Article

The Pupillary Light Reflex as a Biomarker of Concussion

Frederick Robert Carrick 12345*( Sergio F. Azzolino >, Melissa Hunfalvay °, Guido Pagnacco
Elena Oggero >, Ryan C. N. D’Arcy 739, Mahera Abdulrahman 1°

check for

updates
Citation: Carrick, ER.; Azzolino, S.E,;
Hunfalvay, M.; Pagnacco, G.; Oggero,
E.; D’Arcy, R.C.N.; Abdulrahman, M.;
Sugaya, K. The Pupillary Light Reflex
as a Biomarker of Concussion. Life
2021,11,1104. https://doi.org/
10.3390/1ife11101104

Academic Editor: Gary Peh

Received: 3 September 2021
Accepted: 12 October 2021
Published: 18 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

5,6

’
4

and Kiminobu Sugaya 12

College of Medicine, University of Central Florida, Orlando, FL 32816, USA; ksugaya@ucf.edu

Burnett School of Biomedical Science, University of Central Florida, Orlando, FL 32816, USA

MGH Institute for Health Professions, Boston, MA 02129, USA

Centre for Mental Health Research in Association with University of Cambridge, Cambridge CB2 1TN, UK

Carrick Institute, Cape Canaveral, FL 32920, USA; sergio@azzolino.com (S.F.A.);

melissa@righteye.com (M.H.); guido@vestibtech.com (G.P.); Elena@vestibtech.com (E.O.)

Department of Electrical and Computer Engineering, University of Wyoming, Laramie, WY 82071, USA

BrainNET, Health and Technology District, Vancouver, BC V3V 0C6, Canada; ryan@healthtechconnex.com

Centre for Neurology Studies, HealthTech Connex, Vancouver, BC V3V 0C6, Canada

DM Centre for Brain Health, Department of Radiology, University of British Columbia, Vancouver,

BC V6T 174, Canada

10" Health Informatics and Smart Health Department, Health Regulation Sector, Dubai Health Authority,
Dubai 7272, United Arab Emirates; marad@dha.gov.ae

*  Correspondence: drfrcarrick@post.harvard.edu

g W N =

o ® N o

Abstract: The size of our pupils changes continuously in response to variations in ambient light
levels, a process known as the pupillary light reflex (PLR). The PLR is not a simple reflex as its
function is modulated by cognitive brain function and any long-term changes in brain function
secondary to injury should cause a change in the parameters of the PLR. We performed a retro-
spective clinical review of the PLR of our patients using the BrightLamp Reflex iPhone app. The
PLR variables of latency, maximum pupil diameter (MaxPD), minimum pupil diameter (MinPD),
maximum constriction velocity (MCV), and the 75% recovery time (75% PRT) were associated with
significant differences between subjects who had suffered a concussion and those that had not. There
were also significant differences in PLR metrics over the life span and between genders and those
subjects with and without symptoms. The differences in PLR metrics are modulated not only by
concussion history but also by gender and whether or not the person has symptoms associated with
a head injury. A concussive injury to the brain is associated with changes in the PLR that persist
over the life span, representing biomarkers that might be used in clinical diagnosis, treatment, and

decision making.

Keywords: pupil light reflex; concussion; gender difference; brain function; pupillometry

1. Introduction

The size of our pupils changes continuously in response to variations in ambient
light levels to regulate the amount of light entering our eyes. This process is known as
the pupillary light reflex (PLR) [1]. The PLR, while considered an example of a basic
neurological reflex, is not a simple reflex as its function is modulated by cognitive brain
function and interaction with the superior colliculus (SC), pretectal olivary nucleus (PON),
and locus coeruleus that regulate the PLR [2]. The PLR has probably been observed since
the beginning of time and has become a standard examination tool used by all health care
professionals after it was first described by Rhazes of Baghdad in the ninth century [3].

It is essential to understand that the PLR is not a linear reaction of the pupil to light
because pupil size is dramatically confounded by modest changes in attention, accommo-
dation, and environmental ambient light [4]. The attentional state of an individual, along
with the size, luminance, and eccentricity of a stimulus, contributes to what was previously
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considered a simple reflex [5]. The PLR has been widely used to evaluate the activity of the
autonomic nervous system [6]. Interestingly, constriction and dilation of the pupil may be
more sensitive than other measures of autonomic function, with constriction dominated
by the parasympathetic pathway and pupillary dilation dominated by the sympathetic
system [7].

There are gender differences in autonomic function that are important clinically. Inter-
estingly, the iris muscle is modulated by light stimulation activation of the parasympathetic
and sympathetic nervous system resulting in higher parasympathetic and lower sympa-
thetic activity in females compared to males, similar to the cardiovascular system [8]. This
is due to central processing as a constant amount of light stimulation at a maintained
luminance results in a different PLR response for males and females. PLR function is also
correlated with other tests of autonomic function. For instance, heart rate variability (HRV)
is significantly correlated with PLR variables for evaluating the activity of the autonomic
nervous system with the most robust measures of parasympathetic activity [9].

The PLR represents a complexity of integration at many brain, brainstem, and spinal
cord levels such that it should not be considered as a simple response to a light source
stimulation. There is, therefore, a need to understand the neurophysiology associated
with brain function that might modulate the PLR. When light enters the eye, it is imme-
diately converted to electrical impulses by specialized retinal rod and cone cells in the
neuroretina [10-12]. These impulses are integrated by six types of neuronal cells in a
layered functional unit of photoreceptors and glial cells that form the optic nerve [13].
The nasal retinal fibers of each eye contribute to the optic nerve and cross at the optic
chiasm joining temporal retinal fibers from the other eye where they continue as the op-
tic tract to the visual cortex of the occipital lobe at the back of the brain [14]. The optic
tract gives off fibers that synapse and excite the mesencephalic olivary pretectal nucleus
(OPN) [15,16], which is excited by light from the retina but is also modulated by output
from the cerebral cortex [2]. OPN discharge results in bilateral activation of the Edinger
Westphal nucleus (EWN), a preganglionic parasympathetic pupil constricting center [17,18].
While the OPN excites the EWN, the locus coeruleus (LC), the principal synthesizer of
norepinephrine, inhibits the EWN. Its output is the result of a combination of excitation
and inhibition [19-22].

The resultant discharge rate of the EWN results in pupil constriction because of
its output and excitation of the ciliary ganglion (CG) that excites the pupiloconstrictor
muscle [18,23]. The EWN excitation of the CG results from mathematical modeling of
the direct activation of the EWN by the OPN and its direct inhibition by the LC [24].
However, the LC output is modulated by multisynaptic activators from the brain and
brainstem that affect the amount of pupil constriction via its effect on the EWN [25]. A
crucial clinical understanding of function is that pupil constriction is constantly changing
in response to retinal activation by a light source. However, at the same time, the PLR is
under the influence of other areas of the nervous system that are independent of the light
source [22,26]. As such, the function of the brain affects or modulates the size of the pupil
and its reaction to light, even though many of the structures that influence the PLR are not
associated with the light-mediated PLR. For instance, cognitive processes that are often
impaired after traumatic brain injuries are central to the prefrontal cortex (PFC) function,
which modulates the PLR [27].

Brain injury changes affect the PLR latency of its activation, pupil size, the velocity
of constriction and dilation, and recovery times. The brain excites the paraventricular
nucleus (PVN), which excites the sympathetic intermediolateral cell nucleus (IML) in the
spinal cord [28]. This cascade of events is such that the IML activates the suprachiasmatic
nucleus (SCN), which activates the pupillodilator muscle (PD), causing pupil dilation.
At the same time, the IML also receives excitation from the LC, which is itself excited
by the cerebral cortex [29]. From a functional viewpoint, cortical lesions of function or
pathology may affect both parasympathetic pupillary constriction via a change in activation
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of the LC, resulting in changes of EWN inhibition and sympathetic pupillary dilation via
IML activation.

All of this activity is happening at the same time such that the central role of the
brain in modulating the PLR is further confounded because the LC is also activated by the
dorsomedial hypothalamus (DMH), which is activated by the cerebral cortex, affecting
both parasympathetic and sympathetic influences of the PLR [2]. While functional brain
connectivity drives the integration of target areas involved in the PLR, light activation of
the retina is associated with direct activation of the OPN and the SCN that excites the DMH
while inhibiting the PVN excitation of the IML. At the same time, the DMH is activated by
the cerebral cortex that also activates the DMH target (LC) that excites the IML. While the
DMH can be considered a part of the sympathetic pupil constriction pathway to the IML
because it activates the LC excitation of the IML, it is also under the influence of the SCN
that excites it while at the same time inhibiting the PVN activation of the IML [30,31].

