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Vestibular and balance function
In veterans with chronic
dizziness associated with mild
traumatic brain injury and blast
exposure
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The purpose of this study was to examine vestibular and balance function in
individuals with chronic dizziness associated with mTBI/blast. A prospective
case-control study design was used to examine ocular motor, vestibular
function, and postural stability in veterans with symptoms of dizziness and/or
imbalance following an mTBI or blast exposure (n = 77) and a healthy control
group (n = 32). Significant group differences were observed for saccadic
accuracy, VOR gain during slow harmonic acceleration at 0.01 Hz, cervical
vestibular evoked myogenic potentials asymmetry ratio, composite equilibrium
score on the sensory organization test, total Dynamic Gait Index score, and
gait. The frequency of test abnormalities in participants with mTBI/blast ranged
from 0 to 70% across vestibular, ocular motor, and balance/gait testing, with the
most frequent abnormalities occurring on tests of balance and gait function.
Seventy-two percent of the mTBI/blast participants had abnormal findings
on one or more of the balance and gait tests. Vestibular test abnormalities
occurred in ~34% of the individuals with chronic dizziness and mTBl/blast,
and abnormalities occurred more frequently for measures of otolith organ
function (25% for cVEMP and 18% for oVEMP) than for measures of hSCC
function (8% for SHA and 6% for caloric test). Abnormal ocular motor function
occurred in 18% of the mTBI/blast group. These findings support the need for
comprehensive vestibular and balance assessment in individuals with dizziness
following mTBI/blast-related injury.

KEYWORDS

vestibular diseases, vestibular function tests, utricle and saccule, postural balance,
traumatic brain injury, blast (explosion) wave-induced neurotrauma

Introduction

Dizziness is one of the more common and persistent symptoms following a head
injury or concussion (1, 2). In war-related injuries, mild traumatic brain injury (mTBI)
is often associated with a blast exposure, and the same insult that produces TBI can
cause trauma to the inner ear. The impact of blast on the auditory system is well
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established (3), however, there is less known about the impact
of blast on the vestibular organs. Dizziness and imbalance can
also occur following blast exposure (4, 5), and damage to the
vestibular sensory organs has been described in blast victims (6).
Most studies have focused on the effect of head trauma or TBI,
and less is known about the effect of blast exposure on peripheral
vestibular function.

For many individuals with blast-related mTBI, the cause(s)
of their dizziness or imbalance is unclear as many studies limit
the evaluation of vestibular and balance function to a symptom-
based questionnaire [e.g., (7, 8)]. A limitation of this method is
that non-vestibular disorders may cause dizziness or imbalance,
and many individuals who complain of dizziness or imbalance
have normal vestibular function. Another shortcoming is that
many studies on dizziness (particularly studies of sports-related
concussion) have limited their assessment to bedside screening
and balance tests. Although loss of vestibular function may result
in postural instability, postural stability involves the dynamic
interplay between multiple body systems, including the sensory,
central nervous and musculoskeletal systems. Abnormal balance
function, therefore, may not be a sensitive clinical indicator of
vestibular dysfunction (9).

It is well established that head injury can result in peripheral
vestibular hypofunction (or unilateral weakness on the caloric
test) (10), and it is reasonable to presume that peripheral
vestibular system abnormalities associated with TBI are likely
due to the head trauma rather than the resulting brain
injury. Several studies have examined vestibular function in
individuals with post-concussive dizziness and blast exposure
by measuring the vestibulo-ocular reflex (VOR)/horizontal
semicircular canal (hSCC) response to caloric irrigation, and
most studies demonstrated that hSCC dysfunction occurs in
less than a quarter of individuals with dizziness following
head injury (11, 12). Until recently, the literature on vestibular
consequences of head injury was restricted to the inner ear
vestibular assessment of horizontal semicircular canal function
and its connections to the eyes (VOR). Peripheral vestibular loss,
however, can occur in one or both labyrinths, in one or both
branches of the vestibular nerve, and in one or more vestibular
sensory organs. Cervical vestibular evoked myogenic potentials
(cVEMP) assess the sacculo-collic pathway and have been used
in the past decade to determine the impact of TBI on otolith
organ function. Similarly, ocular VEMPs (0VEMPs) can be
used to measure utricular pathway function. There is emerging
evidence in animals and humans that otolith organ dysfunction
may occur more often than horizontal canal (VOR) dysfunction
in individuals with dizziness following mTBI or blast exposure
and the saccule may be particularly susceptible to blast-related
damage and noise exposure due to the anatomic proximity of
the saccule to the stapes footplate (13-18).

The purpose of this study was to examine vestibular
and balance function in individuals with chronic dizziness
associated with mTBI/blast. We hypothesized that individuals
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with mTBI/blast and dizziness will have decreased vestibular
function and postural stability compared to healthy controls.
We also hypothesized that the sacullo-collic pathway (cVEMPs)
is particularly susceptible to mTBI/blast compared to the
horizontal canal/VOR pathway.

Materials and methods

Participants

A prospective case-control study design was used to examine
the effects of blast and/or mTBI on the vestibular system and
postural stability. Two groups were enrolled in the study: (1)
veterans with symptoms of dizziness and/or imbalance following
a blast exposure and/or mTBI (mTBI/blast; n = 77) and (2)
a control group comprised of individuals (veterans and non-
veterans) with no complaints of dizziness or imbalance and no
self-reported history of TBI or blast exposure (Control; n = 32).
Participants were recruited from the Polytrauma and Audiology
clinics at the Mountain Home Veterans Affairs (VA) Medical
Center and from the local university, medical school, and
community. A history of mTBI was determined by a physician
diagnosis in the VA computerized patient record system (CPRS).
The VA CPRS was also used to record a history of post-
traumatic stress disorder (PTSD) for the veteran participants. A
history of blast exposure was documented using the Walter Reed
Army Medical Center Blast Injury Questionnaire (19). Exclusion
criteria included a prior history of vestibular or neurological
disorders, lower extremity joint replacement or amputation,
cognitive impairment, and best-corrected visual acuity worse
than 20/40 in the better eye (20) because these factors can
impact postural control independent of vestibular function. All
participants were screened for appropriate cognitive function
based on age and education (21) via the Mini-Mental State
Exam (22) using a score of >24 required for inclusion to ensure
sufficient cognitive function to complete the vestibular and
balance assessment.

This study was approved by the East Tennessee State
University/James H. Quillen VA Medical Center Institutional
Review Board. All participants completed a written informed
consent form prior to participation in the study and were given
nominal payment for their time.

Protocol

Each participant underwent comprehensive vestibular
and balance assessment. Participants were asked to refrain
from the use of alcohol, recreational drugs, over-the-counter
antihistamines, anti-dizzy medications, and sleeping pills
for 48h prior to testing. Laboratory vestibular assessment
included tests of ocular motor, horizontal semicircular canal,
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and otolith organ function. Ocular motor tests (gaze evoked,
smooth pursuit and saccades) were performed as part of the
vestibular test battery to rule out central involvement. Caloric
irrigation and slow harmonic acceleration in a rotary chair were
performed to determine the effect of mTBI/blast exposure on
hSCC/VOR function. Cervical and ocular vestibular evoked
myogenic potentials (VEMPs) were measured to determine the
effects of mTBI/blast exposure on otolith organ function. In
addition, the Dix-Hallpike test and roll tests were performed to
identify the presence of benign paroxysmal positional vertigo
(BPPV). To examine the functional impact of mTBI/blast
exposure on postural control, the sensory organization test and
gait assessments were performed. Participants in the mTBI/blast
group were asked to complete the Dizziness Handicap Inventory
as a measure of self-perceived balance handicap (23). Behavioral
audiometric assessment was performed prior to the vestibular
assessment. Air- and bone-conduction pure-tone audiometry
was performed, and clinical immittance testing was used to
measure middle ear function (226-Hz tympanometry and
ipsilateral acoustic reflex thresholds at 0.5, 1, and 2 kHz).

Vestibular tests

The Dix-Hallpike and roll tests were used to determine
the presence or absence of BPPV. The maneuvers were
performed in the head hanging left and head hanging
right positions, and eye movement was recorded with
video-oculography  (RealEyes
Chatham IL).
defined as the presence of brief nystagmus and vertigo in

Monocular, Micromedical

Technologies, Abnormal findings were
the provoking position.

