently every day until the conclusion of the experiment. 

The schematic above outlines how Procedure II was con-
ducted. The varying quantities of soil sauce on plant growth are 
represented through the final factor of growth.
�   Results and Discussion
The samples included bacillus cells while others contained 

cocci. Some samples contained both cell types while others 
only had one or the other. None of the samples consisted of 
spirilla cells. The bacteria range observed depended on the 
specific sample taken. Each sample had a very different chem-
ical and bacterial composition, thus making “Soil Sauce” an 
extremely complex and multilayered product. A soil organism 
known as a gastrotrich was also found among one of the sam-
ples. Gastrotrichs are common aquatic detritivores, that help 
break down complex organic material, found usually in the 
liquid compost (refer to Appendix for details). 

Figure 1: Experiment schematic design. The varying quantities of soil sauce 
on plant growth are represented through the final factor of growth.

Table 1: Data for red batch samples. Active, consistent growth starts at day 
3 and progresses throughout the experiment.

Figure 2: Data chart for red batch samples. The data in day 4 mirrors that 
of day 5 showing the consistent upward trend in plant growth.

Table 2: Data for yellow batch samples. All plants started growing at day 4 
and continued to show promising growth onwards.

The final wash of water was then used to rinse off the excess 
stain and the slide was blot dried until no water or liquids 
were left. Since 5 samples of “Soil Sauce” were taken, this 
process was repeated 5 times. Finally, each of the 5 samples 
were put under the microscope to be observed.  

After imaging under the microscope, each pericyte ob-
served was measured for its length in micrometers and area 
(pixel count) on both the artery and vein facing side, not in-
cluding the soma, using ImageJ software (Figure 3). A total 
of 40 pericytes from both eyes were collected and analyzed. 
The 2 eyes of the second mouse were used to locate pericytes 
along the retinal vasculature and analyze shape. The statistical 
analyses were performed on Microsoft Excel using homosce-
dastic one-tailed t-tests between the two average areas (artery 
facing side and vein facing side) and the two average lengths 
(artery facing side and vein facing side). 
�   Results and Discussion
First, our results show that pericytes are polar, or asymmet-

rical in arm length, and do not all have one universal shape or 
symmetry, like many other types of cells do. In images of the 
vessels, the pericytes were not symmetrical on the sides facing 
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The plot displays the average standard deviation for overall 
plant growth represented by the calculated overall growth av-
erage (OGA). The chart shows that about 90% of the study 

Table 6a: OGA data probability distribution.

Figure 3: Data chart for yellow batch samples. The data in days 4 and 5 
is mostly consistent within the plants with 3 out of 4 plants having close 
growth rates.

Table 3: Data for green batch samples. All plants grew consistently from 
day 2.

Figure 4: Data chart for green batch samples. Growth data appears in a 
steady upward progression from day 2 onwards.

Table 4: Data for blue batch samples. Plants start growing from day 2.

Figure 5: Data chart for blue batch samples. Plant Data has a significant 
jump from day 2 to 3. From Day 3 onwards data has a steady, consistent 
upward trend.

Table 6: OGA Chart. The purpose of the chart is to show the overall 
average of growth per each plant group. The data present supports that the 
plant group that received the most fertilizer (group green) grew exponentially 
well overall compared to the other plant groups recorded.

Figure 6: Standard deviation plot.
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data falls within 2 standard deviations from the mean, rep-
resented between the two orange lines. This shows that the 
sample data used lies within the statistically significant range.

Observations:
Some observations to note from Procedure II were that all 

the plants that received “Soil Sauce” appeared to look healthier, 
with a darker, richer green pigment, especially compared to the 
control group. The control group plants look quite malnour-
ished, underdeveloped, and were lacking in the rich healthy 
color, instead a pale whitish green, compared to their fertilized 
counterparts. From this alone, it can be concluded that “Soil 
Sauce” not only accelerates plant growth but also promotes 
healthier, well-nourished plant life.
�   Discussion
From what was analyzed, “Soil Sauce” does have all the el-

ements and resources needed to potentially be a successful 
fertilizer. The efficiency in plant growth throughout the experi-
ment supports this conclusion. Testing different fertilizers on a 
common plant group and comparing it with “Soil Sauce’s” effi-
cacy rates could provide more insight and better understanding 
of soil sauces’ abilities, especially when compared to its com-
mercial and organic counterparts. Note that the quantities of 
soil sauce put into the red, yellow and green plant groups were 
relatively minimal. Experimenting with different quantities of 
“Soil Sauce” could lead in finding the optimal amount for the 
most substantial plant growth. The experiment did lack in vari-
ety because only one plant type was tested. Testing “Soil Sauce” 
on plants in addition to mustard seed could be integral in un-
derstanding the range of “Soil Sauce’s” benefits and limitations. 
Manipulating the time of the conducted experiment could also 
observe if “Soil Sauce” is consistently effective long term. Over-
all, the efficacy of compost-based fertilizer is very promising 
and could potentially revolutionize the agricultural industry. 
�   Conclusion
In conclusion, both procedures suggest that the hybrid fer-

tilizer “Soil Sauce” is promising for excellent plant growth. The 
most conclusive and promising data included the green group 
- the plant group that received the most fertilizer - which gen-
erated healthy plant life exponentially well at a consistent rate 
compared to the other groups tested. The groups fertilized at 
lower amounts did show growth, but not at the rate the green 
groups growth. Practical applications with the data collected 
from this experiment could revolutionize the agricultural in-
dustry greatly and in a positive way, especially with the high 
and popular demand for organic food. From a financial stand-
point, if “Soil Sauce” was in retail, more farmers could grow 
their crops organically, leading to more income for farmers and 
customer satisfaction for consumers. This research could po-
tentially help the environment by limiting chemical runoff into 
water areas, eliminating the risk of water contamination, and 
providing safety assurance for marine life.¹⁰ On a smaller note 
“Soil Sauce” could also help the avid home gardeners with their 
plants. Since “Soil Sauce” is made up of liquid compost the 
waste from compostable foods would also go down tremen-
dously. According to Ecotone Renewables “Globally, 30-40 % 
of all food that is produced is wasted”.¹¹ This experiment sug-
gests that “Soil Sauce” could potentially reduce global waste 

by utilizing natural, reusable, compostable surplus. The uses for 
this multipurpose fertilizer are endless and could change the 
world for the better one day.
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A. BACTERIAL SAMPLES (PROCEDURE I)
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#1: shows the incubated soil sauce samples 

#2: gastrotrichs found in drop sample of soil sauce under 
microscope (no incubation or gram’s staining process) 

#3 – 6: taken from incubated samples of soil sauce, put 
through grams’ staining method and observed under micro-
scope. All pictures contain cocci (red) and bacilli cells (blue). 
Through this process it was concluded that the composition of 
soil sauce remains to be complex and somewhat ambiguous. 
Within one batch itself that composition varied greatly from 
each sample.

Note: All samples were collected from 1 batch of soil sauce.
B: PLANT GROUP SET UP (PROCEDURE II) 

● Each highlighted big group is comprised of 4 mini-groups  
● Control group (top right, highlighted with blue square) - 

each mini group received no fertilizer
● Red group (bottom left, highlighted with red square) - 

each mini group received smallest amount of fertilizer (1-2 
drops) 
● Yellow group (top left, highlighted with yellow square) 

- each mini group received median amount of fertilizer (3-4 
drops) 
● Green group (bottom right, highlighted with green 

square) - each mini group received the highest amount of 
fertilizer (5-6 drops) 

C: ECOTONE RENEWABLES TEAM

(GROUP RESPONSIBLE FOR CREATING “SOIL SAUCE”)
o Sasha Cohen Ioannides (CEO)
o Kareem Rabbat (CIO)
o Dylan Lew (CTO)
o Kyle Wyche (COO)
o Rob Davis (Nutrient Specialist) 
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ABSTRACT: This study takes the discussion of the handedness advantage in men’s tennis further and analyzes whether it has 
increased or decreased over the years as playing styles, racket technology, training, and diets of tennis athletes have changed, and 
as new players have entered the circuit. The results confirm that this advantage favoring left-handed tennis players has indeed 
diminished over the years to favor right-handers, and this shift was more conspicuous in the highest tier of men’s professional 
tennis than it was in the second and third tiers. I found that the lower the tennis tier, the lower the probability of a shift in the 
handedness-related advantage over time. In addition to this, other features like age, height, and rank of competing players were 
investigated to observe whether they too displayed a trend or another advantage. In the higher tennis tiers, younger players had 
the advantage over their older counterparts while, quite surprisingly, the opposite was true in the lowest tier. Height was only 
a significant match-determinant in the lower tiers. Furthermore, higher-ranked tennis players were more likely to win against 
lower-ranked players in descending order of tier. 

KEYWORDS: Robotics and Intelligent Machines; Machine Learning; Logistic Regression; Sports Analytics; Left-handedness 
in ATP.

DOI: 10.36838/v3i5.10

�   Introduction
In Open Era tennis (began in 1968), it has long been con-

jectured that there is a handedness-related advantage – that 
being left-handed is a match determinant in the interactive 
sport. This claim has been backed by numerous studies. For 
example, one study by Hagemann divided 54 left-handed and 
right-handed players from different domains of tennis expertise 
into three groups and asked them “to predict the subsequent 
direction of an opponent’s temporally occluded tennis strokes 
on a computer screen”.¹ The results demonstrated that regard-
less of skill, both right-handed and left-handed tennis players 
were better at predicting the trajectory of strokes coming from 
right-handed tennis players. Another study proved the hand-
edness advantage through statistical analysis of a database of 
tennis matches.² Left-handers comprise approximately 10% to 
13% of the world’s population; however, they seem to be over-
represented in interactive sports, such as tennis and combat 
sports like boxing and wrestling.³,⁴ Hagemann and Faurie & 
Raymond suggest two hypotheses to explain the reason behind 
this overrepresentation seen in tennis: (a) the innate superiority 
hypothesis and (b) the negative frequency hypothesis.¹,⁵

The innate superiority hypothesis elaborates on the neu-
ropsychological advantages that left-handers possess. For 
instance, according to Geschwind and Galaburda, regions 
present in the right hemisphere of the brain are larger for left-
handers, serving as an explanation for why left-handers might 
be better than right-handers at performing tasks that require 
the right side of the brain (such as attentional and spatial im-
agery tasks).¹,⁶ In addition to this, the results of other studies 
assert that left-handers possess better anticipation skills and a 
quicker reaction time with their left hand than right-handers 
do.⁷-¹⁰ Furthermore, as a result of the weaker lateralization 

of the brain hemispheres for left-handers, “the stronger non-
dominant side or the superior interplay between the two sides 
could then lead to better overall performance” in motor tasks 
that demand both hands (such as playing tennis with a dou-
ble-handed backhand).¹  

Referred to by numerous research papers as the negative 
frequency hypothesis,¹-⁵ this hypothesis states that since left-
handers are a minority in the world population, left-handed 
tennis players will play a more significant number of matches 
against right-handed tennis players, while right-handed tennis 
players will encounter more tennis players of the same handed-
ness.¹¹,¹²  Therefore, the lack of exposure to the playing style of 
a left-hander takes the right-handed player by surprise when 
the latter encounters a left-hander. The ball coming from the 
opposite side of the court, the topspin on the ball, and the ball’s 
trajectory as it moves through the air all take some time for a 
right-hander to adjust to. In her autobiography, Monica Seleš, 
a former world number one tennis player on the WTA tour, 
wrote, “It’s strange to play a lefty because everything is op-
posite and it takes a while to get used to the switch. By the 
time I feel comfortable, the match is usually over”.² Thus, the 
motor skills of right-handed tennis players required to address 
the attack coming from the opposite side of the court are un-
derdeveloped and unpretentious, prompting weaker and less 
effective responses to these attacks. The notion of negative 
frequency demonstrates how left-handers can also capitalize 
on “the movement information” and “anticipate an opponent’s 
intentions” earlier and better than right-handers can, allowing 
them to distinguish the groundstrokes, the racket speed, and 
the ball trajectory when it comes off the racket of right-handed 
tennis players more accurately than right-handed tennis players 
can distinguish these features from left-handed tennis players.¹
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It is evident from the studies conducted (that elaborate on 
and confirm the existence of a handedness-related advantage 
for left-handers in an interactive sport like tennis) and the 
prior research on the topic of handedness and its impact as a 
match determinant that this is a topic that has been thorough-
ly addressed. However, I wish to add value to this discussion 
by shedding new light on and analyzing whether the influence 
of handedness as a match determinant has changed over the 
years. 

