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Abstract

Neurosensory abnormalities are frequently observed following pediatric mild traumatic brain injury (pmTBI) and may
underlie the expression of several common concussion symptoms and delay recovery. Importantly, active evaluation of
neurosensory functioning more closely approximates real-world (e.g., physical and academic) environments that provoke
symptom worsening. The current study determined whether symptom provocation (i.e., during neurosensory examination)
improved classification accuracy relative to pre-examination symptom levels and whether symptoms varied as a function of
point of care. Eighty-one pmTBI were recruited from the pediatric emergency department (PED; n=40) or outpatient
concussion clinic (n=41), along with matched (age, sex, and education) healthy controls (HC; n=40). All participants
completed a brief (~ 12 min) standardized neurosensory examination and clinical questionnaires. The magnitude of symptom
provocation upon neurosensory examination was significantly higher for concussion clinic than for PED patients. Symptom
provocation significantly improved diagnostic classification accuracy relative to pre-examination symptom levels, although the
magnitude of improvement was modest, and was greater in the concussion clinic. In contrast, PED patients exhibited worse
performance on measures of balance, vision, and oculomotor functioning than the concussion clinic patients, with no dif-
ferences observed between both samples and HC. Despite modest sample sizes, current findings suggest that point of care
represents a critical but highly under-studied variable that may influence outcomes following pmTBI. Studies that rely on
recruitment from a single point of care may not generalize to the entire pmTBI population in terms of how neurosensory
deficits affect recovery.
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Introduction

THERE IS INCREASED PUBLIC CONCERN regarding the incidence
and potential long-term effects of pediatric mild traumatic
brain injury (pmTBI)," with recent estimates suggesting 750,000
new cases each year.” The diagnosis and prognosis of pmTBI is
based on symptom self-report,’ with emerging evidence suggesting
a prolonged course of recovery in adolescent, relative to adult,
patients.*> Neurosensory abnormalities (vestibulo-ocular, ocular
motor, visual and vestibulospinal) may underlie the expression of
several common concussion symptoms and may be associated with

persistent symptoms.® Although previous studies have reported
neurosensory deficits in adult’® and pediatric’~'> mTBI samples,
the prevalence of symptom types and how neurosensory dysfunc-
tion varies as a function of healthcare setting (e.g., pediatric
emergency department [PED] versus concussion clinic) in pmTBI
has not been determined. Point of care may be an important, yet
under-studied factor, given the large differences in outcomes re-
ported in the adult literature following mTBI.'*'#

There are several benefits for conducting a neurosensory exami-
nation in clinical and research settings. First, in contrast to the non-
specific, subjective, self-report nature of concussion symptoms,'>1¢
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certain aspects of neurosensory dysfunction (e.g., near point of
convergence [NPC], balance) can be directly quantified, and corre-
spond to a potential underlying biological mechanism.%'”'® Second,
the measurement of symptom exacerbation during the gradual ex-
posure of patients to physical'®?® and/or neurosensory'” tasks
(hereafter referred to as “‘symptom provocation’) is increasingly
recognized as an effective strategy for determining recovery.''!?
Recent evidence suggests that recovery may vary across different
neurosensory and cognitive domains, and likely exceeds the “tra-
ditional” 7-10 day recovery window.''3

pmTBI patients are seen across a variety of clinical and research
settings,”**> with varying outcomes reported as a function of point
of care in adult studies.'>'* Data derived from outpatient specialty
clinics in the semi-acute phase suggest that 28.6-69% of pmTBI
patients have vestibulo-ocular and/or visual symptoms,'®!” with
81% reporting vestibulospinal (i.e., difficulty with balance) prob-
lems.”® To our knowledge, the prevalence of vestibulo-ocular,
ocular motor, visual, and vestibulospinal deficits has not been in-
vestigated in PED patients, nor have the characteristics of these
deficits been compared across pmTBI samples derived from dif-
ferent healthcare settings.