An overview cartoon of the integrated PLR demonstrates the functional clinical inte-
gration of brain, brainstem, and spinal cord structures that contribute to pupil size after
light stimulation (Figure 1).

-0-0-0_-0
<

‘ Parasympathetic Pathway

‘ Sympathetic Pathway
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Figure 1. The integrated PLR. Sympathetic Pathway: SCN: suprachiasmatic nucleus, DMH: dorsomedial hypothalamus, LC:
locus coeruleus, IML: intermediolateral column, SCG: superior cervical ganglia, PD: pupil dilator muscle. Parasympathetic

Pathway: OPN: olivary pretectal nucleus, EWN: Edinger Westphal nucleus, CG: ciliary ganglion, PC: pupil constrictor

muscle, PVN: paraventricular nucleus.

The PLR represents much more than a simple neurological reflex. Pupillometry
represents a diagnostic technology that provides a reliable quantitative evaluation of the
PLR that is reproducible [32]. Reproducibility of a diagnostic test is necessary if clinicians
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desire to use the test to quantify function over time. Fortunately, the assessment of pupil
function has been demonstrated to be reliable and vital in the evaluation of all patients,
including neurocritical patients [33]. The value of the PLR is, therefore, more than a simple
quantification of a reflex. Even acute brain-injured patients will benefit from quantitative
pupillometry for various brain functions, including delirium [34].

The global incidence of traumatic brain injury (TBI) represents 64—74 million cases
annually, resulting in one of the world’s most significant incidences of morbidity and
mortality [35]. We wondered whether people that have had a concussion with and without
symptoms might have functional brain changes that the PLR might measure. As the PLR is
modulated by central brain function, any long-term changes in brain function secondary to
injury should cause a change in the parameters of the PLR compared to non-concussion
subjects. We hypothesized that there would be differences in PLR components between
concussion and non-concussion subjects that also would manifest in both gender and
age effects.

2. Methodology

We performed a retrospective clinical review of the PLR of patients attended in
neurological clinics in our network over the calendar year 1 January 2019 to 1 January
2020 using the BrightLamp Reflex iPhone app. All PLR recordings included data based
on the Minimum Information about a Neuroscience Investigation (MINI), published by
the CARMEN consortium adapted for pupillography as initiated at the 32nd International
Pupil Colloquium 2017 in Morges, Switzerland [36]. The PLR recordings were obtained
only at the initial presentation and we did not include PLR recordings obtained after the
initial examinations. All subjects were classified as having suffered a concussion if their
history documented a concussion diagnosis by a health care professional and as having no
concussion if they stated that they had never experienced a concussion or had received a
diagnosis of having had one. Patients reported as having a history of mental illness or brain
surgery were not included in the analysis. All data were obtained using the BrightLamp
iPhone Reflex App to obtain 5-s PLR data from subjects that had suffered a concussion and
those that had not. Reflex’s FDA registration number is 3015176913, with a device listing
number of D334435. Reflex is a Class 1 510(k) exempt medical device. The Reflex App is an
iPhone clinical tool that records a video of a subject’s eye at 30 Hz, which is parsed into
images and is passed into a trained object detector that allows for rapid identification of an
iris. The iPhone Reflex App creates a photic flash stimulation of approximately 1 ms. in
duration at 50 lumens set at 100% power (flash brightness), capturing dynamic responses
at 30 Hz or 30 frames each second. The iPhone was held by the examiner who visualized
the pupil and initiated the flash stimulation by pressing the camera button. All subjects
observed a minimum of 60 s of rest before obtaining the PLR and rested a minimum of 60 s
between each test. We measured the PLR variables of latency, maximum pupil diameter,
minimum pupil diameter, maximum constriction velocity (MCV), and the 75% recovery
time (75% PRT).

Statistical Analysis

All analysis was done in STATA 17 (Stata Corp, College Station, TX, USA). Statistical
analysis included calculating means and standard deviations for each PLR variable for both
normal and concussion patient groups that were further grouped by gender, age, and the
presence or absence of concussion symptoms. We used multiple linear regression models
as well as two-sample t-tests with equal variances between all variables.
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3. Results
3.1. Summary Statistics

We stratified our data by identifying the pupillometry metrics that quantify the PLR
and their relationships to concussion and symptom status. We measured the PLR variables

of latency, maximum pupil diameter, minimum pupil diameter, maximum constriction
velocity (MCV), and the 75% recovery time (75% PRT) (Figure 2).

PLR Tracing from iPhone Reflex Pupillometry App

Latency

4=75%PRT

MinPD

o~

Latency Time from light flash to pupil constriction

MaxPD The maximum diameter of pupil before light flash

MinPD The minimum diameter of pupil after light flash

MCV The maximum constriction velocity of pupil constriction after light flash

75% PRT ;irg:tt;lr;\:hfor redilation of pupil to 75% of its previous maximum diameter after

Figure 2. PLR Tracing from iPhone Reflex Pupillometry App.

We then classified the variables as to age and gender, whether or not the subject had
suffered a concussion, and whether or not they had symptoms associated with a concussion
at the time of the examination. The 75% PRT was obtained only from those subjects that
had suffered a concussion. The study demographics are summarized in Table 1.

3.2. Summary of Age, Gender and Concussion by Decade

We also divided subjects” ages into blocks by decades and categorized them as to
gender and concussion (Table 2).
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Table 1. Summary statistics of concussion metrics classified by gender, concussion, and symptom status.

Gender
Female Male
Concussion Concussion
No Concussion Concussion No Concussion Concussion
Symptoms Symptoms Symptoms Symptoms
No Yes No Yes No Yes No Yes
Frequency 1595.00 5730.00 1079.00 3449.00 1080.00 4641.00 733.00 2325.00
Percent 7.73% 27.77% 5.23% 16.72% 5.23% 22.49% 3.55% 11.27%
Age
Mean 35.15 34.67 40.21 38.17 27.90 30.93 37.44 35.77
SD 20.47 18.36 17.25 17.78 18.58 17.77 17.68 19.04
Latency
Mean 0.21 0.21 0.20 0.20 0.20 0.21 0.20 0.20
SD 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Max Diam
Mean 5.14 5.14 4.84 4.96 5.03 5.18 4.68 4.89
SD 1.17 1.12 0.83 1.00 1.15 1.12 0.79 0.95
Min Diam
Mean 3.61 3.66 3.89 3.87 3.56 3.64 3.83 3.89
SD 0.64 0.69 0.63 0.69 0.63 0.64 0.61 0.68
MCV
Mean 3.81 3.32 7.23 6.93 3.26 3.66 6.58 7.11
SD 5.40 4.50 3.86 3.93 4.02 5.06 3.60 4.00
75% PRT
Mean 2.98 3.11 2.45 3.00
SD 2.48 2.28 2.13 2.23

Table 2. Age of subjects by concussion, decade, and gender.

Concussion No Concussion
Female Male Female Male
Age 1-10 years n = 1903
Mean Age 7.9 7.8 7.2 7.5
Minimum Age 1.0 3.0 1.0 1.0
Maximum Age 10.0 10.0 10.0 10.0
Age 10-20 years n = 6257
Mean Age 16.2 16.5 16.6 15.7
Minimum Age 11.0 11.0 11.0 11.0
Maximum Age 20.0 20.0 20.0 20.0
Age 20-30 years n = 6365
Mean Age 25.0 24.7 249 24.8
Minimum Age 21.0 21.0 21.0 21.0
Maximum Age 30.0 30.0 30.0 30.0
Age 3040 years n = 4210
Mean Age 35.4 35.3 35.7 35.3
Minimum Age 31.0 31.0 31.0 31.0

Maximum Age 40.0 40.0 40.0 40.0




Life 2021, 11, 1104 7 of 24
Table 2. Cont.
Concussion No Concussion
Female Male Female Male
Age 40-50 years n = 3939
Mean Age 452 452 45.6 45.1
Minimum Age 41.0 41.0 41.0 41.0
Maximum Age 50.0 50.0 50.0 50.0
Age 50-60 years n = 3499
Mean Age 55.1 55.7 55.3 55.1
Minimum Age 51.0 51.0 51.0 51.0
Maximum Age 60.0 60.0 60.0 60.0
Age 60-70 years n = 1.196
Mean Age 65.0 65.3 65.0 65.2
Minimum Age 61.0 61.0 61.0 61.0
Maximum Age 70.0 70.0 70.0 70.0
Age 70-80 years n = 1063
Mean Age 75.1 75.5 74.2 74.5
Minimum Age 71.0 71.0 71.0 71.0
Maximum Age 80.0 80.0 80.0 80.0
Age 80-90 years n = 167
Mean Age 83.6 84.0 84.5 84.4
Minimum Age 81.0 81.0 81.0 81.0
Maximum Age 88.0 90.0 90.0 89.0
Age 90-100 n = 35
Mean Age 92.0 95.5 91.4 94.4
Minimum Age 92.0 92.0 91.0 91.0
Maximum Age 92.0 99.0 94.0 99.0

3.3. Maximum Pupillary Diameter (MPD)

There was no significant difference between the MPD in males and females who did
not suffer a concussion and had no concussion-like symptoms. Both males and females
with no history of concussion but experienced concussion-like symptoms had highly
significant differences between their MPD and people without a history of concussion or
concussion-like symptoms. Both males and females with a history of concussion, regardless
of whether or not they had a present or history of symptoms, had highly significant
differences between their maximum pupil diameter compared to people who had never
had a concussion (Table 3).