Handedness: I hypothesize that the influence of handedness as a 
match determinant has waned over the time period I am consid-
ering (Open Era tennis) in the highest tier of men’s tennis – ATP 
(Association of Tennis Professionals); on the contrary, I believe 
that it still remains a prevalent and prominent factor in lower-ti-
er tournaments, such as ATP Challengers (a tier below the ATP) 
and Futures tournaments on the ITF tour (International Tennis 
Federation and the third tier of tennis competition). The lower the 
tier, the lower the probability of a shift in the handedness-related 
advantage over time. 

My theory is predominantly based on the negative frequen-
cy hypothesis. In lower-tier tournaments, left-handed tennis 
players should win more matches against their right-handed 
counterparts due to right-handers not having much experience 
playing against lefties to be able to consistently anticipate the 
left-hander’s movements and the ball trajectory when it comes 
from the opposite side of the court. In addition to this, new 
tennis players (with limited tennis-related strengths) enter the 
circuit all the time allowing left-handers to constantly be at an 
advantage. Hence, in these situations, left-handedness proves 
to be a prominent match determinant. However, in the ATP 
level tournaments, the right-handers have played a number of 
matches against left-handers to reach the level at which they 
are at and may even train purposefully with opposite-hand-
ed players on a regular basis. This means that at the highest 
level of the sport, tennis becomes more of a game of skills 
rather than one of advantages; players that enter this circuit 
must already have a strong and highly-developed game. Also, 
interestingly, an analysis of the dataset utilized in this study 
revealed that since the 2000s, the percentage of left-handers 
on the ATP Tour has been about 12.3%, while this number 
increases to 13.8% on the Challenger Tour and 12.8% on the 
Futures Tour. The hypothesis is also in line with the argument 
that Breznik makes – that the advantage of left-handedness as 
a match determinant is more noticeable “in the less import-
ant types of professional tournament, Challengers and Futures 
tournaments”.²

I also wanted to investigate whether characteristics like age, 
height, and rank showed a trend over the years that I could 
interpret as an advantage. 

Age: I expect juvenile tennis players to perform better than 
older players due to their better fitness and energy levels. 

Height: I believe that tall tennis players have an advantage 
over their shorter peers since their height should help them 
serve at faster speeds (as they have more body mass), and at 
sharper angles (giving them a bigger margin for error). 

Rank: Finally, higher-ranked players are believed to be more 
successful against their lower-ranked rivals because they must 

be better tennis players (to have reached the rank at which they 
are at). It is to be noted that all of my claims on age, height, 
and rank are based on priori reasoning.

The goal of the study is to validate my main hypothesis based 
on handedness and my other claims on age, height, and rank 
statistically by constructing a machine learning model over a 
dataset of tennis matches and then interpreting the results. 
�   Methods
Database:
The data utilized for this study was obtained from Jeff 

Sackmann’s “tennis_atp” GitHub repository.¹³ The repository 
contains datasets of tennis stats, ranking, and results of men’s 
singles tennis matches from different tiers – ATP Tour, ATP 
Challenger Tour, ITF Futures Tour – from 1968 to 2020. 
Each dataset comprises all the matches that occurred for each 
year in the respective tier along with 49 features, including 
the handedness, the age, the height, and the ranking of both 
winner and loser, the surface played on, the draw size of tour-
naments, and the match date.

 For this analysis, I considered the handedness (principal), 
the age, the height, and the rank of the competing tennis 
players and investigated how the coefficients of these vari-
ables changed with time. The other features in the datasets, 
like the draw size and the match date, were rejected since 
they wouldn’t have been helpful for modeling the winner. The 
features I chose are also displayed alongside tennis players on 
the ATP official website and those that have been speculated 
to affect the result of a tennis match. 

Materials and Tools:
I performed the modeling and the analysis using Python. 

Python is a general-purpose, high-level object-oriented, 
programming language and one of the benefits of this pro-
gramming language is the variety of libraries that can be 
accessed through the language, such as pandas, matplotlib, 
and sklearn. I used pandas for data manipulation, sklearn to 
train and test the logistic regression model and make fur-
ther predictions using the model, and matplotlib to depict 
the results obtained through the model in a more perceptible 
manner.

Modelling Handedness:
I used machine learning to train models from the vast 

dataset and analyze the results. Machine learning algorithms 
(systems of instructions or procedures to solve problems) build 
models from data. In today’s modern world, machine learning 
is used in built speech recognition software on smartphones, 
product recommendations, social media, and cybersecuri-
ty to prevent online fraud. For this study, I used supervised 
learning so that errors with the output of the model can be 
compared to the expected output data, thereby adjusting and 
improving the model. In supervised learning, an algorithm is 
provided with labeled examples or training data. Subsequent-
ly, the program learns how to map the input data supplied 
to the desired output to then be able to make predictions of 
similar future events.¹⁴ This study is an example of a binary 
classification problem as there are only two possible outcomes 
– loss or win; the intention is to use handedness, age, height, 
and rank to predict which player will either win or lose.
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To name a few such random effects, sometimes net cord balls 
drop in and bad calls made by umpires require the point to be 
replayed when clearly one player was in control of the point. 
This means that (using the same example) I am only trying to 
see the effect of being a year older or younger (the two players 
are hypothetically of the same handedness, height and rank) 
on the result of the match. Therefore, the differences in hand-
edness, height and rank are 0, which also means that I consider 
the two of them to have equal amounts of luck by taking the 
constant term as 0. This paper also does not capture the im-
pacts of such random effects on a match; hence, β0 is always 
taken as 0 and can therefore can be omitted. Furthermore, the 
logistic regression model was run with every match between 
opponents of opposite handedness, and adding a constant 
term would be similar to a priori reasoning that one of the 
players in the match-up has an advantage over the other from 
the get-go in a case where every other variable is controlled. I 
also randomized the side of the court and so, by symmetry, ß0 
will be 0 once again.

Procedure:
Since I only considered matches with opposite-handed 

tennis players (a right-hander and a left-hander), the other 
handedness combinations, including the ‘U’ values for hand-
edness (the undefined or unknown values for handedness in 
the datasets) were dropped. 

I discovered that on the ATP Tour (Tier 1), on average, 
left-handed tennis players won 52.4% of the time when play-
ing against right-handers; this percentage drops to 51.4% for 
Challengers (Tier 2) and Futures (Tier 3).

The breakdown of the matches above shows that left-hand-
ed tennis players won a greater percentage of matches against 
the more prevalent right-handed players on average. These 
results confirm the work of other prior studies that showed 
a handedness-related advantage exists in tennis, even at the 
highest level of the sport.¹-⁵ However, I was curious if the in-
fluence of this handedness-related advantage on the different 
tennis circuits changed over time.

Statistical Analysis using Scikit-learn (sklearn):
I ran models for every year in each tennis tier and plotted 

the output variable coefficients of the respective features over 
the time period considered. Additionally, I performed loess 
smoothing on all curves to help see the trends and relation-
ships better. 
�   Results and Discussion
Handedness:
In Figure 1, the general trend of the ATP shows that left-

handers had an advantage in the 1970s until the 1990s; now 
right-handed tennis players do. On the Challenger Tour, the 
handedness advantage prevailed during the 1980s but became 
less and less important afterward. A quick analysis of the 
dataset explains a possible reason behind this. The percentage 
of left-handed tennis players on the Challenger Tour went 
from 14.6% at the start of the 80s to an astounding 21.6% 
at the end of the decade. Therefore, according to the negative 
frequency hypothesis, right-handed tennis players were chal-
lenged more often by left-handed tennis players as the decade 
progressed, and this constant exposure would have helped

 Using Logistic Regression :
I used logistic regression since this was a binary classifica-

tion problem. In logistic regression one or a set of predictor 
variables (‘x’) are used to estimate a binary output variable (‘y’); 
simply put, it will help us estimate the probability of label ‘y’ 
when a feature ‘x’ is inputted. In my analysis, I computed the 
differences in handedness, age, height, and rank between the 
two competing players of each match. Table 1 below summa-
rizes this process.

I then used these differences as the predictor variables to 
estimate the probability of a player with a particular feature 
winning.

Before building the model, I had to make a few modifica-
tions to the data frames. I replaced the missing values with 
the mean value of the respective columns and normalized the 
difference columns. These were done to ensure I didn’t have 
NaN values in the dataset before I computed the differences 
in the features and implemented my logistic regression model. 

In logistic regression, the beta coefficients (represented us-
ing the symbol ‘β’) of the equation inform us by how much 
the outcome variable changes with every unit change in the 
predictor variable, provided that the other variables in the 
equation are held constant.¹⁵ Positive coefficients imply a 
higher probability of the event occurring, negative coefficients 
imply the opposite, and coefficients near zero signify that the 
feature is of less significance.

Logistic regression uses the logit function, which can be 
represented as

Since I only consider four features in this study, my logit 
function will be

where p is the probability of the winner label occurring 

(win or loss), x1 represents the difference in handedness, x2 
represents the difference in age, x3 represents the difference in 
height, and x4  represents the difference in rank; β1, β2, β3, β4 
are their respective coefficients. On a further note, it is import-
ant to understand that when focusing on a certain predictor 
variable – for example, the difference in age of the two com-
peting players – I am keeping every other feature, including 
random effects like luck in a tennis match, constant. 

Table 1: Table demonstrating the difference method used to obtain the 4 
predictor variables. The significance of a positive coefficient for each variable 
is also shown.
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them get used to the different trajectories and the top spin 
that left-handers induce on the ball. Thus, the left-handed-
ness advantage diminished during this decade.

Handedness seems to have had the least importance on the 
Challenger Tour over the last two decades, suggesting that 
it might be an even fight between players of different hand-
edness. This once again can be explained by the fact that the 
percentage of left-handed tennis players on the Challenger 
Tour since the 1990s has stayed between 20% and 21%; hence 
the exposure to left-handers has more or less stayed the same 
on the tour.   