Ocular motor testing included gaze testing, sinusoidal
smooth pursuit, and random saccades, and was performed using
video-oculography (System 2000, Micromedical Technologies,
Chatham IL) to exam central pathways. Eye movement
recording was calibrated prior to ocular motor testing. Gaze
testing identified the presence or absence of pathologic gaze-
evoked nystagmus with changes in gaze position (center, 20°
right and left, 20° up and down). For sinusoidal smooth
pursuit, gain was calculated as participants tracked a target
at 0.1, 0.2, 0.4 Hz, and abnormal gain at 0.01 Hz was defined
as <0.66 for ages 20-59 years and <0.53 for ages >60 years
(Micromedical Technologies). The saccadic test paradigm used
leftward and rightward targets presented randomly from 5 to
25°. The mean accuracy and latency were calculated across
all leftward and rightward saccadic eye displacements for
each participant. Abnormal saccadic accuracy was defined as
<77 or >137%; abnormal saccadic latency was defined as
>260ms (Micromedical Technologies). Saccadic velocity data
were only analyzed for participants who demonstrated accurate
leftward and/or rightward eye displacements for 18 to 25° target
displacements, and abnormal velocity was defined as <292
deg/s (24).
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Caloric testing was performed using a computer-based
videonystagmography (VNG) system (ICS Chartr, GN
Otometrics, Schaumburg IL) to assess the hSCC/VOR pathway,
and eye movement data were recorded, digitized, and analyzed.
A water irrigator (ICS NCI-440, GN Otometrics, Schaumburg
IL) was used to deliver the caloric stimulus; caloric irrigations
consisted of 250ml of water for 30s at temperatures of 44
and/or 30°C with the participant in a supine position and the
head elevated 30°. Following cessation of the caloric irrigations,
each participant engaged in mental alerting tasks to avoid
response suppression of the induced nystagmus. The peak of
the response was calculated as the average slow component
eye velocity (SCEV) of the three strongest beats of nystagmus.
Normal responses were defined as either an inter-ear difference
of <10% for the monothermal warm caloric test (25) or a
unilateral weakness of <25% for the alternating binaural
bithermal caloric test (26). Bithermal caloric irrigation was
used if the monothermal warm inter-ear difference was >10%.
Abnormal calorics were defined as a unilateral weakness >25%
or a bilateral caloric weakness [total warm SCEV <11°/s and
total cool SCEV <11°/s; (27)].

The rotary chair test (System 2000 Rotational Vestibular
Chair, Micromedical Technologies, Chatham IL) and video-
oculography was used to assess the hSCCs/SVN pathway during
slow harmonic acceleration (SHA) over a frequency range that
included 0.01, 0.04, and 0.16 Hz. Participants were seated in
a light-proof booth with the head upright so that yaw-axis
rotation occurred in the plane of both hSCCs, and mental
alerting tasks were used to prevent suppression of the VOR
response. Phase and gain were calculated for the SCEV response
at each frequency. SCEV responses were defined as abnormal
if gain at 0.01 was <0.25 and/or phase at 0.01 was >56
degrees (28). To examine visual fixation suppression (VFx) of
the VOR, gain was measured with a fixation target during
SHA at 0.16 Hz. Abnormal VFx was defined as gain >0.13
(Micromedical Technologies).

Cervical VEMPs were performed as a measure of
saccular/inferior vestibular nerve (IVN) function [e.g., (29)].
Participants were seated upright and instructed to turn their
head laterally to maximally contract the sternocleidomastoid
(SCM) muscle. A two-channel recording of the cVEMP was
obtained using the ICS Chartr® EP200 (version 6.2.1). Non-
inverting electrodes were placed at the midpoints of the SCM
muscles, inverting electrode at the sternoclavicular junctions,
and the ground electrode was placed on the forehead. Air
conduction cVEMPs were recorded using 500-Hz tone-burst
stimuli presented monaurally via insert earphones (Etymotic
ER3A) at 120 dB ¢, SPL. If cVEMPs were absent at 120 dB
peakSPL, then recordings were also obtained at 125 dB ¢, SPL.
Bone conduction cVEMPs were obtained in participants with
absent AC cVEMPs and evidence of middle ear pathology.
The magnitude of the tonic EMG level was recorded from
the non-inverting electrode and obtained simultaneously in a
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third channel during the cVEMP recording, and the cVEMP
amplitude was normalized for EMG level. cVEMPs were also
obtained at 94 dB ., SPL to screen for superior semicircular
canal dehiscence (SSCD).

The following measurements were calculated for each
participant and compared across groups: (1) peak-to-peak
cVEMP amplitudes (P1-N1) at 120 dB peakSPL’ (2) P1 and
N1 latencies at 120 dB peakSPL’ and (3) asymmetry ratios.
Asymmetry ratios (AR) were calculated from normalized
PI-N1 amplitudes at 120 or 125 dB ¢, SPL using the
following formula:

B |left side P1 — N1 — right side P1 — N1|
"~ |left side P1 — N1 = right side P1 — N1| *

100

The ARs range from 100% to 0% with values near 0% indicating
that P1-N1 amplitudes are symmetrical. The criterion for
abnormal cVEMP was defined as an absent cVEMP at 125 dB
peakSPL and/or a corrected cVEMP amplitude asymmetry ratio
>40% or present cVEMP response at 94 dB e, SPL (laboratory
normative data).

Ocular VEMPs (oVEMPs) were used as a measure of
utricular and superior vestibular nerve (SVN) function (30).
Recording electrodes were placed 1cm below (non-inverting
electrode) and 3 cm below (inverting electrode) the center of
each pupil, and the ground electrode was at Fpz. Participants
were seated in a reclining chair with their gaze fixed on a
stationary target located one meter straight ahead at a vertical
gaze angle of 30°. The stimulus was a 500-Hz Blackman
windowed tone-burst (rarefaction onset phase; rise/fall time = 1
cycle and no plateau) presented at a repetition rate of 5Hz
and at a level of 142 dB peak Force Level (re: 1 pNewton;
peakFL). The stimulus level was measured using an artificial
mastoid (Bruel & Kjeer, model 4930) and a sound-level meter
(Bruel & Kjeer, model 2250). Stimuli were generated by a
commercial evoked potential instrument (ICS Chartr® EP200;
version 6.2.1), amplified (Bruel & Kjar power amplifier, model
2810; drive voltage of 5V peak-to-peak), and delivered by a
hand-held vibrator (Bruel & Kjeer Mini-Shaker, model 4810)
fitted with a custom acrylic rod that measured 9.2 cm in length
and 2.5 cm in diameter. The Mini-Shaker was hand-held by the
examiner such that the axis of the acrylic rod was approximately
perpendicular to the subject’s skull at a standard EEG electrode
location (Fz). Prior to stimulation, the Fz location was marked
on each subject’s head according to the 10-20 electrode system
of the International Federation (31). The weight of the Mini-
Shaker (1kg) was used to standardize the force of the shaker
against the skull as no additional force was applied to Fz by the
examiner. Abnormal oVEMP was defined as an absent response
and/or an oVEMP amplitude asymmetry ratio >40% (laboratory
normative data).

The following measurements were calculated for each
participant and compared across groups: (1) peak-to-peak
oVEMP amplitudes (N1-P1), (2) N1 and P1 latencies, and (3)
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asymmetry ratios. Asymmetry ratios (AR) were calculated from
N1-P1 amplitudes using the following formula:

B |left side N1 — P1 — right side N1 — P1|

= x 100
|left side N1 — P1 =+ right side N1 — P1|

The ARs range from 100% to 0% with values near 0% indicating
that N1-P1 amplitudes are symmetrical. The criterion for
abnormal oVEMP was defined as an absent oVEMP at 142 dB
peakFL and/or an amplitude asymmetry ratio >40% (laboratory
normative data).

Balance and gait assessment

The Sensory Organization Test (SOT) was used to
assess sensory integration for balance through measurement
of postural sway under conditions in which visual and
somatosensory feedback is systematically altered (32). The
SOT is organized into a series of six conditions of increasing
complexity and difficulty (Smart EquiTest, NeuroCom, Division
of Natus, Pleasanton, CA, USA). The first three conditions
were performed on a firm surface with eyes open, eyes closed
and with vision sway referenced. The final three conditions
were performed with the support surface sway-referenced with
eyes open, eyes closed, and with vision sway-referenced. Sway-
referencing refers to either the visual surround or support
surface moving in the same direction and amplitude as
the participant’s sway which provides inaccurate visual or
somatosensory input. Results of the SOT were calculated based
on the theoretical maximum peak-to-peak anterior-posterior
sway and expressed as an equilibrium score ranging from 0
to 100, with 0 indicating loss of balance and 100 indicating
perfect stability. The composite equilibrium score (CES) was
calculated as the weighted average of the equilibrium score for
the six conditions. Abnormal SOT was defined as CES <70 for
participants ages 20 to 59 years, and a CES <68 for participants
60 years or older (NeuroCom, 2011).

