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Letter from the Editor

Dear Reader,

Welcome to the fourth issue of Vertices: Duke’s Undergraduate Research Journal. This semester’s issue is 
marked by a record number of new peer reviewers who worked hard to ensure that the research we present to 
you is held to rigorous standards of scientific quality. With the Academic Editing branch being the largest it has 
ever been, we were able to host more exchanges of ideas between our reviewers, Duke’s faculty and graduate 
students, and our collaborators at Georgetown University. We are therefore excited to present this collaborative 
issue, and we are proud of the academic community that has contributed to its final form.

Within this multidisciplinary issue, there is something for readers with interests varying from quantum 
mechanics to neurobiology. Our first article discusses the role of self-esteem and self-perceived value in group 
dynamics, which have implications for assessing how social factors may contribute to the idea of status. 
Second, we present an article that discusses multiple hypotheses regarding the randomness of variables within 
quantum mechanics, providing a unique perspective that blends quantum physics with philosophy. We next 
present a biochemistry article that models the effect of varying expression levels of transporters involved in 
serotonin reuptake (e.g. SERT) on extracellular serotonin concentrations, highlighting potential explanations 
for heterogeneous responses to serotonin reuptake inhibition as a treatment for depression. Last, we present an 
article that discusses and tests simultaneous localization and mapping (SLAM): a computer vision technique 
that uses algorithms to generate first-person visual simulations. 

With that introduction, I invite you to continue into our fourth issue and explore these examples of rigorous 
science, wonderful communication, and fascinating research. 

Sincerely, 

Kaeden Hill, Co-Academic Editor in Chief
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Article Synopsis

Depression is often treated with selective serotonin reuptake inhibitors (SSRIs), but some patients do not show 
improvements in their symptoms while taking them. Using a mathematical model of serotonin, we simulate the 
effects of various antidepressants and predict which factors may influence SSRI success.

Graphic by Erin Heyeck
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Abstract

Serotonin plays a crucial role in the symptoms of depression, and understanding its dynamics in the brain is of 
the utmost importance in determining how to mitigate the effects of depression. We investigate a mathematical 
model presented by Best et al. (2020) that examines serotonin dynamics in the substantia nigra pars reticulata. By 
incorporating experimental data and a stochastic systems population model, several biological mechanisms and 
observations are further understood. A populations model is utilized to account for enzymatic expression level 
variation from 75% to 125% of their base values. When generating the population model, uniform distributions 
are assumed when simulating maximum velocity values, which correspond to enzyme expression levels. We 
investigate this assumption and show that it is reasonably insensitive; that is, changes in the distributions used to 
generate these values do not significantly change the results of the model. We also use the model to simulate the 
effects of monoamine oxidase inhibitors (MAOIs), one of the first treatments discovered for depression. We then 
use similar methods to simulate the effects of selective serotonin reuptake inhibitors (SSRIs), the most common 
antidepressant used today. We demonstrate that low enzyme expression levels of tryptophan hydroxylase and 
neutral amino acid transporter are most associated with low extracellular serotonin values at the steady state, 
indicating that these two enzymes may play key roles in predicting which patients may or may not respond to 
SSRI treatment.

Keywords: major depressive disorder, selective serotonin reuptake inhibitors, monoamine oxidase inhibitors, 
stochastic systems population model, tryptophan hydroxylase, neutral amino acid transporter
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1. Background

Major Depressive Disorder (MDD), commonly 
known as depression, can affect all aspects of daily 
life, causing loss of interest in normal activities, sleep 
and appetite disturbances, and general hopelessness 
about the present and the future [1]. Episodes of 
depression vary in frequency and duration, with 
depression sometimes requiring treatment that may 
last from months to years [1]. Symptoms may also 
lead to a diverse array of behavioral dispositions 
including outbursts of irritability or frustration, 
difficulty remembering and concentrating on 
cognitive tasks, and physical symptoms, such as 
headaches or back pain [1]. In extreme cases, MDD 
can also lead to suicide; several studies find that the 

proportion of patients with MDD that take their own 
lives can as high as 15% or 16.6% [2][3]. The severity 
of MDD is further highlighted by recent global health 
statistics, which cite that as of 2020, suicide was the 
third leading cause of death for ages 15-24 and the 
second leading cause of death for ages 25-34 in the 
United States [4]. Thus, understanding the causes 
and potential treatment mechanisms of MDD are 
evidently urgent for public health.

Environmental factors, such as parental abuse or 
neglect, bullying, social nonconformity, and other 
traumatic experiences, play a pivotal role in the 
onset of depressive symptoms [5]. Depression may 
also result from the progression of other diseases 



and disorders, such as cancer, schizophrenia, 
diabetes, and other chronic illnesses [5]. While 
these external factors are important to consider in 
a comprehensive model of depression, we focus 
primarily on biochemical pathways in the brain. 
Specifically, we investigate the dynamics of serotonin 
in the brain. Serotonin is a neurotransmitter that is 
known to be closely tied to body weight regulation, 
alcoholism, and anxiety disorders, amongst other 
behaviors [6]. There is a known, strong correlation 
between serotonin and symptoms of depression [7], 
and we aim to elucidate the mechanisms behind this 
relationship.

2. The Model

This study evaluates the use of a deterministic 
model of serotonin metabolism presented by Best 
et al. (2020). This model integrates computationally 
simulated outcomes with experimental data to explain 
several biological mechanisms, including features 
of autoreceptor function, tryptophan input, and two 
separate reuptake mechanisms [6].

The experimental data was produced in the lab of 
Parastoo Hashemi, who measured extracellular 
serotonin and histamine levels in mice. In these 
experiments, the medial forebrain bundle of the 
mouse is stimulated for two seconds, which causes 
antidromic spikes to excite the dorsal raphe nucleus. 
Bursts of action potentials then fire to various 
projection regions in the brain, such as the substantia 
nigra pars reticulata, the prefrontal cortex, and the 
hippocampus. Extracellular serotonin and histamine 
levels are then measured in these projection regions, 
which serve as the primary locations of focus in this 
paper. Specifically, we focused on the results in the 
CA2 region of the murine hippocampus, which was 
the region studied in vivo [6].

Figure 1: Schematic representation of the model. Names 
of enzymes and transporters are as follows: Trpin, 
neutral amino acid transporter; DRR, dihydrobiopterin 
reductase; TPH, tryptophan hydroxylase; AADC, 
aromatic amino acid decarboxylase; MAT, vesicular 
monoamine transporter; SERT, 5-HT reuptake 
transporter; auto, 5-HT autoreceptors; MAO, 
monoamine oxidase; ALDH, aldehyde dehydrogenase; 
NET, norepinepherine transporter; DAT, dopamine 
transporter; OCT, organic cation transporter. Taken 
from Best et al. (2020).

The schematic in Figure 1 is the basis for this 
deterministic mathematical model. The yellow 
structure is known as an axonal varicosity, a 
structure that is vital for the synaptic transmission 
of neurotransmitters [8]. Action potentials fired 
down axons to various projection regions in the 
brain stimulate these axonal varicosities to release 
neurotransmitters [9]. Thus, changes in biochemistry 
can essentially be projected across different regions 
of the brain, adding to the complexity of modeling 
serotonin dynamics and other neurobiological topics 
[9]. Each blue oval represents an enzyme within 
the varicosity, which facilitates one or multiple 
biochemical reactions as the substrates in red boxes 
increase or decrease in concentration. The red box 
labeled eht, located below the axonal varicosity in 
Figure 1, represents the concentration of serotonin in 
the extracellular space, which is used as a metric for 
depressive symptoms [6].

The orange structure is known as a glial cell, a class 
of cell that is known to be involved in a myriad of 
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distinct functions [10], including modulating nerve 
signal propagation and aiding neural development 
[11]. In our model system, glial cells are involved 
in one of the reuptake mechanisms for extracellular 
serotonin. When serotonin is released into the 
extracellular space, it is transported back into the 
varicosity as cellular serotonin via the 5-HT reuptake 
transporter enzyme (SERT in the schematic) or 
through an alternative pathway, Uptake 2, when 
the extracellular serotonin reaches a certain 
critical concentration [6]. The presence of two 
separate uptake mechanisms has been confirmed 
experimentally in vivo [12]. Since the Uptake 2 
mechanism relies on glial cells, it is expected that the 
value associated with the kinetics of its biochemical 
pathways varies with respect to glial cells near the 
electrode taking the readings [6]. Thus, this value will 
sometimes be higher than the value used in the model 
[6].

In this model, maximum velocity (Vmax) values capture 
the maximum rates at which an enzyme-catalyzed 
reaction can occur. It is directly proportional to 
enzyme concentration, and therefore varies based 
on enzyme expression [6]. Since enzyme expression 
levels are known to vary across individuals, Vmax 
values vary as well [6]. This variation is the subject of 
this paper.

The various enzymatically driven biochemical 
reactions at the axonal varicosity can be modeled as 
standard Michaelis-Menten kinetics, as governed by 
the Michaelis-Menten equation,

where [S] represents the substrate concentration over 
time, V0 represents the velocity of the reaction at a 
given time, Vmax  represents the maximum possible 
rate of the enzymatic reaction, and Km  represents the 
substrate concentration at which V0  = ½ Vmax .

However, not all reactions follow this simplified 
curve. The kinetics of the tryptophan hydroxylase 
(TPH) enzyme, an enzyme responsible for converting 
tryptophan into 5-hydroxytryptophan, which is 

a precursor to serotonin, show a deviation from 
traditional Michaelis-Menten kinetics. A phenomenon 
known as substrate inhibition is observed, as 
outlined in Figure 1 by Ght*, the activated form of 
the signaling G-protein unit, inhibiting TPH. When 
Ght* is above its equilibrium value, this results in a 
reduction of VTPH , and the converse is observed when 
Ght* is below its equilibrium value. This relationship 
can instead be modeled by the Hill kinetics equation,

where n represents the Hill coefficient, quantifying 
degrees of cooperativity in binding. As the long range 
dynamics of TPH inhibition are unknown, the Hill 
coefficient is assumed to be constant with change in 
time [6].

The 5HT1B autoreceptor is in the family of G protein-
coupled receptors, and their relationships are shown 
in the bottom left of Figure 1 near the blue auto oval. 
The system is responsible for regulating Ght*, and 
thus, Vmax [6]. Ght represents the inactive concentration 
of the G-protein subunit, the counterpart to the 
signaling G-protein unit denoted Ght* [6]. Their 
relative amounts change via the equilibrium arrows, 
and these kinetics are represented in the differential 
equations of the model. The G-protein network is 
regulated by regulators of G-protein signaling (RGS), 
shown in the schematic as the T substrates [6]. 
Analogously, Tht represents the inactive RGS protein, 
and Tht* represents the active RGS protein. As 
described by Figure 1, bound extracellular serotonin 
(bht) stimulates the conversion of Ght to its active 
form, Ght* [6]. Following the network, Ght* stimulates 
conversion of Tht to its active form, Tht*, and in turn, 
Tht* stimulates the deactivation of Ght* [6]. These 
interactions form the basis for the regulatory system, 
as it is also involved in VTPH, a vital step in producing 
extracellular serotonin that can then be bound to the 
autoreceptor. The iteration of this process leads to 
the overall equilibrium of the system; the increase 
of extracellular serotonin concentration inhibits the 
synthesis and release of vesicular serotonin, and the 
decrease of extracellular serotonin concentration 
facilitates it [6]. However, these kinetics are likely 
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to differ across varicosities and projection regions, 
depending on the expression level of 5HT1B 
autoreceptors [6]. In the model, it is assumed that 
total autoreceptors, total G protein, and total RGS 
protein are constants [6]. A similar system is evident 
in the histamine (H3) pathway in Figure 1.

Histamine regulates several physiological processes 
including gastric acid secretion, inflammation, 
and vasodilation regulation [13][14]. It has also 
been determined that histamine plays an important 
role in serotonin dynamics [15][16]. In a study 
involving male and female mice injected with acute 
systemic lipopolysaccharide to induce inflammation, 
consequent decreases in extracellular serotonin were 
exhibited in the murine hippocampus [16]. Increased 
histamine activity was caused by inflammation, which 
acted on inhibitory histamine H3 heteroreceptors 
on serotonin terminals [16]. This experimentally 
confirmed homeostasis between serotonin and 
histamine presents an important dynamic in serotonin-
based treatments for depression [16].

The model describes system changes through a 
system of differential equations. Equilibrium states, 
represented by twin arrows in Figure 1, exist in the 
autoreceptor (auto) and histamine (H3) pathways. 
As described above, this allows for concentrations of 
G proteins and RGS proteins to balance each other. 
An inhibition arrow is shown from Ght* to TPH, and 
this long-range kinetic process is accounted for in 
the system of differential equations. The full set of 
sixteen differential equations is shown below:

The maximum velocity of a given enzyme may 
depend on the concentrations of several different 
substrates. For example, VTPH depends on trp, bh4, 
and Ght*, shown in parentheses in the first differential 
equation.

