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Background. The risk of traumatic brain injury (TBI) and comorbid posttrau-
matic dizziness is elevated in military operational environments. Sleep deprivation is
known to affect a service member’s performance while deployed, although little is
known about its effects on vestibular function. Recent findings suggest that moderate
acceleration step rotational stimuli may elicit a heightened angular vestibulo-ocular
reflex (aVOR) response relative to low-frequency sinusoidal stimuli after 26 hours of
sleep deprivation. There is concern that a sleep deprivation–mediated elevation in
aVOR function could confound detection of comorbid vestibular pathology in service
members with TBI. The term “dynamic visual acuity” (DVA) refers to an individual’s
ability to see clearly during head movement and is a behavioral measure of aVOR
function. The Dynamic Visual Acuity Test (DVAT) assesses gaze instability by mea-
suring the difference between head-stationary and head-moving visual acuity.

Objective. The purpose of this study was to investigate the effects of 26 hours of
sleep deprivation on DVA as a surrogate for aVOR function.

Design. This observational study utilized a repeated-measures design.

Methods. Twenty soldiers with no history of vestibular insult or head trauma
were assessed by means of the DVAT at angular head velocities of 120 to 180°/s.
Active and passive yaw and pitch impulses were obtained before and after sleep
deprivation.

Results. Yaw DVA remained unchanged as the result of sleep deprivation. Active
pitch DVA diminished by �0.005 LogMAR (down) and �0.055 LogMAR (up); passive
pitch DVA was degraded by �0.06 LogMAR (down) and �0.045 LogMAR (up).

Limitations. Sample homogeneity largely confounded accurate assessment of
test-retest reliability in this study, resulting in intraclass correlation coefficients lower
than those previously reported.

Conclusions. Dynamic visual acuity testing in soldiers who are healthy revealed
no change in gaze stability after rapid yaw impulses and subclinical changes in pitch
DVA after sleep deprivation. Findings suggest that DVA is not affected by short-term
sleep deprivation under clinical conditions.
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The human vestibular system
consists of a peripheral sen-
sory apparatus, central pro-

cessing centers, and efferent path-
ways that mediate numerous
functional motor outputs.1 Among
these, the angular vestibulo-ocular
reflex (aVOR) maintains stable gaze
(ie, eye position in space) by gener-
ating compensatory eye movement
responses that are opposite in direc-
tion but equal in magnitude to head
movement stimuli.2,3 Additionally,
cortical vestibular processing cen-
ters within the insular and temporo-
parietal brain regions integrate ves-
tibular, visual, and somatosensory
signals constructing neural represen-
tations of the individual’s environ-
ment to accurately guide behavior.1,3,4

A growing body of evidence sup-
ports an association between vestib-
ular pathology and posttraumatic
dizziness in service members who
sustain mild traumatic brain injury
(mTBI) in the deployed environ-
ment.2,5–7 According to official
Department of Defense sources,
more than 220,000 service members
have been diagnosed with TBI
within the last decade, leading some
to describe this condition as the
“signature injury” of modern con-
flicts.8–10 Epidemiological findings
for a returning Brigade Combat Team
indicated that 22.8% of soldiers in
the unit had at least 1 clinician-

confirmed TBI over the course of a
year-long deployment. Among symp-
toms experienced in this subgroup
of injured personnel, posttraumatic
dizziness (59.3%) and balance prob-
lems (25.9%) were exceeded in prev-
alence only by headache.11 Similar
findings have been documented else-
where in the literature.12–14

Like other sensorimotor sequelae
associated with mTBI, vestibular dys-
function can be challenging to assess
in the deployed environment, where
sophisticated measurement tech-
niques typically are not available.
Accurate assessment may be further
complicated by situational or envi-
ronmental stressors that are known
to affect performance in military
operational settings.15 Sleep distur-
bances in deployed environments
have been shown to contribute to
battle fatigue, degraded operational
performance, and potentially insidi-
ous (and dangerous) lapses in vigi-
lance or “situational awareness” in
military parlance.15–18 Although the
effects of sleep deprivation on exec-
utive function, memory, and reac-
tion time are well established, little
is known about the effects of sleep
deprivation on vestibular function, a
sensory modality also critical for per-
ceptual stability in military opera-
tional environments.4,19–21