A multiple linear regression model predicting the MPD by gender, age, and concussion
status was statistically significant (p = 0.0000, R? = 0.0834). The maximum pupil diameter
for both males and females was smaller for both males and females after concussion
compared to the non-concussion group. The males who had suffered a concussion had
a smaller maximum pupil diameter than the females. The non-concussion group was
associated with a smaller maximum pupil diameter for males compared to females. As
the age of subjects increased, the maximum pupil diameter decreased for both genders for
both the concussion and non-concussion groups (Figure 3).
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Table 3. Comparison of maximum pupil diameter by gender, concussion, and symptom history.
Gender
Female Male
Concussion Concussion
No Concussion Concussion No Concussion Concussion
Symptoms Symptoms Symptoms Symptoms
No Yes No Yes No Yes No Yes
Frequency 1595 5730 1079 3449 1080 4641 733 2325
Percent 7.73% 27.77% 5.23% 16.72% 5.23% 22.49% 3.55% 11.27%
Mean 5.1 5.1 4.8 5 5 52 4.7 49
p-value 0.0078 0.0000 0.0000 0.0000 0.3124 0.0000 0.0000 0.0000
SD 1.2 1.1 0.8 0.1 1.1 1.1 0.8 0.9
Std. error 0.0294 0.0149 0.0252 0.0170 0.0348 0.0164 0.0290 0.0197
t statistic 2.6652 5.0464 —8.8316 —6.3487 —1.0107 6.7152 —13.1197 —8.9964

Predictive Margins of Maximum Pupil Diameter with 95% Cls
By Concussion Status, Age and Gender

Linear prediction of Maximum Pupil Diameter (mm)

10

20 30

|
40

Age

50 60 70

—&—— No Concussion, Female
—@&—— (Concussion, Female

—@—— No Concussion, Male
—&—— (Concussion, Male

Figure 3. Predictive Margins of Maximum Pupil Diameter by Concussion Status, Age, and Gender.

3.4. MPD over Time after Concussion

We wanted to see if the MPD was stable over time and if there were differences be-
tween genders and for individuals who had suffered concussions and had symptomatology.
A linear regression model predicting the MPD for ten years revealed that the MPD was
relatively stable over time. Males had a significantly smaller MPD than females, and this
difference was maintained over ten years after a concussion. We controlled for symptoms
and gender in concussion subjects over time. We found that females with symptoms had
the largest MPD, significantly higher than females without symptoms and males with
and without symptoms. Males with symptoms had a significantly larger MPD than males



Life 2021, 11, 1104

9 of 24

without symptoms who demonstrated a larger MPD than females without symptoms and
males without symptoms. Both males and females with symptoms had a larger MPD
than those without symptoms. This relationship was maintained over the ten years fol-
lowing a concussion with a minor non-significant trend to decrease the size of the MPD
over time (Figure 4).

Adjusted Predictions of Maximum Pupil Diameter with 95% Cls Adjusted predictions of Maximum Pupil Diameter with 95% Cls
E . by Testing Time after Concussion and Gender E 521 By Testing Time after Concussion and Symptoms
IR N U O S A ] = e e e e - - - -
?5{111111;1]1%xxxxxgéeeki
g % . o —¢—+¢ ¢ —o—+¢ o 5448-I I I I I I _‘ 1 J I T
% 481 - - = = ° -~ % l [ | [
g % l — *—9 - *— * — 2 d
{ Eaoll |
1 T !
’ S 't?’Y ’\'3'\1 \&é .\é”( \&é q,\q( qﬁ"o’é ’19%.: s@é qé’( T [;b:ys A;:?Confssionrt’% @q’ '3'{7? '560
Lo TR ——&—— Female No Symptoms > Female With Symptoms |
l —&—— Female - Male | - Male No Symptoms Male With Symptoms
Figure 4. MPD for concussion subjects by gender and symptoms over ten years post-concussion.
3.5. Minimum Pupillary Diameter (MinPD)

The MinPD for all normal healthy subjects (male and female combined) was 33.60
mm. Subjects in our data bank that included metrics grouped by gender, concussion, and
symptomatology class had a significantly larger MinPD than the general population (did
not constrict as much to light) (Table 4).

A multiple linear regression model predicting the minimum pupil diameter by gender,
age, and concussion status were statistically significant (p = 0.0000, R? = 0.0675). The mini-
mum pupil diameter for both males and females was larger for both males and females
after concussion compared to the non-concussion group (p = 0.0000). The males that had
suffered a concussion had a smaller minimum pupil diameter than the females, and the
non-concussion group was associated with a smaller minimum pupil diameter for males
compared to females. As the age of subjects with a concussion increased, the minimum
pupil diameter decreased for both genders for both the concussion and non-concussion
groups. The spread between the minimum pupil diameter between concussion and non-
concussion subjects was far more pronounced than the spread between the maximum pupil
diameter between the same groups (p = 0.000) (Figure 5).

Table 4. Comparison of minimum pupil diameter by gender, concussion, and symptom history.
Gender
Female Male
Concussion Concussion
No Concussion Concussion No Concussion Concussion
Symptoms Symptoms Symptoms Symptoms
No Yes No Yes No Yes No Yes
Frequency 1595 5730 1079 3449 1080 4641 733 2325
Percent 8% 28% 5% 17% 5% 22% 4% 11%
Mean 3.6 3.6 3.8 3.8 3.5 3.6 3.8 3.8
p-value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SD 0.6 0.7 0.6 0.7 0.6 0.6 0.6 0.7
Std. error 0.015910 0.009060 0.019120 0.011760 0.019163 0.009396 0.022638 0.014176
t statistic —1885.54 —3304.92 —1554.00 —2528.32 —1567.7 —3189.35 —1315.20 —2096.24




Life 2021, 11, 1104 10 of 24
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Figure 5. MinPD for concussion subjects by gender and age.

There was a linear relationship between the MPD and the MinPD regardless of con-
cussion status or gender (Figure 6). A larger MPD was associated with a larger MinPD. The
concussion subjects had a decreased range of pupil constriction (MPD-MinPD) compared
to non-concussion subjects.

Binscatter Plot of Minimum and Maximum Pupil Diameter Binscatter Plot of Minimum and Maximum Pupil Diameter
E By Gender and Non Concussion Subjects _ By Gender and Concussion Subjects
<84 g8
i ]
3 g
g 74 (] (2 74
§
C g4 6
§ :
§ 5 E 5
: 3
B :
3 ; : 3 : .
= 4

N
n
o

3 5 3 4 5
Minimum Pupil Diameter Non Concussion Subjects (mm) Minimum Pupil Diameter Concussion Subjects

® Female © Male ® Female @ Male

Figure 6. Relationship between MPD and MinPD by concussion status.

3.6. Pupillary Recovery Time (75%)

We considered the subjects that had not suffered a concussion as controls to compare
the 75% pupillary recovery time (75% PRT) of concussion subjects. We had 3211 left eye
75% PRT and 3870 right eye 75% PRT obtained from subjects that had never experienced a
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75% Pupillary Recovery Time Non Concussion Subjects
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75% Pupillary Recovery Time (seconds)
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concussion. The concussion group had 991 left eye 75% PRT and 1108 right eye 75% PRT.
Both eyes in the concussion group had a 75% PRT that was significantly faster than the non-
concussion group. In order to discern patterns in this large sample, we created scatterplots
by dividing the independent variables into a series of 20 bins and calculated the mean
values for all points in each bin. We placed a dot for the mean values on the outcome
variable. Each scatterplot in our analysis was created in this fashion (Figure 7).