Using the differential equations, Km values were 
determined from the literature, and Vmax values were 
chosen such that the concentrations were correct 
assuming Michaelis-Menten kinetics [6]. The model 
was solved until it reached a steady state in which 
substrate concentrations remained constant. Vmax 
values essentially represent the expression level 
of a particular enzyme. It is known that enzyme 
expression levels vary from approximately 75% to 
125% of their base values in each projection region 
of the brain [6]. In order to appropriately account for 
this variation, Best et al. (2020) created a stochastic 
systems population model, in which Vmax values were 
randomized from 75% to 125% of their base values. 
Each set of randomized values represented a single 
computer-generated individual, and then a population 
of individuals was created using this methodology. 
Thus, extracellular serotonin distributions of a 
simulated population could be visualized, and various 
simulations could be performed on that population. 
For example, three such populations of 1000 were 
generated, and their extracellular serotonin levels 
(nanomolar concentration) were graphed below, as 
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Figure 2: Sample populations generated using uniform 
distributions for maximum velocity values. Frequency 
represents the number of simulated individuals, and 
eHT is represented in units of nM.

3. Distribution Simulations

In the model created by Best et al. (2020), it was 
assumed that the enzyme expression levels were 
uniformly distributed from 75% to 125% of their 
base values. We investigated the sensitivity of this 
assumption by changing uniform distributions to 
other distributions and evaluating the similarity of the 
results. Our goal was to show how the general shape 
of the distributions either fluctuate or remain the 
same based on different distributions used to generate 
these initial enzyme expression levels. The enzyme 
expression levels themselves were not randomized; 
rather, multipliers are used in the code instead. This 
allows for the same methodology to be applied to 
other projections in the brain, in which absolute 
maximum velocity values may be different.

3.1 VTPH  simulations

We began by changing the distribution of VTPH, the 
maximum velocity of TPH [6]. The first distribution 
we substituted was a normal distribution. All other 
Vmax values were kept distributed according to 
uniform distributions, and a new set of random values 
were generated for a new population of 1000. For 
VTPH  values, a normal distribution of multipliers was 

shown in Figure 2.

Extracellular serotonin concentration at the steady 
state was graphed on the x-axes, and the number 
of individuals in a given population of 1000 for 
a given range of eht values was graphed on each 
y-axis. While there were some visible differences 
between the three populations, the distribution of 
extracellular serotonin at the steady state was roughly 
the same, with an approximately bell-curved shape 
with maximum frequencies near 60 nM. It should be 
noted well that the numerical values of extracellular 
serotonin concentration are not as important, since 
again, the steady state values and enzyme expression 
levels are known to differ across different projection 
regions [6]. While we focused on the CA2 region of 
the hippocampus in these simulations, the steady state 
values of extracellular serotonin could very well be 
distributed around 40 nM or 80 nM in other regions 
of the brain.
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set with mean 1 and standard deviation 0.125, so two 
standard deviations in either direction of the mean 
captured the interval from 0.75 to 1.25. Thus, roughly 
95% of values generated were kept within this range, 
which is consistent with determinations for enzyme 
expression levels in the literature [6]. The results are 
shown in Figure 3.

Figure 3: Extracellular serotonin distribution 
according to a normal VTPH  distribution. Frequency 
represents the number of simulated individuals, and 
eHT is represented in units of nM.

Figure 4: Extracellular serotonin distribution 
according to a bimodal VTPH  distribution. Frequency 
represents the number of simulated individuals, and 
eHT is represented in units of nM.

The results from this simulation can be compared 
with the control populations in Figure 2, in which 
all enzyme expression levels were varied according 
to uniform distributions. The general shape of the 
normally distributed VTPH values was roughly the 
same as the control populations, and the mean of the 
newly simulated distribution showed no significant 
difference from the blue control population, t(1998) = 
-1.3, p > 0.1. Thus, changing the distribution of VTPH 
from uniform to normal does not have a significant 
effect on the results. We further investigated their 
similarities later in this section.

A similar investigation with a bimodal distribution 
was also conducted. This distribution consisted of two 
normal distributions for the multipliers: one centered 
at 0.85 and the other centered at 1.15. This captured 
the possibility of a genetic predisposition toward a 
higher or lower TPH expression level, for example. 
Standard deviations for both normal distributions 
were chosen as 0.05, so the interval between two 
standard deviations below the lower distribution and 
two standard deviations above the higher distribution 
were from 0.75 to 1.25. To generate these randomized 
values, each individual had a 50% chance of receiving 
a value according to the lower normal distribution 
and a 50% chance of receiving a value according to 
the higher normal distribution. This yielded a roughly 
bimodal distribution of simulated values. The results 
of this investigation are shown in Figure 4.

Like the results for the normal VTPH  distribution 
simulation, these distribution means also did not 
differ significantly from the blue control population 
in Figure 2, t(1998) = 0.6, p > 0.5. The peak is still 
centered around 60 nM and follows an approximate 
bell-shape. In order to further visualize the 
relationships between generated VTPH values and 
extracellular serotonin values at the steady state, 
scatterplots of population data were created. These 
results are shown in Figure 5.

These scatterplots provide further evidence that 
results were not heavily influenced by changing 
the distribution of generated VTPH  values. Each plot 
shows a relatively weak positive association between 
extracellular serotonin concentration at the steady 
state and initially generated VTPH  values. Since we 
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cannot accurately predict extracellular serotonin 
values from simulated VTPH  values, regardless of their 
distributions, we show that the two variables do not 
influence each other.

3.2 Further distribution simulations

We showed that varying the distributions of VTPH 
alone did not have a significant effect on steady 
state results. We further tested the sensitivity of 
the uniform distribution assumption by changing 
the distributions of all related enzyme expression 
levels. By deviating further from this assumption, we 
challenged the bounds to which results will remain 
relatively unaffected. We varied the distributions of 
nine different multipliers in this simulation, instead 
of just a singular multiplier as in the VTPH simulations. 
Although there are more than nine different enzymes 
in the schematic in Figure 1, some of the enzymes 
were grouped together as a single expression level; 
for example, the Uptake 2 mechanism was varied as 
a whole, as opposed to varying individual multipliers 
for norepinephrine transporter (NET), 5-HT reuptake 
transporter (SERT, in the Uptake 2 mechanism), 
dopamine transporter (DAT), and organic cation 
transporter (OCT). Two more populations of 1000 
computer-simulated individuals were generated, using 
the same specifications for the normal and bimodal 
distributions as above for each multiplier. The results 
of this simulation are shown in the two histograms in 
Figure 6.

 Figure 5: Extracellular serotonin concentration vs. 
VTPH   in populations generated according to uniform 
(blue), normal (red), and bimodal (yellow) distributions 
for VTPH .

These distributions can be compared to the control 
populations using uniform distributions for each 
multiplier in Figure 2. Once again, their distributions 
follow the familiar quasi-bell-shaped curve and peaks 
in frequency near 60 nM. When comparing the means 
from the normally distributed parameters (red) to 
the blue control population in Figure 2, there was 
no significant difference, t(1998) = -0.5, p > 0.5; the 
bimodally distributed parameter distribution (green) 
also showed no significant difference in means, 
t(1998) = 0.67, p > 0.1.
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These simulations show that the assumption that 
enzyme expression levels are uniformly distributed 
from 75% to 125% is not particularly sensitive. 
Knowledge of the biological mechanisms driving 
these distributions is somewhat limited [17][18]
[19], but any new discoveries of non-uniform 
distributions may not significantly impact the results 
of this model. Reasonable distributions were chosen 
for these simulations; distributions resembling delta 
functions or distributions strongly skewed toward 
75% or 125% were not tested. However, if a function 
similar to a delta function were the most biologically 
appropriate distribution, we would not observe the 
variability in enzyme expression level from 75% to 
125%. Additionally, if a strongly skewed distribution 
toward either 75% or 125% were more biologically 
appropriate than a uniform distribution, the literature 
values for maximum velocities would have reflected 
this. Thus, changes to the uniform distributions 
of the enzyme expression levels, within reason, 
do not significantly impact resulting extracellular 
serotonin distributions, as shown above. We can 
be much more confident in using the assumption 
that maximum velocities are distributed according 
to uniform distributions, because even if this is not 
truly representative of the neurobiological reasoning 
behind it, the results are left relatively unchanged. 
Therefore, we used the uniform distribution 
assumption for subsequent simulations.

Figure 6: Extracellular serotonin distributions 
according to normal (red) and bimodal (green) 
distributions. Frequency represents the number of 
simulated individuals, and eHT is represented in units 
of nM.

4. Effects of MAOIs

Monoamine oxidase inhibitors (MAOIs) were the first 
treatments developed to combat depressive symptoms 
[20]. Examples of MAOIs include isocarboxazid, 
phenelzine, selegiline, and tranylcypromine, and they 
are usually taken orally [20]. They work by restricting 
the activity of the enzyme monoamine oxidase [20], 
which is essentially the equivalent of lowering the 
enzyme expression level of monoamine oxidase 
(MAO) in the model. By inspecting the schematic in 
Figure 1, one can see that cytosolic serotonin (cht) 
undergoes two pathways: one to vesicular serotonin 
(vht) via the vesicular monoamine transporter enzyme 
(MAT), and the other to 5-hydroxyindoleacetic acid 
(hia) via the MAO enzyme and the aldehyde 
dehydrogenase (ALDH) enzyme. By restricting the 
activity of MAO, one would expect more cytosolic 
serotonin to be routed toward vesicular serotonin, 
which then becomes extracellular serotonin, 
according to the schematic [6]. To simulate the effects 
of MAOIs, we generated another population with 
VMAO  values distributed according to a uniform 
distribution between 75% and 125% of the base value 
and then multiplied by one half. A comparison of this 
new population with a control population is shown in 
Figure 7.
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Figure 6: Extracellular serotonin distributions 
according to normal (red) and bimodal (green) 
distributions. Frequency represents the number of 
simulated individuals, and eHT is represented in units 
of nM.

4. Effects of MAOIs

Monoamine oxidase inhibitors (MAOIs) were the first 
treatments developed to combat depressive symptoms 
[20]. Examples of MAOIs include isocarboxazid, 
phenelzine, selegiline, and tranylcypromine, and they 
are usually taken orally [20]. They work by restricting 
the activity of the enzyme monoamine oxidase [20], 
which is essentially the equivalent of lowering the 
enzyme expression level of monoamine oxidase 
(MAO) in the model. By inspecting the schematic in 
Figure 1, one can see that cytosolic serotonin (cht) 
undergoes two pathways: one to vesicular serotonin 
(vht) via the vesicular monoamine transporter enzyme 
(MAT), and the other to 5-hydroxyindoleacetic acid 
(hia) via the MAO enzyme and the aldehyde 
dehydrogenase (ALDH) enzyme. By restricting the 
activity of MAO, one would expect more cytosolic 
serotonin to be routed toward vesicular serotonin, 
which then becomes extracellular serotonin, 
according to the schematic [6]. To simulate the effects 
of MAOIs, we generated another population with 
VMAO  values distributed according to a uniform 
distribution between 75% and 125% of the base value 
and then multiplied by one half. A comparison of this 
new population with a control population is shown in 
Figure 7.

Figure 7: Extracellular serotonin distributions of 
a control population (blue) and a population with 
halved VMAO  (green). Frequency represents the number 
of simulated individuals, and eHT is represented in 
units of nM. 

The general shapes of the two distributions are 
similar, but the peak of the halved VMAO distribution 
is approximately 5 nM higher than the control 
population. Their means show a statistically 
significant difference, t(1998) = -26.6, p < 0.001. As 
expected, MAOIs cause an increase in extracellular 
serotonin in silico, and we use this as a barometer 
for depressive symptoms. It is important to note 
that the choice to multiply VMAO  values by one half 
is arbitrary. It is not known exactly how MAOI 
treatment quantitatively impacts the analogous 
enzyme expression level used in the model. 
As a result, the fact that the peak of the halved 
VMAO  population is 5 nM higher than the control is 
also arbitrary; the true difference may be higher or 

lower, and this difference likely varies in different 
projection regions of the brain. The takeaway is that 
the extracellular serotonin distribution as a whole was 
shifted to the right upon simulated treatment with 
MAOIs.

