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Abstract: Background: Handheld quantitative pupilometers (QPs) measure each phase of the
pupillary light reflex (PLR) and provide a summary score based on these values. One phase of
the PLR is the period of time from the onset of light exposure to the maximum constriction of the
pupil, also known as time to maximum constriction (tMC). Although tMC has been found to vary
significantly among patients with neurological injury, there are no studies reporting tMC in healthy
controls. This study addresses this gap. Methods: Subjects in this prospective observational study
were healthy controls who provided paired (left and right eye) QP readings during four separate
observations over the course of 2 days. The tMC was derived by determining the smallest observed
pupil size during videos filmed at 30 frames per second, and we assessed within-subject variability
using the coefficient of variance and intraclass correlation coefficient (ICC). Results: Fifty subjects
provided 380 QP readings (190 left eye and 190 right eye). Subjects primarily identified as female
(80%), non-Hispanic (86%), white (62%), and <40 years old (74%). The mean tMC was 1.0 (0.14)
seconds (s) for the left eye and 1.0 (0.17) s for the right eye; the coefficient of variance ranged from
11.6% to 18.8% and the ICC ranged from 0.25 to 0.40. For the between-subject comparisons across the
four observation periods, the left and right eye mean differences ranged from 0.001 to 0.063 and the
ICC ranged from 0.12 to 0.52. Conclusions: The tMC values vary significantly in healthy controls.
Changes in pupil function as a clinical biomarker of intracranial pathology are not fully understood.
Identifying clinical correlations of tMC variation may provide insight for the prognostication and
treatment of neurocritically ill patients.

Keywords: pupil light reflex; quantitative pupillometry; pupils; autonomic nervous system; neuro-
critical care; assessment

1. Introduction

The pupillary light reflex (PLR) exam is standard-of-care in the neuroscience intensive
care unit (NSICU) for all patients and documented on an hourly basis [1,2]. The PLR is
the complex pathway controlled by the brain that involves both the sympathetic (pupil
dilation) and parasympathetic (pupil constriction) responses to light [3]. This pathway has
been characterized as having relatively consistent timepoints with constriction occurring
at about 1 s and the dilation phase lasting an additional 5 s [4]. The afferent pathway of
the PLR begins when light falls on the retina and a signal is transmitted through the optic
nerve, chiasm, and optic tract. The signal synapses at the pretectal olivary nucleus then
project to both the ipsilateral and contralateral Edinger—Westphal nuclei. Parasympathetic
efferent signals are then transmitted through the oculomotor nerve, synapsing with nu-
clei in the ciliary ganglion and traveling to the sphincter pupillae, resulting in pupillary
constriction [5]. Improving our understanding of the various mechanisms that control the
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amount of light that enters the eye and how certain neurological illnesses or injuries can
interfere with this process will improve diagnosis, prognosis, and treatment [6,7].

While pupil reactivity assessment has been integral to critical care for many years, it
has inadequate interrater reliability to provide consistent information that can be trended
to reflect change over time [8]. Recent advances in technology have changed practice [9],
and the use of quantitative pupillometer (QP) devices is becoming increasingly common in
clinical practice [10]. These advances have allowed the PLR exam to evolve from a subjective
assessment without rigid guidelines to a reliably objective measurement that provides accurate
diagnostic information for clinicians [11,12]. Data from QP demonstrating that a sluggish
pupil can be normally reactive and a brisk pupil can be abnormal provide additional evidence
that even if subjective assessments were reliable, they are insufficiently precise [13,14]. As a
result, there is a better understanding of the overall function of the pupil.