75% Pupillary Recovery Time Concussion Subjects
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Figure 7. The 75% Pupillary Recovery Time by Age, Eye, and Concussion Status.

A two sample unpaired t test comparing differences between the right eye 75% PRT be-
tween concussion and non-concussion groups was statistically significant (¢ (4976) = 2.0001,
p = 0.0455, 95% CI (0.0030376, 0.3034155)) as were the left eye 75% PRT between these
groups (f (4200) = 5.9314, p = 0.0000, 95% CI (0.3337997, 0.6634134)) (Table 2). A two sample
unpaired t test comparing differences between the left eye 75% PRT and the right eye
75% PRT of the 7081 75% PRTs from non-concussed subjects was not statistically significant
(t (7079) = —0.7988, p = 0.4244, 95% CI (3.042349, 3.148847)) (Table 2) and we therefore
combined the 75% PRT from both eyes for all analysis in this investigation.

There was no statistical difference between the 75% PRT between males and females
that had not suffered a concussion (t (6949) = 0.3522, p = 0.7045, 95% CI (3.053171, 3.161027)).
However, there was a statistical difference between genders for those subjects that had
been concussed (t (2097) = 2.5544, p = 0.0107), 95% CI (2.683494, 2.876747) (Table 2).
The 75% PRT for both genders combined were significantly faster for the concussed group
(t (9178) = —5.5692, p = 0.0000, 95% CI (2.976755, 3.070173)) with male and female concus-
sion subjects demonstrating faster 75% PRT than those for both genders that did not have
a concussion (Males f (3765) = —5.3244, p = 0.0000), 95% CI (2.906674, 3.052012), Females
t(5281) = —2.8622, p = 0.0042, 95% CI (3.006275, 3.130289) (Table 2). In the non-concussion
group, the males had a quicker 75% PRT than females up to approximately 45 years of age
when the 75% PRT for females became faster than that of males. In the concussed group,
males had a faster 75% PRT throughout the lifespan with a steady and significant increase
in speed of 75% PRT as age increased (Figure 8).
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Figure 8. The 75% Pupillary Recovery Time by Age, Gender, and Concussion Status.

We were interested to see if there were any differences in the 75% PRT between
those concussion subjects with symptoms and those who did not. Of those subjects
that had suffered a concussion, 1277.75% PRT represented subjects with symptoms, and
822.75% PRT were obtained from concussion subjects that no longer had symptoms. A 2
sample unpaired t-test for differences between the 75% PRT of concussion subjects that
had symptoms compared to those without symptoms was highly statistically significant
(t (2097) = 5.3005, p = 0.0000, 95% CI (2.683494, 2.876747)) (Table 5). The symptomatic
concussion group had a slower 75% PRT for both male and female subjects than the
non-concussion group without a significant difference between genders. Although the
asymptomatic concussion group had faster 75% PRT, there was a significant gender bias,
with males having much quicker 75% PRT than females, which was increasingly faster
as age advanced. The women in both groups had relatively stable 75% PRT over the age
spans, maintaining a faster 75% PRT in the women with asymptomatic concussions vs.
those with symptoms (Figure 9).

Table 5. Statistical Tables for Non-Concussion and Concussion Subjects 75% PRT.

Eye75%PRT Obs Mean SE SD 95% CI p t
75% PRT Right Eye
. 3.005159
R No Concussion 3870 3.0758 0.03605 2.2425 3 146507 0.0455 2.0001
_ 2481516
R Concussion 991 2.6208 0.07098 2.2346 2760109
' 2.919854
Combined 4861 2.9831 0.0322 2.2481 3 046284
. 0.2986168.
diff 0.45502 0.07978 6114247
75% PRT Left Eye
. 3.038555
L No Concussion 3211 3.1194 0.04124 2.3370 3 200283 0.0000 59314
. 2481516
L Concussion 991 2.6208 0.07098 2.2346 2.760109
' 2.931579
Combined 4202 3.0018 0.03583 2.3227 3072076
diff 0.49861 0.08406 03337997

0.6634134
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Table 5. Cont.

Eye75%PRT Obs Mean SE SD 95% CI p t
75% PRT Right Eye Compared to Left Eye No Concussion
R Eye 3870 3.0758 0.03605 2245 sy 04244  —0.7988
L Eye 3211 3.1194 0.04124 2.3370 ggggggg
Combined 7081 3.0955 0.02716 2.2858 g?i;gg
diff —0.04359 0.05456 _00022572%9
75% PRT Both Eyes Male Compared to Both Eyes Female No Concussion
Both Eyes Male 2806 3.0944 0.04270 2.2616 g?;g?gg 0.7045 —0.3793
Both Eye Female 4145 3.1157 0.03596 2.3152 g?gg}gg
Combined 6951 3.1071 0.02751 2.2936 g?gi’g;
diff —0.02126 0.05607 _000;;16}223
75% PRT Both Eyes Male Compared to Both Eyes Female Concussion
Both Eyes Male 961.0 26433 007359 22813 it 00107 25544
Both Eye Female 1138 2.8956 0.06615 2.2315 ggggiﬁ
Combined 2099 2.7801 0.04927 2.2574 ;gggi?é
diff —0.25228 0.09877 68;;55993781
75% PRT Both Eyes Concussion Symptoms
Symptoms 1277 2.9883 0.06276 2.2428 ;?ﬁﬁi 0.0000 5.3005
No Symptoms 822.0 2.4567 782393 2.2431 gzgggg
Combined 2099 2.7801 0.04927 2.2573 ;ggzé?é
diff .53163 0.10030 8;;;2;131
75% PRT Concussion Both eyes vs. Non-Concussion by Male
Concussion 961.0 2.6433 0.07359 2.2813 ;?gg?;g 0.0000 —5.3244
No Concussion 2806 3.0944 0.04270 2.2616 g?;g?gg
Combined 3767 2.9793 0.03706 2.2749 gggggﬁ
diff —0.45107 0.08471 —06l717

—0.284975
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Table 5. Cont.

Eye75%PRT Obs Mean SE SD 95% CI p t
75% PRT Concussion Both eyes vs. Non-Concussion by Female
. 2.765838
Concussion 1138 2.8956 0.06614 2.2315 3025411 0.0042 —2.8622
] 3.045183
No Concussion 4145 3.1157 0.03596 2.3152 3186185
i 3.006275
Combined 5283 3.0683 0.03163 2.2990 3130289
. —0.370787
diff —0.22006 0.07689 0.069332
75% PRT Concussion Both eyes vs. Non-Concussion Combined Genders
. 2.683494
Concussion 2099 2.7801 0.04927 2.2573 2 876747 0.0000 —5.5692
; 3.042349
No Concussion 7081 3.0956 0.02716 2.2858 3148847
) 2.976755
Combined 9180 3.0235 0.02383 2.2831 3.070173
. —0.426517
diff —0.31547 0.05665 0204437
75 % Pupillary Recovery Time of Concussion Subjects 75% Pupillary Recovery Time of Concussed Subjects
Without Symptoms by Age and Gender With Symptoms by Age and Gender
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Figure 9. The 75% Pupillary Recovery Time of Concussion Subjects by Symptoms, Age, and Gender.

A multiple regression model to predict the Non-Concussion subjects 75% PRT by
age and sex was statistically significant (F (26,943) = 18.40, p = 0.0000, R? = 0.0053) as
was a multiple regression model to predict Concussion subjects 75% PRT by age and
sex (F (2, 2095) = 6.43, p = 0.0016, R? = 0.0061). Interestingly, in both Concussion and
Non-Concussion subjects, the 75% PRT becomes increasingly faster over the lifespan. The
Concussion subjects mirroring the age trends as a predictor of 75% PRT, but with an even
quicker response. There is a gender bias for subjects that have suffered a concussion as
males have a significantly quicker 75% PRT than females, while the non-concussion group
did not have a gender bias (Table 5) (Figure 10).
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Figure 10. Differences in Predictive Margins of 75% Pupil Recovery time by Age and Gender in Non-Concussion and

Concussion Subjects.