Few studies have investigated the
effects of sleep deprivation on aVOR
function, and early work did not
identify significant changes in eye
movement responses to rotational
stimuli after short-term (24–28
hours) sleep deprivation proto-
cols.22,23 There is, however, one
notable exception to this trend.
Quarck et al24 explored the effects of
26 hours of supervised sleep depri-
vation on aVOR function through
the use of 2 distinct rotational chair
testing paradigms. In one of these
paradigms, participants were rotated
with a velocity step from 0 to 60°/s
(angular acceleration 100°/s2) in

clockwise and counterclockwise
directions. Eye movements were
recorded by means of electro-
nystagmography. In a second, inde-
pendently administered condition,
participants were sinusoidally
rotated at a velocity of �25°/s and a
frequency of 0.2 Hz (maximum chair
acceleration was 0.32°/s2). Findings
from these experiments revealed a
significant post–sleep deprivation
elevation in aVOR gain (eye/chair
velocity) relative to a baseline (well-
rested) condition for step rotations
but not sinusoidal testing. The
authors of this study proposed that
the abrupt onset of rotation during
step testing in conjunction with
sleep deprivation–induced modula-
tion of the temporoparietal junction
resulted in the enhanced vestibular
response.24 This theory is plausible
because the temporoparietal junc-
tion is an area of known importance
both for regulating the vestibulo-
ocular reflex (VOR) and for detect-
ing unexpected, potentially destabi-
lizing, or novel stimuli.24–26 To our
knowledge, the effects of sleep
deprivation on behavioral measures
of gaze stability have not been inves-
tigated elsewhere. If it holds true,
however, that sleep deprivation con-
sistently elevates aVOR responses to
moderate and high-acceleration rota-
tional stimuli, such a finding could
represent a significant diagnostic
impediment to accurate vestibular
assessment in deployed clinical envi-
ronments in which sleep distur-
bances are commonplace.18 As such,
there is a need to identify the effects
of sleep deprivation on gaze stability
in service members.

The most commonly used clinical
measure of gaze stability is dynamic
visual acuity (DVA), which refers to a
person’s ability to see clearly during
head movement.27 The dynamic
visual acuity test (DVAT) is a behav-
ioral measure of aVOR function used
to characterize gaze instability under
functional (ie, high velocity and
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acceleration) conditions by measur-
ing the difference between head sta-
tionary and head moving visual acu-
ity.27 Although limited research has
been performed exploring the psy-
chometrics of this measure,27–29 the
instrumented DVAT is known to be
both sensitive (94.5%) and specific
(95.2%) for detecting vestibular
asymmetry in people with vestibular
dysfunction and has been shown
to have excellent test-retest reliabil-
ity for both yaw-plane assessments
(r�.87, control participants who
were healthy; r�.83, patients with
dizziness) and pitch-plane assess-
ments (r�.89, participants who
were healthy; r�.94, patients with
dizziness).27,28 Reliability testing in
study participants who are healthy
typically is conducted over 1-week
time frames to reflect common clin-
ical practice patterns for reassess-
ment. These same studies, however,
have measured reliability in patient
participants within the same day to
control for the effects of compensa-
tion over time.27,28 Reliability testing
over periods of 24 to 72 hours (con-
sistent with practice patterns in an
operational environment) has not
yet been reported in the literature.