QP has high reliability and is being increasingly adopted in clinical practice to replace
the subjectivity and low reliability associated with clinical assessments [15,16]. By breaking
down the PLR into discrete components, QP provides a variety of measures representing
changes in pupil diameter [17]. Pupil size in diameter is reported first as the size prior to
light stimulus (size) and again as the smallest observed diameter (maximum constriction)
of the pupil [18]. Latency is measured in fractions of a second and represents the time from
light stimulus until the onset of constriction [19]. Constriction velocity (CV) is reported
as millimeters (mm) per second (s) and reflects the change in pupil size from the end of
latency until maximum constriction [13,20]. Dilation velocity is measured in mm/s and
reflects the speed of pupil dilation after maximum constriction [21]. The neurological pupil
index (NPi) is a scalar value summary score that quantifies the PLR; this value ranges from
0 to 5 [22]. An NPi of 3.0 or higher is considered a normal pupillary reflex; an NPi value
below 3.0 is indicative of an abnormal pupillary response [23,24]. An NPi < 3.0 suggests a
variety of intracranial pathologies including increased intracranial pressure or changes in
sympathetic and parasympathetic pathways [6,9]. In addition to influence from autonomic
nervous system (ANS) changes, changes in PLR can indicate intracranial hemorrhage, mass
effect, or an inflammatory condition [7,25,26].

Though the discrete components of the PLR are increasingly reported in the recent
literature, there is a gap in research regarding the time to maximum constriction (tMC).
As shown in Figure 1, tMC is the time from light exposure to the smallest identified pupil
size [19]. Only recently reported in the literature, the tMC of patients with acquired brain
injury was noted to have significant between-subject variation [19]. Before the relevance
of tMC as a novel biomarker can be fully examined, there is a need to identify the normal
tMC values in the absence of cerebral injury. Defining normative tMC values will facilitate
discovery of the causes for variance in PLR response time from pupillary light exposure to
the point of maximum pupil constriction that have not been defined. This observational
study aims to determine if a consistent tMC can be identified in a cohort of healthy subjects.
The null hypothesis is that there is no significant within-subject variance in tMC across
repeated observations.

Time to Maximum

Constriction

Time (s)

Figure 1. Highlighting the time to maximum constriction.
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2. Materials and Methods

This prospective non-randomized observational study enrolled 50 healthy subjects
working in the NSICU at a university hospital in the Southwest. The study received
institutional review board (IRB) approval to enroll university hospital employees. All full-
and part-time employees working in the NSICU were eligible, but medical residents and
students were excluded as the IRB deemed them a vulnerable population. Eligible subjects
met the inclusion criteria if they were >18 years old, had no history of eye injury, had
bilateral reactive pupils, and were expected to be available 1 h after their first QP reading
was obtained and again 24 h after the second QP reading was obtained. Subjects with any
medical consideration of the eye (e.g., glaucoma, cataract, conjunctivitis, prothesis, etc.)
were considered ineligible. Written consent was waived by the IRB, and eligible employees
were verbally consented during both the day shift (7 a.m.—7 p.m.) and the night shift (7
a.m.—7 p.m.). To protect subject anonymity, age was trichotomized as <40 years, 41-59 years,
or >60 years. To reflect real-world conditions, the QP readings were obtained at a time and
location convenient to the subject without changing the current ambient light level, and
no limits were placed on the healthy subjects regarding caffeine intake or requirement of
physical activity or sleep.

All data collection occurred within the NSICU but in varying locations, times, and
ambient light levels. QP data were obtained using the NPi-300 device (NeurOptics Inc.,
Irvine, CA, USA) which, by default, filters out all light except infrared. All samples were
collected by research personnel trained in the use of the QP device. To facilitate data
collection without impacting the volunteers’ ability to provide direct patient care, no
restrictions were placed on the time of day at which the 1st observation was obtained.
The QP readings were obtained with the subject standing and gazing horizontally and the
device held perpendicular to the eye. Subjects were instructed to look straight ahead and
focus on an object over the shoulder of the person obtaining the QP reading. Subjects were
asked not to blink; upon consent, the examiner gently held up the eyelid for subjects with an
exaggerated blink reflex. Every volunteer subject provided 8 separate QP readings, 1 from
each eye during 4 observations. The 1st and 2nd observations were 1 h apart on day 1. The
3rd and 4th observations were 1 h apart on day 2. The 2nd and 3rd observations were at
least 24 h apart (Figure 2). All data were obtained between 13 August and 28 August 2024.