In the Futures, handedness was important in the 1990s and 
in the 2010s (and continues to follow an increasing trend) but 
hardly showed any relevance during the middle years. Over 
the course of the last decade, the percentage of left handers on 
the Futures Tour fell from 13.6% to 11.9%. Therefore, in line 
with the negative frequency hypothesis, right-handers on the 
Futures Tour would have had limited exposure to playing tier 
level matches against their left-handed counterparts, creating 
a left-handed advantage.

I can deduce that currently, handedness is a salient factor in 
the Futures and in the ATP: the left-handedness advantage 
continues to increase on the Futures, while right-handedness 
prevails in the ATP. The handedness-related advantage did not 
shift over the period considered on the Challenger Tour and 
Futures Tour (lower-tier tournaments); however, this obser-
vation was more significant on the Futures graph. This aligns 
with my theory: the lower the tier, the lower the probability of 
a shift in the handedness-related advantage over time.

Figure 1 is in support of the hypothesis that the influence of 
handedness as a match determinant has waned over the time 
period considered on the ATP Tour – the highest tier of men’s 
professional tennis. The coefficient did not go below zero at 
all during the last two decades, demonstrating that the leftie 
advantage was no longer as influential or prevalent in the top 
tier of tennis as it was during the 90s, the 80s, or the 70s. I can 
confirm that right-handed tennis players had a greater proba-
bility of winning matches after the 21st century compared to 
the years before using the logit function. 

In order to compare two players of different handedness, I 
controlled the age, the height, and the rank by keeping them 
constant. As a result, the input variables other than the dif-
ference in handedness (difference in age, difference in height, 
difference in rank of the two players) were zero.

Hence,
For handedness, the difference was always one.
When one of the beta coefficients of the difference in hand-

edness from the results is entered, it gives us the probability of 
a certain handedness (either right or left depending on wheth-
er the coefficient is positive or negative) winning. 

For instance, when I consider two players with the same age, 
height, and rank, and take the beta coefficient of 0.2 (which 

lies on the ATP curve after the 2000s), 
According to the model, right-handers had a 55% chance of 

winning against lefties.
On the other hand, when I take the coefficient -0.2 (which 

lies on the ATP curve between 1970 and 1990) 
p=0.450

We see that right-handed tennis players only had a 45% 
chance of winning.

At the start of the 1980s, on the Challenger Tour, left-hand-
ed tennis players had a massive advantage over right-handers. 

p=0.269
Left-handed tennis players had a 73.1% chance of winning.
The curve representing the Futures Tour was never over the 

x-axis for a significant amount of time, therefore, suggesting 
that the probability of winning would be in favor of the left-
handers. The coefficients between (approximately) 2003 and 
2015 illustrate that the advantage had lessened during this 
time period compared to previous and future years; however, 
the coefficients post 2015 and prior to 2000 were large negative 
values and demonstrate a convincing left-handed advantage.

An intriguing matter to investigate is how prevalent the 
left-handed advantage would be if Nadal’s match data is re-
moved from the data set. Nadal has spent more than 800 
weeks in the top 10, and continues to beat top right-handed 
players. For instance, Roger Federer is considered as one of 
the best players against left-handers, and poses a 125-36 (win-
loss) record against lefties on the ATP Tour. However, 23 of 
those 36 losses have come just against Nadal. 

It’s possible that Nadal’s dominance on the ATP Tour skews 
the left-handed advantage in its favor. But by exactly how 
much?

Figure 1: Graph of the coefficients of right-handedness on the ATP Tour, 
Challenger Tour, and Futures Tour over time.
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Upon removing Nadal’s record and considering the time 
frame in which he has played, 

p=0.60
According to the model, right-handers would have had a 

60% chance of winning against lefties, if Nadal never played 
on ATP tour. This demonstrates that without Nadal, the 
right-handed advantage on the ATP Tour increases by 5%: be-
ing left-handed, is a clear disadvantage in this case. 

Similarly, to find the chance of winning with the other 
coefficients, I kept the remaining features of the two players 
constant and followed the same process.

Age:

Figure 2 shows that age has different impacts on the tiers. 
The ATP and Challengers graphs align with my claim that 
younger tennis players tend to perform better and defeat the 
older players. This juvenile advantage was more pronounced on 
the Challenger Tour than on the ATP Tour only prior to 1990. 
Post 1990, younger tennis players had a higher probability of 
winning on the ATP Tour than on the Challenger Tour. By 
contrast, older tennis players were better on the Futures Tour 
circuit, but this advantage favoring older players has decreased 
over the last couple of years. Older tennis players are better on 
the Futures Tour since they are likely to have more match ex-
perience. The level of tennis on the Futures Tour is not as great 
as that on the ATP Tour since it is the lowest rung of men’s 
professional tennis. Often, matches involve taking advantage 
of the opponent’s weakness. For instance, some players might 
have a weaker backhand compared to their forehand and their 
opponents will simply target their backhand side throughout 
the match. Older players are more likely to have had more time 
to work on bettering their overall game, giving these men an 
edge over the young teenagers who usually enter Futures tour-
naments. However, the last few years have seen the likes of 
Felix Auger Aliassime and Jannik Sinner; prodigies like these 
two have beat numerous older players in the lower tier tourna-
ments like the Futures, before they advanced to the ATP Tour. 
On the contrary, to even be on the ATP Tour, players must 
have almost no weaknesses. At that level, the game becomes 
more of a mental, physical, and tactical sport rather than one 
that involves targeting weaknesses.

When I consider two players who are one year apart in age, 
I get the normalized difference in age from my training set to 
be 0.0272.

On the Challenger Tour during the 1980s,
p=0.483

The chance of winning when being one-year younger was 
51.7%.

However, on the Challenger Tour during the 2010s, 
p=0.501

It shows that the chance of winning for a younger player 
was 49.9%. The numbers show how the chance of winning for 
younger players and therefore their advantage diminished over 
time on the Challenger Tour.

On the ATP tour, 55 of the last 64 Grand Slams have been 
won either by Roger Federer, Novak Djokovic, or Rafael Nad-
al, who are collectively known as “The Big Three”. These three 
tennis players have continued to dominate the top tournaments 
despite the numerous young talents that have emerged over the 
last few years and despite the fact that they are all in their 30s 
(Federer will turn 40 in August 2021). Over the last couple of 
years, the age-related advantage has not only reduced on this 
tour, but has also become positive – in support of older players. 

Building the same logistic regression model without “The 
Big Three” in the data set would reveal the extent to which the 
previous model had been biased towards older tennis players in 
recent years on the ATP Tour. 

p=0.489
Interestingly, the chance of winning for a younger player 

would have been 51.1% if “The Big Three” didn’t compete on 
the ATP Tour. Although not a salient advantage, the age-relat-
ed advantage would have been in favor of younger players over 
older players.

Height:

Figure 3 demonstrates that taller tennis players on the 
Challenger circuit had a slightly higher probability of win-
ning against shorter players in the late 1970s and early 1980s. 
Now, shorter players have the advantage. On the ATP tour, 
no certain height-related advantage could be deciphered as 
the curve constantly hugged the x-axis, suggesting that height 
hasn’t had much importance on this tour. On the other hand, 
being taller than the opponent on the Futures Tour was a 
significant advantage. The dataset reveals that on the Futures 
Tour, the mean winning player height was 182.6 cm during 

Figure 2: Graph of the coefficients of age on the ATP Tour, Challenger 
Tour, and Futures Tour over time.

Figure 3: Graph of the coefficients of height on the ATP Tour, Challenger 
Tour, and Futures Tour over time.
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the 90s as compared to 188.1 cm during the 2010s. Taller 
tennis players on this tour serve better and faster for the fol-
lowing reasons: their heights provide a larger margin for error 
and a greater angle to serve out wide. In addition to this, they 
are more likely to exert a larger force on the ball (more body 
mass, which correlates to a greater change in momentum). The 
lack of experience in playing against taller players means that 
height is a significant match determinant on the Futures Tour. 
This puts shorter tennis players, who have a smaller wingspan 
and racket-arm extension, on the Futures Tour at a huge dis-
advantage. And since the mean height of tennis players has 
increased on this tour, this advantage has surged.

When I take two players who only differ by 1 cm in height, 
I get the normalized difference in height from my training 
set to be 0.0349. This predictor variable was plugged into the 
logit function.

During the 1980s on the Challenger Tour, 
p=0.517

This implies that the chance of winning for a player who 
was a centimeter taller than the opponent was 51.7% during 
the 1980s.

And as stated above, this chance of winning shifted to favor 
the shorter players during the last couple of years.

p=0.474
A shorter player on the Challengers had a 52.6% chance of 

winning.
On the Futures tour, taller players had a significantly high-

er chance of winning than on the other two tiers during the 
2010s.

p=0.612
A 61.2% chance of winning for a taller player.
Rank:

In Figure 4, all three curves on the graph show that high-
er-ranked tennis players have always had the advantage in a 
tennis match when playing against a lower-ranked opponent, 
supporting my claim that higher-ranked players had the up-
per hand between the two. Between the 1970s and the early 
1980s, the probability of higher-ranked tennis players being 
more successful against their lower-ranked counterparts de-
creased on the ATP tour. Around the mid-1980s, the curves 
for both the ATP and Challengers started to plateau, suggest-
ing that the advantage has had the same importance on the 
respective tours for a while. However, the ATP curve plateaued 

lower than the Challenger curve implying that the advantage is 
more prominent on the ATP Tour and that the probability of a 
higher-ranked player defeating a lower-ranked player is higher 
on the ATP Tour than on the Challenger Tour. Since the Fu-
tures curve is above the other two and has a general negative 
trend, it implies that upsets are more likely to happen on the 
ITF Futures Tour and that this advantage is less salient on this 
tour compared to the other two circuits; however, the negative 
trend suggests that it is slowly becoming more relevant and 
important.

To quantify the advantage seen above, I chose two players 
who only differ by 1 ranking position, and got the normalized 
difference in height from my training set to be 0.111.

On the Futures Tour during the 1990s, 
p=0.418

When a player faced an opponent who was 1 rank below him 
during the 1990s, he had a 58.2% chance of winning against 
his opponent. I also know from the graph that the advantage of 
being higher-ranked in the Futures slowly increased with time; 
this can be confirmed by taking a coefficient from the 2010s.

p=0.315
When a player faced an opponent who was 1 rank below 

him during the 2010s, he had a 68.5% chance of beating his 
opponent.
�   Conclusion
I study how the handedness-related advantage develops over 

time on three consecutive tiers of men’s tennis. The results agree 
that the influence of handedness as a match determinant has 
waned over time on the ATP Tour, but is still a prevalent fac-
tor on the ITF Futures Tour, while the ATP Challenger Tour 
seems to be an unbiased ground now. 

This study substantiates my belief that younger players have 
a higher probability of beating older players. This claim holds 
true on the ATP Tour and Challenger Tour, but not on the 
Futures Tour. With rank, I confirm that higher-ranked play-
ers perform better, and that lower-ranked players have a better 
chance at winning against their counterparts on the Futures 
Tour than on the other two tiers. With height, the Futures 
Tour shows that this feature was important; on the contrary, 
shorter players have the advantage in Challenger matches. 