Recently, in a study focused specifi-
cally on the reliability of commonly
used clinical measures of gaze stabil-
ity, Mohammad et al29 found
improved DVAT test-retest reliability
when patients with vestibular disor-
ders were tested twice within 1 test-
ing session (with 30 minutes of rest
between measurements) relative to
subsequent assessment 7 to 10 days
later. These findings suggest that the
timing of DVA reassessment could
affect test reliability if administered
at intervals less than 1 week from
baseline. Timing of DVAT adminis-
tration also may be relevant in oper-
ational environments in which the
opportunity for repeat assessment
over a 1-week time frame is not
always feasible.30 Given the neces-
sity for objective outcomes to help

guide return-to-duty decision making
after TBI/traumatic dizziness, the
known utility of the DVAT for iden-
tifying vestibular asymmetry and
the relative dearth of published stud-
ies reporting DVAT reliability data
for short-term reassessment, further
investigation of test-retest reliability
within operationally relevant time
parameters is appropriate.

The DVAT typically is administered
under active (ie, participant-
generated) head movement condi-
tions thought to assess vestibular
function in concert with descending
efference copy signals from the cor-
tex.31 Active head impulses are
known to speed the latency of the
aVOR response, although gain values
typically are augmented only in the
presence of vestibular pathology.32

The DVAT also may be administered
passively with clinician-administered,
high-acceleration, high-velocity, low-
amplitude head impulses that are
unpredictable in timing and direc-
tion.33 Unlike the active or “predict-
able” DVAT, passive DVA assessment
is theorized to isolate peripheral
vestibular contributions to gaze sta-
bility by eliminating efference copy-
mediated effects and resultant pre-
programmed eye movements.31

Assessment of peripheral vestibular
function is accomplished through
examiner-mediated alteration of the
predictability, timing, and magni-
tude of head movement stimuli.31,33,34

Recent evidence suggests that com-
plementary measurement of both
active and passive gaze stability may
be useful in assessing posttraumatic
dizziness, given the possible
co-occurrence of peripheral and cen-
tral dysfunction.2,7 Although there is
a growing body of evidence support-
ing the use of passive DVA assess-
ment, reliability of this technique has
not yet been reported for yaw- or
pitch-plane assessment.33,35

Given the strong psychometric prop-
erties, clinical feasibility, and demon-

strated utility in identifying vestibu-
lar asymmetry in vestibulopathic and
concussed personnel, the DVAT
shows considerable promise for use
in forward-deployed environments
in which comorbid mTBI, posttrau-
matic dizziness, and sleep depriva-
tion are prevalent.13,27,36,37 The pri-
mary purpose of this study was to
investigate the effect of 26 hours
of supervised sleep deprivation on
DVA in uninjured active duty service
members. Additionally, we explored
the test-retest reliability of the DVAT
for assessing aVOR function during
an operationally relevant, 24-hour
period during which time partici-
pants were rested. We hypothesized
that DVA would not be significantly
affected by 26 hours of supervised
sleep deprivation.

Method
Participants
We studied 20 US Army soldiers (18
male, 2 female; mean age�21.7
years, SD�3.3, range�18–28) with
no history of TBI or vestibular
pathology in a US-based laboratory
environment. Selection criteria for
participants excluded those with a
history of substance abuse, known
neurological disorders, and known
psychiatric conditions (including
attention deficit disorder and post-
traumatic stress disorder). Participa-
tion required no gross visual (no
worse than 20/30 corrected or
uncorrected) or hearing problems
and was limited to men and women
18 to 50 years of age who had com-
pleted at least 12 years of education.

All participants demonstrated full,
pain-free active cervical range of
motion (including rotation, flexion,
and extension) and underwent pro-
phylactic vertebral artery testing.
High-acceleration, high-velocity,
low-amplitude head impulse testing
also was performed on all volunteers
to rule out vestibular hypofunc-
tion.34 Screening revealed no abnor-
malities in this study sample.
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Informed consent was obtained from
all participants in accordance with
policies and procedures established
by the Institutional Review Board
of the US Army Research Institute
of Environmental Medicine, which
approved the study.