The Dynamic Gait Index (DGI) was used to assess balance
during eight functional gait tasks that include walking on
level ground, changing gait speed, walking with vertical and
horizontal head turns, stepping over and around obstacles, and
descending and ascending stairs (33). A trained clinician rated
each walking task using a three-point ordinal scale with 0
indicating severe impairment and 3 indicating normal ability.
The maximum total score (range 0 to 24) was calculated, and
a score of <19 was considered abnormal (34).

Gait speed was measured with a stopwatch as participants
walked at their normal preferred walking pace across 6 meters
(m) on a level indoor surface without an assistive device. Three
trials were performed, and the average speed was calculated for
each participant. Participants began each trial 1.5m from the
starting point and continued walking for 1.5m past the end
point of the 6-m distance. Timing began when the first foot
crossed the start point and ended when both feet crossed the
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end point. Participants wore a safety belt and were accompanied
by a trained clinician to ensure safety. Abnormal gait speed was
defined as <1.1 m/s as this cut-off has been linked to falls and
other adverse events in older adults (35).

Statistical analyses

All statistical analyses were performed using SPSS (version
28.0; SPSS Inc., Chicago, IL). Multiple analyses of variance
(MANOVA) and ¢-tests were used for comparisons of vestibular
and balance function between individuals with dizziness
following mTBI/blast and a control group. Separate MANOVAs
were conducted to determine the effect of group (control group,
mTBI/blast group) on (1) saccadic accuracy (2 groups x 2
directions), (2) saccadic latency (2 groups x 2 directions),
(3) saccadic velocity (2 groups x 2 directions), (4) smooth
pursuit gain (2 groups x 3 frequencies), (5) SHA gain (2
groups x 3 frequencies), (6) SHA phase (2 groups x 3
frequencies), (7) cVEMP amplitude (2 groups x 2 sides), (8)
cVEMP latency [2 groups x 2 sides x 2 peaks (P1 and
N1)], (9) oVEMP amplitude (2 groups x 2 sides), and (10)
oVEMP latency [2 groups x 2 sides x 2 peaks (N1 and P1)].
Separate univariate ANOVAs were performed for MANOVA
outcome variables that showed a significant main effect. Absent
cVEMP and oVEMP responses were assigned an amplitude
value of 0 pV; absent responses were not included in the
latency analyses. Pillai’s Trace was used in each MANOVA
to determine significance with p < 0.05 being considered
statistically significant.

Independent-samples t-tests were conducted to determine
the effect of group on caloric weakness, gain during visual
fixation at 0.16Hz, ¢cVEMP asymmetry ratio, oVEMP
asymmetry ratio, SOT composite score, DGI total score,
and gait speed.

TABLE 1 Group demographics and characteristics.

mTBI/Blast group
(N=77)

n (%) X SD
Gender (male) 74 (96)
Age (years) 38.1 10 22-67*
DHI 48 23
Onset (months) 96 90
PTSD 62 (81)
SNHL 56 (72)
Mixed HL 2(3)

“Three participants in mTBI/blast group and one in control group are >60 years.

Range

10.3389/fneur.2022.930389

Vestibular, ocular motor, and balance test findings were
categorized as normal or abnormal for each participant using
established clinical cut-offs (published and laboratory normative
data). These cut-offs are defined for each test described above
and shown in each scatterplot figure for the test variables used to
define a normal or abnormal test finding.

Chi-Square or Fisher’s Exact tests were used to examine
the association between mTBI/blast and abnormal vestibular
and balance findings. Specifically, Fisher’s Exact test was used
when the frequency of any cell was <5, and Chi-Square was
used in all other cases. Odds ratios were used to compare
the odds of vestibular or balance dysfunction in individuals
with dizziness associated with mTBI/blast exposure compared to
healthy controls. It was hypothesized that mTBI/blast exposure
produces negative outcomes in these measures, so one-sided
p-values were used to determine significance at the 0.05 level.

Results

Participant characteristics

The demographics for each group are summarized in
Table 1. Participants in the mTBI/blast group ranged in age
from 22 to 67 years (mean = 38.1 years), and the control
participants ranged in age from 20 to 60 years (mean = 31.6
years). Three participants in the mTBI/blast group and one
in the control group were at least 60 years old. There was a
significant difference in age between groups with the mean age
for the control group ~8 years younger than the experimental
group (p<0.001). Most participants in both groups were male
(mTBI/blast: 96%; control: 88%).

The mTBI/blast group was comprised of 52 individuals with
a history of both mTBI and blast, 16 individuals with a history of
blast only, and nine individuals with a history of mTBI only. The
number of blast exposures reported by individual participants in

Control group
(N =32)
n (%) X SD Range
28 (88)
30.6 10 20-60*
0
n/a
n/a
7 (22)
0

X, Mean; SD, Standard deviation; DHI, Dizziness Handicap Inventory; PTSD, Post-Traumatic Stress Disorder; SNHL, sensorineural hearing loss (one or more pure tone thresholds >25

dB HL in at least one ear); Mixed HL, Mixed hearing loss in at least one ear (one or more air conduction thresholds >25 dB HL and an air-bone gap >10 dB HL).
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FIGURE 1
Mean and SDs for pure-tone thresholds collapsed across ears for
the mTBlI/blast (open circles) and control (closed circles) groups.

the mTBI/blast group ranged from 1 to 50 (mean = 3.9). Fifty-
one (75%) participants in the mTBI/blast group reported more
than one blast exposure. Participants were queried about their
distance from the blast when it detonated, and 34% indicated
the blast was within five feet, 38% indicated 10 to 15 feet, and
25% indicated >15 feet. The time between study enrollment and
the most severe blast exposure ranged from 6 to 564 months
(mean = 95 months).

All participants in the mTBI/blast group reported dizziness
following the mTBI and/or blast, and they were queried about
their symptom characteristics. Imbalance and lightheadedness
were the most common symptoms reported by 92 and 78% of
participants, respectively. Both vertigo and lateropulsion were
reported by 53% of participants, and oscillopsia was the least
common symptom occurring in 23%. The Dizziness Handicap
Inventory (DHI) was used as a measure of self-perceived balance
handicap, and the mean DHI was 48 for the mTBI/blast group
indicating moderate perceived handicap. Eighty-one percent of
the mTBI/blast participants had a diagnosis of post-traumatic
stress disorder.

All participants had normal tympanometry bilaterally
consistent with normal middle ear function. Pure tone
audiometry revealed that 56 (72%) of the participants in the
mTBI/blast group had sensorineural hearing loss in at least
one ear and two had mixed hearing loss in one ear (Table 1).
Seven participants (22%) in the control group had sensorineural
hearing loss in at least one ear. Figure 1 shows the mean pure
tone thresholds for the mTBI/blast and control groups. The
mean pure tone average was 19.25 dB HL for the mTBI/blast
group, and 7.4 dB HL for the control group (Figure 1).
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FIGURE 2
Scatterplots of gain for sinusoidal tracking at (A) 0.1 Hz, (B)
0.2Hz, and (C) 0.4 Hz. Yellow circles represent individual data for
participants with mTBI/blast, the blue triangles represent
individual data for the healthy controls, and the black horizontal
bars indicate group means. The dashed horizontal lines on each
panel show the clinical cutoffs for gain at 0.1 Hz (<0.66), 0.2 Hz
(<0.7), and 0.4 Hz (<0.64).

Vestibular function

The Dix-Hallpike and roll tests were negative for benign
paroxysmal positional vertigo in all participants in both groups,
thus no further analysis was performed.

Ocular motor

Ocular motor testing was used to assess central pathways.
No participants in either group had gaze evoked nystagmus, and
one participant in the mTBI/blast group had mild spontaneous
nystagmus. Figure 2 shows individual and mean gain for
sinusoidal smooth pursuit at 0.1, 0.2, and 0.4Hz for both
groups. There was no significant effect of group on smooth
pursuit gain (p = 0.68), and all participants in both groups
had normal smooth pursuit. Figure 3 shows individual and
mean accuracy, latency, and velocity for leftward and rightward
random saccades for both groups. A MANOVA indicated that
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FIGURE 3

Scatterplots of accuracy (A), latency (B), and velocity (C) for
leftward and rightward randomized saccades. Yellow circles
represent individual data for participants with mTBI/blast, the
blue triangles represent individual data for the healthy controls,
and the black horizontal bars indicate group means. The dashed
horizontal lines show the clinical cutoffs for: (panel A) mean
accuracy (<77 or >137%) and (panel B) mean latency (=260 ms)
for all saccadic eye displacements (5 to 25°), and (panel C)
velocity for 18-25° saccadic eye displacements (<292°/s).

saccadic accuracy was significantly poorer for the mTBI/blast
group compared to the control group (p = 0.01; Table 2).
Separate univariate ANOVAs revealed a significant effect of
group on accuracy for both leftward [F(y 191)] = 9.03, p =
0.003 and rightward saccades [F(j 101)] = 5.88, p = 0.02. There
were no significant group differences in saccadic latency (p =
0.21). Velocity data were excluded for 29 mTBI/blast participants
and 8 controls due to inaccurate eye displacement (e.g., target
undershoot) for 18 to 25° target displacement, and there was
no significant group difference in saccadic velocity (p = 0.71).
Fisher’s exact test revealed no significant association between
group and abnormal saccades (p = 0.11; Table 3).