A multiple regression model predicting the 75% PRT of concussion subjects by symp-
toms, age, gender, and their interactions was highly statistically significant (F (5, 2092) = 11.60,
p = 0.0000, 95% CI (2.863738, 3.727156) (Figure 2). Both male and female subjects who no
longer had symptoms after a history of a concussion demonstrated a significantly slower
75% PRT than those who maintained symptoms after a concussion. Females with symptoms
had a slower 75% PRT than males with symptoms, and females without symptoms had a
slower 75% PRT than males without symptoms. The symptomatic grouping of both males
and females had a faster 75% PRT than did the grouping of both males and females without
symptoms (Table 5) (Figure 11).

Predictive Margins of 75% Pupil Recovery Time with 95% Cls
By Symptoms, Age and Gender Interaction in Concussion Subjects
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Figure 11. Differences in Predictive Margins of 75% Pupil Recovery time by Symptoms, Age, and Gender
in Concussion Subjects.

We wanted to see whether the 75% PRT was stable up to 10 years after a concussion
or if it would change. We identified the time between the PLR quantification and the
time of a reported concussion in all subjects that had suffered a concussion. Females
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had a significantly slower (p = 0.0000) 75% PRT than males maintained over ten years
after a concussion with a non-significant gradual slowing over time common to both
genders. We controlled for symptomatology and concussion, and we found that males
with symptoms had the slowest 75% PRT times followed by females with symptoms.
The difference between males and females 75% PRT with symptoms was not significant.
However, there was a significant difference (p = 0.0000) between the 75% PRT males with
and without symptoms. Males without symptoms had the fastest 75% PRT that was
significantly different (p = 0.0000) than the 75% PRT recovery times for all other classes of
subjects. Females without symptoms had a significantly faster 75% PRT (p = 0.0000) than
females with symptoms. Nevertheless, there was an extremely high significant difference
(p = 0.0000) in 75% PRT between males and females with symptoms with the males being
markedly quicker (Figure 12).

3.7. Maximum Constriction Velocity (MCV)

MCVs were obtained from 4999 subjects (2767 female, 2232 male) that had suffered
a concussion and 22,847 (12,803 female, 10,044 male) that had not. A two-sample un-
paired t-test for differences between the MCV for both groups revealed that the non-
concussion group was slower than the concussion group with statistical significance
(t (28,673) = —2.7378, p = 0.0062, 95% CI (4.64121, 4.760105)). However, the concussion
group under the age of 20 demonstrated slower MCVs than the non-concussion group
(Table 6) (Figure 13).

Adjusted predictions of 75% Pupil Recovery Time with 95% Cls Adjusted predictions of 75% Pupil Recovery Time with 95% Cls
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Figure 12. Adjusted Prediction of 75% Pupil Recovery Time by Gender, Concussion, and Symptom Status.
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Figure 13. Maximum Constriction Velocity of Pupil Light Reflex by Concussion, Age, and Gender.
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Table 6. Statistical Tables for Non-Concussion and Concussion Subjects MCV.

MCV Obs Mean SE SD 95% CI p t
MCYV Concussion by Female
Concussion 2767 4.88963 0.008990 4.7288 ggégggi 0.2326 —1.1938
No Concussion 12,803 4.75808 0.004740 5.3634 iggg;gg
Combined 15,570 4.78146 0.004212 5.2563 iggiggz
diff —0.1316 0.011019 :8:8;"12‘3"3
MCYV Concussion by Male
Concussion 2232 4.87452 0.010466 4.9447 ggsg%; 0.0442 —2.0127
No Concussion 10,044 4.63931 0.004994 5.0049 i;g;gé
Combined 12,276 4.68207 0.004508 4.9946 i;?gigg
diff —0.23522 0.011686 :8:382%22
MCYV Concussion vs. Non-Concussion
Concussion 4999 4.88128 0.006822 4.8250 éggggg 0.0062 —2.7378
No Concussion 22,847 4.66249 0.003379 5.1985 i;ggg?g
Combined 32,846 4.70066 0.003033 5.1359 :'76640112015
diff —0.21878 0.007991 :8:82;‘;8
MCYV Concussion Symptoms
Symptoms 1685.1 4.87697 155027 4.7412 g?gggﬁ 0.9641 —0.0450
No Symptoms 3317.0 4.88347 845178 4.8677 331;{;53
Combined 5002.0 4.88128 682218 4.8250 451(7;11;822
diff —0.00650 0.14436 8;?2;3%

A multiple regression model predicting the maximum constriction velocity (MCV) of
non-concussion subjects by age and gender was statistically significant (F (5, 22,807) = 6.58,
p = 0.0014, 95% CI for gender (—0.2771672, —0.0034024) and age (—0.0092983, —0.0022366).
Females without a history of concussion had a quicker MCV than did males without a
concussion history. The MCV of non-concussion subjects decreased significantly (p = 0.000)
over the lifespan. A multiple regression model predicting the MCV of concussion subjects
by age and gender was not statistically significant (F (2.4991) = 1.76, p = 0.1718, 95% CI
for gender (—0.2544719, 0.2885153) and age (—0.0003619, 0.0159813) and there were no
significant differences observed between the MCV of males and females that had suffered
concussions. There was a paradoxical increase in MCV of concussion subjects over the
lifespan compared to the non-concussion subjects whose MCV decreased significantly
(p = 0.0000) (Figure 14).
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Predictive Margins of Maximum Constriction Speed with 95% Cls
By Age and Gender in Non Concussion Subjects

Predictive Margins of Maximum Constriction Speed with 95% Cls
By Age and Gender in Concussion Subjects
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Figure 14. Differences in Predictive Margins of Maximum Constriction Velocity by Age and Gender in Concussion and

Non-Concussion Subjects.

Adjusted Predictions of Maximum Constriction Velocity with 95% Cls

There was no significant difference between males and females that had suffered
a concussion over the ten years following the concussion. However, if we consider the
presence or absence of symptoms after a concussion, it is clear that there are both gender
and significant symptomatology differences (p = 0.0000). Females without symptoms after
concussion have the fastest MCV, significantly faster than females with symptoms and
males with and without symptoms. Males with symptoms had a significantly (p = 0.000)
quicker MCV than males without symptoms or females without symptoms. The slowest
MCV was associated with males without symptoms. Both males and females without
symptoms had a slower MCV (Figure 15).

Adjusted predictions of Maximum Constriction Velocity with 95% Cls
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Figure 15. Adjusted Prediction of Maximum Constriction Velocity in Concussion Subjects by Time and Symptoms.

There was no significant difference between the MCVs of concussion subjects with and
without symptoms (f (5000) = —0.0450, p = 0.9641, 95% CI (4.747533, 5.015023)) (Table 6).
We wanted to explore a relationship between the 75% RCT and the MCV. In both the
Concussion and Non-Concussion groups, the 75% PRT and MCVs had a steep linear
relationship when the 75% RCT was below 3 s. Subjects in the Concussion group were
found to have higher MCV values than Non-Concussion subjects at these quicker 75% RCT.
Interestingly, females demonstrated faster MCVs than males when the 75% RCT took longer
than 3 s in the Non-Concussion group and slower MCVs than Males in the Concussion
group (Figure 16).
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75% Pupillary Recovery Time and Maximum Constriction
Non Concussion Subjects By Gender
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Figure 16. Relationship of MCVs and 75% Pupillary Recovery Time by Age, Gender, and Concussion Status.

A multiple regression model predicting the maximum constriction velocity (MCV)
of concussion subjects (2767 females and 2232 males) by 75% RT, gender and age was
statistically significant (F (3, 1881) = 17.72, p = 0.0000, 95% CI (0.1443846, 0.3104978). There
was no significant difference between gender for MCV prediction by 75% RT (p = 0.9124).
A multiple regression model of MCV prediction by 75% in the non-concussion group (12,803
females and 10,044 males) was also highly significant (F (3, 6432) = 40.10, p = 0.0000, 95% CI
(0.1507661, 0.2330021). The 75% PRT was associated with faster MCV in the Concussion
subjects (Figure 17).