The current study, therefore, assessed neurosensory functioning
in pmTBI patients recruited from either PED or a concussion clinic
and from a community sample of healthy controls (HC) using a
standardized battery. Our primary aims were to determine whether
symptom provocation would be a more sensitive marker for clas-
sification (patient vs. control) and recovery than symptoms at rest,
and whether there were differences in symptom provocation as a
function of point of care. We hypothesized that: (1) pmTBI patients
would exhibit a greater level of concussion symptoms prior to
provocative testing than HC, (2) concussion symptom provocation
would demonstrate increased sensitivity and specificity relative to
pre-examination symptomatology for patient classification, and
(3) concussion symptom provocation would be greater in a PED
sample because there was a more acute time frame for assessment
(i.e., closer to time of injury) relative to a concussion clinic sample.

Methods
Participants

Patients between 12 and 18 years old were consecutively re-
cruited from either the University of New Mexico Hospital
Emergency Department (UNMH; n=42) or The Children’s Hos-
pital of Philadelphia Minds Matter Concussion Program (CHOP;
n=42). All patients were seen during the acute to semiacute injury
phase of pmTBI (within 28 days of injury). As expected based on
the different types of medical care for concussion, patients were
seen at longer post-injury intervals in the concussion clinic. Forty-
one age-, education-, and sex-matched children served as HC,
mostly obtained at the New Mexico site. Two patients (one UNMH
and one CHOP) and one HC were extreme outliers on two or more
tests (three times the interquartile range) and were excluded from
further analyses. One UNMH patient had a high level of pre-
examination symptoms with no symptoms following neurosensory
testing, and was therefore also excluded. The final cohort consisted
of 40 UNMH pmTBI patients (15 females; age, 15.1+2.0;
6.61 2.4 days post-injury), 41 CHOP pmTBI patients (18 females;
age, 149+1.6; 11.3£7.4 days post-injury), and 40 HC (14 fe-
males; age, 14.31+1.9). Informed consent was obtained from par-
ticipants according to each institution’s guidelines.

All pmTBI experienced a brain injury associated with the onset
of new symptoms. Loss of consciousness (if present) was <30 min,
and post-traumatic amnesia (if present) was limited to 24 h. Ex-
clusion criteria for both UNMH and CHOP participants included
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a positive history of neurological disease, major psychiatric dis-
turbance (i.e., anything other than adjustment disorder), autistic
spectrum disorders, prior closed head injuries with >5 min of loss of
consciousness, active litigation, substance abuse, or alcohol abuse.
HC were excluded for all of the mentioned criteria, as well as for
a history of attention-deficit/hyperactivity disorder (ADHD) or
learning disorder.

Neurosensory examination

The examination focused on vestibulo-ocular, ocular motor,
vestibulospinal, and visual deficits. Selected tests were derived
from a number of different sources or newly devised (see Supple-
mentary Text and Fig. S1; see online supplementary material at
http://www liebertpub.com). A measure of symptom validity/effort
is highly recommended,”” but does not currently exist for stan-
dardized neurosensory tests. All participants, therefore, performed
a vigorous dorsiflexion of both feet for ~20 sec (the double dor-
siflexion foot stretch [DDFS]), as this was deemed to be nonspecific
to the vestibulo-ocular, ocular motor, visual, or vestibulospinal
systems and did not require substantial physical exertion. To avoid
bias, the DDFS was always administered first, prior to any other
neurosensory examination.

The majority of neurosensory tests (i.e., smooth pursuits, hori-
zontal and vertical saccades, horizontal and vertical vestibulo-
ocular reflex, visual motion sensitivity) were derived directly from
The Vestibular/Ocular Motor Screening (VOMS),'? with no alter-
ations to the instructions. Per guidelines, a metronome (see Sup-
plementary Materials for rates) was used to assist the participants
in guiding the tempo of movements. The VOMS measurement of
NPC (measured to 0.5 cm across three trials) was replaced with a
more standardized procedure used in clinical trials for convergence
insufficiency that uses the Astron Accommodative Rule (Gulden
Ophthalmics, Elkins Park, PA) with a standard single 20/30 card as
the visual target.28’29 A total of three trials were conducted, and
each trial was halted when the participant reported a doubling of the
stimuli or when the experimenter noticed binocular loss of con-
vergence. Monocular accommodation was acquired over a single
trial for each eye, using the exact same visual stimulus as conver-
gence. The King—Devick test was used to further quantify saccadic
eye movements,*%>! with total number of errors and completion
time recorded. Finally, a tandem gait task assessed balance, with
participants taking 10 steps forwards and backwards with eyes open
and closed (five steps each).