A limitation of the study is the incomplete datasets on the 
GitHub repository during the first couple of years of Open Era 
tennis. The unavailability of data meant I couldn't get to use the 
exact values for those four features for my logistic regression 
model. I had to settle with the mean values of the columns they 
belonged to instead. Future work could undertake the same 
approach in women’s, doubles, and mixed doubles tennis and 
their respective tiers; the findings should then be compared to 
the ones in this study.

Implications: From a tennis player’s perspective:
As a tennis player and a right-hander who has played the 

sport for the last 8 years, I have first-hand experience of play-
ing against left-handers and also evidence to support my main 
hypothesis. Having played low-tier tennis tournaments, such 
as AITA (All India Tennis Association), I can say that lefties 
have an advantage in this circuit, once again due to the nega-
tive frequency hypothesis. Righties like myself (who don’t get 

Figure 4: Graph of the coefficients of rank on the ATP Tour, Challenger 
Tour, and Futures Tour over time.
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ABSTRACT: The identification of potent risk factors is crucial to potentially prevent and intervene in adolescent depression. 
Conducting a literature search about the risk factors for adolescent depression in Google Scholar, BioMed Central, Nature, 
Pubmed, APA PsycNet, Science Direct, I included articles if the study discussed or measured risk factors of depression in a sample 
of individuals ages 10 to 19. The genetic, sex, stress, cognitive, gender, and interpersonal risk factors of adolescent depression are 
reviewed. Certain genetic mutations, negative inferential style, having a depressed parent, being a girl, and experiencing a recent 
stressful life event emerged as the most potent risk factors of adolescent depression. Understanding these risk factors and targeting 
them could lead to more effective adolescent depression prevention and interventions.  

KEYWORDS: Behavioral and Social Sciences; Clinical and Developmental Psychology; Adolescent Depression; Depression 
Interventions.
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�   Introduction
Because adolescents, who are individuals ages 10 to 19, are 

especially vulnerable to the risk of depression, identifying risk 
factors – characteristics often correlated with depression - will 
lead to more efficient interventions.¹ Intervention can be most 
effective when risk factors are appropriately identified and tar-
geted.² 

This paper discusses the gender, cognitive, interpersonal, 
and chronic and acute stress factors of adolescent depression. 
The review concludes with a proposal of methods to target the 
strongest predictors of adolescent depression.  
�   Discussion
What is Depression?:
The American Psychiatric Association defines depression 

as a medical disorder that affects an individual’s thinking, 
feelings, and behavior. Loss of enjoyment in usually enjoyable 
activities along with prolonged feelings of low mood consti-
tutes the nature of depression.³ A doctor must note that a 
patient exhibits at least five symptoms out of Diagnostic and 
Statistical Manual of Mental Disorders (DSM-5) to diagnose 
the individual with depression. To fulfill the requirements of 
a diagnosis of depression, symptoms must persist for at least 
two weeks.⁴ Symptoms of depression include dejected mood, 
prolonged feelings of sadness, frequent feelings of lethargy, 
sleeping problems, loss in interest in usually enjoyable activi-
ties, and difficulties in concentrations and making decisions.⁵ 

Researchers and doctors use screening scales to effectively 
measure and identify symptoms of depression in individuals.⁶ 
Scales include the Beck Depression Inventory (BDI), the 
Center for Epidemiological Studies Depression Scale for 
Children (CES-DC), Centers for Epidemiologic Study De-
pression (CESD) Scale, Hamilton Depression Rating Scale 
(HAM-D), the Children’s Depression Inventory (CDI), and 
the Behavior Assessment System for Children (BASC).⁷ 

�   Methods
 To determine which risk factors to discuss, I reviewed liter-

ature from Google Scholar, BioMed Central, Nature Journal, 
Pubmed, APA PsycNet, Science Direct, and Google searches. 
Some of the search terms I used were the following: ‘genetic 
influences depression in adolescents’, ‘genetic predisposition to 
depression intervention’, ‘individual sex risk factor adolescent 
depression’, ‘biological sex risk factor adolescent depression’, 
‘gender stereotypes effect on adolescent depression’, ‘negative 
attributional style adolescent depression’, ‘family functioning 
adolescent depression’, ‘peer relationships adolescent depres-
sion’, and ‘exposure to stress depression ad olescents’. 

Because the study of emotional disorders involves biolog-
ical, psychological, and social influencing factors, I included 
risk factors from each of these categories; these decisions were 
supported by their prevalence in existing scientific literature.² 
I included articles on risk factors if the article studied individ-
uals ages 10 to 19 and examined adolescent depression.  

Prisma:
PRISMA (Preferred Reporting Items for Systematic Re-

views and Meta-Analyses) is a set of items reported in a 
systematic review. Below is a modified version of the PRIS-
MA set. This review is not systematic.  
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Biological Factors:
Sex and genetics are the biological factors most associated 

with adolescent depression in existing scientific literature. I 
chose to review these two factors as risk factors based on their 
prevalence in the literature review.  

Psychological Factors:
I included gender due to the extensively researched dif-

ference in depression rates between boys and girls. I also 
included a range interpersonal factors; the condition of social 
relationships is an indicator of psychological well-being.⁸ 

Risk Factors of Adolescent Depression:
1. Biological Factor – Genetics:
Research estimates that 40% of adolescent depression is 

related to inherited genes.⁹ 
5-HTT:
The 5-HTT gene codes for a serotonin transporter.¹⁰ The 

short allele, or the S allele, of 5-HTT is related to depression 
in adolescents.¹¹ Hankin et al. found that individuals with 
the s/s genotype tested for the highest scores of depression 
in a sample of 220 adolescents as they experienced external 
stressors. interacted with external stressors. ¹² Another study, 
Benjet et al., found that the interaction between the 5-HTT 
gene and peer stress predicted for higher levels of depressive 
symptoms in adolescent girls.¹³ It was further concluded that 
adolescent girls with the s/s genotype were the most vulnera-
ble to depressive symptoms because of peer stress. Girls with 
two short alleles and experiences of bullying scored higher on 
the study’s depression screening measure than girls who had 
the same genotype but no experiences of peer stress. 

To understand the strength of 5-HTT as a risk factor of 
adolescent depression, it is necessary to consider the frequen-
cy of 5-HTTLPR genotypes in the adolescent population. In 
a sample of 309 adolescents from Wisconsin, Priess-Groben 
and Hyde found “[f ]requencies of 5-HTTLPR...were 34.6 
% long/long, 46.8 % long/short, and 18.6 % short/short”.¹¹ 
In another sample, genetic frequencies of “5-HTTLPR were 
33% L/L, 46% S/L, and 21% S/S”.¹² 

Brain-derived neurotrophic factor (BDNF:
The Brain-derived neurotrophic factor (BDNF) gene 

codes for the protein that maintains neuron survival by reg-
ulating growth, maturation, and cell repair/maintenance.¹⁴ 
The BDNF Val66Met gene is a polymorphism where valine 
(Val) is replaced with methionine (Met) at codon 66 in the 
genetic sequence. Emotional and cognitive dysfunction is as-
sociated with this polymorphism; the polymorphism causes 
alterations in grey matter and modifies glutamate receptor ac-
tivities.¹⁵ The average frequency of this polymorphism across 
a sample of populations in one study was 19.6%.¹⁶ Comasco 
et al. observed the interaction effect of 5-HTTLPR, negative 
early life events, and BDNF Val66Met in a sample of 1393 
adolescents and found that adolescents with the ss/sl+Val/Val 
or the ll+Met genotypes had more depressive symptoms than 
those without.¹⁷

2. Biological Factor – Sex :
Biological sex can be observed at the genetic, hormonal, 

anatomical and behavioral levels. As sex differentiation occurs 
in adolescence, it can lead to the risk of depressive disorders.¹⁸  

Hormones :
The HPA axis (hypothalamic-pituitary-adrenal axis) is a 

neuroendocrine system that consists of the hypothalamus, the 
pituitary gland, and the adrenal glands. It serves the key role 
in the body’s reaction to stress.¹⁹ As the HPA axis develops 
during adolescence, certain pathways begin to produce hor-
mones, such as estrogen and testosterone.¹⁸ 

Estrogen increases the transport and uptake of serotonin. 
During puberty, the homeostasis of estrogen is disrupted. 
Due to the consequential disruption of estrogen levels, ad-
olescent girls are more vulnerable to mood disorders such as 
depression. Low levels of estrogen are related to depression. ²⁰ 

On the other hand, the hormone testosterone functions in 
both males and females.²¹ However, the effects of testosterone 
for boys and girls differ. For girls, high levels of testosterone 
are correlated with depression; for boys, low levels of testos-
terone are correlated with depression.²²  

3. Psychological factor - Stress :
Stress can trigger the onset of depression, according to the 

Hopelessness Theory of Depression. There are different types 
of stressors: acute, episodic acute, and chronic stressors.²³ 

Acute stress occurs after a single particularly stressful event; 
symptoms of acute stress develop in a short time period (min-
utes to hours) after the individual experiences the stressor.²⁴ 
Episodic acute stressors are several, continued experiences of 
acute stressors, resulting in episodes of acute stress over a pe-
riod of time.²³ Chronic stress is stress that persists over time; 
because of its unrelenting nature, many people acclimate 
themselves to the the symptoms of chronic stress, especially 
if the stress is a result of the individual’s mindset or strenuous 
circumstances.²³ This section discusses stressful life events, 
which can be acute stressors or episodic stressors, and daily 
life or chronic stressors.

Stressful Life Events :
Stressful life events (SLEs) can trigger the onset of adoles-

cent depression. Severely stressful life events include physical 
abuse, assault, and emotional abuse. Other stressful life events 
are parents’ divorce or moving to a new home or school.²⁵ 
Since “approximately 70% of first depressive episodes and 
40% of recurrent episodes of depression are preceded by a 
severe stressful life event”²⁶, SLEs should be seriously consid-
ered as a risk factor for adolescent depression. Interventions 
can screen for SLEs to identify those at a greater risk for ad-
olescent depression.