3.8. Latency of the Pupillary Light Response
Summary statistics for the latency of the PLR are shown in (Table 7).
Predictive margins of Maximum Constriction Velocity with 95% Cls Predictive margins of Maximum Constriction Velocity with 95% Cls
Concussion Subjects by 75% Recovery Time and Gender Concussion Subjects by 75% Recovery Time and Gender
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Figure 17. Predictive Margins of MCV by 75% RT, Gender, and Concussion Status.
Table 7. Latency of the Pupillary Light Response.
Gender
Female Male
Concussion Concussion
No Concussion Concussion No Concussion Concussion
Symptoms Symptoms Symptoms Symptoms
No Yes No Yes No Yes No Yes
Frequency 1595 5730 1079 3449 1080 4641 733 2325
Percent 7.73% 27.77% 5.23% 16.72% 5.23% 22.49% 3.55% 11.27%
Mean 0.2068 0.2061 0.1979 0.1974 0.2034 0.2066 0.1958 0.1964
SD 0.0567 0.0563 0.0554 0.0560 0.0586 0.0583 0.0589 0.0565




Life 2021, 11, 1104

20 of 24

Linear Prediction of PLR Latency (msecs)
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The latency of the PLR for those subjects with a history of concussion, with or without
symptoms, was slower than subjects without a history of concussion (p = 0.0000).

A multiple regression model predicting the latency of the PLR by gender, concus-
sion, and symptom status was statistically significant for prediction by concussion status
(F (3,19,060) = 38.22, R? = 0.0060, p = 0.0000). There was a trend toward decreasing the
latency over the lifespan. Females who had never experienced a concussion had the fastest
latencies, followed by females who had suffered a concussion, with the difference between
them statistically significant (p = 0.0000). The latencies of males with no history of concus-
sion were slightly slower than females who had a concussion but significantly faster than
males who had concussions (Figure 18).

Predictive Margins of PLR Latency with 95% Cls
By Gender and Concussion Status

I T
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Age

—&—— Female Concussion —&—— Male No Concussion
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Figure 18. Predictive Margins of PLR Latency by Gender and Concussion Status.

4. Discussion

This investigation has provided information about the pupil’s reaction to light in
subjects that have suffered a concussion compared to those that have not. The differences
between subjects in all metrics of the PLR after concussion contribute to a greater under-
standing of the functional integration of the brain when it is injured. These functional
differences are pronounced when considering the PLR function between genders. While
most subjects that suffer a concussion will become symptom-free in a relatively short
period [37], it is clear from our findings that the lack of symptoms after a concussion does
not represent a return to typical PLR metrics. This is alarming, as it appears that func-
tional brain states in individuals who have suffered a concussion might be similar to those
associated with other neurodegenerative disorders such as Alzheimer’s and Parkinson’s
disease [38]. These observations also suggest that the PLR might be used as a diagnostic
biomarker of the success or failure of treatment strategies.
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The PLR is often considered a simple reflex representative of a quantum of light
evoking Cartesian pathways, resulting in a change of pupil diameter. As such, clinicians
have been concerned that changes in ambient light observed in different settings might
make a baseline measurement of pupil size impossible in anything but laboratory settings
that might control for environmental light. However, our findings suggest that light is
but one of many integration variables that govern the pupil’s size. Even the magnitude
of the PLR in a talking parrot, while affected by light, is modulated more by the attention
required for vocalization or recognition of known words by humans [39].

Our findings show that the variables associated with brain function that modulates
the PLR might, as in the parrot, be more critical in pupillary functional reaction to light than
the light source. The differences in the PLR after concussion support this, and we were able
to observe trends in changes of PLR metrics in non-laboratory controlled ambient lighting
situations that mirrored the observations of others in a controlled laboratory setting [40].
The reality of this situation translates to the ability to use the PLR in non-traditional settings
such as on the sporting field, in the gym, clinic, or hospital wards without great concern
for the control of ambient environmental light.

We have demonstrated that the PLR is different between genders, and that it changes
with age. Fortunately, normative age-related data have been calculated for the PLR and
can be used as a baseline for patient evaluation [40]. We demonstrated that head injuries
affect the PLR differently across age groups, complementing the work of others that have
noted that adolescents demonstrate visual disorders with autonomic concomitants that are
easily identified by the PLR after concussion [41]. The complexity of cognitive disorders
and neurodevelopmental syndromes also have identifiable PLR functions. Patients with
attention deficit disorder (ADD) have a greater pupillary diameter and a faster maximum
constriction velocity than normal age-matched controls and older subjects [42]. Our find-
ings have delineated the changes in pupillary diameter and constriction velocity controlled
by gender, age and the presence or absence of concussion symptoms. We have also demon-
strated that the latency of the PLR may serve as a sensitive biomarker that also changes
with age. For example, the time delay between a light stimulation and the latency of the
PLR is increased in older subjects (46-78 years) compared to younger subjects (18-45 years
old) [43]. We have demonstrated that brain injury changes affect the PLR latency of its
activation, pupil size, the velocity of constriction and dilation, and recovery times.

Advances in technology have improved the accuracy of diagnostic instruments and
the portability and ease of their use. We have demonstrated that the size of the pupil and
its reaction to light can be reliably and reproducibly quantified by an advanced portable
instrument using an iPhone medical app for clinical use [44,45]. Furthermore, this quan-
titative pupillometry has provided us with immediate evaluation and management of
traumatic brain-injured patients over time and should contribute to decreasing the associ-
ated morbidity and mortality of these injuries [46]. We have provided reliable biomarkers
that identify athletes with a concussion because of their larger maximum and minimum
pupil diameter compared to healthy controls [47]. Most importantly we have quantified the
long-term metrics of the PLR in individuals that have suffered concussions. Most people
that suffer from a concussion have a resolution of their symptoms within a short time of
days to weeks. At the same time, a smaller number maintain their symptoms and are
classified as suffering from post-concussion syndrome (PCS) [48]. We have demonstrated
the apparent permanency of functional changes of the PLR after concussion. These life-long
changes in neurological function are supported by recent advances in quantification of
increased ventricular size and decreased white matter measurements apparent later in life
after a concussion [49].

5. Conclusions

The PLR is more than a simple reflexogenic change in the size of the pupil when
exposed to light. Pupil size is constantly changing and represents a complex modulation
of the autonomic nervous system by the functional interaction of the brain that can be
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measured and quantified by a novel portable pupillometer. Subjects who have suffered a
concussion will have different latencies to constriction after light stimulation and different
maximum and minimum pupillary diameters. They will also have differences in the
speed of contraction and dilation of the pupil after light stimulation. The differences
in PLR metrics are modulated not only by concussion history but also by gender and
whether or not the person has symptoms associated with a head injury. A concussive
injury to the brain is associated with changes in the PLR that persist over the life span,
representing biomarkers that might be used in clinical diagnosis, treatment, and decision
making. Advances in technology have promoted the ability to quantify biomedical metrics.
The metrics obtained from the PLR can assist in determining whether a patient has suffered
a concussion regardless of symptomatology. As a physiological measurement, the PLR is
not affected by subjective interpretation and might be incorporated as a valuable biomarker
of brain functional status.

6. Limitations

This is a retrospective clinical review of PLR quantification of real patients attended
in the neurological clinic. It does not have the benefits seen in a prospective randomized
controlled trial. As such, a variety of unknown confounders of the data such as unknown
or undiagnosed mental illness or disease and the wide and potentially subjective criteria
involved in the diagnosis of a concussion that might affect the PLR may be included and
affect the data. The large number of patients in this study should mitigate such confounding
but cannot eliminate them.

Author Contributions: Conceptualization, ER.C., S.FA. and M.H.; methodology, ER.C., S.EA., M.H.,
R.C.N.D,, M.A,, G.P, E.O. and K.S;; software, ER.C., G.P, E.O. and R.C.N.D.; validation, FR.C.,
SFEA., MH,RCN.D,MA, GP, EO. and K.S,; formal analysis, ER.C., S EA, MH., RCN.D., M.A,,
G.P, E.O. and K.S,; investigation, ER.C., S.EA., M.H.,, RC.N.D.,, M.A,, G.P, E.O. and K.S,; resources,
FR.C,SFA, MH, RCN.D., M A, G.P,EO. and K.S; data curation, ER.C., S.FA.,, M.H., RCN.D,,
M.A,, G.P, E.O. and K.S.; writing—original draft preparation, ER.C.; writing—review and editing,
ER.C,SFEA., MH, RCN.D, M.A,, G.P, EO. and K.S,; supervision, ER.C.; project administration,
FR.C,; funding acquisition, ER.C. All authors have read and agreed to the published version of
the manuscript.

Funding: The Carrick Institute funded this research.