Day 1: Day 2:
Observation 1 Observation 3
Pupil Measurements Pupil Measurements
1-Hour 1-Hour
SERE 24-Hours Apart S
Observation 2 Observation 4
Pupil Measurements Pupil Measurements

Figure 2. Data collection plan for QP readings during the 4 observation periods.
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After each QP reading, the data were uploaded from a microchip on the disposable eye-
piece (SmartGuard®, Neuroptics, Irvine, CA, USA) to an electronic spreadsheet (ExcelTM,
Microsoft Inc, Redmond, WA, USA). The device filmed images at 30 frames per second and
the time to maximum constriction was derived as 0.033 times the number of frames from
onset of light stimulus to the smallest recorded pupil size and recorded as thousandths of a
second. Demographic data were linked to QP data using a de-identified subject number.

The sample size was determined using data from a similar study design conducted
with a sample of critically ill patients. Assuming that at least a 10% difference in variance
in tMC is required to reject the null hypothesis, a minimum of 21 independent observations
are required (1 — 3 = 0.80, & = 0.05). The mean difference (A), coefficient of variation
(CoVar), and intraclass correlation coefficient (ICC) were calculated for within-subject and
between-observation comparisons. Within-subject comparisons examined paired (left eye
versus right eye) comparisons at each of the 4 observation periods. Between-observation
comparisons were explored by creating models to explore the consistency of all left-eye
tMC values for all combinations of the 4 observation periods separately and repeating
those comparisons for the right-eye tMC values. Data were analyzed using SAS v9.4 for
Windows (SAS Institute, Cary, NC, USA).

3. Results

There were 190 paired PLR readings collected from 50 healthy subjects. Ten readings
were lost to follow-up from five subjects that were not available for subsequent scanning.
As shown in Table 1, 37 (74%) subjects were less than 40 years old, 40 (80%) were female,
and 43 (86%) identified as non-Hispanic. There were 10 (20%) subjects who identified as
black, 31 (62%) as white, and 8 (16%) as Asian; 1 (2%) subject did not categorize their race
or ethnicity.

Table 1. Subject characteristics.

Characteristic Subjects

<40 Years 37 (74.0%)

Age 40-59 Years 9 (18.0%)
>60 years 4 (8.0%)

Female 40 (80.0%)

Gender Male 10 (20.0%)

White 31 (62.0%)

Race Black 10 (20.0%)
Asian 8 (16.0%)
Not given 1 (2.0%)

Non-Hispanic 43 (86.0%)

Ethnicity Hispanic 6 (12.0%)
Not given 1 (2.0%)

The tMC values for the left and right eye were first examined independently. Each
separate QP metric value is reported in Table 2 and these were found to be approximately
normally distributed. The left eye mean tMC was 1.0 (0.14) s and the right eye mean tMC
was 1.0 (0.17) s.

Table 3 provides results for within-subject comparisons of the left versus right eye
tMC values in each of the four observation periods. The mean tMC values range from
0.995 to 1.050 s and the coefficient of variation (CoVar) values range from 11.6% to 18.8%.
The mean difference (A) ranged from 0.12 to 0.14 and the ICC ranged from 0.25 to 0.40.

As shown in Figure 3, the between-observation comparisons were performed to
evaluate differences in left-eye tMC values between all four observation periods (Figure 3a)
separately from all right-eye tMC values (Figure 3b). The A ranged from 0.008 to 0.063 s for
the left eye and ranged from 0.001 to 0.024 s for the right eye. The ICC values ranged from
0.12 to 0.55 for the left eye and ranged from 0.12 to 0.52 for the right eye.
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Table 2. Discrete values for each of the pupillary light reflex metrics among the 380 pupillometer