One type of SLE is an adverse childhood experience (ACE). 
The CDC states that ACEs “are potentially traumatic events 
that occur in childhood (0-17 years)”.²⁷ In a sample of 288 
Native American adolescents and young adults (sample mean 
age = 19.25), Brockie et al. measured ACEs and depressive 
symptoms via a 189-question questionnaire.²⁸ The question-
naire assessed six childhood traumatic events: “physical abuse, 
emotional abuse, sexual abuse, emotional neglect, physical ne-
glect, and witnessing violence against mother.” An assessment 
of depressive symptoms associated with ra cial discrimination 
and historical loss were also included in this questionnaire.²⁸ 
Based on the questionnaire’s results, the researchers found 
that with every additional instance of an ACE, there was a 
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risk factors of adolescent depression (“depressive symptoms, 
past MDD, hopelessness, negative cognitions, negative attri-
butional style, poor self-esteem, loneliness, low social support, 
negative life events, poor social adjustment, substance use, low 
motivation to reduce depression, sex, race/ethnicity, age, and 
socioeconomic status”) and found that the strongest predic-
tor of adolescent depression in that sample was a negative 
inferential style. The group of adolescents with high negative 
inferential style scores were at four times more risk of de-
pression than those who did not have negative attributional 
styles.³⁸ Muris et al. supports the correlation between a nega-
tive attributional style and adolescent depression with a model 
that showed negative attributional styles as the main source of 
depression in their sample. ³⁹

Negative attributional style coupled with other cognitive 
vulnerabilities can also cause risk of adolescent depression. One 
study, Southall and Roberts, found that self-esteem moderates 
the degree to which an adolescent with a negative attributional 
style is at risk of depression.⁴⁰ A moderate correlation was dis-
covered between low self-esteem and a negative attributional 
style, putting adolescents with both at a greater risk for de-
pression than adolescents without either.⁴⁰ High self-esteem 
could act as a protective factor against the effects of a nega-
tive attributional style on depression because it prevents the 
spiraling towards general hopelessness. High esteem provides 
resilience against times of stress for individuals with negative 
attributional style. The development of depressive symptoms is 
avoided in this manner. This combination of high self-esteem 
with a negative attributional style may be a result of an uncon-
ditional positive self-regard.⁴¹ The protective nature against 
depression of high self-esteem could be explored in cognitive 
behavioral therapies for depression interventions. 

Cognitive Style and Stress:
When a negative cognitive style interacts with stress, it can 

contribute to depression, as put forth by the cognitive-diathe-
sis stress model.³⁷ The Hopelessness Theory of Depression 
adds to this model by proposing that individuals with negative 
inferential styles react to negative life events with hopeless-
ness.¹⁹ These kinds of attributions, especially if repeated due 
to multiple occurrences of the stressful event, increase risk of 
depression.³³

Hankin et al. tested the Hopelessness Theory by observing 
the interactions of different negative inferential styles with 
stress and comparing the resulting depressive symptoms.³⁴ In 
a sample of 350 adolescents, the researchers measured negative 
inferential styles and depressive symptoms with the Adoles-
cent Cognitive Style Questionnaire (ACSQ); stressful life 
events were also recorded. The study found that for individu-
als with highly negative inferential styles, levels of depressive 
symptoms increased as stress increased. Those who did not 
have negative inferential styles coped better with stress and 
did not have high levels of depressive symptoms as a result of 
their inferential style.³⁴ 

While some do not, some adolescents may actively contrib-
ute to the amount of stress in their life. The stress generation 
framework posits that adolescents actively contribute to the 
amount of stress in their life due to specific types of behav-
ior.⁴² Before the beginning of a stressful event, pre existing 

57% increase of depressive symptoms. Not including sexual 
abuse, the ACEs measured predicted for de pressive symp-
toms. Out of the six ACEs assessed, physical abuse correlated 
most strongly with depressive symptoms. Those with ex-
periences of 3-6 ACEs had four and half times chances of 
depressive symptoms compared to those experiences of 0-2 
ACEs.²⁸ Another study, Schilling et al., measured ACEs and 
depressive symptoms in a sample of 1093 high school seniors 
using a modified version of the CESD and a series of ques-
tions to assess ACEs.²⁹ Similar to Brockie et al., Schilling et 
al. concluded that depressive symptoms increased with each 
additional ACE.²⁹

Chronic Stressor: Daily Stressors and Common Life Difficul-
ties:

A 2014 APA survey of 1018 adolescents, ages 13-17, re-
ported that 30% of surveyed adolescents felt depressed due to 
stress; additionally, 31% of surveyed individuals also reported 
that their stress levels have increased in the past year and that 
they feel stress will continue to increase.³⁰ 

Daily or common stressors for adolescents usually include 
school, extra-curriculars, and family responsibilities. Over-
loading of assignments, social pressure, academic performance 
pressure, and peer competition contribute to school-related 
stress. One study, Jayanthi et al., found that adolescents who 
reported academic stress were at a 2.4 higher risk of depres-
sion than those who did not report academic stress.³¹ Low et 
al. studied associations between common stressors and mental 
health impacts in a sample of 1025 adolescents, ages 11 to 15, 
and found similar results in the relationship between depres-
sive symptoms and stress from school work.²⁵ These studies 
suggest that chronic academic stress could be a risk factor in 
adolescent depression. 

4. Psychological factor - Cognitive Style:
A cognitive style is a pattern of thinking that deals with 

attention, memory, and other vital cognitive functions. In 
childhood, cognitive styles begin to form, stabilizing and influ-
enced by external factors during adolescence.³²-34 A negative 
cognitive style, also called a negative attributional or inferen-
tial style, refers to how individuals continually assign the cause 
of negative events to internal, stable, and global causes.33,35 
Three dimensions constitute an attributional style: “internal vs. 
external (whether attributions relate to causes inside or outside 
the self ), stable versus unstable (whether attributions are for 
causes that persist with time or not), and global versus spe-
cific (whether attributions affect many or few situations)”.³⁶ 
Individuals with a negative inferential style assume that their 
personal characteristics are negative and unfixable because of 
these attributions.³⁷ Individuals whose attributional styles are 
internal, stable, and global are more likely to be at risk to de-
pression.³⁶ 

An example of a negative inferential style can operate like 
so: An individual attributes the cause of the end of a friendship 
to their own fault (self ). They then infer that all this circum-
stance will always be the case for their friendships (stability). 
Finally, they infer that this would affect their future and all 
relationships of this nature (global). 

Research suggests that a negative cognitive style is a strong 
predictor of adolescent depression. Rohde et al. tested several 
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frameworks of thinking, such as an adolescent’s expecta-
tions, perceptions, and interpretations influence the reaction 
to stress. These cognitive styles are established more firmly 
during adolescence.³⁴ Furthermore, adolescents with high-
er levels of cognitive vulnerability, such as negative cognitive 
style, self-criticism, and dependency, contribute to more stress 
in their life, which in turn means higher levels of depressive 
symptoms.⁴³ 

Interpersonal stress and cognitive styles:
A negative cognitive style can also affect how an individual 

perceives interpersonal interactions. Lee et al. concluded ad-
olescents who possessed a negative cognitive style were more 
affected by negative parental interactions in terms of depres-
sion levels.⁴⁴ Ongoing negative interactions in relationships, 
coupled with negative perceptions of life situations, can put an 
adolescent at risk to depression.⁴⁴ 

Peer relationships can also influence who has a negative 
attributional style. In friendships, adolescents whose close 
friends had negative attributional styles were more likely to 
have negative attributional styles, and subsequently, were more 
likely to exhibit depressive symptoms.⁴⁵ 

Identifying the types of stress that exacerbate the use of 
negative attributional styles, and therefore increase risk to 
depression, may be useful in the construction of effective de-
pression interventions.   

Gender differences in negative cognitive styles and implica-
tions for depression:

For both female and male adolescents, depression is correlat-
ed with higher levels of a negative attributional style. However, 
research suggests that girls and boys differ in their types of 
attributional styles. Gladstone et al. found that boys were more 
likely to have depressogenic attributions in the stable dimen-
sion; this means that boys were more likely to attribute the 
cause of a negative event to stable causes than girls.⁴⁶ On the 
other hand, girls were more likely to have depressogenic attri-
butions in the global dimension, meaning that the cause of a 
negative event would affect all situations of a similar nature. 
Girls made more internal attributions than boys; this behav-
ior correlated with their overall lower self-esteem compared to 
boys. As mentioned before, lower self-esteem is also correlated 
with adolescent depression. The gender differences in types of 
negative attributions may relate to the differences in depres-
sion rates between boys and girls.⁴⁶

In summary, negative cognitive styles can interact with stress 
to form cognitive vulnerabilities to depression in adolescents. 
Identifying individuals with negative attributional styles, per-
haps by using the Adolescent Cognitive Style Questionnaire, 
could prove useful in interventions that target cognitive styles. 
Cognitive behavioral therapies focus on negative inferential 
styles, which are a strong predictor of depression, and they are 
effective at shifting these styles to more positive patterns of 
thinking. Thus, interventions should consider targeting cogni-
tive styles for efficacy in reducing adolescent depression levels.

5. Social factor – Gender:
Gender is defined as the social constructs of the character-

istics of girls and boys. Behaviors and roles are associated with 

certain genders, affecting how individuals view themselves and 
experience the world.⁴⁸ 

Boys and girls are at different levels of risk of depression and 
experience depression differently. Girls are twice more likely to 
develop depression in adolescence than boys.⁴⁹ 

Boys and girls exhibit depression differently. In a sample of 
383 adolescents, Bennett et al. measured depressive symptoms 
with the Childhood Version of the Schedule for Affective Dis-
orders and Schizophrenia and the BDI.50 From their trial, they 
concluded that girls’ depressive symptoms could be described 
by higher levels of excessive guilt, self-blame, dissatisfaction, 
“self-disappointment, feelings of failure, concentration prob-
lems, difficulty working, sadness or depressed mood, sleep 
problems, fatigue”.⁵⁰ Depression in boys appeared as symp-
toms of “anhedonia, depressed morning mood, and morning 
fatigue”.⁵⁰ Another study, Khesht-Masjedi et al., measured de-
pressive symptoms in a sample of 191 adolescents and found 
similar results.⁵¹ In this sample, depressed girls experienced 
more guilt, self-blame, and dissatisfaction whereas boys experi-
enced more trouble sleeping and fatigue.⁵¹ Seeley et al. screened 
for a number of risk factors for depression (parent and peer 
support, negative life events, attributional style, emotionality, 
perfectionism, body dissatisfaction, bulimic symptoms, physi-
cal activity, social adjustment, delinquency, substance use) in a 
sample of 479 adolescent girls. ⁵² They found that the strongest 
predictors of depression in this sample were delinquency, poor 
school and familial functioning, subclinical depressive symp-
toms, minimal parental support, and symptoms of bulimia. The 
highest risk group were girls who had both elevated depres-
sive symptoms and poor academic performance;they marked a 
40% incidence of major depression.⁵² 

The stress of social pressure that girls and boys face to con-
form to gender roles may be a risk factor to depression. As 
they move into adolescence, girls may face real or perceived re-
duction in choices or opportunities. Reports from adolescents 
show that girls perceive more expectations and restrictions 
from their parents as compared to boys. Girls also may feel 
restricted by the types of activities and preferences that are 
deemed ‘suitable’ for girls by social norms. Such restrictions 
could be a source of chronic stress for adolescent girls.⁵³ The 
mediational--stress exposure model posits that girls’ rates of 
depression are higher due to their greater exposure of stress 
compared to boys.⁵⁴ Girls experience greater exposure to in-
terpersonal stress from peers, romantic partners, and family 
members. Reports of higher stress are not limited to the inter-
personal domain.⁵⁵ 

In addition to the differences in exposure to stress, girls and 
boys react differently to stress. The moderation-stress model 
posits that girls react more strongly to stressors in a way that 
puts them at a greater risk for depression.⁵⁶ For example, girls 
are more likely to respond to stress with rumination, meaning 
they are more likely to dwell on the stressful situation without 
taking steps to relieve or eliminate stress.⁵³ Rumination is a 
type of thinking pattern that focuses on negative content from 
the past and present. This type of thinking can be a cognitive 
vulnerability to adolescent depression.⁵⁷ 