Unfortunately, MAOIs are known to cause many 
side effects, including dry mouth, nausea, headache, 
drowsiness, and insomnia, among others [20]. More 
serious side effects include involuntary muscle 
movement, weight gain, low blood pressure, and 
issues with the urinary and reproductive systems [20]. 
MAOI use also typically requires dietary restrictions 
and monitoring intake of other medications, as 
certain foods and medications can cause dangerously 
high blood pressure when taken with MAOIs [20]. 
Furthermore, when taken with other drugs that raise 
extracellular serotonin levels, patients may experience 
serotonin syndrome [20], a condition characterized 
by dangerously high levels of serotonin that can lead 
to major changes in blood pressure and rapid heart 
rate and even death if left untreated [21]. Serotonin 
syndrome may be difficult to predict, as certain pain 
or headache medications and herbal supplements are 
known to induce serotonin syndrome when taken with 
MAOIs [20][21]. Other antidepressants are favored 
in modern practice since they are safer and cause 
fewer side effects [20]. We examined another class of 
antidepressant in the following simulations.

5. Effects of SSRIs

Selective serotonin reuptake inhibitors (SSRIs) 
are currently the most commonly prescribed 
antidepressants [22]. They can ease depressive 
symptoms in moderate to severe cases while typically 
causing fewer side effects than other classes of 
antidepressants [22]. Examples of SSRIs include 
citalopram, escitalopram, fluoxetine, paroxetine, 
and sertraline, which are commonly known by their 
brand-names as Celexa, Lexapro, Prozac, Paxil or 
Pexeva, and Zoloft, respectively [22]. Side effects 
are similar to those caused by MAOIs, but they are 
less common and less severe [22]. In the model, the 
pathway associated with SSRIs is carried out by the 
SERT enzyme directly connected to the varicosity 
in Figure 1. This enzyme removes serotonin from 
the extracellular space and converts it into cytosolic 
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serotonin [6]. SSRIs hinder the enzymatic activity of 
SERT, leading to a higher concentration of serotonin 
left in the extracellular space, which is thought 
to ease the symptoms of depression [6]. SERT is 
also involved in the Uptake 2 mechanism, but this 
second form of extracellular serotonin uptake is only 
active once a certain concentration of extracellular 
serotonin is reached, as predicted by the model 
and verified by experimental results [6]. In these 
simulations, we primarily focused on individuals with 
low extracellular serotonin levels at the steady state, 
so SERT is the primary mechanism that transports 
extracellular serotonin back into the varicosity.

We utilized the same methodology from the MAOI 
simulations; a new population of 1000 was generated 
using a uniform distribution for SERT expression, 
and then these values were subsequently multiplied 
by one half. This simulated the function of SSRIs by 
inhibiting the ability of SERT to convert serotonin 
from its extracellular to cytosolic form. We once 
again juxtaposed a control population with this new 
population with halved VSERT  values in Figure 8.

The results from this simulation are similar to the 
results obtained from the halved VMAO simulation; 
the general shape of the extracellular serotonin 
distribution remains unchanged, but values are shifted 
toward higher extracellular serotonin levels at the 
steady state. The means show a statistically significant 
difference, t(1998) = -31.0, p < 0.001. Just as in the 
VMAO  simulations, the choice for multiplying the 
VSERT  multiplier by one half was arbitrary, so the exact 
difference between frequency peaks does not carry 
any confirmed biological significance.

 

Figure 8: Extracellular serotonin distributions of a 
control population (blue) and a population with halved 
VSERT   (purple). Frequency represents the number of 
simulated individuals, and eHT is represented in units 
of nM.

While SSRIs tend to be the preferred treatment for 
MDD in modern medicine, there are still a multitude 
of obstacles in finding a personalized treatment. 
People may react differently to the same SSRI, so 
certain medications may be more effective for some 
than others [22]. Different SSRIs exhibit different 
kinetics [23], which are likely influenced by genetic 
factors. In a clinical setting, the responses of family 
members to SSRIs may provide insight on the 
optimal SSRI for a patient [22]. However, many 
patients do not have family members who have not 
responded successfully to an SSRI, so it can take 
time to test different medications. Another nuance 
is introduced by dosage, since dosage alterations 
may be necessary to alleviate symptoms and avoid 
side effects [22]. A particular antidepressant at a 
particular dose may require several weeks of testing 
to get through initial side effects and determine the 
efficacy of the treatment [22]. Since untreated patients 
with depression are at a high suicide risk [2][3], this 
method of trial and error is increasingly dangerous 
the longer it takes. Furthermore, roughly 30% of 
patients with major depression do not show responses 
to SSRIs of any form [24], so efforts to experiment 
with different drugs and doses may not lead to any 
productive treatment. Patients then must turn to other 
solutions, which takes more time that a patient may 
not have. The issue of drug identity is beyond the 
scope of the model, since molecular biochemistry and 

Vertices: Duke’s Undergraduate Research Journal	         Volume 2, Issue 2 | Fall 2023

18



kinetics are not accounted for in the schematic. The 
dosage issue is also unexplored in this paper, since 
more work would have to be done in determining 
how changing dosages of a given SSRI quantitatively 
impacts the Vmax of SERT. However, we sought to 
provide insight into the third issue mentioned above 
and investigated why certain patients may not respond 
to SSRIs in general.

We assumed that there was some overlap between 
people with low levels of extracellular serotonin 
in the halved VSERT  population and people that do 
not respond to SSRIs, because we used serotonin 
as a barometer for symptoms of depression. While 
depressive symptoms are influenced by external 
factors [5], which cannot all be captured in the model, 
there is a strong association between low extracellular 
serotonin levels and depressive symptoms [25]. 
We isolated the computer-simulated population 
with steady state extracellular serotonin values 
below 60 nM from the halved VSERT  distribution 
shown in Figure 8. Again, this numerical choice of 
serotonin concentration was arbitrary, as we were 
trying to capture the people on the lower end of this 
distribution. Individuals with steady state extracellular 
serotonin values lower than 60 nM totaled 112 of 
1000. Then, for each multiplier, the value of the 
randomly generated multiplier was graphed on the 
x-axis, and a histogram was created from the count 
of people falling within each interval of multiplier 
values. This was done with hopes of finding which 
characteristics were common among people with low 
steady state extracellular serotonin concentrations. 
The results are displayed in Figure 9.

The first seven graphs did not show a strong 
inclination toward extreme values, but the last two 
graphs showed high counts of people with low 
simulated expression levels of TPH and neutral 
amino acid transporter; the vast majority of randomly 
generated multiplier values fell below 1.0 for 
these two enzymes. Thus, low expression levels 
of these two enzymes were most correlated to low 
extracellular serotonin values at the steady state. 
These two enzymes may be the key in predicting 
whether patients will respond to SSRI treatment.
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Figure 9: Counts of people with low steady state 
extracellular serotonin concentrations vs. randomly 
generated multiplier values of enzymes or groups 
of enzymes. The order of multiplier distributions 
displayed are as follows: 5-HT reuptake transporter 
(VSERT), 5-HT autoreceptors (autoreceptor), monoamine 
oxidase (VMAO), fire(t), Uptake 2, aromatic amino 
acid decarboxylase (VAADC), vesicular monoamine 
transporter (VMAT), tryptophan hydroxylase (VTPH), and 
neutral amino acid transporter (Vtrpin). 

6. Discussion

Mathematical modeling cannot replace in vivo 
experimentation. There exists a balance between the 
two; mathematical modeling may drive motivation 
for certain experiments, and these results may 
confirm what the model predicts or reveal a flaw 
in the model’s design or our current understanding 
of the biological problem at hand. Problems in 
neurobiological topics pose a greater challenge, since 
it can be difficult to measure or determine needed 
parameters or concentrations in vivo. In serotonin 
dynamics, it can be challenging to measure enzyme 
expression levels, so confirming the results from 
the SSRI simulations may require advancement in 
experimental techniques. It may also be difficult to 
utilize the results from the simulations, since with 
current capabilities, it may not be possible or practical 
to determine enzyme expression levels of specific 
patients and determine personalized treatments. 
The development of a system to determine the most 
effective SSRIs or other medications for treating 
depression in individual patients may offer substantial 
benefits. However, it is important to recognize that 
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patients with limited access to healthcare are unlikely 
to reap these benefits until access to such a system is 
expanded.

Further research should account for differences in 
SSRI doses. Reducing the time it takes for patients 
to discover their correct personalized treatment for 
depressive symptoms is crucial, so any insights in 
shortening any part of this process deserve to be 
extensively studied, both in vivo and in silico. If 
quantitative relationships are determined between 
a certain SSRI dosage and its enzyme expression 
reduction equivalent, simulations of people with low 
steady state extracellular serotonin can be analyzed 
for future insights. These observations should be 
confirmed or refuted with in vivo experimentation; 
however, this comes with limitations. The 
assumption that low serotonin levels are associated 
with depressive symptoms may not hold for every 
patient, so it is possible that the isolated patients with 
low serotonin levels may not actually be the ones 
displaying these symptoms. In vivo experimentation 
in this field is typically performed on rodents, 
so depressive symptoms cannot necessarily be 
extrapolated to humans; only extracellular serotonin 
values can be measured. Overall, we hope these 
findings provide motivation for further in vivo 
experimentation.
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Article Synopsis

This study investigates how to better map and navigate inside buildings using advanced computer simulations 
and video game technology. The research delves into various camera settings and virtual environments to 
improve the accuracy of these mapping systems. Key findings demonstrate significant enhancements in indoor 
navigation, especially in complex and dynamic spaces. These advancements are crucial for developing more 
efficient and reliable indoor mapping technologies, which have wide-ranging applications in robotics and 
augmented reality.

Graphic by Gaby Dunn
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Abstract

The rapid advancement in visual-inertial simultaneous localization and mapping (SLAM) has opened numerous 
applications in computer vision. However, the scarcity of high quality, publicly accessible datasets hampers 
the evaluation of SLAM performance in varied and tailored environments. In this study, I employed the 
AirSim simulator and the Unreal Engine 4 to generate a trajectory resembling that of the TUM VI Room 1 
ground truth dataset within the ArchViz indoor environment representing a well-lit, furnished room. I further 
modified the environment and trajectory through various expansions, addition of features, and data smoothing 
to ensure a more stable sequence of input frames into the SLAM architecture. I then examined the efficiency 
of visual ORB-SLAM3 by inputting images of resolution 256×144 and 512×288 at 30 frames per second 
(FPS), while also adjusting the feature threshold - the maximum number of feature points that ORB-SLAM3 
tracks per frame. This investigation of the camera parameters within AirSim and ORB-SLAM3 has led to the 
essential finding that the resolution of the input images must coincide with the dimensions of the film. The 
subsequent runs under these variables reveal that higher resolution images lead to considerably better tracking, 
with an optimal feature threshold ranging between 3000~12000 feature points per frame. Moreover, ORB-
SLAM3 demonstrated significantly enhanced robustness within dynamic environments containing moving 
objects when using higher resolution inputs, with a decreased error of close to 0cm compared to 23.19cm for 
lower resolutions (averaged over three runs). Finally, I conducted qualitative testing using real-life indoor 
environments recorded with an iPhone Xr camera, which produces results that highlight the challenges faced by 
ORB-SLAM3 due to factors such as glare and motion blur.

Index Terms—Visual simultaneous localization and mapping, Unreal, AirSim, ORB-SLAM3, Feature threshold
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Article Synopsis

The Kochen-Specker Theorem is a mathematical statement that is widely accepted as proof that deterministic 
interpretations of quantum mechanics must fail. By analyzing the definitions and logic underpinning Kochen 
and Specker’s results, Miller finds that the axioms of the theorem are not applicable to quantum systems and 
thus that its results are inconsequential. This reintroduces the possibility of determinism, resolves what is often 
thought of as an inconsistency between quantum mechanics and classical physics, and highlights the need to 
better define several terms salient to effective physics discussion and communication.

Graphic by Amanda Li
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Mechanics with a Critique of the Kochen-Specker Theorem

Eliza Miller

Trinity College of Arts and Sciences, Duke University
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ABSTRACT

There is ongoing discourse in philosophical and physics literature about whether the probabilistic essence 
of quantum mechanics indicates that deterministic interpretations of nature must be false. In 1967 two 
mathematicians, Simon Kochen and Ernst Specker, developed a mathematical theorem to the effect that 
particles do not have well-defined property values at a given time. A logical consequence of this is that there 
can be no well-defined hidden variables responsible for the outcomes of mysterious quantum behaviors. The 
theorem is thus fatal to the many deterministic interpretations of quantum mechanics that assume hidden 
variables, including pilot wave mechanics, a quantum theory developed by Louis de Broglie and David Bohm a 
few decades prior to the formulation of the Kochen-Specker Theorem. The purpose of this essay is to evaluate 
the legitimacy of the logical basis of Kochen’s and Specker’s argument considering its severe implications. It is 
concluded that Kochen and Specker do not provide sufficient evidence that deterministic theories must fail, due 
to their misinterpretation of the axioms on which hidden variable theories rely. This paper also finds that pilot 
wave mechanics is mathematically successful while remaining consistent with the deterministic understanding 
of broader physics and deserving of more serious consideration as a quantum theory. Above all it is emphasized 
that the nonsensicality of absolute randomness and indeterminism should be acknowledged, and theorems 
purporting to prove their existence should be critically examined, for such a discovery would undermine the 
legitimacy of logic itself. 