Horizontal semicircular canal/vor pathway
Caloric and rotational tests were used to determine the
impact of mTBI/blast on the horizontal semicircular canals and
the VOR pathways. Figure 4 shows individual and mean data for
caloric weakness for both groups. The mean caloric weakness
was 7% for the control group and 10% for the mTBI/blast
group, and there was no significant effect of group (p = 0.08;
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Table 2). The dashed horizontal line in Figure 4 indicates the
clinical cutoff for abnormal caloric weakness (>25%), and five
individuals in the mTBI/blast group and none of the controls
demonstrated an abnormal caloric test finding. Fisher’s exact test
revealed no significant association between group and caloric
weakness (p = 0.18; Table 3).

Figure 5A shows individual and mean data for rotary chair
SHA gain at 0.01, 0.04, and 0.16 Hz and during visual fixation
at 0.16 Hz for both groups. A MANOVA revealed a significant
main effect of group on gain (p = 0.02; Table 2) and separate
univariate ANOVAs at 0.01, 0.04, and 0.16 Hz revealed a
significant effect of group on gain only at 0.01 Hz, [F(y 1¢7)]
= 10.68, p = 0.001; the gain at 0.01 Hz for the mTBI/blast
group was significantly lower than the gain of the control group.
There was no significant effect of group on gain for visual
fixation suppression (p = 0.42; Table 2). Individual and mean
data for phase across rotary chair SHA frequencies are shown in
Figure 5B and there was no significant effect of group on VOR
phase (p = 0.59). The dashed horizontal lines in Figures 5A,B
indicate clinical cutoffs for normal gain and phase at 0.01 Hz. Six
individuals in the mTBI/blast group and no control participants
met the clinical cutoff criteria for abnormal VOR gain at 0.01 Hz.
Fisher’s exact test revealed no significant association between
group and clinically abnormal rotary chair findings (p = 0.18;
Table 3).

Otolith organs

The impact of mTBI/blast on the otolith organs and their
pathways was assessed using cervical and ocular VEMPs.
Figure 6 shows individual and mean cVEMP data for amplitude
(panel A), latency (panel B) and asymmetry ratio (panel
C) for the mTBI/blast and control groups. A MANOVA
revealed that there was no significant main effect of group
on cVEMP amplitude (p = 0.05) or latency (p = 0.58).
In contrast, the mTBI/blast group had a significantly greater
asymmetry ratio than the control group (p = 0.02; Table 2).
The dashed horizontal line in Figure 6C indicates the clinical
cutoff (>40%) for abnormal cVEMP asymmetry ratio. Nineteen
individuals in the mTBI/blast group and two control participants
demonstrated an abnormal cVEMP. Fisher’s exact test revealed
a significant association between group and abnormal cVEMP
findings (p = 0.04; Table 3); the participants in the mTBI/blast
group were 3.4 times more likely to have an abnormal
asymmetry ratio than participants in the control group.

Figure 7 shows individual and mean oVEMP data for
amplitude (panel A), latency (panel B) and asymmetry ratio
(panel C) of the mTBI/blast and control groups. There was no
significant main effect of group on amplitude (p = 0.73), latency
(p = 0.32), or asymmetry ratio (p = 0.37) (Table 2). The dashed
horizontal line in panel C indicates the clinical cutoff (>40%) for
abnormal oVEMP asymmetry ratio. Fourteen individuals in the
mTBI/blast group and three control participants demonstrated
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TABLE 2 Means and standard deviations (SD) and group comparisons for vestibular function, ocular motor, balance, and gait measures by study
group.

Measures mTBI/blast group (n=77)  Control group (n = 32) F t df *p

Mean SD Mean SD

Smooth pursuit

Gain 0.51 100 0.68
0.1 0.96 0.06 0.98 0.09
0.2 1.00 0.06 1.00 0.06
0.4 0.98 0.08 0.99 0.06
Saccades
Accuracy (%) 5.15 100 0.01
Left 89.51 6.56 93.32 3.90 0.003
Right 90.88 6.20 93.81 3.94 0.02
Latency (ms) 1.61 100 0.21
Left 205.29 31.18 195.42 30.21
Right 197.32 31.53 194.23 22.05
Velocity (deg/s)** 0.34 54 0.71
Left 408.23 69.93 405.56 50.71
Right 404.11 46.97 393.36 48.55
Caloric
Unilateral weakness (%) 10.37 11.82 7.07 6.04 1.45 104 0.08
Rotary chair
Gain 3.53 105 0.02
0.01 0.39 0.09 0.45 0.07 0.001
0.04 0.51 0.11 0.55 0.08 0.07
0.16 0.57 0.12 0.60 0.13 0.15
Phase 0.64 102 0.59
0.01 41.19 8.04 42.22 8.33
0.04 11.28 6.15 12.91 4.28
0.16 —1.93 11.64 —0.78 4.58
VEx 0.02 0.05 0.02 0.04 0.20 102 0.42
cVEMP
Amplitude (LV) 3.02 105 0.05
Left 1.61 1.46 1.63 1.22
Right 1.37 1.2 1.9 1.63
Latency (ms) 0.72 76 0.58
Left P1 15.75 1.98 15.97 2.31
Right P1 15.15 1.42 15.72 1.99
Left N1 23.85 2.37 24.28 2.12
Right N1 24.06 2.35 24.34 2.45
AR (%) 29 29.06 20 15.87 2.023 102 0.02
oVEMP
Amplitude (LV) 0.31 106 0.73
Right 7.02 6.58 7.94 5.78
Left 8.80 7.00 9.95 7.03
Latency (ms) 1.20 91 0.32
Left N1 10.76 1.53 10.14 1.12
Right N1 10.67 1.42 10.24 1.22
Left P1 15.58 1.99 14.79 1.50
Right P1 15.34 1.99 14.69 2.04
(Continued)
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TABLE 2 (Continued)
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Measures mTBI/blast group (n=77)  Control group (n = 32) F t df *p
Mean SD Mean SD

AR (%) 18.6 14.57 17.5 14.69 0.33 103 0.37

SOT 63.9 18.4 80.7 5.1 7.06 99 <0.001

DGI 217 25 24 0.0 6.55 75 <0.001

Gait speed (m/s) 1.04 0.15 1.19 0.21 3.43 75 <0.001

“p-values for t-tests are one-tailed; "' 18 to 25° eye deflections.

AR, Amplitude asymmetry ratio; VFx, Visual fixation suppression; cVEMP, cervical vestibular evoked myogenic potential; oVEMP, ocular vestibular evoked myogenic potential; SOT,

Sensory Organization Test; DGI, Dynamic Gait Index.
F-values are reported for MANOVA tests and t-values are reported for t-tests.

TABLE 3 Association between group and abnormal vestibular and
balance test findings using Fisher’'s Exact test.

Oddsratio  95% Confidence interval *p
Lower Upper

Vestibular
Caloric 14 1.25 1.62 0.18
SHA 1.5 127 1.65 0.12
VFx 3.0 0.35 25.67 0.27
cVEMP 34 0.93 12.36 0.04
oVEMP 2.1 0.57 8.06 0.20
Balance
SOT 334 431 258.7 <0.001
DGI L5 1.28 1.79 0.03
Gait speed 5.4 1.88 15.72 **0.001

"One-tailed p-values; *"p-value is for Chi-Square test.

SHA, sinusoidal harmonic acceleration at 0.01 Hz; VFx, Visual fixation suppression;
cVEMBP, cervical vestibular evoked myogenic potential; oVEMP, ocular vestibular evoked
myogenic potential; SOT, sensory organization test; DGI, dynamic gait index.

an abnormal oVEMP. Fisher’s exact test revealed no significant
association between group and abnormal oVEMP findings (p =
0.20; Table 3).