DOI: 10.36838/v3i5.12

ijhighschoolresearch.org



 61 

Depression in parents, especially mothers, is associated with 
negative parenting styles including rejection, high levels of crit-
icism, and minimal acceptance, comfort, and/or warmth. These 
types of parenting styles strongly correlate with depression in 
their adolescents.⁶¹ Weissman et al. found that adolescents 
of depressed parents are three times more likely to develop 
depressive and anxiety disorders than those of non-affected 
parents.⁶² Between ages 15-20, adolescents of depressed par-
ents were more likely to experience the onset of depression.⁶² 
Rice et al. found similar results: Children of depressed parents 
are at three to four times more risk of depression than children 
of healthy parents.⁹

Depression in parents is correlated with cognitive vulnera-
bilities to depression in adolescents. This includes higher levels 
of self-blame, usage of a negative attributional style, and lower 
self-worth. While each of these behaviors by themselves might 
not automatically lead to depression, they can be risk factors to 
developing depression later on. Depression in parents has also 
been correlated with poor interpersonal functioning, which in 
itself can be a risk factor to adolescent depression. Finally, de-
pression in parents can also be a risk for the following: earlier 
age of onset, longer duration, greater functional impairment, 
higher likelihood of recurrence.⁶¹

Family relationships:
Parents play a vital role in an adolescent’s development.⁶³ 

Conflict within the parent-adolescent relationship and in the 
family may become a stressor for adolescents. Specifically, it 
may become a chronic stressor due to adolescent’s inability to 
remove themselves from their family environment.⁶⁴ 

The state of family functioning can also be a risk to ado-
lescent depression. Family functioning can be described as 
composed of elements such as family structure, family com-
munication, adaptability and cohesion, and problem solving.⁶⁵ 

Rawatlal et al., found that adolescents who reported high 
levels of family dysfunction were more likely report depressive 
symptoms.⁶⁶ Certain behaviors of the adolescent and parents 
may worsen the risk of depression. Constrained parental ag-
gressiveness is correlated with adolescent depression. For girls, 
maternal submissiveness is correlated with depression.⁶⁴ On 
the other hand, there are also positive behaviors that can act as 
a buffer against depression. One example is emotional clarity, 
which is defined as the ability of an individual to accurately 
identify and understand their emotions. Over an observation 
period of 2 years, Freed et al. found that emotional clarity 
in adolescents acted as a protective factor against depressive 
symptoms and poor family functioning.⁶⁷ The relationship 
that exists between depression and family functioning could be 
explained by the degree to which adolescents are able to exer-
cise emotional clarity. A cycle may occur when poor emotional 
clarity degrades family relationships, which may subsequent-
ly cause depressive symptoms over an extended period of 
time. The study suggested that “it is possible that poor family 
functioning exacerbates depression and impaired emotion reg-
ulation for youth who already experience these deficits”.⁶⁷

Peer relationships:
Adolescents put more importance on peer relationships than 

any others, which sets the stage for greater exposure to inter-

personal incidents and possible higher levels of reactivity to 
such stressors.⁶⁸ 

Peer relationships can vary from dyadic relationships, a small 
group, or a large group of peers. These function as different 
social units. The dimensions of a social unit include social 
interactions, social support, and liking. Difficulties in peer 
relationships can include rejection, lack of perceived support 
from friends, and lack of popularity.⁶⁹ Dysfunction in peer re-
lationships may put an adolescent at risk to depression. In a 
sample of 143 adolescents, ages 13-14, Allen et al. found that 
“behavior undermining relatedness with close friends, calls for 
emotional support from close friends, and social withdrawal” 
strongly correlated with future depressive symptoms.⁶⁹ Social 
withdrawal may be a particularly potent risk factor to depres-
sion because withdrawal isolates the adolescent from getting 
help they need to navigate changing relationship expectations. 
Withdrawal also causes long term effects when the individual 
does not know how to cope with new interpersonal changes or 
is left out interpersonal interactions entirely due to previous 
absence. For adolescents already diagnosed with depression, 
Armsden et al. supported the finding that depression is related 
to less secure peer attachment.⁷⁰ Another study, Joiner, found 
a similar result that higher levels of depression in adolescents 
are correlated with higher levels of social withdrawal.⁷¹ Un-
dermining behaviors of anger and hostility that are related to 
adolescent depression could provide a starting point for inter-
ventions for depression. 

Peer relationships:
Peer victimization, consistent exposure of negative behaviors 

from peers, is associated with adolescent depression.⁷² Klomek 
et al. measured the relationship between depressive symptoms 
and peer victimization in 2,342 high school students, ages 13 
to 19, using the BDI and a peer victimization questionnaire.⁷³ 
They found that as rates of types of peer victimization in-
creased, those individuals’ depression rates increased. For male 
participants who experienced 5-6 types of victimization, there 
was a 29.7% prevalence of depression; for female participants 
who experienced 5-6 types of victimization, there was a 65.0% 
prevalence of depression. The more types of peer victimization 
a participant experienced, the more at risk they were to depres-
sion.⁷³ 
�   Conclusion
The findings of this paper suggest that the strongest indi-

cators and risk factors of adolescent depression are genetics, 
being a girl, a negative inferential style, having a depressed par-
ent, and experiencing a recent stressful life experience. First, 
40% of depression cases can be linked to genetics. Second, girls 
are 2 times more likely to develop depression in adolescence. 
Second, an adolescent with a depressed parent is 3 to 4 times 
more likely to develop depression compared to children with 
healthy parents. Third, having a highly negative inferential style 
puts an adolescent at four times the risk of depression than 
an adolescent with a healthy inferential style. Finally, “approx-
imately 70% of first depressive episodes and 40% of recurrent 
episodes of depression are preceded by a severe stressful life 
event”, making SLEs a significant risk factor to adolescent de-
pression.²⁷ These five make up the risk factors that are the most 
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correlated with adolescent depression based on this literature 
review.

 An effective intervention for adolescent depression could 
screen for four identified risk factors: female gender, a negative 
inferential style, having a depressed parent, and recent SLEs. 
Genetic screening is still possible, but it is more expensive. The 
intervention could resemble a psychoeducational intervention, 
such as the Coping with Depression Course, with modifica-
tions. ⁷⁴ First, a participant would be taken through a screening 
process; then, they would be directed to a risk-factor specific 
course that would help them with their specific issues. This 
way, high-risk groups could be identified by the screening 
measures and be given problem-specific skill training to help 
them prevent future depression or cope with current depressive 
symptoms. Future research could determine whether screening 
for risk factors before treatment is effective in reducing de-
pressive symptoms or preventing depression. Future research 
could also look at whether an electronic delivery or an in-per-
son of this program is more effective; electronic deliveries of 
interventions may be worthwhile researching because of global 
circumstances such as COVID-19.
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ABSTRACT: Campylobacter jejuni (C. jejuni) is a gram-negative bacterium. It induces several bacterial effects, such as extra-
gastrointestinal manifestations. Its ubiquity and heat-resistance make it hard to control and eliminate. D-limonene is a monocyclic 
monoterpene found in citrus fruits. It constitutes 94% of the essential oil from calamansi (Citrus microcarpa Bunge) rinds. Reducing 
the heat resistance of C. jejuni using D-Limonene from Calamansi rinds extract is the main objective of this study. D-limonene 
extracted from calamansi rinds was dissolved in ethanol and used to create a mixture with C. jejuni ATCC 29428 with a ratio 1:3. 
Two triplicates were made and placed inside a water bath under temperatures of 50°C and 55°C for six minutes, then plated on 
Mueller-Hinton agar with 5% lysed horse blood under 24-hour incubation in a microaerophilic environment. The results show 
that D-limonene from calamansi rinds has a significant effect on reducing the heat resistance of C. jejuni and was more evident 
at 50°C than at 55°C. The negative controls showed too numerous to count (TNTC) colonies (approximately 30-300), while 
treated replicates showed an average of 15.7 for 50°C and 51 for 55°C. This study shows that D-limonene from calamansi rinds 
can decrease the heat resistance of C. jejuni.
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�   Introduction
Campylobacter jejuni (C. jejuni) is a gram-negative bacteri-

um that is one of the most prevalent reported bacterial causes 
of campylobacteriosis in humans.¹ C. jejuni is more likely to 
cause cases of gastroenteritis than Salmonella or Shigella spe-
cies.² This bacterium has optimum growth at 37°-42°C and 
can survive at temperatures up to 55°C.³ Campylobacter can 
also survive in water around 15°C for a few days, and can be 
inactivated through heat at 85°C for 1 minute.⁴ Various spe-
cies of Campylobacter were long-assumed to be associated with 
warm-blooded animals only. They were unidentified as human 
pathogens for decades due to the lack of methods in detect-
ing the bacteria.⁵ Reservoirs of Campylobacter contamination 
are mainly poultry products, water, unpasteurized milk, mush-
rooms, and pets which are considered the sources of sporadic 
infections in humans, but cross-contamination, improper han-
dling, and cooking of foods of animal origin account for the 
majority of the diseases.⁶

Campylobacter has a commensal relationship with an exten-
sive range of birds and mammals, such as domestic animals 
used for food production and pets. This bacterium lives in the 
intestinal tract of its host, leading to various ways of infecting 
humans.⁵ The organisms have the ability to survive in the en-
vironment for several weeks at temperatures around 4°C, and 
cause infections as a result of consuming untreated water and 
milk.⁷ Direct contact with infected animals can also transmit 
infection, which puts those who work in specialized occupa-
tions which require exposure and contact with animals such 
as veterinarians, animal husbandry personnel, butchers, meat 
inspectors, and animal caretakers at high risk of infection.⁵ 
Moreover, there are records that show 80% of all Campylobacter 

infections are affiliated with chickens, mainly in their cecum 
and feces where the bacterium is frequently found.⁸ Poultry is 
also heavily contaminated in the course of mass processing. In 
the event of the processing of chicken carcasses, spreading of 
the organisms may occur either from the large number of bac-
teria within the intestinal tract or from the presence of C. jejuni 
from the birds’ feathers and skin. This enormous number of 
bacteria results in substantial contamination of processed car-
casses. In a recent study, findings show that there were very low 
levels of C. jejuni (1.7%) in the feces of broilers at 4-5 weeks of 
age. However, at the time of slaughter (ca. 6-7 weeks of age), 
the ceca of birds yielded a higher incidence of C. jejuni (24%).⁵ 
C. jejuni is considered ubiquitous, therefore making it difficult 
to control and to prevent its spread.⁹ A study conducted in the 
laboratory, had indicated that birds already colonized with C. 
jejuni can expeditiously transmit the bacterium to the majority 
of its hatch mates as fast as 3 days or even less.⁵ Infection with 
this bacterium may cause a variety of diseases such as acute en-
teritis, extraintestinal infections, postinfectious complications, 
and more.² This pathogen has also been recorded to be affiliat-
ed in extra-gastrointestinal manifestations, which include lung 
infections, bacteremia, meningitis, brain abscesses, and reactive 
arthritis.¹  