Keywords: quantum mechanics, determinism, observables, hidden variables, pilot wave mechanics, Kochen-
Specker Theorem	
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Introduction

Nearly a century after the invention of 
quantum mechanics (QM), even experts on the 
subject disagree about what it indicates about the 
fundamental nature of reality. QM, pioneered in 
1925 by Austrian and German physicists Erwin 
Schrödinger and Werner Heisenberg, describes 
the behavior of particles by associating them with 
matter waves called wave functions, denoted by 
. It is widely accepted that the square of the absolute 

value of some wave function ( ) integrated over 
a finite interval represents the probability of finding 
the function’s associated particle on that interval at a 
given time, as first suggested by Max Born in 1925. 
However, even Schrödinger, the inventor of QM’s 
signature wave equation, could not fully comprehend 
what he had created and famously misinterpreted the 
wave function multiplied by its complex conjugate (

* ) as electric charge density (Serway et al, 2005). 



In the present day, many similar issues persist, with 
leading physicists, mathematicians, and philosophers 
tending to agree on the mathematical results of 
quantum calculations while disagreeing on how to 
interpret those outcomes (Schlosshauer et al., 2013).

QM has the peculiar characteristic that its 
equations define only probabilistic restrictions on the 
states of measured physical systems. One conclusion 
that can be drawn from this is that these states are 
incomplete descriptions of quantum systems, and 
there are certain unknown variables unaccounted 
for by wave functions. In these “hidden variables” 
(HV) theories, quantum-mechanical uncertainties are 
interpreted as epistemic probabilities of the sort that 
arise in ordinary statistical mechanics, such that QM 
could be supplemented with additional equations that 
would allow it to predict all observable information 
about a QM system. Such an HV description might 
not be practical given the impossibility of one 
perceiving the alleged variables, but its theoretical 
possibility is still meaningful to debates about 
determinism, decisions about which quantum theories 
to use, and questions about the fundamental nature 
of reality. However, there exist several theorems 
according to which any such HV theory must fail.

The following sections describe two 
competing interpretations of the incompleteness of 
QM as a predictive theory. The first section is an 
outline of a popular experiment that demonstrates 
the mystery of quantum-mechanical behaviors in 
the context of QM as it is currently understood. 
The second elaborates on one of the theorems 
that allegedly disproves the possibility of any HV 
theories sufficiently supplementing QM: the Kochen-
Specker Theorem. Next, there is an overview of 
the HV interpretation of QM called pilot wave 
mechanics. Lastly, there is a discussion of whether 
this interpretation avoids the attacks of Kochen 
and Specker, including a consideration of the 
consequences of its doing so or not for HV theories 
and QM in general.

The Mystery 

The root mystery of quantum mechanics 
is well-demonstrated by the famous “double-slit” 
experiment. Thomas Young originally conducted this 

experiment in 1801 with photons, but many variations 
of the experiment have since been carried out with 
electrons (Davisson and Germer), single electrons 
(Jonsson, 1961), and additional particle-detection 
methods (Thomson, 1927). In the version of the 
double-slit experiment involving electrons, particles 
are made to travel through two slits in a barrier 
toward a photographic screen (Figure 1). 

Figure 1: “Double slit” experiment. Darker coloring 
indicates a higher concentration of particle-detection-

indicating light spots. The waves depicted are a 
metaphorical illustration of the abstract statistical 

properties of particles in spatial contexts, which give rise 
to the real striped interference pattern on the screen.

Specks of light appear as particles make 
contact with the screen, indicating their positions at 
the time the screen is reached. It has been empirically 
confirmed that a striped interference pattern—
characteristic of wave behavior and, in this context, 
undefined electron positions—is observed whether 
many electrons are sent through the slits at once 
and allowed to interact with each other, or they are 
sent individually. Strangely, this indicates that the 
electron “particles” go through both slits, with some 
spread of position defined probabilistically by their 
wave equations, and subsequently interfere with 
themselves. Stranger still, if a camera is made to 
detect whether the individual electrons go through 
one of the slits, the result is positive about 50 percent 
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of the time, as is classically expected, but under these 
conditions, an interference pattern no longer arises 
on the screen. Rather, two Gaussian distributions 
directly behind each of the slits are observed, as if the 
experiment were done with any classical macroscopic 
objects (Moses et al, 2005). This bizarre ability of 
matter to behave like waves or particles depending on 
whether it is being observed has come to be known as 
the “wave-particle duality” of matter.

As it is currently understood, QM is capable 
of predicting the interference distributions that appear 
on the screen with Schrödinger’s wave equation. 
It fails, however, to anticipate whether an electron 
goes through one slit or the other, or to explain why 
the particles’ descriptive wave functions suddenly 
change when a camera is introduced. It has been 
said that observations of the incompletely-defined 
wave-like states force particles into fully-defined 
states, at which point the classical distributions are 
seen. However, the reasoning behind this remains 
unclear. The fact that the quantum wave function 
lacks this information about particular states seems to 
imply one of two things. One possibility is that there 
must be more unknown information that dictates the 
exact position of the particle at a given time such 
that it could theoretically be detected in a single slit 
(as suggested in HV theories). This state of affairs 
would be compatible with the classically-accepted 
idea of determinism, which is the notion that the 
laws of nature always have a unique solution for 
given initial conditions, such that all events could 
be completely described and predicted if one had 
enough information. Alternatively, the mysterious 
results could mean that particle behaviors are truly 
random and cannot be predicted, even if all existing 
information about their states and environments were 
known. Which is the accurate description of reality 
is a century-old debate that has divided history’s 
greatest physicists. Einstein (“God does not play 
dice”), de Broglie, Bohm, and Bell, each supported 
the hidden variable, deterministic view, whereas 
Bohr, Feynmann, von Neumann, and Born, were all 
proponents of indeterministic randomness (Goldstein, 
2001). 

The Kochen-Specker Theorem

In the present day, there is waning support 
for HV interpretations of QM. In a 2013 poll of 
the positions of mathematicians, physicists, and 
philosophers at a conference on the foundations of 
quantum mechanics, 0% of 33 respondents answered 
that they attribute quantum randomness to hidden 
determinism, despite their being no consensus 
on what, then, randomness can be attributed to 
(Schlosshauer et al., 2013). This unique unanimity 
can be largely attributed to the publication and 
popularity of the Kochen-Specker Theorem (KST). 
The KST attacks HV theories in general by expressing 
their assumptions mathematically and proving their 
contradictory nature. Formulated in 1967, this was 
not the first theorem of its kind. John von Neumann in 
his 1932 publication The Mathematical Foundations 
of Quantum Mechanics was the first to claim that 
he had proved Einstein’s dream of a deterministic, 
HV completion of quantum theory mathematically 
impossible. This view was quickly accepted by 
most mathematicians and physicists of the time, 
including Max Born, who formulated the statistical 
interpretation of QM mentioned earlier. In 1966, John 
Stewart Bell exposed Von Neumann’s argument as 
fallacious, but the KST, being logically stronger, is 
still frequently cited in reference to the failure of HV 
interpretations (Goldstein, 2001).

The first assumption made by Kochen and 
Specker in the proof of their theorem is that all of a 
quantum system’s observables have definite values at 
all times. QM does not reveal these exact values, but 
a complete HV theory would supposedly do so. This 
is called the assumption of value definiteness. The 
second assumption is of noncontextuality in quantum 
systems, which is the idea that if a quantum system 
possesses a property, i.e. if an observable Q has some 
value v(Q), which the first assumption entails, then it 
does so independently of how the value is measured. 

To illustrate their ultimate point, Kochen 
and Specker utilize an abstraction of a quantum-
mechanical system called a Hilbert space, in which 
quantum states are represented as vectors. The 
space is defined such that there is a one-to-one 
correspondence between properties of a quantum 
system and projection operators in the space. An 
explicit statement of the theorem is as follows:
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Let H be a Hilbert space of quantum-mechanical 
state vectors of dimension x . There is a set M of 
observables on H, containing y elements, such that the 
following two assumptions are contradictory: 

A1) All y elements of M simultaneously have definite 
values, i.e. are unambiguously mapped onto real 
numbers (∀Q ∈ M, v(Q) exists) 

A2) Values of all observables in M conform to the 
following constraints:

	 (a) If A, B, C are all compatible and C = A+B, 
then v(C) = v(A)+v(B)

	 (b) if A, B, C are all compatible and C = A·B, 
then v(C) = v(A)·v(B)

Assumption 1 (A1) is trivially equivalent to an 
assumption of value definiteness. Less apparent is 
that Assumption 2 (A2) hinges on an assumption 
of noncontextuality. Two operators are said to be 
“compatible” if one can measure the first, then the 
second, then the first again and get the same result 
as for the initial measurement. Both (a) and (b) of 
A2 are consequences of a deeper, technical principle 
called the Functional Composition Principle, which is 
itself a consequence of noncontextuality. Effectively, 
the theorem states that in a Hilbert space with three 
or more dimensions, there must exist some set of 
observables that do not satisfy both value definiteness 
and noncontextuality. The proof of this will not be 
discussed in this paper, but further explanation can 
be found in section 4 of Carl Held’s analysis of the 
Kochen-Specker Theorem (Held, 2022).

Kochen and Specker’s original proof 
operates on a three-dimensional complex 
Hilbert space denoted by . It requires that 
the basis of the observable’s associated space 
be representable by a triple of vectors that 
are orthogonal in , i.e. that the observable 
be three-dimensional. These bases vectors 
are analogous to the familiar unit vectors , 
, and  that span the three spatial dimensions 

of the position observable. The spin degree of 
freedom of a one-particle spin-1 system is an 
example of a QM system that can be represented 
in . This is because there are three possible 
states of the system, namely that the spin of 
the individual particle is +1, –1, or 0. Given an 
arbitrary direction n in physical space and an 
operator  representing the observable of a spin 
component in direction n,  is spanned by the 
eigenvectors of , which are | =1>, | =0>, 
and =-1>. These three vectors, corresponding 
to three possible results of measurement in one 
spatial direction, are mutually orthogonal in this 
context, which illustrates the different senses 
of orthogonality in  and in physical space. 
For their proof, Kochen and Specker consider 
the eigenvectors of the squared components of 
orthogonal directions of spin in physical space 

, ,  as the basis of their space. This is 
because these are mutually compatible, as A2 
requires, while the spin components themselves 
are not. A2 thus allows them to place the 
following constraint on the assignment of their 

measured values: v( ) + v( ) + v( ) = 
2, where v(  ) = 1 or 0 for i = x, y, z. A value 
of 1 indicates spin of either 1 or -1, and 0 of 
spin 0. This constraint, paired with A1 of value 
definiteness, becomes a requirement that for any 

triple of orthogonal vectors in  {v( ), v(
),  v( )}, exactly one of its vectors must have a 
value of 0, and the others of 1. 

If an assignment of values according to 
the prior constraints is possible on , then it is 
possible on , and vice versa. Thus, while  
is a complex space, the problem can be reduced 
to one on a real three-dimensional Hilbert 
space . Kochen and Specker then proceed by 
establishing an analogy between this abstract 
framework and physical space. They merely 
fix their three orthogonal basis vectors to , 
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, and  , such that orthogonality in  directly 
corresponds to orthogonality in physical space. 
Utilizing the accepted postulate that a vector in 

 through the origin can be represented by a 
single point, Kochen and Specker then identify 
their spin operator eigenvectors as points on 
the unit sphere. This way there is no need to 
specify coordinates, and they can clearly display 
many vectors side by side, to form graphs that 
have come to be known as “KS diagrams.” 
A representative KS diagram is displayed in 
Figure 2. In these diagrams, points joined by a 
straight line represent orthogonal vectors. The 
constraints of A2 on vector value ascriptions are 
then translated into constraints for coloring the 
vertices. Using white to indicate v(  ) equal to 
1 and black for 0, Kochen and Specker transform 
their original numerical problem into a problem 
of coloring the vertices of their diagrams white 
or black such that joined vertices cannot both be 
white and triangles must have exactly one white 
vertex (Kochen and Specker, 1967).

Figure 2: 10-point KS diagram. This example displays 
inconsistent coloring, in that two adjacent vertices both 

have white coloring (Held, 2000).

By way of this method, Kochen and Specker 
show that the rules just outlined must be violated 
for a specific set of triples, such that an assignment 
of numbers {1, 1, 0} to each realistic triple of 
eigenvectors is impossible. Thus, given the premises, 
a spin-1 particle cannot possess all the properties that 

it displays in different measurement arrangements 
at once, so value definiteness and noncontextuality 
are contradictory. Finally, because HV theories 
assume both value definiteness and noncontextuality, 
they must be false. This result led Kochen, Specker 
and many more to denounce HV interpretations of 
quantum mechanics and abandon determinism.