Balance and gait function

Figure 8 shows individual and mean SOT CES for the
mTBI/blast and control groups. There was a significant effect of
group on the SOT CES (p < 0.001; Table 2) and the mean CES
scores was 80.7 for the control group and 63.9 for the mTBI/blast
group. The dashed horizontal line in Figure 8 indicates the
clinical cutoff for 20- to 59-year-old participants. Thirty-eight
individuals in the mTBI/blast group and one control participant
demonstrated abnormal SOT (CES). Fisher’s exact test revealed
a significant association between group and abnormal SOT
findings (p < 0.001; Table 3); the participants in the mTBI/blast
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FIGURE 4

Scatterplots of unilateral weakness for the caloric test. Yellow
circles represent individual data for participants with mTBI/blast,
the blue triangles represent individual data for the healthy
controls, and the black horizontal bars indicate group means.
The dashed line shows the clinical cutoff for abnormal caloric
weakness (>25%).

group were 33 times more likely to have an abnormal SOT CES
than participants in the control group.

Figure 9 shows individual and mean total Dynamic Gait
Index scores for the mTBI/blast and control groups. The
mean scores were 24 for the control group and 21.7 for
the mTBI/blast group, and there was a significant effect of
group on DGI (p < 0.001; Table 2). The dashed horizontal
line in Figure 9 indicates the clinical cutoff for normal DGIL
Nine individuals in the mTBI/blast group and none of the
control participants demonstrated an abnormal DGI. Chi-
Square revealed a significant association between group and
abnormal DGI findings (p = 0.03; Table 3); the participants in
the mTBI/blast group were 7.5 times more likely to have an
abnormal total DGI than participants in the control group.

Figure 10 shows individual and mean gait speed for the
mTBI/blast and control groups. The mean speed was 1.19 m/s
for the control group and 1.04 m/s for the mTBI/blast group,
and there was a significant effect of group on gait speed (p
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FIGURE 5
Scatterplots of VOR gain (A) and phase (B) for the rotary chair slow harmonic acceleration test. Yellow circles represent individual data for
participants with mTBI/blast, the blue triangles represent individual data for the healthy controls. The dashed horizontal lines on panel A show
the clinical cutoffs for VOR gain at 0.01 Hz (<0.25) and during visual fixation at 0.16 Hz (>0.13), and the dashed line on panel B shows the cutoff
for phase at 0.01 Hz (>56).

< 0.001; Table 2). The dashed horizontal line in Figure 10C
indicates the clinical cutoff used to categorize participants
with normal/abnormal gait speed. Thirty-eight individuals in
the mTBI/blast group and 7 control participants demonstrated
abnormal gait speed. Fisher’s exact test revealed a significant
association between group and abnormal gait speed (p = 0.001;
Table 3); the participants in the mTBI/blast group were 5.4 times
more likely to have an abnormal gait speed than participants in
the control group.

Discussion

with mTBI/blast and chronic dizziness

demonstrated decreased vestibular and balance function

Individuals
compared to healthy controls. The frequency of test
abnormalities in participants with mTBI/blast ranged from 0
to 70% across vestibular, ocular motor, and balance testing,
with the most frequent abnormalities occurring on tests of
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balance and gait function (Figure 11). Seventy-two percent of
the mTBI/blast participants (n = 56) had abnormal findings
on one or more of the balance and gait tests, and there were
significant group differences for all measures of balance
and gait. The mean SOT (63.9) for the mTBI/blast group
was abnormal (<68), and individuals with mTBI/blast and
dizziness were 33 times more likely to have abnormal postural
instability on SOT than healthy controls. The SOT assesses
the integration of sensory information for static balance by
measuring postural sway under conditions in which visual
and somatosensory feedback is altered. Our findings are
consistent with numerous studies that have examined postural
stability using SOT and demonstrated higher magnitudes
of anterior-posterior sway in individuals with mTBI than
healthy controls [e.g., (36)]. Using a mouse model, Lien and
Dickman (37) observed a significant reduction in the ability
to perform the righting reflex and balance on a rotating rod
that lasted several weeks post-blast exposure. In addition to
abnormal static postural instability, the mTBI/blast group
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amplitude asymmetry ratio for cervical vestibular evoked asymmetry ratio for ocular vestibular evoked myogenic
myogenic potentials (C(VEMPs). Yellow circles represent potentials (0VEMPs). Yellow circles represent individual data for
individual data for participants with mTBI/blast, the blue triangles participants with mTBI/blast, the blue triangles represent
represent individual data for the healthy controls, and the black individual data for the healthy controls, and the black horizontal
horizontal bars indicate group means. The dashed horizontal bars indicate group means. The dashed horizontal line in (C)
line in (C) shows the clinical cutoff for abnormal asymmetry shows the clinical cutoff for abnormal asymmetry ratio (>40%).
ratio (>40%).

performed poorer on gait tasks compared to the healthy control
group, and these findings are consistent with other studies
that examined the impact of mTBI on balance in humans
(38, 39). Overall, the mTBI/blast group walked slower than the
healthy control group and their average gait speed has been
associated with adverse events, including hospitalization and
falls (35). Although there was a ceiling effect for DGI in the
control group, individuals in the mTBI/blast group performed
poorer than controls suggesting reduced dynamic equilibrium
including changing walking speed, walking with head turns and
pivot turns.

Vestibular test abnormalities occurred in ~34% of the
individuals with chronic dizziness and mTBI/blast, and
abnormalities occurred more frequently for measures of otolith
organ function (25% for cVEMP and 18% for oVEMP) than
for measures of hSCC function (8% for SHA and 6% for
caloric test). Although there were significant group differences
for measures of cVEMP and SHA (0.01 Hz), the association
between mTBI/blast and abnormal findings was only significant
for cVEMP. The odds ratio suggested that individuals with
mTBI/blast and dizziness were 3.4 times more likely to have
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FIGURE 8

Scatterplots of the composite equilibrium score (CES) for the
Sensory Organization Test. Yellow circles represent individual
data for participants with mTBI/blast, the blue triangles represent
individual data for the healthy controls, and the black horizontal
bars indicate group means. Individual data for participants >60
years of age are indicated by black-filled symbols. The dashed
line indicates the clinical cutoff for 20- to 59-year-old
participants for abnormal CES (<70), and the dotted line
indicates the clinical cutoff for participants >60 years of age for
abnormal CES (<68).
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FIGURE 10 otolith findings in our cohort and suggests that the saccule

Scatterplots of mean gait speed. Yellow circles represent
individual data for participants with mTBI/blast, the blue triangles
represent individual data for the healthy controls, and the black
horizontal bars indicate group means. Individual data for
participants >60 years of age are indicated by black-filled
symbols. The dashed line shows the clinical cutoff for abnormal
gait speed (<1.1 m/s).

abnormal cVEMPs (absent response or >40% AR) than healthy
controls. These findings are consistent with previous studies
and suggest the sacculo-collic pathway may be susceptible to
damage from both mTBI and blast exposure. Serrador et al.
(40) used unilateral centrifugation to assess otolith function in a
group of Veterans with blast and/or mTBI and found that 30%
demonstrated unilateral otolith dysfunction without horizontal
canal impairments. Ernst and colleagues (12) demonstrated
otolith disorders in 25% of patients who experienced a blunt
force head trauma. Recently, Gard et al. (41) reported abnormal
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(one of the otolith organs) may be particularly susceptible to
blast-related damage owing to the anatomic proximity of the
saccule to the stapes footplate (13). In contrast to the current
and previous studies that have shown significant effect of
mTBI/blast on vestibular function, Modica et al. (42) recently
showed no significant differences for vestibular or ocular motor
outcome measures in a small group (n = 20) of career breachers
(individuals that utilize explosives) vs. non-breachers.

Several recent animal studies have also demonstrated blast
exposure-induced damage to the vestibular receptors and
afferents as well as reductions in balance function. Lien and
Dickman (37) exposed mice to a 63 kPa peak blast-wave over
pressure and observed the following post-exposure changes: (1)
significant loss of hair cell stereocilia in the cristae and macule
up to one-month post-exposure, and (2) significant reduction
in horizontal VOR gain and phase lags that lasted many weeks
following a single blast exposure event. Yu et al. (43) exposed
anesthetized rats to blast shock waves (~20 PSI) delivered to
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the external canal and observed a significant reduction in the
spontaneous discharge rates of the otolith and canal afferents
and a reduction in the sensitivity of irregular canal afferents
to sinusoidal head rotation at 0.5 to 2Hz. In contrast to the
findings of Lien and Dickman (37), Yu et al. (43), observed
few changes in the VOR responses to sinusoidal head rotation
and translation.