readings.
Side Pupillary Light Reflex Metric Mean (sd) Units
Neurological pupil index 4.3 (0.33)
Diameter of pupil before light stimulation 4.2 (0.81) mm
Time between stimulus and initial constriction (latency) 0.2 (0.03) s
Left Eve Constriction velocity (CV) 2.6 (0.82) mm/s?
(n= 19510) Maximum constriction velocity (mCV) 3.8(1.14) mm/s?
Smallest diameter of pupil after light stimulation 2.8 (0.45) mm
Time from stimulus to maximum constriction (tMC) 1.0 (0.14) s
Percent change in pupil size after light (DV) 31.9 (6.61) %
Dilation velocity (DV) 1.1 (0.31) mm/s?
Neurological pupil index 4.3 (0.31)
Diameter of pupil before light stimulation 4.2 (0.80) mm
Time between stimulus and initial constriction (latency) 0.2 (0.03) s
. . . 2
Right Eye COI‘IS"EI‘ICthI‘l velogty (CV) . 2.6 (0.77) mm/ s2
(n = 190) Maximum constriction velocity (mCV) 3.8 (1.12) mm/s
Smallest diameter of pupil after light stimulation 2.8 (0.43) mm
Time from stimulus to maximum constriction (tMC) 1.0 (0.17) S
Percent change in pupil size after light 32.0 (6.7) Y%
Dilation velocity (DV) 1.1 (0.31) mm/s?
Table 3. Mean difference (A) coefficient of variation (CoVar) and interclass correlation coefficient
(ICC) for the left and right eye time to maximum constriction (tMC).
Observation Left Eye tMC Right Eye tMC o
Day Period Mean (CoVar) Mean (CoVar) A (sd) ICC 95%CD
1 1 1.050 (14.44) 1.048 (17.19) 0.14 (0.15) 0.25 (0.08-0.57)
2 1.032 (12.87) 1.032 (18.79) 0.14 (0.12) 0.38 (0.19-0.63)
5 3 1.058 (11.64) 1.058 (13.89) 0.12 (0.09) 0.40 (0.20-0.65)
4 0.995 (14.13) 0.995 (16.18) 0.12 (0.12) 0.35 (0.15-0.62)
Observation 1 Day 1 Observation 2 Observation 1 Day 1 Observation 2
= 1.050 £=0.018 p=1.032 p=1.048 £=0.007 p=1.053
CoVar = 14.44 ICC=0.14 CoVar = 12.87 CoVar =17.19 ICC=0.13 CoVar = 18.79
A=0.026 A=0.055 A=0.018 0=0.024
ICC=0.25 ICC=0.27 ICC=0.12 1CC=0.30
A=0.008 A=0.037 A=0.019 A=0.023
1ICC=0.12 ICC=0.55 ICC=0.26 ICC=0.12
p =1.058 £=0.063 p = 0.995 u=1.029 £=0.001 p=1.030
CoVar = 11.64 ICC=0.32 CoVar = 14.13 CoVar = 13.89 1CC=0.52 CoVar = 16.18
Observation 3 Day 2 Observation 4 Observation 3 Day 2 Observation 4
(a) (b)

Figure 3. Showing the mean (u) coefficient of variation (CoVar) time to maximum constriction
(tMC) values during each observation period, as well as the mean difference (A) and intraclass
correlation coefficient (ICC) values of each comparison, showing left eye values (a) and right eye
values (b) separately.

4. Discussion

Within-subject tMC values are significantly different over time. These data support the
conclusion that there is significant within-eye and between-observation variation in tMC
in healthy subjects under ambient light conditions. Additionally, there is poor reliability
of the tMC values between eyes and observations. These data extend results from a study
examining tMC among patients with neurological injury which showed that tMC varied
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by up to 0.89 s between patients and 0.56 s within patients [19]. Given that there is a
variance in tMC that is not fully explained by pupil size, latency, and constriction velocity,
we must conclude that there are other factors which may be contributing to this variance.
The finding that tMC variance is similar in both healthy subjects without pathology and
patients with abnormal neurological pathology suggests that the tMC is determined by
the ANS.