The de Broglie-Bohm Theory

In relation to a theory incorporating hidden 
variables, Einstein once remarked that “the statistical 
quantum theory would… take an approximately 
analogous position to the statistical mechanics within 
the framework of classical mechanics” (Einstein, 
1949). This exactly describes the mathematical 
structures that Louis de Broglie and David Bohm 
independently invented decades apart for what is 
now known as the pilot wave model of QM, or pilot 
wave mechanics (PWM). Within the framework 
of this predominant HV theory, some system 
of N particles is described by its wave function 

, a complex function on 
the space of possible configurations q of the system, 
along with its actual configuration Q defined by 
the initial positions { ,..., } of each particle. 
These positions evolve as usual according to 

Schrödinger’s equation: , where H is the 
Schrödinger Hamiltonian. This partial description 
is then completed by the specification of the actual 
configuration of the particles Q, according to the 

“guiding equation”:  
for k = 1,...,N, which expresses the velocities of the 
particles in terms of the wave function. Here  
represents the kth particle’s mass, Im indicates the 
imaginary part of the following term, and  is the 
gradient with respect to the usual coordinates  = (

) for the kth particle (Held, 2022).

In PWM, the motion of a set of particles 
is deterministically choreographed by these two 
equations. For any quantum experiment, one must 
identify the relevant system as all particles being 
measured as well as the environment in which the 
experiment is performed, including all measuring 
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devices. Considering the importance of maintaining 
“closed systems” when predicting results in classical 
mechanics, the requirement of such a broad scope 
should not be surprising; ignoring this requirement 
one risks overlooking some nonnegligible variable. 
The PWM model is then determined by regarding the 
initial configuration of this bigger system as random 
in the usual statistical way, with distribution given 
by . The guiding equation for the whole system 
transforms the initial configuration into the final 
configuration at the conclusion of the experiment. In 
particular, when a particle is sent into a double-slit 
apparatus, the slit through which it passes and its 
location upon arrival at the photosensitive screen are 
completely determined by its initial position and wave 
function. Thus, the deterministic PWM model yields 
the usual quantum predictions for the results of the 
experiment, with an underlying deterministic model 
in which quantum randomness arises from averaging 
over ignorance. 

Discussion

An assumption of the Kochen-Specker and 
similar theorems is that HV theories rely on the truth 
of both value definiteness and noncontextuality and 
are universally disproven by their contradiction. For 
PWM to escape such arguments, it must be proven 
not to depend on at least one of these premises.

Value definiteness was defined for the 
purposes of the Kochen-Specker argument such that 
spin valuation must be either 1, -1, or 0. Values being 
defined, however, means that the values are known, 
which requires that a measurement of the system 
has been taken. This necessitates that some property 
of the system has been affected in such a way that 
its equal and opposite reaction has manifested 
somehow in 3-dimensional position space so that 
it can ultimately be physically observed. Common 
examples of potential measurement results include 
changes in some pointer’s orientations or flashes on 
a photographic plate. In this way, only literal spatial 
coordinates are truly “observables.” When such a 
measurement process has not been undertaken, it 
does not make sense to say that some property has 
some specific value, because the value has not been 
compared to anything else. Without the interactions 

by which “observables” are compared to some 
other known value, particles cannot have “definite” 
properties. The same classical reasoning predicates 
that motion must be defined relative to the predefined 
motion of some other body or system in order to 
make sense. It is a widely-accepted concept that 
one cannot define the speed of an object that is the 
only object in the universe, in that measurements are 
dependent on the reference frame from which they are 
made. As such, it is a fallacy that particle spins must 
have definite values independent of any measurement 
process, and that spin is perfectly analogous to 
3-dimensional position space. Thus, it is reasonable 
for a quantum theory to dictate that spin values need 
not be restricted to 1, -1, or 0 at all times, to which 
Kochen’s and Specker’s argument would not apply. 

The ability of PWM to describe spin in 
contrast to the KS perspective is well-demonstrated 
by a consideration of a Stern-Gerlach experiment, 
and displays the superiority of PWM’s treatment 
of the concept of value definiteness. Stern-Gerlach 
magnets are designed and oriented such that a wave 
packet (a localized wave function with reasonably 
well-defined velocity) directed towards the magnet 
will, by virtue of Schrödinger evolution, separate 
into distinct packets corresponding to the spin 
components of the wave function and move in 
a discrete set of directions. The “particle” itself, 
depending upon its initial position, ends up in one 
of the packets moving in one of the directions with 
some probability distribution (Gerlach and Stern, 
1922). From a KS perspective, it is taken as a 
premise that the components of the spin observable 
must have definite values at all times. However, the 
components of spin in different directions are not 
always simultaneously measurable, in which cases the 
relationships between the vector components are not 
observable. Thus, the spin components cannot be said 
to have defined values, which the KS perspective is 
incapable of accounting for. On the other hand, it is 
known that spin can be represented by complex wave 
functions, which PWM can keep track of with its two 
constituent equations. The probability distribution 
for the directions of the particles can be conveniently 
expressed in terms of the quantum mechanical spin 
operators according to the theory’s mathematical 
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framework. As such, PWM can predict and describe 
the outcomes of spin experiments without a reliance 
on the idea of value definiteness, and remains a viable 
HV theory despite the conclusions of Kochen and 
Specker.

While the independence of PWM from value 
definiteness is sufficient to restore its legitimacy, 
it is worth noting further the reason to doubt the 
importance of Kochen’s and Specker’s premise of 
noncontextuality as well. Noncontextuality was said 
to imply that “measurement of an observable must 
yield the same value independently of what other 
measurements may be made simultaneously” (Kochen 
and Specker, 1967). Their theorem depends on HV 
theories’ reliance on this principle. However, the 
word “measurement” in this context quite strongly 
suggests the ascertaining of some preexisting value 
of some property, with any instrument involved 
playing a purely passive role (Bell, 1982). As 
represented by PWM, quantum experiments do not 
fit this description; any experimental results must 
be regarded as the joint product of the system being 
“measured” along with the apparatus. To illustrate 
this, consider an operator A that is compatible with 
operators B and C, which are mutually incompatible. 
What is said to be the value of A (v(A)) in an 
experiment measuring A with B usually disagrees 
with the value of A when measuring A with C. This 
is because these experiments differ, and different 
experiments have different results, an idea that 
is becoming increasingly acknowledged. A 2019 
paper by Carnegie Mellon University professor 
Robert B. Griffiths on Quantum Measurements 
and Contextuality does well to clarify the varying 
meanings behind the words “contextuality” and 
“measurement,” which he identifies as misused 
and often poorly defined in the field of quantum 
mechanics. It is worth reevaluating the implications 
of older theorems such as the in light of such updated 
awareness. The misleading reference to measurement 
for the purposes of the KST, which suggests that a 
preexisting value v(A) remains the same and is being 
revealed in both cases, makes contextuality seem 
more than it is, and leads Kochen and Specker to 
implement constraints on their model that need not 
exist. Understood properly, contextuality amounts 

to little more than the unremarkable observation 
that results of experiments should depend upon how 
they are performed, even when the experiments are 
associated with the same observable (Griffiths, 2019). 
Rather than relying on noncontextuality as Kochen 
and Specker believed, HV theories actually rely on 
an opposite principle, and thus are unaffected by the 
results of the KST.

Conclusion

In the present day, claims are often made 
that quantum mechanics is incompatible with 
determinism, or about the existence of some quantum 
logic that deviates from or contradicts “typical” or 
“classical” logic. However, such claims are based 
on misunderstandings, among which are that the 
Kochen-Specker or a similar theorem proves outright 
that hidden variable, deterministic theories cannot 
work. De Broglie and Bohm’s PWM accounts for 
all phenomena governed by nonrelativistic quantum 
mechanics. In particular, the usual measurement 
postulates of quantum theory, including wave-particle 
duality, and probabilities given by , emerge from 
an analysis of the theory’s two constituent equations. 
No obscure status for human observation is required, 
as some imply by asserting that the wave functions of 
the particles in the double-slit experiment “collapse” 
when detection devices are instated. Further, the 
irrelevance of noncontextuality and the nonsensicality 
of value definiteness follow immediately from the 
theory’s definitions.

As quantum experiments continue to show 
unusual behaviors, it becomes increasingly important 
that the physics community be precise in defining 
ideas both in everyday language and mathematical 
terms. In 1982, proponent of HV theories John 
Stewart Bell said, “I am convinced that the word 
“measurement” has now been so abused that the 
field [of quantum mechanics] would be significantly 
advanced by banning its use altogether, in favour for 
example of the word ‘experiment.’” “Measurement” 
is not the only word that has been misunderstood 
in these contexts. In particular, the discussion 
here displays the importance of specifying what is 
meant by “value definiteness,” “observables,” and 
“contextuality.” QM has confused humanity since its 
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creation, but to concede that it is incomprehensible is 
wholly unnecessary. Because no human can possess 
complete knowledge of the universe, anything 
is technically possible. The notion that inductive 
reasoning fails to extend to quantum scales, however, 
is much less plausible than that its patterns are not 
immediately apparent. If one is to achieve a true 
understanding of QM, and thus of the fundamental 
nature of the universe, then one must rely not only on 
its constituent mathematics and symbols, but on the 
coherence of the ideas that those symbols represent. 
Only then does it become possible to intuit the 
direction of the path toward more complete and more 
detailed descriptions of reality. 
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Article Synopsis

Humans typically desire high status (i.e., leadership roles), but only when they believe they are useful to 
the group. In this paper, the author explores whether self-esteem and various personality traits influence the 
status people prefer when they believe they are useless to the group. Because self-esteem is correlated with 
socioeconomic status, the results of this study have implications for socioeconomic inequalities.
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Abstract

Prior research shows that despite the belief that humans universally desire high status in group settings (i.e., 
leadership roles), individuals with low self-perceived value (SPV) perceive themselves as being unable to 
make meaningful contributions to the group’s success. Thus, they prefer low status to conform to the external 
social pressure of other group members’ expectations. Yet, internal factors such as self-esteem and personality 
traits may also shape individuals’ preferred status by buffering the effects of external factors. To examine these 
hypotheses, two studies were conducted, in which the participants’ self-perceived value and self-esteem were 
manipulated. The results from these studies were consistent with previous studies, showing that participants 
with higher SPV preferred and expected higher status than participants with lower SPV. Moreover, individuals’ 
personality traits predicted the status they preferred and expected: more extroverted participants preferred and 
expected higher status than less extroverted participants, while participants with higher levels of neuroticism 
preferred and expected lower status than participants with lower levels of neuroticism. Participants with higher 
self-esteem were also more likely to prefer and expect higher status. Lastly, low self-esteem was associated 
with lower preferred status for participants with low SPV, but not high SPV. Because self-esteem is correlated 
with individuals’ socioeconomic status (SES), this study further highlights the need to address the self-esteem 
gap between individuals in high and low SES to prevent pre-established social hierarchies from perpetuating 
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Introduction

Status is widely defined as the social standing and 
value others voluntarily give an individual based on 
respect, prestige, and deference (Anderson et al., 2020; 
Yu & Kilduff, 2020; Bendersky & Pai, 2018; Kilduff et 
al., 2016). High status is associated with interpersonal, 
material, physical, and psychological rewards, such 
as companion desirability (Henrich & Gil-White, 
2001); access to scarce resources and information 
(Anderson & Kilduff, 2009; Savin-Williams, 1979); 
opportunities for further status advancement (Magee 
& Galinsky, 2008); attention from others (Lansu et al., 
2013; Foulsham et al., 2010; Savin-Williams, 1979); 
better mental and physical health (Adler et al., 2000); 
and longer life span (Anderson & Kilduff, 2009). 
Given the benefits of high status, it is unsurprising 

that the desire for status in social groups is commonly 
assumed as a universal human motive (Anderson et 
al., 2012; Maslow, 1943). For instance, psychosocial 
need fulfillment (i.e., need for respect) is associated 
with well-being across a sample of 123 countries (Tay 
& Diener, 2011). Evolutionary psychologists likewise 
claim that humans have evolved to strive for social 
dominance, not only to gain access to resources but 
also to maintain their self-esteem (Barkow, 1975). 
 
Despite the widespread notion that humans have 
a universal desire for high status, prior research has 
found that this is not necessarily the case (Schmid 
Mast et al., 2010; Smith et al., 2008; Josephs et al., 
2006). Studies show that individuals have varied needs 



for power (Schmid Mast et al., 2010; Smith et al., 
2008), dominance (Josephs et al., 2006), and status 
(Anderson et al., 2020). Multiple studies replicated 
in real-life groups and laboratories showed that 
individuals’ preferred status varies depending on their 
self-perceived value (SPV) to the group, defined as 
the skills they believe to possess that contributes to 
the group’s success (Anderson et al., 2012). In other 
words, individuals who had low SPV, perceiving 
themselves to be unable to contribute to the group’s 
success, preferred low status (i.e., non-leadership 
roles), whereas individuals who had high SPV, 
perceiving themselves to have the skills to contribute 
to the group, preferred high status. 