Ocular motor testing abnormalities occurred in 18% of
the individuals with mTBI/blast. No gaze-evoked nystagmus
was present and smooth pursuit was normal in all individuals
with mTBI/blast. Saccadic velocity and latency were similar
for the mTBI/blast and control groups; however, there was a
significant group difference in saccadic accuracy (13 individuals
with mTBI/blast had abnormal saccadic accuracy). Ocular motor
testing can be used to screen central nervous system (CNS)
function independent of peripheral vestibular system function,
and abnormal ocular motor function (e.g., saccadic dysmetria,
gaze-evoked nystagmus, or saccadic pursuit) can suggest central
abnormalities across diverse neurological pathways that include
the cerebral hemispheres, cerebellum, and brainstem. Previous
studies have reported gaze evoked nystagmus, and break-up of
smooth pursuit in individuals with mTBI and blast exposure
although the frequency of abnormal findings is low [e.g., (5, 44)].
In contrast, Scherer et al. (19), reported a relatively higher
incidence (45%) of ocular motor dysfunction in a group of
symptomatic and asymptomatic service members recovering
from blast-related TBI. The disparity in findings may in part
be explained by differences in time since onset of injury,
injury severity, and definitions of abnormality which often
differ between studies. Recently, Cochrane et al. (45) observed
increased saccadic latency and decreased accuracy in athletes
who suffered concussions compared to non-concussed athletes,
but there was no group difference in horizontal smooth pursuit.
Convergence insufficiency has been associated with blast-related
TBI [e.g., (46)]; however, versional eye movement was not
assessed in the current study. A limitation of ocular motor tests
for detecting CNS pathology is the use of prescribed medications
that impact ocular motor function (47). In the current study,
we requested that participants refrain from use of alcohol,
recreational drugs, over-the-counter antihistamines, anti-dizzy
medications, and sleeping pills 48 h prior to testing.

Central vestibular function was assessed using visual fixation
(Vfx) suppression during slow harmonic acceleration at 0.16 Hz.
We observed no significant effect of group on gain for
Vix suppression, and 10% of the participants with mTBI
had abnormal VFx gain. Fixation suppression of vestibular
nystagmus requires intact connections between the cerebellum
and vestibular nuclei and has been used to assess central
vestibular involvement or visual-vestibular interaction.

There are several limitations of this study that should be
considered. First, the heterogeneity of the type of injury in the
experimental group limits the specificity of the findings to mTBI
or blast injury. Due to the small sample size of individuals
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with mTBI only, we combined individuals with mTBI only,
blast only, and mTBI and blast into one experimental group
rather than three separate groups. In a systematic review of
outcomes associated with blast vs. non-blast related TBI in
US military service members and Veterans, Greer et al. (48)
concluded that most clinical and functional outcomes (including
vestibular dysfunction) appeared comparable in military service
members and Veterans with TBI, regardless of blast exposure
but indicated that the data were limited and that more research
was needed to determine whether there is a distinct pattern
of impairments and comorbidities associated with blast-related
TBI. Denby et al. (8) reported that the likelihood of vestibular
disturbance is influenced by the way mTBI was acquired.
Specifically, they observed that 83% of participants with blunt
+ blast mTBIs reported a vestibular disturbance compared to
participants with either blunt mTBI (59%) or blast mTBI (47%).
The authors noted that the vestibular results were based on self-
report data (Vertigo Symptom Scale Long form), rather than
prospective clinical examination, which may have led to an
overestimation of effect.

Another limitation of the study is the statistically significant
age difference between the mTBI/blast and control groups (mean
age was 38.1 years for mTBI/blast group and 30.6 for control
group). Most participants in each group were relatively young
and most age-related changes to the vestibular and balance
systems occur past the fourth decade [e.g, (49)]. The scatterplots
show individual data highlighted for three participants in the
mTBI/blast group and one participant in the control group who
were >60 years of age.

In the current study, the assessment of hSCC/VOR function
was limited to caloric and rotational tests. These tests assess
VOR function at frequencies ranging from 0.003 to 0.64 Hz,
whereas the frequencies of natural head movement occur at
~1-5Hz (50). The video head impulse test (vHIT) has been
increasingly used to assess the gain of the high-frequency VOR
for the horizontal and vertical SCCs. A recent study revealed
normal VOR gain for horizontal and vertical SCC vHIT in a
group of age-matched non-TBI veterans (n = 45) and a group
of veterans (n = 25) with chronic mild or moderate TBI (51).
Overt and covert corrective saccades were recorded in ~25% of
the head impulses within both groups of veterans. The clinical
significance of these findings is unclear as corrective saccades
have been observed also in healthy older adults with normal
VOR gain (52).

Finally, there was a high incidence (81%) of PTSD in the
experimental group. For many veterans of the wars in Iraq and
Afghanistan, a history of TBI is associated with exposure to
a traumatic event (e.g., blast exposure) that increases the risk
of PTSD (53). Although PTSD was not assessed in the control
group, it is likely that fewer controls had PTSD as they did not
have a history of mTBI or blast and were less likely to have served
in combat. There is evidence that balance and gait impairments
may be associated with increased incidence of PTSD [e.g.,
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(54)]. Thus, it is difficult to rule out the role of PTSD on the
balance and gait findings in this study. Most studies that have
examined the effect mTBI/blast on vestibular function have used
subjective measurements such as questionnaires or the presence
of symptoms or screening tests to assess vestibular function
[e.g., (8, 55)]. In contrast, the present study used quantitative
laboratory tests to determine the effects of TBI and/or blast
exposure on vestibular function thereby reducing the influence
of PTSD on the vestibular outcomes.

Clinical guidelines provide recommendations on treatment
approaches specifically for dizziness related to mTBI (56, 57).
A trial of vestibular rehabilitation and balance therapeutic
(VRT) exercise provided by specialty trained therapists is
recommended for chronic dizziness and imbalance resulting
from mTBI (57); however, the strength of the evidence for VRT
was weak to moderate based on a limited number of randomized
controlled trials (56, 57). The general approach to patients
with dizziness related to mTBI is problem-based, involving
customized exercises and progressions to address the identified
impairments and limitations (58). A retrospective chart review
of 114 patients with mTBI/concussion referred for VRT home
exercise plans revealed that the most frequently prescribed
exercise category was eye-head coordination exercises (95%)
followed by static balance (88%) and gait (76%) training (59).
The results of the current study support the inclusion of balance
and gait training as an important component of treatment for
patients with dizziness related to mTBI/blast.

In summary, these findings suggest that mTBI/blast more
often impacts postural stability than vestibular function.
Vestibular abnormalities occurred more frequently for measures
of saccular-collic pathway function (cVEMP) than for measures
of hSCC function. These findings support the need for
comprehensive vestibular and balance assessment in individuals
with dizziness following mTBI/blast-related injury.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by ETSU/VA Medical IRB. The patients/participants
provided their written informed consent to participate in
this study.

Author contributions

FA and OM were
oversaw data

responsible for funding and

acquisition, contributed to conception,

Frontiersin Neurology

14

10.3389/fneur.2022.930389

and design of the study. FA wrote the first
draft of the manuscript. All authors contributed
to manuscript revision, read, and approved the

submitted version.

Funding

This material is based upon work supported by the U.S.
Department of Veterans Affairs, Rehabilitation Research and
Development under Award No. IRX000189A.

Acknowledgments

We acknowledge the efforts of the research team members
who included Kara McGregor Stressman, Au.D., Erin Dula,
AuD., Amber Pearson Cantrell, Au.D. Stephanie Byrd
Rouse, Au.D., Ashlee Ellis Crawford, AuD., Mary Jo
Davenport, Ph.D., and Mark Dula, MPH, Ed.D. provided
statistical analysis support. This material is based upon work
supported with resources and the use of facilities at James
H. Quillen VAMC, Mountain Home, TN. We appreciate
the participants who volunteered their time to contribute to
this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewers BH and AM declared a shared affiliation,
though no other collaboration, with one of the authors KR at
the time of the review.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Author disclaimer

The views, opinions, and/or findings expressed in this
publication are those of the authors and should not be construed
as an official Department of Veterans Affairs position, policy,
or decision.

frontiersin.org


https://doi.org/10.3389/fneur.2022.930389
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Akin et al.

