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SportS-related concussion (SRC) is a topic of con-
cern for many athletes, parents, and coaches, but 
diagnosing a concussion continues to be problem-

atic. In addition to a concussion’s complex pathophysiol-
ogy, which results in a variety of clinical presentations, 

the diagnosis relies primarily on self-reporting of symp-
toms. This results in a conflict of interest on the part of 
the athlete with a possible brain injury, who may desire 
to continue playing, and depends on the athlete being ad-
equately educated about the symptoms and repercussions 
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OBJECTIVE Previous studies have shown that clinically asymptomatic high-acceleration head impacts (HHIs) may be 
associated with neuronal and axonal injury, as measured by advanced imaging and biomarkers. Unfortunately, these 
methods of measurement are time-consuming, invasive, and costly. A quick noninvasive measurement tool is needed to 
aid studies of head injury and its biological impact. Quantitative pupillometry is a potential objective, rapid, noninvasive 
measurement tool that may be used to assess the neurological effects of HHIs. In this study, the authors investigated the 
effect of HHIs on pupillary metrics, as measured using a pupillometer, in the absence of a diagnosed concussion.
METHODS A prospective observational cohort study involving 18 high school football athletes was performed. These 
athletes were monitored for both the frequency and magnitude of head impacts that they sustained throughout a playing 
season by using the Head Impact Telemetry System. An HHI was defined as an impact exceeding 95g linear accelera-
tion and 3760 rad/sec2 rotational acceleration. Pupillary assessments were performed at baseline, midseason, after oc-
currence of an HHI, and at the end of the season by using the NeurOptics NPi-200 pupillometer. The Sport Concussion 
Assessment Tool, 5th Edition (SCAT5), was also used at each time point. Comparisons of data obtained at the various 
time points were calculated using a repeated-measures analysis of variance and a t-test.
RESULTS Seven athletes sustained HHIs without a related diagnosed concussion. Following these HHIs, the athletes 
demonstrated decreases in pupil dilation velocity (mean difference 0.139 mm/sec; p = 0.048), percent change in pupil 
diameter (mean difference 3.643%; p = 0.002), and maximum constriction velocity (mean difference 0.744 mm/sec; p 
= 0.010), compared to measurements obtained at the athletes’ own midseason evaluations. No significant changes oc-
curred between the SCAT5 subtest scores calculated at midseason and those after a high impact, although the effect 
sizes (Cohen’s d) on individual components ranged from 0.41 to 0.65.
CONCLUSIONS Measurable changes in pupil response were demonstrated following an HHI. These results suggest 
that clinically asymptomatic HHIs may affect brain reflex pathways, reflecting a biological injury previously seen when 
more invasive methods were applied.
https://thejns.org/doi/abs/10.3171/2019.7.JNS191272
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of SRC.4 Underreporting of symptoms has been highlight-
ed as a major issue in SRC, with research indicating that 
50% of concussions are unreported.14,19 The limitations of 
self-reporting of symptoms underscore the importance of 
developing an objective method to diagnose those athletes 
at risk for SRC or other brain injury.

Numerous studies have recently shown that changes in 
biomarkers that occur with SRC may be useful for both 
diagnosis determination and return-to-play decisions.1,31,32 
However, biomarker analysis typically requires invasive 
methods of collection, advanced laboratory processing, or 
advanced imaging, which limits its utility in most athletic 
settings (e.g., high schools). Furthermore, there is now 
evidence of brain injury in athletes who are asymptom-
atic or do not otherwise seek immediate clinical atten-
tion.2,13,22 A rapid, objective, noninvasive method to iden-
tify athletes at risk and diagnose concussion would be a 
major advance.

The pupillary light reflex has long been a critical por-
tion of the neurological examination.16 However, a pupil-
lary examination typically involves use of a penlight and 
may involve subjective interpretation, particularly in cases 
in which there are subtle findings.23 More recently, use 
of quantitative pupillometry (QP) has become common-
place, particularly in the neurointensive care setting.8 QP 
provides the advantage of being an objective and quantifi-
able biometric test, and has previously been evaluated in 
patients with subacute and chronic mild traumatic brain 
injury (mTBI). In a study in which military personnel 
were evaluated 15–45 days following blast-induced mTBI, 
clinicians found evidence of decreased dilation velocity, 
decreased average constriction velocity, and increased 
constriction latency.7 A separate study of patients who had 
suffered an mTBI longer than 1 year previously revealed 
decreases in maximum constriction velocity, average con-
striction velocity, average dilation velocity, maximum 
diameter, and constriction amplitude.30 However, QP has 
not been meaningfully evaluated in athletes who sustain 
significant head impacts. In the present study, we sought 
to determine if clinically asymptomatic high-acceleration 
head impacts (HHIs) resulted in measurable changes in 
neurological function, specifically changes in the pupil-
lary light reflex as determined using QP, in the absence of 
other neurocognitive findings.