The mechanism through which an individual’s SPV 
influenced their preferred status was found to be the need 
to conform to the group’s expectations, rather than the 
concern for the group’s overall success, responsibility, 
or fairness (Anderson et al., 2012). Individuals with 
low SPV believed others expected them to remain in a 
low status and consequently avoided pursuing higher 
status than what was expected by the group (Anderson 
et al., 2012; Anderson et al., 2006). For example, the 
Anderson et al. (2012) study revealed that compared 
to the identified condition, participants with low SPV 
in the anonymous condition preferred higher status 
rank, since other group members could not have any 
expectations of their rank in the latter. This suggests 
that individuals with low SPV often resign themselves 
to a lower status rank due to the need to conform 
to others’ expectations. These findings imply that 
individuals may be pressured by external constraints 
such as social expectations to accept low status even 
if internally they still prefer high status. Thus, once 
external constraints were removed from consideration, 
individuals expressed their desire for high status 
despite their low SPV (Anderson et al., 2012).

Literature on Self-Esteem 

Self-esteem is an individual’s confidence in or 
subjective evaluation of their own worth, independent 
from their objective abilities or others’ evaluations 
(Orth & Robins, 2014; Donnellan et al., 2011). It 
reflects feelings of self-respect and contentment, rather 
than narcissism or excessive self-aggrandizement, 

which is the act of promoting oneself as being powerful 
or important (Orth & Robins, 2014; Ackerman et al., 
2011). Prior studies show that high self-esteem reduces 
anxiety (Pyszczynski et al., 2004) and provides 
emotional stability in times of change through a 
process of self-verification of role identities in 
groups (Cast & Burke, 2002). Moreover, individuals’ 
desire for self-esteem motivates them to maintain 
relationships in groups (Cast & Burke, 2002). Thus, 
while prior studies have pointed to external factors that 
may influence individuals’ preferred status (Anderson 
et al., 2012), internal factors such as self-esteem may 
also play a role in determining who prefers high or low 
status by buffering the effects of such external factors. 
The effects of SPV on preferred status may be greater 
for participants with higher self-esteem and lower for 
participants with lower self-esteem. The study will 
examine whether self-esteem has a moderating effect 
of SPV on preferred status.

This has several implications for real-world scenarios, 
including the immediate concern about the group’s 
success and effectiveness as an organization. For 
example, individuals with low SPV, lacking the 
necessary skills to contribute to the group’s success, 
may obstruct the group by pursuing higher status 
regardless of their abilities, due to their high self-
esteem. Likewise, individuals with high SPV might 
not pursue higher status despite their potential to 
contribute meaningfully to the group, due to their 
low self-esteem. Further, prior research shows that 
self-esteem is positively correlated with individuals’ 
socioeconomic status (SES) (Twenge & Campbell, 
2002; Zhang & Postiglione, 2001). Individuals with 
high SES report having higher self-esteem, which 
implies that individuals with high SES might be more 
likely to prefer high status despite having low SPV, 
and individuals with low SES might be more likely 
to prefer low status even with high SPV. Prior studies 
have also found that those already in a position of high 
status have more confidence in their abilities and thus a 
stronger status motive compared to those in a position 
of low status (Anderson et al., 2020; Donnelly et al., 
2018). Although it may be helpful for the stability 
and coordination of group status hierarchies for some 
individuals to seek high status and some to seek low 
status, it becomes an issue of social and socioeconomic 
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equality when status motive starts to differ, as research 
shows, based on individuals’ pre-established SES. If 
the following study finds that individuals’ self-esteem 
does indeed moderate the effects of SPV on preferred 
status, it may encourage future studies to explore ways 
to motivate individuals with low SES to increasingly 
engage in status competition and pursue higher 
status. Thus, this study hypothesizes that self-esteem 
moderates the effect of SPV on preferred status, in that 
the positive effect of SPV on preferred status is greater 
for participants with higher self-esteem.

Literature on Extroversion     

This study is also interested in examining individuals’ 
personality traits that may affect their preferred status. 
One such trait is extroversion. Prior research shows 
that extroversion is highly correlated with incentive 
motivation, tendency to attract social attention, and 
stimulus-seeking behavior (Depue & Fu, 2013; 
Ashton et al., 2002; Farley & Farley, 1967). Thus, it 
is possible that individuals with greater extroversion 
have greater motivation to pursue higher status, due to 
the associated social benefits, such as greater attention 
from others (Lansu et al., 2013; Foulsham et al., 2010; 
Savin-Williams, 1979) and influence within the group 
(Fiske, 2010; Cheng et al., 2010; Savin-Williams, 
1979; Berger et al., 1972). In fact, previous studies 
show that high extroversion predicts higher status 
among both men and women (Anderson et al. 2001), 
which prompts the study to examine whether greater 
extroversion rewards lead to a greater preference for 
high status. Prior research reveals that extroversion 
predicts general confidence levels, overconfidence, 
and positive emotions and expressions, including 
enthusiasm and activeness (Schaefer et al., 2004; 
Cheng & Furnham, 2002; Watson & Clark, 1997). 
Thus, this study will examine whether more extroverted 
participants not only prefer but also expect to gain 
higher status. This study hypothesizes that participants 
with greater extroversion will prefer and expect higher 
status due to the social benefits of high status and a 
higher level of confidence in their own abilities.

Literature on Neuroticism

Another potential personality trait that may affect 

an individual’s preferred status independent of SPV 
is neuroticism, or how easily a person experiences 
anxiety or distress at perceived threats. Prior studies 
show that neuroticism is highly correlated with the fear 
of negative evaluation (FNE), the tendency to believe 
others are critical of the self (Naragon-Gainey & 
Watson, 2011), as well as a range of anxiety disorders, 
including social anxiety, social phobia, and generalized 
anxiety disorder (GAD) (Kotov et al., 2010; Bienvenu 
et al., 2007). Evolutionary psychologists suggest that 
this is because neuroticism has evolved as a part of the 
Behavioral Inhibition System, a withdrawal-oriented 
mechanism that inhibits undesirable or risky behavior 
(Naragon-Gainey & Watson, 2011; Tomarkenand & 
Keener, 1998). Literature also shows that individuals 
with higher status attract more blame than those 
with lower status in cases of organizational failure 
(i.e., financial mismanagement, cultural dysfunction, 
product failures), but do not attract more credit in cases 
of organizational success (Gibson & Schroeder, 2003). 
Thus, it is possible that individuals with higher levels 
of neuroticism prefer low-status positions, due to the 
social burdens associated with high status, including 
increased responsibility and attention from others 
(Anderson et al., 2012; Keltner et al., 2008; Savin-
Williams, 1979). This study will examine whether 
greater neuroticism in individuals predicts a greater 
preference for low status.

Additionally, previous studies show that neuroticism 
is correlated with decreased levels of self-efficacy, or 
the belief in one’s own ability to reach specific goals, 
lowering their confidence and beliefs about their own 
competence (Wang et al., 2018). Further, neuroticism 
levels were found to be a direct negative predictor of 
general self-confidence (Cheng & Furnham, 2002) 
while being a direct predictor of greater anxiety and 
shyness (Cheng & Furnham, 2002; Briggs, 1988). 
Thus, the study will also examine whether participants 
with higher levels of neuroticism also expect to receive 
lower status. 

The study hypothesizes that participants with greater 
neuroticism will prefer lower status due to concerns 
about the increased responsibility of occupying a high 
status and expect lower status, as they have lower self-
efficacy and confidence in their own abilities.
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Hypotheses

The following hypotheses will be examined in this 
study:
Hypothesis 1a. Participants’ SPV is positively 
correlated with their preferred status within that group. 
Participants with higher SPV, those who believe they 
have the necessary skills to contribute to the group’s 
success, prefer higher status. As participants with high 
SPV on one task may have low SPV on another, the 
causal effect of SPV on preferred status is context-
specific, occurring within a particular group. This is 
a replication of Study 3 from Anderson et al. (2012). 

Hypothesis 1b. Participants with higher SPV naturally 
expect to receive higher status as they see themselves 
as deserving of it. 

Hypothesis 2. Self-esteem moderates the effect of 
SPV on preferred status. The effects of high SPV on 
preferred status are greater for participants with higher 
self-esteem.

Hypothesis 3a. Participants with greater extroversion 
prefer higher status.

Hypothesis 3b. Participants with greater extroversion 
expect to receive higher status.

Hypothesis 4a. Participants with greater neuroticism 
prefer lower status.

Hypothesis 4b. Participants with greater neuroticism 
expect lower status.

Study 1 Methods

The following experimental design seeks to examine 
whether participants’ SPV to the group is positively 
correlated with their preferred status and expected 
status within that group; whether participants’ self-
esteem moderates the effect of SPV on preferred status; 
whether participants with greater extroversion prefer 
and expect higher status; and whether participants with 
greater neuroticism prefer and expect lower status.

Participants. 51 individuals were recruited from 

CloudResearch, an online participant-sourcing 
platform, and another 65 individuals were recruited from 
a participant pool maintained by an interdisciplinary 
behavioral research center at a Southeastern university. 
This two-part recruitment procedure was conducted to 
ensure reliable data quality and eliminate suspicion 
for potential biases prior to conducting the study. The 
participant pool consisted of college students and 
non-student community members who were 18 years 
of age or older and residing in the United States. The 
participants were compensated $4.00 for completing an 
approximately 20-minute survey. Eleven participants 
stated they found a part of the research procedure 
difficult to believe during the suspicion check (i.e., 
questionnaire measuring how much participants 
suspect the use of deception in the study) or did not 
follow the study procedures as instructed and were 
thus excluded from the analyses, leaving a final sample 
of 105 participants for the analysis.

Procedure. The participants were told that the study 
had two components: an individual task and a group 
task. After first completing an online survey, they 
would be redirected to a separate platform in which 
they would interact with three other participants to 
complete the group task.

In the online survey, the participants completed the 
BFI-2-S personality measure, a 30-item questionnaire 
that measures 5 key personality traits: Extroversion, 
Agreeableness, Conscientiousness, Neuroticism, and 
Open-mindedness. (Soto & O. P., 2017). To manipulate 
the SPV, the participants then completed 10 trials 
of an individual “Contrast Sensitivity” perception 
task (Anderson et al., 2012; Troyer, 2001). Before 
proceeding, the participants read a note that their 
performance on this individual task will correlate to 
their ability to successfully contribute to the subsequent 
group task (Anderson et al., 2012).

In the “Contrast Sensitivity” task, the participants 
were told to decide which of two checkerboard photos 
of black and white squares had more white space. 
Although the participants were told that one alternative 
was correct over the other, both photos had equal spaces 
of black and white. Each trial lasted for 20 seconds. 
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Following the completion of the task, the participants 
underwent standard self-esteem manipulation (Riketa 
& Dauenheimer, 2003; Chartrand & Bargh, 1996). The 
participants were randomly assigned to the low self-
esteem condition or high self-esteem condition. In 
each condition, the participants were told to focus their 
gaze on an asterisk placed in the center of the screen 
as a “flash” of the stimulus, the words described in the 
following paragraph, was presented in the participants’ 
parafoveal visual field (i.e., between 2 to 5 cm around 
the asterisk). Prior research shows that the meaning of 
visual stimuli presented in this field is unconsciously 
encoded but not consciously processed (Chartrand 
& Bargh, 1996; Rayner, 1978), which allows for an 
effective manipulation of self-esteem. 

The participants in the high self-esteem condition 
were presented with “flashes” of positive adjectives 
(i.e., “good,” “important,” “useful”) paired with a self-
referent word (i.e., “I”), while the participants in the 
low self-esteem condition were presented with negative 
adjectives (i.e. “bad,” “lousy,” “worthless”) paired with 
a self-referent word (Riketa & Dauenheimer, 2003).

The participants were told this was a reaction task, rather 
than a self-esteem manipulation. Thus, the participants 
were told to place their index fingers on the E key and 
I key of the keyboard. They were told to hit the E key if 
the stimulus was presented on the left side of the screen 
and the I key if the stimulus was presented on the right 
side of the screen. There were 12 trials of affective 
adjectives. Each trial alternated with 500 milliseconds 
of a blank screen and 60 milliseconds of a screen that 
presented a random sequence of 8 letters paired with a 
self-referent word (e.g., “KHDFESWV”). All stimuli 
were presented as black capital letters on a white screen. 
To measure the effectiveness of the manipulation, the 
participants completed the Rosenberg Self-Esteem 
Scale (Rosenberg, 1979). 

Upon completing the self-esteem manipulation, the 
participants received their scores and their teammates’ 
scores on the Contrast Sensitivity task. These scores 
had initially been withheld from the participants to 
distinguish the self-perceived value manipulation 
from the self-esteem manipulation and to prevent 
participants from forming their self-esteem based on 

their Contrast Sensitivity scores rather than the self-
esteem manipulation. 