References

1. Laborey M, Masson F, Ribéreau-Gayon R, Zongo D, Salmi LR, Lagarde E.
Specificity of postconcussion symptoms at 3 months after mild traumatic brain
injury: results from a comparative cohort study. ] Head Trauma Rehabil. (2014)
29:E28-36. doi: 10.1097/HTR.0b013e318280f896

2. Swan AA, Akin FW, Amuan ME, Riska KM, Hall CD, Kalvesmaki
A, et al. Disruptive dizziness among post-9/11 veterans with deployment-
related traumatic brain injury. J Head Trauma Rehabil. (2021) 37:199-212.
doi: 10.1097/HTR.00000000000007 14

3. Patterson JH, Hamernik RP. Blast overpressure induced structural and
functional changes in the auditory system. Toxicology. (1997) 121:29-40.
doi: 10.1016/S0300-483X(97)03653-6

4. Shupak A, Doweck I, Nachtigal D, Spitzer O, Gordon CR. Vestibular and
audiometric consequences of blast injury to the ear. Arch Otolaryngol. (1993)
119:1362-7. doi: 10.1001/archotol.1993.01880240100013

5. Van Campen LE, Dennis JM, King SB, Hanlin RC, Velderman AM. One-year
vestibular and balance outcomes of Oklahoma City bombing survivors. ] Am Acad
Audiol. (1999) 10:467-83. doi: 10.1055/5-0042-1748536

6. Kerr AG. Trauma and the temporal bone: the effects of blast on the ear. J
Laryngol Otol. (1980) 94:107-10. doi: 10.1017/S0022215100088538

7. Baldassarre M, Smith B, Harp ], Herrold A, High WM, Babcock-Parziale J,
et al. Exploring the relationship between mild traumatic brain injury exposure and
the presence and severity of postconcussive symptoms among veterans deployed
to Iraq and Afghanistan. PMe¢R. (2015) 7:845-58. doi: 10.1016/j.pmrj.2015.
03.003

8. Denby E, Murphy D, Busuttil W, Sakel M, Wilkinson D. Neuropsychiatric
outcomes in UK military veterans with mild traumatic brain injury
and vestibular dysfunction. | Head Trauma Rehabil. (2020) 35:57-65.
doi: 10.1097/HTR.0000000000000468

9. Di Fabio RP. Sensitivity and specificity of platform posturography for
identifying patients with vestibular dysfunction. Phys Ther. (1995) 75:290-305.
doi: 10.1093/ptj/75.4.290

10. Lachmann J. The importance of vestibular examination in post-concussion
vertigo. Acta Med Orient. (1955) 14:55-66.

11. Berman JM, Fredrickson JM. Vertigo after head injury-a five-year follow-up.
J Otolaryngol. (1978) 7:237-45.

12. Ernst A, Basta D, Seidl RO, Todt I, Scherer H, Clarke A. Management
of posttraumatic vertigo. Otolaryngol Head Neck Surg. (2005) 132:554-8.
doi: 10.1016/j.0tohns.2004.09.034

13. Kerr AG, Byrne JE. Concussive effects of bomb blast on the ear. ] Laryngol
Otol. (1975) 89:131-43. doi: 10.1017/S002221510008018X

14. Perez R, Freeman S, Cohen D, Sohmer H. Functional impairment of the
vestibular end organ resulting from impulse noise exposure. Laryngoscope. (2002)
112:1110-4. doi: 10.1097/00005537-200206000-00032

15. Wang Y-P, Hsu W-C, Young Y-H. Vestibular evoked myogenic
potentials in acute acoustic trauma. Otol Neurotol. (2006) 27:956-61.
doi: 10.1097/01.ma0.0000231590.57348.4b

16. Hsu W-C, Wang J-D, Lue J-H, Day A-S, Young Y-H. physiological and
morphological assessment of the saccule in guinea pigs after noise exposure. Arch
Otolaryngol Head Neck Surg. (2008) 134:1099. doi: 10.1001/archotol.134.10.1099

17. Wu C-C, Young Y-H. Ten-year longitudinal study of the effect of impulse
noise exposure from gunshot on inner ear function. Int ] Audiol. (2009) 48:655-60.
doi: 10.1080/14992020903012481

18. Akin FW, Murnane OD, Tampas JW, Clinard C, Byrd S, Kelly JK. The effect
of noise exposure on the cervical vestibular evoked myogenic potential. Ear Hear.
(2012) 33:458-65. doi: 10.1097/AUD.0b013e3182498c5f

19. Scherer MR, Burrows H, Pinto R, Littlefield P, French LM, Tarbett
AK, et al. Evidence of central and peripheral vestibular pathology in
blast-related traumatic brain injury. Otol Neurotol. (2011) 32:571-80.
doi: 10.1097/MAQO.0b013e318210b8fa

20. Vitale S, Cotch ME Sperduto RD. Prevalence of visual impairment
in the United States. JAMA. (2006) 295:2158-63. doi: 10.1001/jama.295.18.
2158

21. Crum RM, Folstein MF. Population-based norms for the mini-mental
state examination by age and educational level. JAMA. (1993) 269:2386-91.
doi: 10.1001/jama.1993.03500180078038

22. Folstein MEF, Folstein SE. McHugh PR. Mini-mental state. ] Psychiatr Res.
(1975) 12:189-98. doi: 10.1016/0022-3956(75)90026-6

Frontiersin Neurology

15

10.3389/fneur.2022.930389

23. Jacobson GP, Newman CW. The development of the Dizziness
Handicap Inventory. Arch Otolaryngol Head Neck Surg. (1990) 116:424-7.
doi: 10.1001/archotol.1990.0187004004601 1

24. Kullmann A, Ashmore RC, Braverman A, Mazur C, Snapp H, Williams
E, et al. Portable eye-tracking as a reliable assessment of oculomotor, cognitive
and reaction time function: normative data for 18-45 year old. PLoS One. (2021)
16:€0260351. doi: 10.1371/journal.pone.0260351

25. Murnane OD, Akin FW, Lynn SG, Cyr DG. Monothermal caloric screening
test performance: a relative operating characteristic curve analysis. Ear Hear.
(2009) 30:313-9. doi: 10.1097/AUD.0b013e31819c3ec7

26. Jongkees LBW. Value of the caloric test of the labyrinth. Arch Otolaryngol.
(1948) 48:402-417. doi: 10.1001/archotol.1948.00690040414003

27. Jacobson GP, Shepard NT. Balance Function Assessment and Management.
London: Plural Publishing Inc. (2016). p. 904.

28. Chan FM, Galatioto ], Amato M, Kim AH. Normative data for rotational
chair stratified by age. Laryngoscope. (2016) 126:460-3. doi: 10.1002/lary.25497

29. Colebatch JG, Halmagyi GM. Vestibular evoked potentials in human neck
muscles before and after unilateral vestibular deafferentation. Neurology. (1992)
42:1635-6. doi: 10.1212/WNL.42.8.1635

30. Iwasaki S, Chihara Y, Smulders YE, Burgess AM, Halmagyi GM, Curthoys
IS, et al. The role of the superior vestibular nerve in generating ocular vestibular-
evoked myogenic potentials to bone conducted vibration at Fz. Clin Neurophysiol.
(2009) 120:588-93. doi: 10.1016/j.clinph.2008.12.036

31. Klem GH, Liiders HO, Jasper HH, Elger C. The ten-twenty electrode
system of the international federation: The international federation of clinical
neurophysiology. Electroencephalogr Clin Neurophysiol Suppl. (1999) 52:3-6.

32. Nashner LM, Black FO, Wall C. Adaptation to altered support and visual
conditions during stance: patients with vestibular deficits. J Neurosci. (1982)
2:536-44. doi: 10.1523/JNEUROSCI.02-05-00536.1982

33. Shumway-Cook A, Woollacott MH. Motor Control: Theory and Practical
Applications. Philadelphia: Lippincott Williams & Wilkins (2001). p. 614.

34. Whitney SL, Hudak MT, Marchetti GF. The dynamic gait index relates to self-
reported fall history in individuals with vestibular dysfunction. J Vestib Res. (2000)
10:99-105. doi: 10.3233/VES-2000-10205

35. Montero-Odasso M, Schapira M, Soriano ER, Varela M, Kaplan R, Camera
LA, et al. Gait velocity as a single predictor of adverse events in healthy seniors
aged 75 years and older. J Gerontol A Biol Sci Med Sci. (2005) 60:1304-9.
doi: 10.1093/gerona/60.10.1304

36. Guskiewicz KM, Ross SE, Marshall SW. Postural stability and
neuropsychological deficits after concussion in collegiate athletes. J Athl Train.
(2001) 36:263-73. Available online at: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC155417/

37. Lien S, Dickman JD. Vestibular injury after low-intensity blast exposure.
Front Neurol. (2018) 9:297. doi: 10.3389/fneur.2018.00297

38. Dever A, Powell D, Graham L, Mason R, Das ], Marshall SJ, et al. Gait
impairment in traumatic brain injury: a systematic review. Sensors (Basel). (2022)
22:1480. doi: 10.3390/522041480

39. Alsalaheen BA, Mucha A, Morris LO, Whitney SL, Furman JM,
Camiolo-Reddy CE, et al. Vestibular rehabilitation for dizziness and
balance disorders after concussion. | Neurol Phys Ther. (2010) 34:87-93.
doi: 10.1097/NPT.0b013e3181dde568

40. Serrador JM, Lipsitz LA, Gopalakrishnan GS, Black FO, Wood SJ. Loss of
otolith function with age is associated with increased postural sway measures.
Neurosci Lett. (2009) 465:10-5. doi: 10.1016/j.neulet.2009.08.057