Methods
Patient Population and Study Design

A prospective cohort study of varsity high school foot-
ball athletes was performed from July through October 
2017. After approval of the study protocol had been granted 
by the University of Michigan Institutional Review Board 
(IRB), assent and written consent were obtained from all 
athletes and parents. The athletes and their parents were 
given an opportunity to provide assent and consent a sec-
ond time following an IRB amendment near midseason. 
Any athlete who was undergoing active treatment for an 
mTBI, had a history of moderate or severe TBI, or had un-
dergone neurosurgery in the past was excluded. Eighteen 
athletes volunteered for participation. Demographic infor-
mation was collected, including each athlete’s age, height, 

weight, concussion history, and sports participation his-
tory. All athletes underwent a preseason neurocognitive 
evaluation (see below) and QP. The initial assessment was 
performed during a period of rest, and not after an athletic 
event.

Each athlete’s helmet was fitted with the encoder for the 
Head Impact Telemetry System (HITS; Riddell) to mea-
sure and record head impact data during all practices and 
games. All athletes were monitored for concussion symp-
toms by the athletic training staff, and diagnoses of SRC 
were made by independent physicians. Any athlete who re-
ceived a diagnosis of SRC at some time during the season 
was excluded from the study thereafter. Repeated neuro-
cognitive evaluation and QP were performed immediately 
after the athletic event during which an athlete suffered an 
HHI (defined as an impact that simultaneously achieved 
a linear acceleration of > 95g and a rotational accelera-
tion of > 3760 rad/sec2). This definition was based on data 
from a previous investigation in which a correction had 
been made to the resultant rotational acceleration value.5,13 
All athletes also underwent a midseason assessment that 
included a neurocognitive evaluation and QP immediately 
after an athletic event during which the athlete did not sus-
tain an HHI. This midseason assessment was performed 
approximately 2–2.5 months after the baseline assessment 
and took place within a 10-day period. Both the midsea-
son and HHI assessments were performed within 1 hour 
of the end of a game. Finally, 1 week after the final game 
of the season, all athletes again underwent an additional 
assessment that included a neurocognitive evaluation and 
QP. This end-of-season evaluation was performed during 
a period of rest, and not after an athletic event.

Neurocognitive Evaluation
Neurocognitive evaluations were performed using the 

Sport Concussion Assessment Tool, 5th Edition (SCAT5). 
The SCAT5 is a concussion assessment tool that was 
designed by the Concussion in Sports Group (CISG) in 
2016.9 The SCAT5 allows medical personnel to assess an 
athlete and report potential signs and symptoms that may 
help diagnose a concussion. In the current study, symptom 
evaluation, cognitive screening, balance examination, and 
delayed recall were utilized.9

Quantitative Pupillometry
Quantitative pupillometry was performed using the 

NPi-200 Pupillometer System (NeurOptics, Inc.). The sys-
tem is used to evaluate eight parameters of the pupil. The 
Neurological Pupil index (NPi; NeurOptics, Inc.) value, 
ranging from 0 to 4.9, determines the reactivity of the pu-
pil. Lower values represent decreased pupillary reactivity 
detected by the device. The maximum size metric is de-
fined as the maximum diameter (mm) of the pupil, and the 
minimum size metric is defined as the minimum diameter 
(mm) of the pupil. The percent change metric is defined 
by the following formula: [maximum pupil diameter (mm) 
– minimum pupil diameter (mm)]/maximum pupil diam-
eter (mm) × 100. Constriction velocity is the rate (mm/
sec) at which the pupil constricts after exposure to light. 
Latency to constriction is the amount of time (seconds) 
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between the eye’s exposure to a light stimulus and initia-
tion of pupil constriction. Maximum constriction velocity 
is the top rate (mm/sec) at which the pupil constricts. Dila-
tion velocity is the rate (mm/sec) at which the pupil dilates 
after constriction. Testing takes less than 2 minutes and 
was conducted in similar ambient lighting throughout the 
study.