Dynamic Visual Acuity Testing
After a standardized task familiariza-
tion period consisting of 4 to 5 nonex-
perimental trials per participant
to ensure consistent activation of
the rate-triggered optotype, partici-
pant DVA was randomly assessed in
response to both active (alternating/
self-generated) and passive (unpredict-
able timing and direction/examiner-
administered) head movement stimuli
with the use of a commercially avail-
able system (Micromedical Technolo-
gies, Chatham, Illinois). The DVA test-
ing involved discretely performed (ie,
noncontinuous) yaw-pane (left and
right) and pitch-plane (up and down)
head impulses administered in 4 dis-
tinct conditions (ie, active yaw, pas-
sive yaw, active pitch, and passive
pitch). In each test condition, partici-
pants were instructed to actively
return to or passively submit to a
return to a “neutral” start position
(characterized by 0° of cervical rota-
tion) before initiation of the next
impulse. Impulse parameters were
low in amplitude (�20°) and high in
velocity (120–180°/s); 120°/s was
chosen as the minimum threshold for
optotype presentation to ensure that
gaze stability was driven by the
aVOR.27 Passive impulses were admin-
istered by a physical therapist with 8
years of experience with this tech-
nique. For testing, participants were
seated 3.1 m (10 ft) in front of a
50.8-cm (20-in) color monitor that was
adjusted to ensure that the visual stim-
ulus was triggered at eye level. Individ-
uals requiring corrective lenses for
normal viewing were instructed to
wear them during all testing sessions.

Static visual acuity was measured
first by repeatedly displaying a single

optotype (the letter C), randomly
reoriented with each trial to 0, 90,
180, or 270 degrees on a computer
monitor. Participants viewed 5 opto-
types, starting at the smallest possi-
ble font size (corresponding with
the greatest possible visual acuity
level, 20/10). Static visual acuity was
established when a participant could
correctly identify all 5 optotype pre-
sentations at a given visual acuity
level. Each level of visual acuity was
measured in 0.1 LogMAR units (log-
arithm of the minimum angle of res-
olution, log10 X, where X�the min-
imum angle resolved, in arcmin,
with 1 arcmin�1/60°).25 The better
the participant’s visual acuity, the
lower his or her LogMAR score, with
approximate (rounded) LogMAR
scores of �0.3, �0.1, 0, 0.2, 0.3, 0.7,
and 1.0 corresponding to Snellen
visual acuity of 20/10, 20/15, 20/20,
20/30, 20/40, 20/100, and 20/200,
respectively. Negative LogMAR
scores denote visual acuities better
than 20/20 (ie, less than 0.00 Log-
MAR). The ability to assess partici-
pant visual acuity at levels better
than 20/20 (in both head-static and
head-moving conditions) using the
Micromedical DVAT reflects a sys-
tem capability not available in earlier
DVA testing studies.27,28

For the dynamic component of the
test, a single-axis rate sensor was
positioned on the participant’s head
so that the sensor’s axis of maximum
sensitivity was aligned with the axis
of rotation for yaw- and pitch-plane
head movements: axial and interau-
ral axes, respectively. During each
head rotation, an optotype “C”
pseudo-randomly oriented in 1 of 4
directions on the monitor when
head velocity, sensed by the rate sen-
sor, exceeded 120°/s. For each test-
ing condition (ie, yaw-left, yaw-right,
pitch-up, and pitch-down), the opto-
type would only present (ie, be visi-
ble) for head movements in the
designated direction and for the
duration of the head movement. For

example, the optotype in the
pitch-up condition only flashed
when cervical extension velocity
exceeded 120°/s during an upward
impulse. Within each testing condi-
tion, there also were head impulses
directed toward the non-optotype
flashing side to decrease predicta-
bility during passive impulse
conditions.