Campylobacter is becoming progressively resistant to clini-
cally essential antibiotics, which is a major problem for public 
health.¹⁰ Due to the indiscriminate use of antibiotics, there is 
a rising number of human infections caused by antimicrobial 
resistant strains of the bacterium. The chronic continuation of 
this practice makes clinical management of campylobacterio-
sis cases more difficult to handle. Antimicrobial resistance can 
lengthen the period of the illness and compromise treatment 
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of patients with bacteremia. The rate of antimicrobial-resistant 
enteric infections is highest in developing countries, where the 
use of antimicrobial drugs in humans and animals is relatively 
unrestricted.⁵ A study in the Philippines showed that C. jejuni 
found in chicken carcasses bought around Metro Manila have 
now developed strains resistant to antibiotics such as clinda-
mycin (98.6%), erythromycin (98.6%), nalidixic acid (98.1%), 
tetracycline (94.2%), gentamicin (65.2%), and chloramphen-
icol (52.7%).¹¹ In the management of campylobacteriosis, 
fluid therapy is highly recommended. However, it must be re-
membered that antimicrobial treatment is only prescribed to 
patients with severe cases or if they are immunocompromised. 
It is also not advisable to inject antibiotics that can stop the 
bacterium from transmitting to consumers. Several side effects 
and new diseases are potential hazards that are likely to oc-
cur.¹²

Aside from using antibiotics, another solution is disinfec-
tion and cleaning programs. These programs include dry and 
wet cleaning, along with the application of two detergents 
(one basic and one acid) and two disinfectants (250 g/L glu-
taraldehyde and 185 g/L formaldehyde at 0.5% and 210 g/L 
para-chloro-meta-cresol at 4%) which are to be used for dis-
infection and that were evaluated to be effective in eliminating 
C. jejuni and other bacteria such as the Salmonella sp.¹³ Since 
the bacteria spreads fast in chicken flocks and fecal-oral spread 
is also possible because chickens are coprophagic,⁵ both the 
producers and consumers are not able to guarantee that this 
program is effective enough to eliminate the bacteria com-
pletely.¹³

Calamansi (Citrus microcarpa Bunge) is native to the Philip-
pines and is predominantly cultivated in the country, making it 
abundant and easily accessible in terms of obtaining. D-Lim-
onene is identified as a primary component in a Calamansi 
rinds and constitutes 94% of the Citrus oil.¹⁴ D-limonene, a 
naturally occurring hydrocarbon, is a cyclic monoterpene com-
monly found in the rinds of citrus fruits.¹⁵ Generally regarded 
as safe (GRAS) status,¹⁶ it is commonly used in insecticide 
formulation and medicinal purposes, such as bronchitis treat-
ment, weight loss, and cancer prevention.¹⁷

D-limonene is a vital component in citrus essential oils and 
has an exceptional antimicrobial property compared to other 
essential oils, especially when combined with thermal treat-
ments.¹⁶,¹⁸-²¹ Several researchers have studied the synergistic 
effect of a heat treatment, which resulted in a 100-times re-
duction of the thermal resistance of Listeria monocytogenes 
(L. monocytogenes) and an essential oil nano-emulsion led to 
a reduction of the heat resistance of Salmonella senftenberg (S. 
senftenberg) of 50 times. These studies show the most dramatic 
decrease in microbial heat resistance when the heat has com-
bined with natural antimicrobials.¹⁹-²¹

This study aims to reduce the heat resistance of C. jejuni by 
using D-limonene from calamansi (Citrus microcarpa Bunge) 
rinds extract. Specifically, it (1) aims for the D-Limonene 
from calamansi (Citrus microcarpa Bunge) rinds to have a sig-
nificant effect on the heat resistance of C. jejuni. The authors 
of this study also (2) aim to know at which temperature (50°C 
or 55°C) will the extract be most effective in reducing the heat 

resistance of the bacteria. In addition, the authors of this study 
(3) aim to know to what extent can the heat resistance of C. 
jejuni be reduced by the D-Limonene content from calamansi 
rinds.

The results of this study will help lessen the contamination 
of poultry as well as, reduce the risks of contracting campylo-
bacteriosis and diseases caused by this pathogen. The results 
of this study can also be used in food processing companies 
since D-limonene can be an alternative for several treatments 
of processed foods. The results will also be used as a reference 
for improving studies related to heat-resistant bacteria and a 
solution for the continuous growth of several other bacteria.
�   Methods
Bacterial Strains:
C. jejuni ATCC 29428 was purchased from Fil-Anaserve 

Inc. The preparation of the bacterial culture was performed 
in a biosafety cabinet and all laboratory equipment used were 
sterilized to avoid contamination. The C. jejuni ATCC 29428 
was grown and maintained in Mueller-Hinton Broth tubes 
and incubated at 42°C for 48 hours under microaerophilic 
conditions – 85% N2, 10% CO2, and 5% O2.²²

Preparation of D-limonene:
For the collection of calamansi rinds, 6 kg of calamansi 

were purchased from a supermarket and were authenticated 
in University of the Philippines Diliman-Institute of Biology. 
The calamansi were rinsed before the rinds were aseptically 
separated from its components by squeezing out the juice and 
taking out the remaining parts in the albedo, the inner white 
part, until it became hollow. The rinds were then air-dried for 
3 days, and then cut into smaller pieces.  A soxhlet extractor 
was used to obtain D-Limonene from the rinds with a ratio 
of 1:3 with ethanol as solvent.²³ To separate the solvent from 
the solution, a rotary evaporator set at 60°C was used and 
pure calamansi rinds extract was acquired.²⁴

Preparation of Campylobacter jejuni Inoculum:
Using a 0.5 McFarland Standard as a basis for their tur-

bidity to acquire bacterial inoculum, a desired bacterial 
concentration of 1,300 μL of freshly cultured bacteria was 
added in each 3 double-strength Mueller-Hinton broth 
tubes.²⁵

The equipment needed and the double-strength Muel-
ler-Hinton broth was prepared following the manufacturer’s 
instructions and sterilized through autoclaving at 121°C for 
30 minutes.²⁶ After the broth had cooled down, 8 test tubes 
with 3mL of double-strength Mueller-Hinton broth were 
prepared. 3mL of the bacterial culture was then added into 
each tube. The negative control set-up consisted of two test 
tubes containing 3mL of double-strength Mueller-Hinton 
broth and 3mL of the bacterial culture. Subsequently, the 
formulation of the D-limonene and C. jejuni inoculums in-
cluded the addition of 3mL of calamansi rinds extract to the 
remaining 6 test tubes.

Experimentation Using Water Bath and Plate Count Method:
After preparing the samples, 3 test tubes along with a con-

trol, a total of 4 test tubes, were placed in a water bath at 
50°C for 6 minutes. This was also done to the remaining 4 test 
tubes, at 55°C.²⁷ The samples were cooled shortly after the 
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control’s bacterial colonies, while the average number of colo-
nies at 55°C is 51, with an 83% decrease. The statistical analysis 
of the treatments was done using ANOVA: Two-Factor with 
replication. As shown in Table 1, there is a significant differ-
ence between the treatments. The p-value shows a lower value 
than the level of significance (alpha = 0.05). Therefore, the null 
hypothesis should be rejected, which means that D-limonene 
from calamansi rinds extract can reduce the heat resistance of 
C. jejuni.

D-limonene as an antimicrobial combined with heat has 
been tested by a number of authors, displaying promising 
results. Based on the study of Ros-Chumillas et al., S. senften-
berg is the most heat-resistant among the bacteria that can be 
found in the guts of a chicken and a gram-negative bacterium 
like C. jejuni.²¹ In the said study, using nanoemulsified D-lim-
onene showed a dramatic decrease in the heat-resistance of S. 
senftenberg. The same results were seen in multiple studies con-
ducted by Maté et al.¹⁸-²⁰ in using nanoemulsified D-limonene 
to reduce the heat-resistance of the bacteria, L. monocyto-
genes. These bacteria are also ubiquitous and contaminates an 
extensive amount of food just like C. jejuni.

In this study, a higher concentration of D-limonene was 
used, and similar results were recorded and observed by the 
researchers. The studies mentioned showed an average de-
crease of three times in the thermal resistance of various cells 
when antimicrobials are added to the heating medium.³² Dif-
ferent cell structures are injured when exposed to heat, but 
heat alone could not inactivate these damaged cells. However, 
antimicrobials, combined with heat, would aid in inactivating 
these cells.³³ This report confirms that antimicrobials reduce 
heat resistance when added directly, depending on the heating 
temperature.²⁰ D-limonene, an essential oil with antimicrobial 
properties, can help in inactivating the damaged cells with 

process. Using a 10 μL inoculating loop, 10 μL of each sample 
was placed onto Petri dishes containing Mueller Hinton Agar 
supplemented with 5% lysed horse blood, lysed following 
Clinical and Laboratory Standards & Institute Guideline,²⁸ 
by streak plating using quadrant method.²⁹ The plates were 
then inverted and incubated at 37°C for 24 hours under mi-
croaerophilic conditions.³⁰

Data Gathering:
After a 24-hour incubation, the bacterial colonies were 

counted using a manual colony counter. Results showed that 
the colonies of the negative controls, plates 1 and 2, were con-
sidered too numerous to count (TNTC) therefore, the value 
used to represent the controls is 300.³¹ In contrast to that, defi-
nite number of colonies were recorded in both triplicates. Data 
collected from the triplicates of 55°C was 0 colonies in plate A, 
40 colonies in plate B, and 113 colonies in plate C. 15 colonies 
in plate D, 15 colonies in plate E, and 17 colonies in plate F 
were recorded from the triplicates for 50°C.

Statistical Analysis:
The data, specifically the difference between the bacterial 

inoculums with the extract and without the extract, were ana-
lyzed using the statistical test “ANOVA: Two-way Factor with 
Replication”. The statistical test was used to determine wheth-
er there are any statistically significant differences between the 
means of the two independent groups which were the bacte-
rial inoculums with calamansi rinds extract and the bacterial 
inoculums without the extract. The independent variables of 
this study were the presence of the extract in the inoculum, 
and the dependent variable was the reaction of C. jejuni on the 
treatment.
�   Results and Discussion

Figure 1 shows the effect of D-limonene added directly 
on the thermal resistance of C. jejuni at two different tem-
peratures, 50°C and 55°C, after a 24-hour incubation time. 
Results showed a dramatic difference between the number of 
bacterial colonies between the treated and untreated bacterial 
inoculums. The negative controls’ bacterial colonies were con-
sidered too numerous to count (TNTC) therefore, the value 
used is 300.³¹ In contrast to that, definite number of colonies 
were recorded for both triplicates being 0, 40, and 113 for the 
55°C, and 15, 15, and 17 for the 50°C. The average number of 
colonies at 50°C is 15.7, with a 94.766% decrease from the 
negative 

Table 1: ANOVA: Two-Factor with Replication. There is a significant 
difference between the treatments therefore, the null hypothesis should be 
rejected.