All participants were required to rate the degree to which they
experienced four symptoms (headache, dizziness, nausea, and
fogginess)'> on an 11 point Likert scale prior to the start of the
neurosensory examination (i.e., pre-examination symptoms) and
immediately following each task listed (i.e., symptom provoca-
tion). The primary outcome measures were the total self-reported
symptom burden prior to neurosensory testing (i.e., sum of all pre-
examination symptoms) and the total burden of symptom provo-
cation reported after performing the neurosensory tests (i.e., sum of
positive differences or increased symptoms across each individual
test relative to pre-examination levels). The latter variable excluded
the score from the nonspecific symptom provocation measure
(DDFS) in the calculations. Secondary analyses examined symp-
tom variation (i.e., sum of differences in symptoms for each indi-
vidual test relative to pre-examination levels).

Statistical analyses

One way group (UNMH vs. CHOP vs. HC) ANOVAs evaluated
hypotheses regarding symptom provocation (primary) or total
symptom change (secondary) using rank-transformed data caused
by non-normality. A Fisher’s exact test examined whether the
number of participants exhibiting nonspecific symptom provo-
cation (DDFS) differed across the three groups. ANOVAs or
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multivariate ANOVAs (MANOVAs) were performed on all
quantifiable measures (e.g., distances, errors) to assess for group
differences using log-based (e.g., skewed data) or rank (error data)
transformations as appropriate. Binary logistic regression exam-
ined whether symptom provocation was more sensitive and specific
for classifying patients from controls relative to pre-examination
symptom report. Any simple effects tests were corrected for mul-
tiple comparisons (Bonferroni correction) and only significant
findings are reported. Statistical tests were conducted on trans-
formed data whereas actual data (i.e., nontransformed) are pre-
sented in figures.

Results

No significant differences in age (p=0.156) or sex (p=0.697)
were observed (see Table 1). Significant group differences existed
in number of prior concussions (F,;15=10.00, p<0.001), with
simple effects tests indicating a larger number of previous con-
cussions in both CHOP (ts9.5=4.60, p <0.001) and UNMH groups
(ts4=3.08, p=0.003) relative to HC. As expected based on typical
patterns of seeking clinical care, mean days post-injury to assess-
ment was significantly higher (t455=3.83, p<0.001) for CHOP
than for UNMH. However, days post-injury was not significantly
related to pre-examination symptomatology (CHOP r=-0.18,
p=0.255; UNMH r=-0.07, p=0.655) or symptom provocation
(CHOP r=-0.05, p=0.775; UNMH r=-0.21, p=0.184) in either
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sample. Similarly, there was a significantly (X=4.48; p=0.034)
higher proportion of children with sports-related concussions in the
CHOP sample (68.3%) than in the UNMH sample (45.0%).

The ANOVA comparing pre-examination symptomatology was
significant (F, ;5=14.63, p<0.001), with higher symptom loads in
the UNMH (t7, 4=4.40, p <0.001) and CHOP (t;43=5.30, p<0.001)
groups than in HC, but with no differences between the two pmTBI
samples (t;0=0.76, p=0.449; Table 1; Fig. 1A). A total of 95% of
HC reported a pre-examination symptom burden score of <5, which
was then used to operationally define symptomatic versus asymp-
tomatic (i.e., recovered from injury) patients in both samples. Only
a few participants in each group reported any symptom provocation
(Table 1; Fig. 1B) or symptom variation (Fig. 1C) on the DDFS. A
Fisher’s exact test was not significant (p=0.155), although this ef-
fect may have been limited by low power.

The ANOVA evaluating symptom provocation (Fig. 2) was
significant (F ;;5=28.04, p<0.001). CHOP patients experienced
increased symptom provocation relative to both UNMH (t;9=2.90,
p=0.005) and HC (tg5.4=8.20, p<0.001), with UNMH patients
also reporting greater symptom provocation than HC (tgy,=4.45,
p<0.001). Results from secondary analyses excluding patients
with comorbid disorders from both samples (see Supplementary
Materials) were statistically similar for pre-examination and
symptom provocation, suggesting that the presence of comorbid
disorders did not explain point of care differences observed in