Statistical Methods
Means and standard deviations of values represent-

ing the athletes’ demographic information, including 
age, height, weight, years participating in football, and 
previous concussion, were calculated using descriptive 
statistics. Comparisons were made between the baseline, 
midpoint, and end-of-season measurements obtained for 
athletes who completed all time points, so that we could 
evaluate changes in QP and neurocognitive assessments 
over the course of the season. Additionally, comparisons 
were made between changes in the results of the neuro-
cognitive and QP assessments after HHI and at the mid-
point evaluation by using a within-subject control group. 
The midpoint evaluation was used as a comparator to 
minimize the effect of game play itself. A repeated-mea-
sures analysis was used to evaluate the F-statistic and the 
significance of neurocognitive scores across the season in 
all athletes at the baseline, midpoint, and end-of-season 
evaluations. Neurocognitive scores at the midpoint evalu-
ation were compared with those obtained immediately 
following the HHI evaluation by using a paired t-test, by 
which we calculated the mean, standard deviation, signifi-
cance, and effect size (Cohen’s d). A two-way (left/right 
eye by time) analysis of variance (ANOVA) with repeated 
measures was used to examine the pupil characteristics at 
the baseline, midpoint, and end-of-season evaluations, as 
well as between the midpoint and HHI evaluations. De-
scriptive statistics, 95% confidence intervals, significance 
(p values), and pairwise comparisons were analyzed for 
each repeated-measures ANOVA when significant main 

effects had been identified. Statistical significance was 
noted when p < 0.05. All analyses were performed using 
IBM SPSS Statistics 24.0 software (IBM Corp.).

Results
Of the 18 enrolled athletes, five athletes were excluded 

from the analyses: one athlete withdrew from the study, 
two athletes sustained orthopedic injuries, and two ath-
letes did not complete the second assent-consent process. 
The remaining group of 13 athletes were 17.2 ± 0.6 years 
old and 180.9 ± 6.2 cm tall, weighed 87.5 ± 18.9 kg, and 
had participated in 6.15 ± 2.70 years of football at the time 
of enrollment. Eight athletes (61.5%) had sustained at least 
one concussion prior to the start of the study, with five 
(38.5%) of these athletes having sustained two previous 
concussions. A total of 49 athletic events, including 37 
practices and 12 games, were observed, capturing a total 
of 7045 head impacts.

Seven athletes (53.8%) experienced an HHI at some 
time during the course of the season. Of these, six ath-
letes experienced an HHI prior to the midpoint evalua-
tion. On average, the athletes sustained 334.71 ± 269.33 
impacts prior to meeting the threshold for an HHI, which 
averaged 114.01 ± 13.07g linear acceleration and 5298.41 
± 672.85 rad/sec2 rotational acceleration. Midseason test-
ing occurred after an average of 555.43 ± 346.10 impacts. 
The mean maximum head impact on the day of midseason 
testing was 50.60 ± 27.89g linear acceleration and 1877.25 
± 1183.48 rad/sec2 rotational acceleration.

When we used the midpoint evaluation as a within-sub-
ject control, the QP revealed significant decreases in dila-
tion velocity (mean difference 0.139 mm/sec; p = 0.048), 
percent change in pupil diameter (mean difference 3.643; 
p = 0.002), and maximum constriction velocity (mean dif-
ference 0.744 mm/sec; p = 0.010) at the assessment made 
after HHI when compared to values at the athletes’ own 
midpoint evaluations (Table 1). There was no significant 
difference in the NPi, maximum size metric (maximum 
diameter), minimum size metric (minimum diameter), 
latency to constriction, or constriction velocity (all p > 
0.05) at the same time point. An evaluation of the SCAT5 
components did not reveal any differences between values 
obtained at the HHI evaluation and those obtained at the 
midpoint evaluation (p > 0.05). The associated data are 
summarized in Table 2.

When we compared differences in the QP over the 
course of the season, there was a significant change in both 
constriction velocity (p = 0.019) and maximum constric-
tion velocity (p = 0.043; Table 3). Neurocognitive testing 
performed using the SCAT5 did not show any significant 
differences over the course of the season. The associated 
data are summarized in Table 4.