The participants were randomly assigned to the low 
self-perceived value condition or high self-perceived 
value condition. Participants in the low self-perceived 
value condition were told they scored 3 and would be 
assigned to a group wherein the other members scored 
5, 6, and 8. The participants in the high self-perceived 
value condition were told they scored 8 and would 
be assigned to a group wherein the other members 
scored 3, 5, and 6. These scores were adjusted from the 
original Anderson et al. (2012) study, which involved 
20 trials of the Contrast Sensitivity task instead of 
10. To successfully manipulate their self-perceived 
values, participants in the high self-perceived value 
condition were the best performers in their group, and 
participants in the low self-perceived value condition 
were the worst performers in their group.

Finally, participants completed a brief survey asking 
how much value they perceive themselves to have in 
the group, which status they would prefer to have in 
the group, and which status they expected to have in 
the group. Afterwards, the participants completed a 
suspicion check and were debriefed. 

Personality traits. The Big Five personality traits were 
assessed with the BFI-2-S personality measure (Soto & 
O. P., 2017). It includes 30 items such as “I am someone 
who tends to be quiet,” and “I am someone who is 
outgoing, sociable,” rated from 1 (disagree strongly) 
to 5 (agree strongly). The Domain Scales include 
Extroversion, Agreeableness, Conscientiousness, 
Neuroticism, and Open-Mindedness. The facet scales 
include Sociability, Assertiveness, Compassion, etc.

Self-Esteem. After the manipulation, participants’ 
self-esteem was assessed with the 10-item Rosenberg 
Self-Esteem Scale (Rosenberg, 1979). Items include 
“On the whole, I am satisfied with myself,” and “I feel 
that I’m a person of worth,” rated from 1 (strongly 
agree) to 4 (strongly disagree). The RSE demonstrates 
high internal consistency, or the correlation between 
different items on the same test, with a test-retest 
correlation (i.e., consistency of results when same 
group of people receive the same test on two separate 
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time points) of 0.85 and 0.88 over a period of 2 weeks 
(Rosenberg, 1979). 

Self-perceived Value. After completing the tasks, the 
participants were asked to rank on a scale of 1 (lowest 
value) to 7 (highest value): “How much value can you 
provide this group, relative to other group members?” 
“How much do you think you can contribute to the group 
task?” and “How much are you able to make important 
contributions to the group task?” The questions were 
adapted from the Anderson et al. (2012) study.

Preferred Status. The participants were asked to rank 
on a scale of 1 (lowest value) to 7 (highest value): 
“How motivated are you to achieve the leadership 
position?” “How much would you try to control the 
group’s activities?” “How much would you try to act 
as the group leader?” “To what extent do you want to 
lead the group’s activities?” and “To what extent do 
you want to have a high status and influence in the 
group?” In addition, the participants ranked on a scale 
of 1 (highest value) to 7 (lowest value): “In terms of 
your overall status in the group, which rank would 
you prefer?” and “In terms of your leadership standing 
in the group, which rank would you prefer?” The 
answers to the last two questions were reverse-coded. 
The questions were adapted from the Anderson et al. 
(2012) study. 

Expected status. The participants were asked to rank 
on a scale of 1 (lowest value) to 7 (highest value): “To 
what extent do you believe you can lead the group’s 
activities?” and “To what extent do you believe you 
can have a high status and influence in the group?” 
In addition, the participants ranked on a scale of 1 
(highest value) to 7 (lowest value): “In terms of your 
overall status in the group, which rank do you expect to 
achieve in the following group activity?” “In terms of 
your leadership standing in the group, which rank do 
you expect to achieve in the following group activity?” 
and “Which rank do you expect you can realistically 
achieve in the following group activity?” The answers 
to the last three questions were reverse-coded. Although 
the Anderson et al. (2012) study did not include a direct 
measure for the status the participants realistically 
expected to occupy in the group, these questions were 
devised based on the measure for preferred status.

Results and Discussion

Initially, the manipulation of the participants’ SPV 
was successful. Participants in the low SPV condition 
reported lower self-perceived value (M = 3.978, SD = 
1.483) than the participants in the high SPV condition 
(M = 5.689, SD = 0.815), t(103) = -6.931, p < 0.001. 

The study findings supported Hypothesis 1a, 
successfully replicating the original Anderson et al. 
(2012) study. Consistent with the hypothesis, there was 
a significant effect of participants’ self-perceived value 
of the group on their preferred status within that group, 
F(1, 103) = 18.870, p < 0.001, n2 = 0.155. Participants’ 
self-perceived value to the group accounts for about 
18.9% of the variance in their preferred status. 
Participants with higher SPV were more likely to also 
prefer higher status (Figure 1). Further, Hypothesis 
1b was also supported by this study. There was a 
significant effect of participants’ self-perceived value 
of the group on their expected status within that group, 
F(1, 103) = 4.439, p = 0.038, n2 = 0.041. Participants 
with higher SPV were more likely to expect higher 
status (Figure 2). Thus, the participants’ preferred 
status and expected status were both contingent upon 
the value they perceived themselves to provide to the 
group.

Figure 1: SPV on Preferred Status 1
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Figure 2: SPV on Expected Status 1

However, the manipulation of the participants’ 
self-esteem was found to be ineffective, presenting 
difficulties for the researcher to analyze Hypothesis 2. 
Participants in the high self-esteem condition reported 
a similar level of self-esteem (M = 2.567, SD = 0.855) 
as the participants in the low self-esteem condition 
(M = 2.579, SD = 0.745), t(103) = 0.072, p = 0.943. 
There was a non-significant difference between the 
self-esteem of participants in the high self-esteem 
condition and the self-esteem of participants in the low 
self-esteem condition. 

The primary difference between the use of visual 
stimuli for self-esteem manipulation in previous 
studies (Riketa & Dauenheimer, 2003) and that of 
this study is the latter’s online nature. The study by 
Riketa and Dauenheimer (2003) was conducted in a 
laboratory where the experimenter could position the 
participants in front of a computer at a precise distance 
that enables parafoveal perception. The experimenter 
could also monitor the participants to make sure they 
stayed in their initial position and ensure they followed 
the instructions presented on the screen. However, due 
to its online nature, this study lacked such procedures, 
making it difficult to ensure the participants followed 
the instructions to look at the asterisk instead of the 
words presented around the asterisk or away from the 
screen entirely. Thus, a follow-up study was designed 
to better examine whether self-esteem moderates the 
effect of SPV on preferred status (see section Study 2 
Methods).

The study findings supported Hypothesis 3a. 
Participants’ levels of extroversion had a positive 
correlation with their preferred status within that group, 
r = 0.368, p < 0.001, 95% CI = [0.189, 0.523] (Table 
1). Participants’ levels of extroversion were calculated 
from their answers to the BFI-2-S personality measure 
on a scale of 1 (disagree strongly) to 5 (agree strongly; 
Soto & O. P., 2017). Questions on the Extroversion 
Domain Scale included, “I am someone who tends to 
be quiet,” “I am someone who is dominant, acts as a 
leader,” “I am someone who is full of energy,” “I am 
someone who is outgoing, sociable,” “I am someone 
who prefers to have others take charge,” and “I am 
someone who is less active than other people” (Soto & 
O. P., 2017). The six items were averaged after reverse-
coding three items to yield the final extroversion 
score. More extroverted participants were more likely 
to prefer higher status than less extroverted ones. 
Hypothesis 3b was also supported. Participants’ levels 
of extroversion had a positive correlation with their 
expected status within that group, r = 0.277, p = 0.004, 
95% CI = [0.090, 0.445] (Table 2). More extroverted      
participants were more likely to expect higher status 
than less extroverted ones.

The study findings supported Hypothesis 4a. 
Participants’ levels of neuroticism had a negative 
correlation with their preferred status within that group, 
r = -0.250, p = 0.010, 95% CI = [-0.422, -0.062] (Table 
1). Participants’ levels of neuroticism were calculated 
using the same procedures as their extroversion 
score. Questions on the Neuroticism Domain Scale 
included, “I am someone who worries a lot,” “I am 
someone who tends to feel depressed, blue,” “I am 
someone who is emotionally stable, not easily upset,” 
“I am someone who is relaxed, handles stress well,” 
“I am someone who feels secure, comfortable with 
self,” and “I am someone who is temperamental, gets 
emotional easily” (Soto & O. P., 2017). The six items 
were averaged after reverse-coding three items to 
yield the final neuroticism score. The Domain Scales 
for Agreeableness, Conscientiousness, and Open-
Mindedness were likewise calculated from the BFI-
2-S personality measure, by averaging the participants’ 
answers to six items after reverse-coding three items. 
Participants with greater levels of neuroticism were 
more likely to prefer lower status than those with 
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lower levels of neuroticism. Further, Hypothesis 4b 
was supported. Participants’ levels of neuroticism had 
a negative correlation with their expected status within 
that group, r = -0.304, p = 0.002, 95% CI = [-0.468, 
-0.119] (Table 2). Participants with greater levels of 
neuroticism were more likely to expect lower status 
than those with lower levels of neuroticism.

There was an unexpected finding that may be worth 
noting for future studies. Participants with higher 
levels of conscientiousness, or the likelihood to delay 
gratification and exert self-control, were more likely 
to prefer higher status, r = 0.202, p = 0.039, 95% CI = 
[0.011, 0.379] (Table 1). The finding is consistent with 
previous literature that revealed a negative correlation 
between conscientiousness and an avoidant leadership 
style (i.e., leaders who do not engage with others to 
accomplish goals), while revealing a positive correlation 
between conscientiousness and a transformational 
leadership style (Zopiatis & Constanti, 2012). In other 
words, individuals with greater conscientiousness have 
greater idealized influence, or charisma, which enables 
them to effectively motivate their group members’ 
emotions to achieve results (Zopiatis & Constanti, 
2012; Judge & Bono, 2000). Thus, this study suggests 
that individuals with greater conscientiousness would 
prefer higher status, a position of influence that allows 
such qualities to be useful.

Table 1: Personality Traits on Preferred Status

In short, SPV to the group had a causal effect on 
preferred status and expected status. Participants with 
greater extroversion both preferred and expected to 
achieve higher status and participants with greater 
neuroticism preferred and expected to occupy a lower 
status within the group. 

Study 2 Methods

As a follow-up of Study 1, the following experimental 
design seeks to better examine Hypothesis 2, whether 
participants’ self-esteem moderates the effect of SPV 
on preferred status.

Participants. 154 individuals were recruited from 
CloudResearch. The participant pool consisted of 
college students and non-student community members 
who were 18 years of age or older and currently 
located in the United States. The participants were 
compensated $4.00 for completing an approximately 
20-minute survey. 27 participants raised suspicions 
about the feedback they received or did not follow the 
study procedures as instructed and were thus excluded 
from the analyses, leaving a final sample of 127 
participants for the analysis.

Procedure. The participants were told they would 
first complete an online survey individually, and then 
interact with three other participants to complete the 
group task on a separate platform. The procedure was 
identical to that of Study 1 except for two changes. First, 
this study excluded the BFI-2-S personality measure 
(Soto & O. P., 2017) to increase brevity, as Hypotheses 
3 and 4 were already supported in the previous study. 

Additionally, different self-esteem manipulations and 

measures were used. Instead of manipulating self-
esteem with subliminally presented words (Riketa 
& Dauenheimer, 2003; Chartrand & Bargh, 1996), a 
recollection exercise addressing both the moral and 
competence aspects of oneself was used to manipulate 
the participants’ self-esteem (Harber, 2005). The 
participants randomly assigned to the high self-esteem 
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Table 2: Personality Traits on Expected Status

condition were asked to recall a time when they provided 
substantial help to someone of great importance to 
them. Then the participants were asked to provide a 
detailed description (minimum of 30 words) about a) 
the person they helped and how they feel about this 
person; b) the situation in which this person needed 
help; c) their own actions on this person’s behalf; d) 
how their actions made this person feel about his or 
her problem and about them; and e) how they feel 
about themselves in regard to this situation (Harber, 
2005). The participants randomly assigned to the low 
self-esteem condition responded to the same questions 
for a time when they failed to help someone of great 
importance to them or betrayed that person’s trust 
(Harber, 2005). The participants randomly assigned 
to the control condition were asked to recall a time 
they did the laundry, a household chore unrelated to 
this study, and provide a detailed description about a) 
where they did the task; b) the steps involved in the 
wash phase; c) the steps involved in the drying phase; 
d) the steps involved in folding the laundry; and e) how 
they feel about doing the laundry (Harber, 2005).

Lastly, rather than using the Rosenberg Self-Esteem 
Scale (Rosenberg, 1979), the State Self-Esteem Scale 
(SSES; Heatherton & Polivy, 1991) was used to 
measure the temporary changes in self-esteem due to 
experimental manipulation.