TABLE 1. DEMOGRAPHICS AND NEUROSENSORY EXAMINATION

HC UNMH CHOP

Demographics (n=40) (n=40) (n=41)
Aget 14.3 (1.9) 15.1 (2.0) 14.9 (1.6)
Gender (% F) 35.0% 37.5% 43.9%
n previous mTBIs 0 (0) 0(1) 0(Q2)
Days post-injury NA 6.6 (2.4) 11.3 (7.4)
Injury classification (n participants)

Sports-related concussion NA 18 28

Motor vehicle crashes NA 11 3

Falls/assaults NA 11 10
Clinical conditions (n participants)

ADHD 0 5 3

Learning disability 0 3 4

Total clinical conditions® 0 7 5
Neurosensory symptoms
Baseline 0 (1.00) 2.50 (11.00) 4.00 (10.00)
Nonspecific symptom provocation (n participants) 1 3 6
Symptom provocation 0 (1.00) 4.00 (23.00) 19.00 (35.00)
Total symptom variation 0 (4.00) 1.00 (19.00) 19.00 (36.00)
Objective measures
Near point of convergence (cm) 5.42 (4.00) 5.92 (3.00) 4.50 (2.67)
Accommodative amplitude (cm)

Left eye 7.50 (2.90) 7.50 (4.40) 7.00 (2.00)

Right eye 7.50 (2.40) 8.50 (5.50) 6.00 (2.00)
Tandem walking errors 3.50 (6.00) 4.00 (4.00) 1.00 (3.00)

King-Devick
Time
Errors

68.30 (17.00)

66.45 (21.00)
0(1)

54.64 (20.00)

0 (0) 0(0)

Median (Interquartile ranges) are presented for all variables unless otherwise specified by the symbol #, in which case mean and standard deviation are

presented.
“Individuals could be diagnosed with more than one clinical condition such

that the total is not a simple sum. Nonspecific symptom provocation is calculated

based on increase in symptom ratings on double dorsiflexion foot stretch. Healthy Control (HC) days post-injury and injury classification is not applicable (NA).

UNMH, University of New Mexico Hospital Emergency Department;

CHOP, The Children’s Hospital of Philadelphia Minds Matter Concussion

Program mTBI, mild traumatic brain injury; ADHD, attention-deficit/hyperactivity disorder.
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FIG. 1.

(A) Presents scatter box plots representing the total pre-examination symptom (SX) burden for each group (HC, healthy

controls; NM, University of New Mexico Hospital Emergency Department patients; CH, The Children’s Hospital of Philadelphia Minds
Matter Concussion Program patients). The dashed line indicates the 95th percentile for pre-examination symptoms in HC. Symptom
provocation (Prov/positive symptom change = A Pos SX) and symptom variability (Var/change in symptom =A SX; C) following a non-
neurosensory task (DDFS, double dorsiflexion foot stretch) are presented in B and C, respectively. D and E present scatter plots depicting
the relationship between the number of days post-injury and pre-examination symptoms experienced by the NM and CH groups.

principal analyses. Moreover, there were no significant differences
in pre-examination symptomatology (p =0.460) and total symptom
provocation ( p=0.520) between pmTBI patients with and without
comorbidities when collapsed across groups, although these effects
may have been limited by power.

A significant effect of group was observed for NPC distance
(F,118=4.18, p=0.018), with CHOP patients exhibiting signifi-
cantly lower NPC than UNMH patients (t;0=2.85, p=0.006).
Completion time for the King—Devick test differed significantly
between groups (F51;7=5.32, p=0.006), with CHOP patients
completing the test more quickly than UNMH patients (t;3=3.03,
p=0.003). Error rates on the King—Devick test were nonsignificant
between groups (p=0.459; Fig. 3). ANOVASs comparing monoc-
ular accommodation indicated significant differences for group for
the left (F,;;5=4.16, p=0.018) and right eye (F,17=4.20,
p=0.017), with UNMH patients manifesting significantly greater
accommodation distance than CHOP patients for left (t;; §=2.75,
p=0.008) and right eye (t;3=2.65, p=0.010). The group effect was
significant for tandem gait errors (F; 1,6=10.48, p<0.001), with
CHOP patients exhibiting significantly fewer errors than UNMH
patients (t;7=-4.80, p<0.001) and HC (t;9=-2.85 p=0.006).