Institutional Review Board Statement: The reporting of existing patient data in this retrospective
clinical review of records is exempt from IRB approval because the research involves collecting or
studying existing data, documents, records, pathological specimens, or diagnostic specimens that are
recorded in such a manner that the subject cannot be identified. The study was conducted according
to the guidelines of the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Clinical Scholars and Faculty of the Master of Science in Clinical
Neuroscience Degree program at the Carrick Institute and the Fellows of the American Board of
Brain Injury and Rehabilitation for their assistance and support.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Lowenstein, O.; Loewenfeld, I.E. Role of sympathetic and parasympathetic systems in reflex dilation of the pupil; pupillographic
studies. Arch. Neurol. Psychiatry 1950, 64, 313-340. [CrossRef] [PubMed]
2. Joshi, S.; Gold, J.I. Pupil Size as a Window on Neural Substrates of Cognition. Trends Cogn. Sci. 2020, 24, 466—480. [CrossRef]

S

Ascher, K.W. The first pupillary light reflex test ever performed. Trans. Am. Ophthalmol. Soc. 1962, 60, 53-59. [PubMed]

4.  Ettinger, RE.; Wyatt, H.].; London, R. Anisocoria. Variation and clinical observation with different conditions of illumination and
accommodation. Investig. Ophthalmol. Vis. Sci. 1991, 32, 501-509.

5. Hu, X,; Hisakata, R.; Kaneko, H. Effects of stimulus size, eccentricity, luminance, and attention on pupillary light response
examined by concentric stimulus. Vis. Res. 2020, 170, 35-45. [CrossRef] [PubMed]


http://doi.org/10.1001/archneurpsyc.1950.02310270002001
http://www.ncbi.nlm.nih.gov/pubmed/15433651
http://doi.org/10.1016/j.tics.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/13965125
http://doi.org/10.1016/j.visres.2020.03.008
http://www.ncbi.nlm.nih.gov/pubmed/32244112

Life 2021, 11, 1104 23 of 24

10.
11.
12.

13.
14.
15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Yang, W.; Zekveld, A.A.; Wendt, D.; Lunner, T.; Naylor, G.; Kramer, S.E. Pupil light reflex evoked by light-emitting diode and
computer screen: Methodology and association with need for recovery in daily life. PLoS ONE 2018, 13, e0197739.

Kahneman, D.; Tursky, B.; Shapiro, D.; Crider, A. Pupillary, heart rate, and skin resistance changes during a mental task. J. Exp.
Psychol. 1969, 79, 164-167. [CrossRef]

Fan, X.; Yao, G. Modeling transient pupillary light reflex induced by a short light flash. IEEE Trans. Biomed. Eng. 2011, 58, 36—42.
Venkata Sivakumar, A.; Kalburgi-Narayana, M.; Kuppusamy, M.; Ramaswamy, P.; Bachali, S. Computerized dynamic pupillometry
as a screening tool for evaluation of autonomic activity. Neurophysiol. Clin. 2020, 50, 321-329. [CrossRef]

Zhang, F.; Kurokawa, K.; Lassoued, A.; Crowell, ].A.; Miller, D.T. Cone photoreceptor classification in the living human eye from
photostimulation-induced phase dynamics. Proc. Natl. Acad. Sci. USA 2019, 116, 7951-7956. [CrossRef]

Curcio, C.A.; Allen, K.A. Topography of ganglion cells in human retina. J. Comp. Neurol. 1990, 300, 5-25. [CrossRef]

Pfeiffer, R.L.; Anderson, J.R.; Dahal, J.; Garcia, J.C.; Yang, J.-H.; Sigulinsky, C.L.; Rapp, K.; Emrich, D.P; Watt, C.B,;
Johnstun, H.A ; et al. A pathoconnectome of early neurodegeneration: Network changes in retinal degeneration. Exp. Eye Res.
2020, 199, 108196. [CrossRef]

Behar-Cohen, F.; Gelizé, E.; Jonet, L.; Lassiaz, P. Anatomy of the retina. Med. Sci. 2020, 36, 594-599.

Moss, H.E. Chiasmal and Postchiasmal Disease. Continuum 2019, 25, 1310-1328. [CrossRef]

Hattar, S.; Liao, H.-W.; Takao, M.; Berson, D.M.; Yau, K.-W. Melanopsin-Containing Retinal Ganglion Cells: Architecture,
Projections, and Intrinsic Photosensitivity. Science 2002, 295, 1065-1070. [CrossRef]

Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by Retinal Ganglion Cells That Set the Circadian Clock. Science 2002, 295,
1070-1073. [CrossRef] [PubMed]

Steiger, ].H.; Biittner-Ennever, J.A. Oculomotor nucleus afferents in the monkey demonstrated with horseradish peroxidase.
Brain Res. 1979, 160, 1-15. [CrossRef]

Gamlin, PD.; Clarke, R.J. The pupillary light reflex pathway of the primate. J. Am. Optom. Assoc. 1995, 66, 415-418. [PubMed]
May, PJ.; Warren, S.; Gamlin, P; Billig, I. An Anatomic Characterization of the Midbrain Near Response Neurons in the Macaque
Monkey. Investig. Opthalmology Vis. Sci. 2018, 59, 1486-1502. [CrossRef]

Vazey, E.M.; Moorman, D.E.; Aston-Jones, G. Phasic locus coeruleus activity regulates cortical encoding of salience information.
Proc. Natl. Acad. Sci. USA 2018, 115, E9439-E9448. [CrossRef] [PubMed]

Szabadi, E. Functional Organization of the Sympathetic Pathways Controlling the Pupil: Light-Inhibited and Light-Stimulated
Pathways. Front. Neurol. 2018, 9, 1069. [CrossRef]

Gamlin, PD. The pretectum: Connections and oculomotor-related roles. Prog. Brain Res. 2006, 151, 379-405. [PubMed]

Horn, A K,; Eberhorn, A.; Hartig, W.; Ardeleanu, P.; Messoudi, A.; Biittner-Ennever, ].A. Perioculomotor cell groups in monkey
and man defined by their histochemical and functional properties: Reappraisal of the Edinger-Westphal nucleus. J. Comp. Neurol.
2008, 507, 1317-1335. [CrossRef]

Clarke, R.J.; Zhang, H.; Gamlin, PD.R. Primate Pupillary Light Reflex: Receptive Field Characteristics of Pretectal Luminance
Neurons. J. Neurophysiol. 2003, 89, 3168-3178. [CrossRef] [PubMed]

Morrison, J.H.; Footea, S.L.; O’Connor, D.; Blooma, EE. Laminar, tangential and regional organization of the noradrenergic
innervation of monkey cortex: Dopamine-beta-hydroxylase immunohistochemistry. Brain Res. Bull. 1982, 9, 309-319. [CrossRef]
Kurniawan, T.I; Grueschow, M.; Ruff, C.C. Anticipatory energization revealed by pupil and brain activity guides human
effort-based decision making. . Neurosci. 2021, 41, 6328-6342. [CrossRef]

Ebitz, R.B.; Moore, T. Selective Modulation of the Pupil Light Reflex by Microstimulation of Prefrontal Cortex. J. Neurosci. 2017,
37,5008-5018. [CrossRef] [PubMed]

Bouffard, M.A. The Pupil. Continuum 2019, 25, 1194-1214. [CrossRef]

Mitsuoka, K.; Kikutani, T.; Sato, I. Morphological relationship between the superior cervical ganglion and cervical nerves in
Japanese cadaver donors. Brain Behav. 2017, 7, e00619. [CrossRef] [PubMed]

Kataoka, N.; Shima, Y.; Nakajima, K.; Nakamura, K. A central master driver of psychosocial stress responses in the rat. Science
2020, 367, 1105-1112. [CrossRef] [PubMed]

Kono, Y.; Yokota, S.; Fukushi, I.; Arima, Y.; Onimaru, H.; Okazaki, S.; Takeda, K.; Yazawa, I.; Yoshizawa, M.; Hasebe, Y.; et al.
Structural and functional connectivity from the dorsomedial hypothalamus to the ventral medulla as a chronological amplifier of
sympathetic outflow. Sci. Rep. 2020, 10, 13325. [CrossRef]

Taylor, WR.; Chen, ] W.; Meltzer, H.; Gennarelli, T.A.; Kelbch, C.; Knowlton, S.; Richardson, J.; Lutch, M.].; Farin, A.; Hults, K.N,;
et al. Quantitative pupillometry, a new technology: Normative data and preliminary observations in patients with acute head
injury. Technical note. J. Neurosurg. 2003, 98, 205-213. [CrossRef] [PubMed]

Kebapcy, A.; Topgu, S. Interrater reliability in pupillary assessment among intensive care nurses. Intensiv. Crit. Care Nurs. 2020,
58,102801. [CrossRef]