Discussion
Concussion was first defined by the Congress of Neuro-

logical Surgeons in 1966 as 
a clinical syndrome characterized by immediate and transient 
impairment of neural function, such as alteration of con-
sciousness, disturbance of vision, equilibrium, etc., due to 
mechanical forces.11

TABLE 1. Comparison of QP results obtained following HHIs and 
at midseason

HHI  
Evaluation

Midseason 
Evaluation

p  
Value

NPi value 3.721 ± 0.423 3.936 ± 0.308 0.069
Max diameter, mm 5.163 ± 0.698 5.504 ± 0.716 0.178
Min diameter, mm 3.599 ± 0.554 3.648 ± 0.520 0.775
% change in pupil 

diameter
30.286 ± 2.701 33.929 ± 2.269 0.002

Max constriction velocity, 
mm/sec

4.382 ± 0.654 5.126 ± 0.534 0.010

Latency to constriction, 
sec

0.228 ± 0.032 0.213 ± 0.019 0.166

Constriction velocity, 
mm/sec

3.121 ± 0.573 3.429 ± 0.378 0.082

Dilation velocity, mm/sec 1.359 ± 0.290 1.498 ± 0.261 0.048
Values are expressed as means ± SDs. Boldface type indicates statistical 
significance.
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Since that time the definition of SRC has become more 
varied and complex. A recent systematic review identified 
14 articles that provided definitions of concussion by six 
different organizations.20 The authors of the review rec-
ommended that the clinical definition of concussion in-
clude elements of biomechanics, physiology, clinical find-
ings, neuroimaging, and fluid biomarkers/genetics. These 
recommendations culminated in a definition of SRC pro-
vided by the CISG in 2016 as 

a traumatic brain injury induced by biomechanical forces... 
[that] typically results in the rapid onset of short-lived impair-
ment of neurological function... [and] results in a range of 
clinical signs and symptoms.21

Because of the ambiguity in reporting and identifying 
the subjective clinical symptoms of SRC, the definition 
would be improved by an objective measure for diagnosis.4

In the present study, there was evidence of biometric 
changes, as measured by the pupillary light reflex assessed 
after clinically asymptomatic HHI. Relative to values ob-
tained at the participant’s own evaluation following an 
uneventful (no HHI) athletic event, there were significant 
decreases in dilation velocity, percent change of pupil di-
ameter, and maximum constriction velocity. No signifi-
cant differences were seen in the results of neurocognitive 
assessments that were performed after the HHI and non-
HHI evaluations. These results indicate that the forces ex-
perienced by these athletes were sufficient to alter intrin-
sic brain reflex pathways, even when the effects of the HHI 

were otherwise clinically silent. Clinically asymptomatic 
HHIs have already been associated with increases in se-
rum tau and UCH-L1, both biomarkers of TBI.13 Coupled 
with the QP data, an otherwise asymptomatic HHI poten-
tially meets the criteria proposed for concussion by the 
CISG based on an objective biomechanical, physiological, 
and biomarker evaluation. Previous literature has suggest-
ed that there is a wide spectrum of mTBIs.18 The results 
reported in the present study indicate that an HHI may be 
another grade on the concussion spectrum that cannot be 
captured by standard clinical testing.

Concussions, as clinically defined, have remained in 
the spotlight over the last 10 years due to ongoing con-
cern about their relationship to chronic traumatic en-
cephalopathy (CTE). While the prevailing theories are 
that CTE develops as a result of repetitive head impacts 
(RHIs), the exact cause and mechanism of CTE is still 
under investigation.27 In fact, there is evidence against the 
prevailing understanding of RHIs as the sole mechanism 
of CTE.17,26 In the present study, HHI was associated with 
pupillary changes that were not seen during evaluations 
made following events during which there were no HHIs. 
These results suggest that HHIs may have a more pro-
found impact on the health of athletes than a typical col-
lision. RHIs, which by definition entail 100% of head im-
pacts, constitute a nearly impossible entity to avoid short 
of abandoning all collision sports. However, an HHI ac-
counts for only 0.01% of all head impacts experienced by 
high school athletes.13 Given this low incidence, an HHI 