Separate binary logistical regression analyses determined whe-
ther symptom provocation with neurosensory examination was
more sensitive than pre-examination symptomatology for classi-
fying patients and controls. Self-reported pre-examination symp-

tomatology significantly (Wald=13.83; p<0.001) classified HC
(67.5%) from UNMH patients (72.5%) with a total accuracy of
70.0%. The addition of symptom provocation to the model resulted
in significant (Wald =5.30; p=0.021), but minimal improvement in
total accuracy (73.8%; A=3.8%), which resulted from an im-
provement in classification of the HC (77.5%; A=10.0%), rather
than the UNMH patient group (70.0%; A=-2.5%).

Results for pre-examination symptoms were similar for the
CHOP sample, with symptoms significantly (Wald=17.62;
p<0.001; total accuracy=72.8%) classifying CHOP patients
(78.0%) from HC (67.5%). The inclusion of symptom provocation
in the model resulted in a significant (Wald=16.37; p<0.001)
improvement in total accuracy (80.2%; A=7.4%), with classifica-
tion accuracy increasing slightly in the CHOP patient group
(80.5%; A=2.5%) and increasing more for HC (80.0%;
A=12.5%). See Supplementary Materials for comparisons be-
tween recovered and nonrecovered patients.

Discussion

The current study assessed neurosensory function and symptom
provocation in two independent samples of pmTBI patients derived
from different points of care (PED vs. concussion clinic). The
two patient samples were well matched in terms of biological sex,
age, and previous concussion history. Consistent with a priori
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FIG. 2. Scatter box plots depicting symptom provocation across all tests (sum of the positive change in symptoms following each
individual test=) A Pos SX; A) and following each individual test (positive symptom change following each of individual test=A Pos
SX; B-D) for each group (HC, healthy controls; NM, University of New Mexico Hospital Emergency Department patients; CH, The
Children’s Hospital of Philadelphia Minds Matter Concussion Program patients). Labels for individual tests include: SMP, smooth
pursuits; SAH, horizontal saccades; SAV, vertical saccades; VOH, horizontal vestibular-ocular reflex; VOV, vertical vestibular-ocular
reflex; VIM, visual motion sensitivity; NPC, near point of convergence; MAC, monocular accommodative amplitude; TG, tandem gait;

KD, King—Devick test.

hypotheses, pmTBI patients exhibited elevated pre-examination
concussion symptoms relative to HC, and symptom provocation
accurately classified both patient samples versus controls above
and beyond pre-examination symptoms. Contrary to predictions,
the magnitude of symptom provocation and the improvement in
classification accuracy were higher for concussion clinic than for
PED patients. In contrast, performance on objectives measure of
balance, vision, and oculomotor functioning were generally worse
for the PED sample.

Previous research has suggested that recovery times differ based
on point of care, with 31-33% of PED patients® and 73% of spe-
cialty clinical patients®* reporting significant impairment 4 weeks
post injury. Different recovery patterns in mTBI have also been
reported for large-scale studies of adult athletes (i.e., rapid recovery
for the majority)'* relative to injured ED/hospitalized (i.e., slow re-
covery for a substantial minority) patients.'* However, all of these
studies confounded point of care with assessment methodology because
they were conducted with different measures. Current results suggest
that both the amount of pre-test symptomatology and proportion of
symptomatic patients (based on cutoff determined from the 95th per-
centile of the control group) were statistically similar across PED and
concussion clinic patients, although the concussion clinic group was
assessed later in the recovery course. These results highlight the im-
portance of using a standardized examination and identical criteria for
identifying symptomatic patients across points of care, eliminating
several methodological concerns associated with symptom-based di-
agnoses that have hampered previous investigations.**?