Favre, E.; Bernini, A.; Morelli, P; Pasquier, J.; Miroz, J.-P.; Abed-Maillard, S.; Ben-Hamouda, N.; Oddo, M. Neuromonitoring
of delirium with quantitative pupillometry in sedated mechanically ventilated critically ill patients. Crit. Care 2020, 24, 66.
[CrossRef]

India State-Level Disease Burden Initiative Neurological Disorders Collaborators. The burden of neurological disorders across
the states of India: The Global Burden of Disease Study 1990-2019. Lancet Glob Health 2021, 9, e1129-e1144. [CrossRef]


http://doi.org/10.1037/h0026952
http://doi.org/10.1016/j.neucli.2020.09.004
http://doi.org/10.1073/pnas.1816360116
http://doi.org/10.1002/cne.903000103
http://doi.org/10.1016/j.exer.2020.108196
http://doi.org/10.1212/CON.0000000000000785
http://doi.org/10.1126/science.1069609
http://doi.org/10.1126/science.1067262
http://www.ncbi.nlm.nih.gov/pubmed/11834835
http://doi.org/10.1016/0006-8993(79)90596-1
http://www.ncbi.nlm.nih.gov/pubmed/7560728
http://doi.org/10.1167/iovs.17-23737
http://doi.org/10.1073/pnas.1803716115
http://www.ncbi.nlm.nih.gov/pubmed/30232259
http://doi.org/10.3389/fneur.2018.01069
http://www.ncbi.nlm.nih.gov/pubmed/16221595
http://doi.org/10.1002/cne.21598
http://doi.org/10.1152/jn.01130.2002
http://www.ncbi.nlm.nih.gov/pubmed/12611972
http://doi.org/10.1016/0361-9230(82)90144-7
http://doi.org/10.1523/JNEUROSCI.3027-20.2021
http://doi.org/10.1523/JNEUROSCI.2433-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28432136
http://doi.org/10.1212/CON.0000000000000771
http://doi.org/10.1002/brb3.619
http://www.ncbi.nlm.nih.gov/pubmed/28239529
http://doi.org/10.1126/science.aaz4639
http://www.ncbi.nlm.nih.gov/pubmed/32139538
http://doi.org/10.1038/s41598-020-70234-4
http://doi.org/10.3171/jns.2003.98.1.0205
http://www.ncbi.nlm.nih.gov/pubmed/12546375
http://doi.org/10.1016/j.iccn.2020.102801
http://doi.org/10.1186/s13054-020-2796-8
http://doi.org/10.1016/S2214-109X(21)00164-9

Life 2021, 11, 1104 24 of 24

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

Kelbsch, C.; Strasser, T.; Chen, Y.; Feigl, B.; Gamlin, P.D.; Kardon, R.; Peters, T.; Roecklein, K.A.; Steinhauer, S.R.; Szabadi, E.; et al.
Standards in Pupillography. Front. Neurol. 2019, 10, 129. [CrossRef]

McCrory, P.; Meeuwisse, W.H.; Aubry, M.; Cantu, R.C.; Dvotak, J.; Echemendia, R.J.; Engebretsen, L.; Johnston, K.; Kutcher, J.S.;
Raftery, M.; et al. Consensus statement on concussion in sport: The 4th International Conference on Concussion in Sport, Zurich,
November 2012. J. Athl. Train. 2013, 48, 554-575. [CrossRef]

Alosco, M.H.; Mariani, M.H.; Adler, C.H.; Balcer, L.J.; Bernick, C.; Au, R.; Banks, S.J.; Barr, W.B.; Bouix, S.; Cantu, R.C.; et al.
Developing methods to detect and diagnose chronic traumatic encephalopathy during life: Rationale, design, and methodology
for the DIAGNOSE CTE Research Project. Alzheimers Res. Ther. 2021, 13, 136. [CrossRef]

Gregory, R.; Hopkins, P. Pupils of a talking parrot. Nature 1974, 252, 637-638. [CrossRef]

Rickmann, A.; Waizel, M.; Kazerounian, S.; Szurman, P.; Wilhelm, H.; Boden, K.T. Digital Pupillometry in Normal Subjects.
Neuroophthalmology 2017, 41, 12-18. [CrossRef] [PubMed]

Master, C.L.; Scheiman, M.; Gallaway, M.; Goodman, A.; Robinson, R.L.; Master, S.R.; Grady, M.F. Vision Diagnoses Are Common
After Concussion in Adolescents. Clin. Pediatr. 2016, 55, 260-267. [CrossRef]

Ferrario, E.; Molaschi, M.; Villa, L.; Varetto, O.; Bogetto, C.; Nuzzi, R. Is videopupillography useful in the diagnosis of Alzheimer’s
disease? Neurology 1998, 50, 642—-644. [CrossRef]

Lobato-Rincén, L.L.; del Carmen Cabanillas-Campos, M.; Bonnin-Arias, C.; Chamorro-Gutiérrez, E.; Murciano-Cespedosa, A.;
Roda, C.S.-R. Pupillary behavior in relation to wavelength and age. Front. Hum. Neurosci. 2014, 8, 221. [PubMed]

Larson, D.M.; Behrends, M. Portable infrared pupillometry: A review. Anesth. Analg. 2015, 120, 1242-1253. [CrossRef]

Boev, A.N.; Fountas, K.N.; Karampelas, I.; Boev, C.; Machinis, T.G.; Feltes, C.; Okosun, I.; Dimopoulos, V.; Troup, C. Quantitative
pupillometry: Normative data in healthy pediatric volunteers. J. Neurosurgery 2005, 103 (Suppl. 6), 496-500. [CrossRef] [PubMed]
Boulter, ].H.; Shields, M.M.; Meister, M.R.; Murtha, G.; Curry, B.P; Dengler, B.A. The Expanding Role of Quantitative Pupillometry
in the Evaluation and Management of Traumatic Brain Injury. Front. Neurol. 2021, 12, 685313. [CrossRef] [PubMed]

Master, C.L.; Podolak, O.E.; Ciuffreda, K.J.; Metzger, K.B.; Joshi, N.R.; McDonald, C.C.; Margulies, S.S.; Grady, M.E,; Arbogast, K.B.
Utility of Pupillary Light Reflex Metrics as a Physiologic Biomarker for Adolescent Sport-Related Concussion. JAMA Ophthalmol.
2020, 138, 1135-1141. [CrossRef]

Leddy, ].J.; Kozlowski, K.; Fung, M.; Pendergast, D.R.; Willer, B. Regulatory and autoregulatory physiological dysfunction as a
primary characteristic of post concussion syndrome: Implications for treatment. NeuroRehabilitation 2007, 22, 199-205. [CrossRef]
June, D.; Williams, O.A.; Huang, C.-W.; An, Y.; Landman, B.A.; Davatzikos, C.; Bilgel, M.; Resnick, S.M.; Beason-Held, L.L.
Lasting consequences of concussion on the aging brain: Findings from the Baltimore Longitudinal Study of Aging. Neurolmage
2020, 221, 117182. [CrossRef]


http://doi.org/10.3389/fneur.2019.00129
http://doi.org/10.4085/1062-6050-48.4.05
http://doi.org/10.1186/s13195-021-00872-x
http://doi.org/10.1038/252637a0
http://doi.org/10.1080/01658107.2016.1226345
http://www.ncbi.nlm.nih.gov/pubmed/28228832
http://doi.org/10.1177/0009922815594367
http://doi.org/10.1212/WNL.50.3.642
http://www.ncbi.nlm.nih.gov/pubmed/24795595
http://doi.org/10.1213/ANE.0000000000000314
http://doi.org/10.3171/ped.2005.103.6.0496
http://www.ncbi.nlm.nih.gov/pubmed/16383247
http://doi.org/10.3389/fneur.2021.685313
http://www.ncbi.nlm.nih.gov/pubmed/34322081
http://doi.org/10.1001/jamaophthalmol.2020.3466
http://doi.org/10.3233/NRE-2007-22306
http://doi.org/10.1016/j.neuroimage.2020.117182

	Introduction 
	Methodology 
	Results 
	Summary Statistics 
	Summary of Age, Gender and Concussion by Decade 
	Maximum Pupillary Diameter (MPD) 
	MPD over Time after Concussion 
	Minimum Pupillary Diameter (MinPD) 
	Pupillary Recovery Time (75%) 
	Maximum Constriction Velocity (MCV) 
	Latency of the Pupillary Light Response 

	Discussion 
	Conclusions 
	Limitations 
	References