Identifying a means to rule out, or rule in, ANS dysregulation as a causative agent for
an abnormal PLR could benefit prognostication and treatment of patients with acquired
brain injury [27]. The timing of interventions has been linked to improvement in outcome
for patients at risk for secondary brain injury [28,29]. For patients who arrive with a disorder
of consciousness, it is imperative to identify the cause, yet computerized tomography (CT)
of the brain can look normal shortly after injury that may evolve [30]. In a patient without
brain injury, the ability to identify ANS dysregulation could similarly have a clinical benefit.
Testing the ANS typically includes a collection of tests because no single test has adequately
high sensitivity and specificity as of yet [31]. If the tMC can be linked to ANS, it may, in a
multivariable model, improve ANS testing.

Understanding tMC will also provide clinical relevance for a host of novel PLR mea-
surements. A recently identified clinical variable is anisocoria after light emission [32].
In contrast to anisocoria observed prior to light stimulus, anisocoria after light is not de-
pendent on baseline pupil size or variables that impact size (e.g., caffeine). Moreover,
anisocoria after light is a better predictor of outcome after brain injury than anisocoria at
baseline [33]. Because anisocoria after light is measured as the maximum constriction, there
is a need to further identify factors such as tMC that impact maximum constriction.

As of yet, we are unable to isolate biomarkers along the PLR pathway responsible
for tMC variance. Although the overall mean tMC was 1.0 s and roughly 178/390 (45.6%)
tMC values were between 0.9 s and 1.1 s, the range of observed values from 0.67 s to 1.80 s
warrants further investigation. Assuming that ANS plays a role in tMC, changes in either
afferent or efferent pathways may influence tMC variance [34].

The CoVar values ranged from 11.6% to 18.8%, indicating moderate dispersion of the
within-subject tMC values. The ICC values ranged from 0.25 to 0.40, indicating poor to
fair agreement between paired tMC readings. This indicates that initial tMC values have
low reliability and considerable variability in tMC values over short intervals, as shown in
Figure 3. As discussed in similar studies, PLR metrics are potentially influenced by various
factors, such as ambient light levels at the time of each observation [35]. Extrinsic factors
may explain the moderate variation in tMC values as well as the poor to fair pairing of
tMC values across successive scans, as various factors can influence the PLR. However, the
study design removes the potential influence of intrinsic factors.

It remains possible that tMC variance is associated with identifiable uncontrolled
confounders in our study, such as medication use, caffeine, or sleep hygiene. Specifically,
circadian rhythm has been identified to impact PLR function [36]. Although samples were
obtained at pragmatic intervals, they were ordinal and 1 h apart. Given that there was no
identifiable direction between the first and second observation on each day (Figure 3), we
suggest that circadian rhythm does not influence tMC variation. While evidence suggests
that caffeine impacts pupil diameter [37], a meta-analysis in 2024 [38] found that there
is, as of yet, insufficient evidence that caffeine impacts PLR. The impact of caffeine or
other medications (especially those hypothesized to impact the autonomic nervous system)
remains worthy of study, but these variables were not recorded in the present study.

Limitations

Ambient light levels were not controlled during measurement; however, this repli-
cates real-world scenarios in which pupillometry would be used by nurses and nursing
assistants [39]. Sample sizes and collection of demographic data limit the ability to consider
the effect of factors such as age, sex, and race on the reliability and variability and limit
generalizability. Future research standardizing ambient light exposure to observe how this
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can influence the tMC is warranted. All measurements of PLR were performed during
the time when subjects were available at work and the study team were also at work.
Measurements were not taken during the evening time or early morning time, during
which subjects would be in different emotional and physical states that would perhaps
affect the PLR exam.

5. Conclusions

The findings in this study provide data that are sufficient to reject the null hypothesis
and conclude that tMC is variable in healthy subjects and it cannot be predetermined
as a set value on a group or individual level. Non-critically ill subjects experience tMC
variance, and this variance is found both within eyes and over short (hours) and long (days)
intervals of time. Pupil constriction, as a clinical biomarker, is well studied but not well
understood. The more we understand the relationship between pupil constriction and
varying intracranial pathology, the better we can prognosticate and treat neurocritically ill
patients. The findings in this observational study broaden the understanding of the metrics
of QP tMC and related pathologic neurological phenomena.
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