Neurosensory and physical challenges provide a platform for
measuring symptom provocation that is similar to a child’s real-
world experiences (e.g., school and active play) and, therefore, are
superior to self-report.'*'%?*33 Consistent with previous re-
sults,'""2"22 current findings suggest that: (1) both pmTBI samples
exhibited increased symptom provocation relative to HC, (2)
symptom provocation increased diagnostic classification accuracy
relative to pre-examination symptoms alone, and (3) symptom
provocation was a more sensitive marker for identifying patients
who were not recovered. To our knowledge, this is the first study to
indicate that the magnitude of symptom provocation and the overall
impact on classification accuracy were higher for a concussion
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FIG. 3. Box plots depicting quantifiable data for near point of
convergence distance (NPC; A), left (L) and right (R) monocular
accommodative amplitude (MAC; B and C), King-Devick (KD)
time (D) and errors (E), and tandem gait errors (TG; F) across
groups (HC, healthy controls; NM, University of New Mexico
Hospital Emergency Department patients; CH, The Children’s
Hospital of Philadelphia Minds Matter Concussion Program pa-
tients). Per convention, statistical tests were conducted on rank-
transformed data, whereas untransformed scores are presented
in figures.
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clinic (classification accuracy A=7.4%) relative to a PED-derived
(classification accuracy A=3.8%) sample. Pre-existing learning
disorders and ADHD are common in pmTBI,** and have previously
been associated with greater concussion symptoms, as well as with
prolonged recovery.”>>> Importantly, symptom provocation sig-
nificantly differed across points of care even when individuals with
comorbid disorders were excluded from analyses. Moreover, sec-
ondary analyses indicated that pre-examination symptoms and
symptom provocation did not differ between patients with and
without comorbid disorders, suggesting that this was not a driving
factor in current results.

Considered collectively, symptom-based findings suggest fun-
damental differences between pmTBI patients recruited from dif-
ferent points of care, with evidence of prolonged recovery and
greater symptom burden in a self-referred concussion clinic sample
compared with prospective recruiting (i.e., all-comers study) from
the PED. Although the specialty clinic patients appears to represent
a more symptomatic population seeking additional care based on
persistent symptom self-report, the PED sample generally per-
formed worse on objective measures of neurosensory functioning
than the concussion clinic sample (tandem gait errors), with sig-
nificant differences in other visual measures as well (accommo-
dation and NPC).

Previous data suggest that vestibulospinal impairments (i.e.,
balance) predicted return to school, represent important treatment
targets in pmTBI, and are typically more abnormal during the 1st
week of injury.*®*” The differences in accommodation and NPC
may be related to abnormal parasympathetic autonomic function,
which may be more pronounced earlier in the course of injury
(worse performance observed when presenting earlier rather than
later post-injury). Previous results also suggest that the King—
Devick test is most sensitive in the very acute (i.e., within first 48 h)
injury phase.®® Collectively, these findings may be partially re-
flective of the fact that PED patients were tested at time points more
proximal to their injury. Importantly, neither group differed from
the HC sample. Therefore, the current stratification by point of care
may also reflect differences in socioeconomic status, state laws for
patient referrals, injury characteristics (e.g., sport-related concus-
sion vs. motor vehicle crash, time post-injury), and/or other asso-
ciated factors. Therefore, current findings will require replication in
larger samples to ensure that the findings generalize.

Several limitations of the current study should be noted. Fore-
most, sample sizes may have limited power to detect smaller effect
sizes or to explore relationships between nonspecific symptom
exacerbation, concussion-specific symptom provocation, objective
findings, and the effect of comorbid conditions. Second, examiners
were not blinded to patient status. Third, additional studies are
required to (1) reliably establish cutoffs for use of neurosensory
testing in clinical samples across a variety of healthcare settings
and (2) determine if neurosensory testing can increase the 70%
predictive accuracy for prolonged recovery obtained with nine
demographic and symptom factors in a recent PED study.> Finally,
the examination did not include a test of auditory functioning,
which has been shown to be impaired in both military and civilian
samples of adult mTBI.>**° This precludes the assessment of cer-
tain forms of common pathology following TBI (e.g., tinnitus, ef-
fortful comprehension) or impairments that span multiple sensory
modalities.*!

In summary, previous work suggests that disturbances in neuro-
sensory function have good diagnostic (i.e., differentiating pmTBI
patients from controls)™'? as well as prognostic utility for academic
problems,** disrupted neurocognitive function,”*delayed return to
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school,?® and prolonged recovery.!! The current study confirms these
results, but further emphasizes the complexities involved in
symptom-based diagnosis. Specifically, current findings highlight
the important but frequently overlooked role of point of care and
associated factors (e.g., time-post injury) which may prove to be
important for determining outcomes in pmTBI research.”** Several
more recent studies have further quantified the effects of concussion
on vestibular (e.g., with gyroscopes) and visual functioning (e.g.,
with eye tracking and/or pupillometry) using more precise equipment
than our clinically based examination,**** providing new diagnostic
and prognostic opportunities for investigating how neurosensory
dysfunction impacts recovery.
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