Figure 1: The results of the plates after a 24-hour incubation. (1) 55°C 
Controlled plate, (2) 50°C Controlled plate, (A-C) Treated plates under 
55°C, and (D-F) Treated plates under 50°C.
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heat. Thus, it might reduce the heat resistance of bacteria at a 
greater level in higher temperatures.¹⁶,¹⁸-²⁰

Therefore, several medications can use D-limonene, specif-
ically for poultry. D-limonene could aid in reducing the heat 
resistance of the bacteria living in the intestinal tract of chick-
ens since they have a high body temperature and might prevent 
the spread of pathogens from one another. Food processing 
companies can also use D-limonene to serve as an alterna-
tive for several treatments for processed foods. Furthermore, 
this study could be a reference for improving and investigating 
studies related to heat-resistant bacteria.³⁴
�   Conclusion
In conclusion, D-limonene from calamansi (Citrus micro-

carpa Bunge) rinds extract had a significant effect in reducing 
the heat resistance of C. jejuni. This research contributes to 
the potential of using D-limonene as an antimicrobial when 
combined with thermal treatments which have been previous-
ly shown in studies on L. monocytogenes and S. senftenberg.¹⁸-²¹

The researchers suggest further research to test the effect of 
the D-limonene extract in the form of nanoemulsion on the 
heat resistance of C. jejuni. Based on published studies where-
in nano-emulsified D-limonene is used in decreasing the heat 
resistance of L. monocytogenes and Salmonella senftenberg, na-
no-emulsified D-limonene showed a higher rate of decrease in 
the heat resistance of the bacteria compared to when D-lim-
onene is introduced to the strain directly.¹⁸-²¹ It also indicates 
that using nano-emulsified D-limonene would be beneficial 
for food processing as it only uses a low concentration of the 
extract, and companies could save more.³⁴

Different compounds, such as fat and fiber, should also be 
taken into consideration if it will interfere with the effectivi-
ty of D-limonene in reducing the heat resistance of C. jejuni 
when applied to food products. The interference of these com-
pounds is seen in a study conducted by Maté et al. in where 
compounds such as, but not limited to fat and fiber; hinder the 
effectiveness of nano-emulsified D-limonene.¹⁸

Additional studies are also needed to determine the effect 
of D-limonene under non-isothermal conditions, for it to be 
applied in actual food processing in where microorganisms re-
spond differently due to the dynamic conditions.³⁵ Microbial 
cells may develop a physiological response that can increase 
their resistance against heat due to certain treatments. Sev-
eral studies observed that an increased rate of heating in cells 
may result in higher sensitivity, which would decrease their 
resistance to underlying stresses.³⁶-⁴² Although active in the 
research field, further studies are required to understand these 
mechanisms at a molecular level.⁴,⁴¹,⁴³
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�   Introduction
A rational number can be expressed as a fraction  p⁄q, where 

p and q are integers. An irrational number α is a real num-
ber that is not a rational number. In practical applications, α 
is often approximated by a rational number. As an example, 
the ratio of a circle’s circumference to its diameter is an irra-
tional number, π=3.14159265… Some rational approximations 
discovered in early history are 25⁄8 (Babylonian, 19th century 
B.C.), 22⁄7 (Archimedes, 3rd century B.C.), 377⁄120 (Ptolemy, 
2nd century A.D.), 3927⁄1250 (Liu Hui, 3rd century A.D.) and 
355⁄113 (Zu Chongzhi, 5th century A.D.).¹

Many rational approximations exist for α, but what is the 
“best” approximation? Conventionally, the best approximation 
is derived algebraically using continued fractions.² A drawback 
of this approach is that it uses one arithmetic equation after 
another, and the reader may lose sight of where the equations 
are leading. Inspired by the ideas by Irwin and Davenport,³,⁴ 
this paper takes a geometric approach to provide a geometric 
interpretation of the best approximation and connect the ideas 
of the best approximations and simple continued fractions. The 
geometric treatment may be of some help by providing more 
clear mathematic intuition.

Definition of Best Approximation:
Define p⁄q to be the best rational approximation of α if,
|p-αq|<|p'-αq'| (1)
for any p'⁄q'≠p⁄q with 0<q'≤q. One may replace (1) with 
|p ⁄ q-α|<|p' ⁄ q'-α| (2)
The inequality in (2) can be rewritten as

which is equivalent to adding a weight (q or q') to the metric 
(|p-αq| or |p'-αq'|) used in (1). We claim that (2) is weak-
er than (1) in the sense that some approximation p⁄q may be 
qualified as a best rational approximation, not because |p-αq| 
is the smallest, but because q is large. A best approximation 
under (1) is always a best approximation under (2), but the 
reverse is not true. Consider an example of approximating π. 
The best approximations under (1) are

which are a subset of those under (2) given by

Not only the definition of (1) is stronger, it also nicely con-
nects to continued fractions, as explained later. Next,  we next 
focus on the definition (1).

A Geometric Interpretation:
Consider a coordinate plane on which lattice points (q,p) 

are defined for all integers q,p. Imagine standing at the ori-
gin of the plane and shooting out a ray whose slope is α. For 
the sake of showing the geometric property, we assume α>0. 
The ray goes into the first quadrant, as depicted in Figure 1. 
Because the slope is irrational, the ray will not hit any lattice 
point. A lattice point is a rational approximation of α where 
the horizontal axis (q) represents the denominator and the 
vertical axis (p) is the numerator. The vertical distance of every 
point (q,p) to the ray is |p-αq|.

As the ray travels, i.e., as q increases, keep track of the best 

approximations as the lattice points closest to the ray: p_0⁄q_0 
,p_1⁄q_1 ,… By definition, of the very first best approxima-
tion, q_0=1. Given  p_0⁄q_0 , where will p_1⁄q_1  be?
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Suppose that p_0<α (the case of p_0>α can be addressed 
similarly). p_0+1>α. As depicted in Figure 2, draw two lines 
from the origin to (1,p_0 ) and (1,p_0+1) respectively. By defi-
nition, (q_1,p_1 ) cannot be in the two grey closed areas in the 
following figure. The remaining points on the plane are the 
lattice formed by i(1,p_0 )+j(1,p_0+1) with positive integers i,j.

Denote O=(0,0), A=(1,p₀), B=(2,2p₀+1), C=(1,p₀+1). Draw 
parallelogram OABC. Since p₀, not p₀+1, is the best approxi-
mation, it follows that (p₀+1)-α>α-p₀. Thus, 2α<2p₀+1. The ray 
intersects the line segment AB and meets the extension of the 
line segment CB at Z. Denote X the farthest lattice point on 
the extension of CB before Z. We claim the following.

Lemma 1. X is (q₁,p₁).
Proof. We must show two statements:
1. The vertical distance of X to the ray is the smallest for 

any point whose horizontal coordinate does not exceed that 
of X, and

2. There is no best approximation between A and X.
X is the closest to the ray among all the lattice points on 

CB and its extension before Z. To show the first statement, 
it suffices to note that X is closer to the ray than A is because 
XZ∥OA and |XZ|<|OA|. The second statement holds because 
for another lattice point on CB and its extension before Z, say 
Y, YZ∥OA and |YZ|>|OA|.     
From the above construction of (q₁,p₁), the following corol-
lary can be immediately obtained.

Corollary 2. If p₀ ⁄ q₀  is a lower best approximation, then p₁ ⁄ 
q₁ is an upper one.

We can apply a similar construction to locate any subse-
quent pn ⁄ qn as depicted in Figure 3. 

Specifically, start from A=(qⁿ-2,pⁿ-2 ) and C=(qⁿ-1,pⁿ-1 ), 
where one of them (say A) is a lower and the other one, C, 
is an upper best approximation. Thus, pⁿ-1-αqⁿ-1<αqⁿ-2-pⁿ-2. 

Denote B=(qⁿ-2+qⁿ-1,pⁿ-2+pⁿ-1 ). (qⁿ,pⁿ) cannot be in the two 
grey closed areas in the figure. Draw parallelogram OABC. 
The ray intersects the line segment CB because α(qⁿ-2+qⁿ-1 )>pⁿ-
2+pⁿ-1, and meets the extension of the line segment AB at Z. 
Denote X the farthest lattice point on the extension of AB be-
fore Z. In the figure, X happens to be the same as B. This is not 
necessarily true in general. 

Theorem 3. X is (qⁿ,pⁿ ). 
Theorem 1 can be proved similarly to Lemma 1. As expected 
from Corollary 1, (qⁿ,pⁿ ) is a lower best approximation. 

Putting the above steps together, Figure 4 illustrates the first 
four best approximations of some α with 0<α<1/2 and the par-
allelograms used to construct them.

Connection of Best Approximation and Continued Fractions:
Let us return to the construction of (qⁿ,pⁿ ). Recall that 

Z is the intersection of the extension of AB and the ray. The 
coordinates of Z are given by (qⁿ-2+zⁿqⁿ-1,pⁿ-2+zⁿpⁿ-1) where zⁿ 
is a positive real number satisfying  

     (3)

Moreover, because X is the farthest lattice point on the AB 
and its extension before Z, we have the following recurrence 
relation,

(4)

where positive integer m_n is given by mn=[zn]. The exact ex-
pressions of m and thus (qn,pn ) can be obtained via simple 
continued fractions, as explained next.

The idea of simple continued fractions works as follows. 
Write

       α=[α]+α1.

This procedure repeats and leads to an expression of the form

(5)

Note that αn≥1 for n≥1. Since α is irrational, the sequence 
of {αn} goes on forever. To obtain a rational approximation of 
α, we stop at some αn and set

Figure 2: Determination of (q₁,p₁).

Figure 3: Determination of (qn,pn). 

Figure 4: the first four best approximations of some α with 0<α<1/2. 
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(6)

are called convergents.

Lemma 4. Given a0,a1,…,aⁿ, hⁿ,kⁿ can be calculated recur-
rently as follows.

kⁿ=kⁿ-2+aⁿ kⁿ-1 ,hⁿ=hⁿ-2+aⁿ hⁿ-1,                                        (7)
with k0=1, h0=a0 , k1=a1 , h1=1+ a0 a1.

Proof. We prove this recurrence relation by induction. It is 
easy to verify that the relation holds for n=2. Assuming that it 
holds for n, we next examine the case of n+1

Hence, we have completed the induction step.  
The above recurrence relation of {hⁿ,kⁿ} (7) derived from 

simple continued fractions is strikingly similar to that of 
{pⁿ,qⁿ } (4) derived earlier from our geometric construction. 

Theorem 5. For n≥1

(8)

Proof. To prove (8), we use induction again. It is easy to 
verify the cases of n=1,2. Assuming that it holds for 3,…,n, 
we next examine the case of n+1. We rewrite α of (5) in the 
recurrence form similar to,

Comparison with our geometric construction (3) shows 
that

Therefore,

Furthermore, by the recurrence relations (4) and (5), we 
know that pⁿ+1=hⁿ+1,qⁿ+1=kⁿ+1. Hence, we have completed he 
induction step.      

In summary, what (8) in essence says is that for n≥1, every 
convergent is a best approximation and every best approx-
imation is a convergent. This result is quite remarkable 
in connecting best approximations and simple continued 
fractions. Note that if α₁>1/2, then h0/k0 =α0 is not a best ap-

proximation. Clearly the best approximation is α0+1. To avoid 
this complication, we ignore n=0 and focus on n≥1 in our 
statement. 
�   Conclusions
In this paper we present a geometric interpretation of best 

rational approximation of an irrational number, discover a few 
interesting properties, and connect best approximations and 
simple continued fractions.
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