41. Gard A, Al-Husseini A, Kornaropoulos EN, De Maio A, Tegner Y,
Bjorkman-Burtscher I, et al. Post-concussive vestibular dysfunction is related
to injury to the inferior vestibular nerve. J Neurotrauma. (2022) 39:829-40.
doi: 10.1089/neu.2021.0447

42. Modica CM, Johnson BR, Zalewski C, King K, Brewer C, King JE,
et al. Hearing loss and irritability reporting without vestibular differences
in explosive breaching professionals. Front Neurol. (2020) 11:588377.
doi: 10.3389/fneur.2020.588377

43. Yu Y, Huang J, Tang X, Allison ], Sandlin D, Ding D, et al. Exposure to blast
shock waves via the ear canal induces deficits in vestibular afferent function in rats.
J Otol. (2020) 15:77-85. doi: 10.1016/j.jot0.2020.01.003

44. Davies RA, Luxon LM. Dizziness following head injury: a neuro-otological
study. J Neurol. (1995) 242:222-30. doi: 10.1007/BF00919595

frontiersin.org


https://doi.org/10.3389/fneur.2022.930389
https://doi.org/10.1097/HTR.0b013e318280f896
https://doi.org/10.1097/HTR.0000000000000714
https://doi.org/10.1016/S0300-483X(97)03653-6
https://doi.org/10.1001/archotol.1993.01880240100013
https://doi.org/10.1055/s-0042-1748536
https://doi.org/10.1017/S0022215100088538
https://doi.org/10.1016/j.pmrj.2015.03.003
https://doi.org/10.1097/HTR.0000000000000468
https://doi.org/10.1093/ptj/75.4.290
https://doi.org/10.1016/j.otohns.2004.09.034
https://doi.org/10.1017/S002221510008018X
https://doi.org/10.1097/00005537-200206000-00032
https://doi.org/10.1097/01.mao.0000231590.57348.4b
https://doi.org/10.1001/archotol.134.10.1099
https://doi.org/10.1080/14992020903012481
https://doi.org/10.1097/AUD.0b013e3182498c5f
https://doi.org/10.1097/MAO.0b013e318210b8fa
https://doi.org/10.1001/jama.295.18.2158
https://doi.org/10.1001/jama.1993.03500180078038
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1001/archotol.1990.01870040046011
https://doi.org/10.1371/journal.pone.0260351
https://doi.org/10.1097/AUD.0b013e31819c3ec7
https://doi.org/10.1001/archotol.1948.00690040414003
https://doi.org/10.1002/lary.25497
https://doi.org/10.1212/WNL.42.8.1635
https://doi.org/10.1016/j.clinph.2008.12.036
https://doi.org/10.1523/JNEUROSCI.02-05-00536.1982
https://doi.org/10.3233/VES-2000-10205
https://doi.org/10.1093/gerona/60.10.1304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC155417/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC155417/
https://doi.org/10.3389/fneur.2018.00297
https://doi.org/10.3390/s22041480
https://doi.org/10.1097/NPT.0b013e3181dde568
https://doi.org/10.1016/j.neulet.2009.08.057
https://doi.org/10.1089/neu.2021.0447
https://doi.org/10.3389/fneur.2020.588377
https://doi.org/10.1016/j.joto.2020.01.003
https://doi.org/10.1007/BF00919595
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Akin et al.

45. Cochrane GD, Christy JB, Almutairi A, Busettini C, Swanson
MW, Weise KK. Visuo-oculomotor function and reaction times in
athletes with and without concussion. Optom Vis Sci. (2019) 96:256-65.
doi: 10.1097/0PX.0000000000001364

46. Fortenbaugh FC, Gustafson JA, Fonda JR, Fortier CB, Milberg WP,
McGlinchey RE. Blast mild traumatic brain injury is associated with increased
myopia and chronic convergence insufficiency. Vision Res. (2021) 186:1-12.

47. Leigh R], Zee DS. The Neurology of Eye Movements. New York, NY: Oxford
University Press (2015). p. 1136.

48. Greer N, Sayer N, Koeller E, Velasquez T, Wilt T]. Outcomes associated with
blast vs. nonblast-related traumatic brain injury in US military service members
and veterans: a systematic review. | Head Trauma Rehabil. (2018) 33:E16-29.
doi: 10.1097/HTR.0000000000000304

49. Zalewski CK. Aging of the human vestibular system. Semin Hear. (2015)
36:175-96. doi: 10.1055/s-0035-1555120

50. Grossman GE, Leigh R], Bruce EN, Huebner WP, Lanska DJ. Performance
of the human vestibuloocular reflex during locomotion. J Neurophys. (1989)
60:264-72. doi: 10.1152/jn.1989.62.1.264

51. Le TTC, Brewer K, Serrador J, Schubert MC. Veterans with dizziness recruit
compensatory saccades in each semicircular canal plane although VOR gain is
normal. ] Vest Res. (2020) 30:47-53. doi: 10.3233/VES-200692

52. Anson ER, Bigelow RT, Carey JP, Xue QL, Studenski S, Schubert MC, Weber
KP, Agrawal Y. Aging increases compensatory saccade ampliotude in the video
head impulse test. Front Neurol. (2016) 16:113. doi: 10.3389/fneur.2016.00113

Frontiersin Neurology

16

10.3389/fneur.2022.930389

53. Tanielian TL, Rand Corporation, Center for Military Health Policy Research.
Invisible wounds of war: recommendations for addressing psychological and cognitive
injuries. (2008). Available online at: http://www.rand.org/pubs/testimonies/2008/
RAND_CT308.pdf (accessed April 26, 2022).

54. Hebert JR, Forster JE, Stearns-Yoder KA, Penzenik ME, Brenner LA.
Persistent symptoms and objectively measured balance performance among
OEF/OIF veterans with remote mild traumatic brain injury. J Head Trauma
Rehabil. (2018) 33:403-11. doi: 10.1097/HTR.0000000000000385

55. Jury MA, Flynn MC. Auditory and vestibular sequelae to traumatic brain
injury: a pilot study. N Z Med J. (2001) 114:286-8.

56. Quatman-Yates CC, Hunter-Giordano A, Shimamura KK, Landel R,
Alsalaheen BA, Hanke TA, et al. Physical therapy evaluation and treatment
after concussion/mild traumatic brain injury. J Orthop Sports Phys Ther. (2020)
50:CPG1-CPG73. doi: 10.2519/jospt.2020.0301

57. Department of Veterans Affairs/Department of Defense. Clinical Practice
Guideline for the Management and Rehabilitation of Post-Acute Mild Traumatic
Brain Injury. (2021). Available online at: https://www.healthquality.va.gov/
guidelines/Rehab/mtbi/VADoDmTBICPGFinal508.pdf (accessed June 23, 2022).

58. Murray DA, Meldrum D, Lennon O. Can vestibular rehabilitation
exercises help patients with concussion? a systematic review of efficacy,
prescription and progression patterns. Br J Sports Med. (2017) 51:442-51.
doi: 10.1136/bjsports-2016-096081

59. Alsalaheen BA, Whitney SL, Mucha A, Morris LO, Furman JM, Sparto PJ.
Exercise prescription patterns in patients treated with vestibular rehabilitation after
concussion. Physiother Res Int. (2013) 18:100-8. doi: 10.1002/pri.1532

frontiersin.org


https://doi.org/10.3389/fneur.2022.930389
https://doi.org/10.1097/OPX.0000000000001364
https://doi.org/10.1097/HTR.0000000000000304
https://doi.org/10.1055/s-0035-1555120
https://doi.org/10.1152/jn.1989.62.1.264
https://doi.org/10.3233/VES-200692
https://doi.org/10.3389/fneur.2016.00113
http://www.rand.org/pubs/testimonies/2008/RAND_CT308.pdf
http://www.rand.org/pubs/testimonies/2008/RAND_CT308.pdf
https://doi.org/10.1097/HTR.0000000000000385
https://doi.org/10.2519/jospt.2020.0301
https://www.healthquality.va.gov/guidelines/Rehab/mtbi/VADoDmTBICPGFinal508.pdf
https://www.healthquality.va.gov/guidelines/Rehab/mtbi/VADoDmTBICPGFinal508.pdf
https://doi.org/10.1136/bjsports-2016-096081
https://doi.org/10.1002/pri.1532
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Vestibular and balance function in veterans with chronic dizziness associated with mild traumatic brain injury and blast exposure
	Introduction
	Materials and methods
	Participants
	Protocol
	Vestibular tests
	Balance and gait assessment

	Statistical analyses

	Results
	Participant characteristics
	Vestibular function
	Ocular motor
	Horizontal semicircular canal/vor pathway
	Otolith organs

	Balance and gait function

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Author disclaimer
	References