Results and Discussion 2

The manipulation of the participants’ SPV was again 
successful. Participants in the low SPV condition 
reported lower self-perceived value than the participants 
in the high SPV condition, F(1, 126) = 90.819, p < 
0.001. Hypotheses 1a and 1b were both successfully 
replicated a second time. Participants’ 

self-perceived value to the group had a significant 
effect on their preferred status within that group, F(1, 
126) = 100.091, p < 0.001. Participants’ self-perceived 
value of the group had a significant effect on their 
expected status within that group, F(1, 126) = 222.791, 
p < 0.001. Participants with higher SPV were more 
likely to prefer and expect higher status.  

The manipulation of the participants’ self-esteem 
was found to be ineffective. Participants in the high 
self-esteem, low self-esteem, and control conditions 
reported a statistically non-significant difference in 
their State Self-Esteem Scale scores, F(2, 124) = 1.598, 
p = 0.206, n² = 0.025. The participants in the low self-
esteem condition did, however, report a marginally 
significant decrease in their State Self-Esteem Scale 
scores compared to the participants in the high self-
esteem and control conditions, F(1, 126) = 2.991, p < 
0.086. 

Further analyses revealed that the participants’ self-
esteem was correlated with their SPV, F(1, 126) = 
11.773, p < 0.001 (Figure 3), but not with the SPV 
manipulation condition (i.e. low, high), F(1, 126) = 
0.002, p = 0.963, which suggests that the measures 
of SPV and self-esteem were indistinct, rather than 
the SPV manipulation having an effect on both the 
participants’ SPV and self-esteem. 
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Figure 3: Self-esteem and SPV

Although the participants’ self-esteem could not be 
manipulated, analysis revealed that the participants’ 
self-esteem correlated with their preferred status within 
that group, F(1, 126) = 16.850, p < 0.001 (Figure 4). 
Participants’ self-esteem to the group also correlated 
with their expected status within that group, F(1, 126) 
= 18.247, p < 0.001 (Figure 5). In short, participants 
with higher self-esteem were more likely to prefer and 
expect higher status within the group.

Figure 4: Self-esteem and Preferred Status

Figure 5: Self-esteem and Expected Status

Further, a linear multiple regression analysis on 
whether the participants’ self-esteem moderates the 
effect of SPV on preferred status was conducted. 
The interaction between self-esteem and SPV was 
marginally significant, in that having low self-esteem 
decreased preferred status within the group for 
participants with low SPV, F(1, 123) = 3.264, p = 0.073 
(Figure 6), but not high SPV. 

Figure 6: Self-esteem by SPV Interaction on Preferred 
Status

Note. Reference category is the low self-esteem 
condition compared to the two other conditions 
(combined).
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However, the self-esteem by SPV interaction was not 
significant for expected status, in that having low self-
esteem did not influence the expected status within the 
group for participants with low SPV, F(1, 123) = 0.331, 
p = 0.566, nor high SPV.

Conclusion

The two studies provided consistent support for the 
hypothesis that participants with higher SPV are not 
only more likely to prefer higher status but also expect 
higher status. The participants’ personality traits were 
also found to be an important factor in predicting the 
status they preferred and expected. More extroverted 
participants preferred and expected higher status than 
their less extroverted counterparts, and participants 
with higher levels of neuroticism preferred and 
expected lower status than their counterparts with 
lower levels of neuroticism. The second study revealed 
that higher self-esteem was associated with higher 
preferred and expected status within the group, while 
low self-esteem was associated with lower preferred 
and expected status within the group for participants 
with low SPV.

Implications for Study

Individuals with low self-esteem are more likely to be 
discouraged by their low SPV and opt out of pursuing 
status, compared to those with similar SPV but higher 
self-esteem. Because self-esteem is correlated with 
individuals’ socioeconomic status (SES; Twenge 
& Campbell, 2002; Zhang & Postiglione, 2001), 
individuals with high SES and consequently higher 
self-esteem may be more likely to prefer high status 
despite having low SPV. Conversely, individuals with 
low SES and consequently lower self-esteem may 
be more likely to prefer low status despite having 
high SPV. This tendency, in addition to the greater 
confidence level and status motive of those already in a 
position of high status (Anderson et al., 2020; Donnelly 
et al., 2018), may contribute to the perpetuation of 
the existing social hierarchies and socioeconomic 
inequality, which indicates a potential direction for 
future research. 

Studies document the negative effects of socioeconomic 

inequality on the health and happiness of a population. 
Individuals with lower SES suffer disproportionately 
from various health issues and have higher mortality, 
psychiatric morbidity, and disabilities than individuals 
with higher SES (Mackenbach et al., 2008; Lorant, 
2003; Adler, 1993). Further, individuals in a society 
with greater inequality report lower levels of happiness 
(Alesina et al., 2004). As such, the effect of pre-
established SES on individuals’ self-esteem and 
resulting status motive may, as a whole, harm society 
by perpetuating its social ills. 

In addition, the findings on the moderating relationship 
between self-esteem and SPV on preferred status have 
implications for the effectiveness of organizations. 
When individuals who lack the ability to make 
meaningful contributions to the group pursue higher 
status regardless of their competence, they may decrease 
the overall productiveness of the group by competing 
with the more competent members and decreasing 
their chances of playing a role. Conversely, individuals 
who possess the ability to lead the group to success 
may not pursue higher status, depriving the group of 
valuable skills and knowledge. Hence, the findings of 
this study point to the need to address the self-esteem 
gap between individuals in high and low SES, in order 
to decrease the harmful effects of socioeconomic 
inequality and maximize the productivity of corporate 
organizations.

Limitations & Future Research

The manipulation of the participants’ self-esteem was 
ineffective in this study, preventing it from establishing 
causation. It would thus be interesting for future 
researchers to examine whether self-esteem moderates 
the effect of SPV on preferred status by using a 
different self-esteem manipulation or a more distinct 
measure of SPV and self-esteem to avoid potential 
overlap between the participants’ SPV and self-esteem 
scores. Furthermore, a potential direction for future 
studies is to examine ways to motivate individuals with 
low SES to engage in status competition to a greater 
extent. Given that self-esteem is directly correlated 
with both greater status pursuit and SES, developing 
intervention strategies such as Cognitive Behavioral 
Therapy, a widely used treatment for a range of mental 
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health disorders (Niveau et al., 2021), to promote 
higher self-esteem in individuals with low SES may be 
a constructive way to counter the effects of inequality 
present in society.
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Nathanael Ren

Nathanael Ren is a student 
at Duke studying Computer 
Science, Electrical and Computer 
Engineering, and Mathematics. His 
previous work includes applications 
of the aforementioned fields to the 
financial services and healthcare 
fields. He is also involved in the 
Duke University Debate Society 
and Duke Robotics Team.
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Nitya Chadha

Nitya (Trinity ‘27) is a freshmen 
who is currently thinking of 
majoring in neuroscience with 
a minor in economics. She is 
extremely passionate about science 
and is interested in pursuing a 
career in research. Outside of 
academics, Nitya enjoys singing 
and playing tennis.

Sai Gayathri Kurup

I am a freshman in the Trinity 
College of Arts and Sciences, and 
I am a prospective biology major 
with a certificate in health policy. 
I am passionate about translational 
research, especially related to the 
life sciences, through the lens of 
science communication. 

Will Sun

Will (Trinity ‘27) is an 
undergraduate student who 
intends to major in biology with a 
concentration in ecology, marine 
science and conservation from 
San Jose, CA. Outside of working 
in the Miao Lab on integrative 
immunology, he also enjoys playing 
basketball, watching sunsets, and 
eating ramen. 
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Zishen Li

Zishen is an undergraduate student 
at Duke. She is interested in 
medicine as well as the intersection 
between science and art. Outside of 
Vertices, she enjoys playing ping 
pong and trying out new things!

Darsh Mandera

Darsh is a first-year undergraduate 
with interests in AI, biology, 
and linguistics. His research 
experiences include work in 
precision oncology as well as 
computational modeling of stem 
cell differentiation. Beyond 
Vertices, he likes reading about 
language and current affairs.
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Meet Our Design Team

Sage Cooley
Website Director

Sage (Pratt ‘25) is from Raleigh, 
North Carolina and is majoring in 
mechanical / aerospace engineer-
ing. Outside of Vertices, you’ll 
find her working on rocketry with 
Duke’s AERO society, spending 
time with friends, or going on a 
nature walk!

AJ Kochuba,
Artistic Director

AJ (Trinity ‘25) is from Cary, 
North Carolina, studying neuro-
science, psychology, and visual 
arts on the pre-med track. AJ is 
particularly interested in human-
ities-based approaches to medical 
practice and research and hopes to 
enrich the symbiotic relationship 
between the fields of science and 
arts. Outside of Vertices, AJ can be 
found hosting arts- and identity-fo-
cused events and competing on the 
pickleball courts.
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Erin Heyeck

Erin (Trinity ‘24) is a Senior from 
Princeton, New Jersey, studying 
biology and computational biology. 
She is passionate about the inter-
sections of science and art. Outside 
of academics, Erin can be found 
on the water with Duke Women’s 
Rowing and exploring new restau-
rants in the Triangle. 

Amanda Li

Amanda (Pratt ‘27) is from Char-
lotte, North Carolina and is major-
ing in biomedical engineering. She 
loves learning about anything and 
everything, doodling in her spare 
time, and exploring new things.

Cindy Ju

Cindy is a sophomore from South 
Carolina planning to major in eco-
nomics. She enjoys arts and crafts, 
walking in the Duke Gardens, and 
trying out different boba shops 
around Durham.



Gaby Dunn

Gaby is a sophomore from South 
Florida with too many interests that 
she is trying to find a major for. 
She is fascinated by the intersec-
tions of education, art, & STEM. 
When procrastinating, she enjoys 
rock climbing, critiquing movies, 
and spending time outdoors.

Jessica Pham

Jessica is a first year from Monroe, 
LA, planning to major in biomedi-
cal engineering and pursue the pre-
med track. She’s passionate about 
intellectual exploration, creative 
writing, and the intersection be-
tween science and the humanities. 
She may be found wandering vari-
ous places, lost inside her head.
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Monet Shum

Monet (Trinity ’27) is a freshman 
from Aldie, Virginia planning to 
study linguistics, computer sci-
ence, and classical civilizations. 
Outside of Vertices, she also works 
with Duke’s Digital Art History 
and Visual Culture Lab and enjoys 
beading and walking in the Duke 
Gardens.





Acknowledgements

VERTICES EXECUTIVE BOARD

Editor in Chief
Julia Davis

PEER REVIEW TEAM

Julian Burbano				    Kate Lee				    Cooper Ruffing	
Nitya Chadha					     Jane Lee				    Canaan Salles-Spar	
Colby Cheshire				    Daniel Levin				    Arnav Singh
Ahilan Eraniyan				    Zishen Li				    Lizaveta Slootskaya	
Amrita Ganeriwa				    Caleb Lian				    Daniel Sul		
Sai Gayathri-Kurup				    Katherine Long			   William Sun	
Eliza Goldstein				    Darsh Mandera			   Ashwer Wallen
Jerffrey Guerra				    Anya Milberg				    Grace Wang
Selena Halabi					     Justine Prophete			   Dennis Wu
Imani Hall					     Winston Qian				    Angela Xiong
Vishruth Hanumaihgari			   Aditya Raj				    Jeremy Yarden
Arielle Kim					     Aditi Ramesh Iyer
Katie Lam					     Nathanael Ren	
Eric Lee					     Daliya Rizvi						    

DESIGN

Spring 2023 Issue & Layout Design
AJ Kochuba

FACULTY/EXPERT REVIEWERS

Harold Baranger, Ph.D. | Professor of Physics
Thomas Barthel, Ph.D. | Assistant Professor of Physics
Billy Carson | Ph.D. Student - Biomedical Engineering
Sarah Eom | Ph.D. Student - Duke Pratt School of Engineering
Easop Lee | Ph.D. Student - Duke Pratt School of Engineering
Esha Naidu, Ph.D. | Postdoctoral Researcher - Duke Psychology & Neuroscience
Anna Nelson, Ph.D. | Assistant Professor of Mathematics
Carlo Tomasi, Ph.D. | Professor of Computer Science
Laurie Sanders, Ph.D. | Associate Professor in Neurology
Linmarie Sikich, MD. | Investigator in the Duke Institute for Brain Sciences
Carla Wall, Ph.D. | Postdoctoral Associate - Duke Psychiatry for Brain Sciences

A special thank you to:
Reviewers from Georgetown’s Scientific Research Journal

Senior Editors
Sasha Bacot
Kaeden Hill

Cover & Article Graphics
Jessica Pham
Erin Heyeck
Gaby Dunn
Amanda Li
Cindy Ju

Artistic Director
AJ Kochuba 

Website Design
Sage Cooley

91