TABLE 3. Comparison of QP results over the course of the season

Baseline Evaluation Midseason Evaluation End-of-Season Evaluation F-Test p Value

NPi value 3.808 ± 0.401 3.981 ± 0.343 3.919 ± 0.290 1.501 0.265
Max diameter, mm 5.258 ± 0.931 5.341 ± 0.658 5.290 ± 0.808 0.038 0.962
Min diameter, mm 3.580 ± 0.558 3.513 ± 0.513 3.550 ± 0.493 0.061 0.941
% change 31.231 ± 6.849 34.385 ± 3.499 32.769 ± 3.861 2.751 0.107
Max constriction velocity, mm/sec 4.576 ± 1.247 5.165 ± 0.596 4.744 ± 0.712 4.264 0.043
Latency to constriction, sec 0.215 ± 0.031 0.220 ± 0.026 0.232 ± 0.031 2.511 0.126
Constriction velocity, mm/sec 2.874 ± 0.923 3.467 ± 0.457 3.222 ± 0.481 5.788 0.019
Dilation velocity, mm/sec 1.170 ± 0.470 1.477 ± 0.219 1.284 ± 0.309 4.829 0.068

Values are expressed as means ± SDs. Boldface type indicates statistical significance.

TABLE 2. Neurocognitive performance following HHI and at midseason

Neurocognitive Testing* HHI Evaluation Midseason Evaluation p Value Effect Size

Self-report: symptom severity 10 ± 18.64 6 ± 8.39 0.767 –0.127
Self-report: no. of symptoms 3.67 ± 5.61 3.67 ± 4.13 1 0
Self-report: % of normal 87.5 ± 11.73 95.83 ± 8.01 0.175 0.645
Orientation 4.33 ± 1.21 4.86 ± 0.378 0.203 0.598
Immediate recall 14.5 ± 1.22 14.71 ± 0.488 0.363 0.408
Delayed recall 2.67 ± 1.21 3.57 ± 1.51 0.363 0.408
Concentration 3.17 ± 1.33 3.43 ± 0.786 0.465 0.323
Balance 12 ± 5.37 10.43 ± 3.87 0.605 –0.225

Values are expressed as means ± SDs.
* Neurocognitive testing was performed using the SCAT5.9
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appears to be an actionable entity. Previous studies have 
suggested that the frequency of high-speed collisions can 
be regulated out of football and, perhaps, other sports. 
Potential interventions include an increased football field 
width to decrease the likelihood of collisions, fewer prac-
tices involving contact, rule changes such as targeting 
penalties, and coaching interventions into improper tack-
ling techniques.6,10,12,29

A clear causal relationship between chronic neuro-
degenerative disease and collision sports has yet to be 
established, in part due to the difficulty of defining and 
documenting all head impact and head injury events. Fu-
ture studies of head impacts and their sequelae would be 
improved by the development of a reproducible definition 
of head injury that does not rely on clinical acumen. Hel-
met accelerometry is one method by which these impacts 
can be quantified, although it is limited in its ability to 
correlate impact with injury.24 Based on the results seen 
here, QP may be a rapid noninvasive method of measuring 
brain injury in conjunction with or without helmet accel-
erometry. With tools such as QP, as well as others such as 
eye-tracking devices, a better objective understanding of 
the relationship between impact and injury (both short-
term and long-term) is possible.3,25,28 Furthermore, simple 
devices such as these can enhance the detection of head 
injury on a larger scale, benefitting the many youth sports 
that do not have access to athletic trainers.15 These objec-
tive measures will allow more rigorous studies to be per-
formed on the relationship between head impacts and their 
sequelae.

There were a number of limitations in this study. The 
sample size was low, increasing the effect of outliers. The 
multiplicity of hypotheses tested here further worsened 
the effect of the low sample size and could potentially 
have altered the results. A significantly larger cohort is 
needed to elucidate the changes that occur following an 
HHI. In addition, the results may have been affected by 
the use of within-subject controls rather than a separate 
cohort. The clinical implications of the subtle pupillary 
change seen with QP are also unclear.

Conclusions
Measurable changes in pupil response were demon-

strated following HHIs. Based on these results, we can 

infer that nonconcussive HHIs may affect intrinsic brain 
reflex pathways and may reflect biological injuries that 
previously were found using more invasive methods.
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