The size of an optotype was deter-
mined by the participant’s success at
correctly identifying the orientation
of all previously displayed opto-
types. All participants were initially
assessed at their previously estab-
lished static visual acuity rating. If
unable to correctly identify the ori-
entation of 4 of 5 optotypes at that
level of visual acuity, the size of
the optotype was progressively
increased by the investigator in 0.1
LogMAR increments (analogous to
moving up 1 line on a Snellen eye
chart) until the participant was able
to identify 4 of 5 optotypes at a given
level of visual acuity. This event (cor-
rect identification of 4 of 5 opto-
types) marked the conclusion of test-
ing for a specific testing condition
(eg, active yaw-left head movement
testing). The DVA test score for each
condition (ie, active yaw-left, active
yaw-right, passive yaw-left, passive
yaw-right, active pitch-up, active
pitch-down, passive pitch-up, and
passive pitch-down) was calculated
by subtracting the static visual acuity
LogMAR score from the DVA Log-
MAR score. The difference was
expressed in LogMAR and corre-
sponds to the number of lines lost on
a standard Snellen eye chart. Addi-
tional information about LogMAR
computation has been published
elsewhere.27 Per accepted clinical
standards previously reported in the
literature, a loss of 3 or more “lines”
of visual acuity (9� optotypes) dur-
ing dynamic testing would be con-
sidered a clinically significant decre-
ment in DVA.27
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Sleep Deprivation Protocol
Participant DVA was assessed during
morning duty hours (ie, 8 am) at 3
distinct phases within the context of
a larger study. During the first testing
phase (T1), well-rested participants
were instructed on correct perfor-
mance of the test, were given the
opportunity to practice active and
passive head impulses, and were
assessed under all aforementioned
head movement conditions. During
the second testing phase (T2), well-
rested participants were brought
back 24 hours after baseline testing
to investigate short-term stability of
the DVAT under similar conditions
of alertness as T1 and to assess short-
term test-retest reliability. Finally,
participant DVA was reassessed at T3
(T2 � 26 hours) after 26 hours of
supervised sleep deprivation.

Participation in the sleep deprivation
protocol was limited to 4 service
members per testing session. This
26-hour period of sustained wakeful-
ness was performed between T2 and
T3 and was conducted under the
constant supervision of research per-
sonnel to ensure participant safety
and adherence. During the 26-hour
sleep-deprivation phase, participants
were co-located in a common living
area and were encouraged to go
about their normal daily routine,
which included exercise, regular
meals and nutrition, and entertain-
ment. Study participants were
closely supervised throughout the
26-hour period to ensure adherence
to wakefulness guidelines and absti-
nence from caffeinated products.

Study Design and Data Analysis
This prospective, repeated-measures
design used sleep deprivation as an
environmental perturbation to quan-
tify DVA performance within partic-
ipants across 3 levels of time. SAS 9.2
software (SAS Institute Inc, Cary,
North Carolina) was used to perform
a mixed-model analysis with random
individual intercept to account for

correlation of repeated measure-
ments within participants between
conditions. Factors included in the
statistical model included indepen-
dent variables of time (3 levels), head
movement condition (2 levels: active
versus passive), and impulse direc-
tion (2 levels). Yaw and pitch analy-
ses were performed separately.
Planned comparisons were estab-
lished a priori to investigate the
effects of time on DVA performance
after 24 hours in a rested condition
(measure stability) and again after 26
hours of sleep deprivation, with the
alpha level of significance estab-
lished at .05 for each test. Whereas a
Bonferroni correction was not pro-
spectively applied to adjust for mul-
tiple comparisons, a post hoc correc-
tion for the 2 primary pair-wise
comparisons (ie, T1 versus T2 and
T2 versus T3) would yield a cor-
rected significance level of .025. Post
hoc tests were performed to assess
for effects of significant 2-way and
3-way interactions between indepen-
dent variables on the dependent vari-
able (DVA). Time-point comparison
calculations for 20 participants

yielded 80% power at the 2-sided .05
significance level to detect a differ-
ence between time points (ie, 0.66
times the standard deviation in DVA
performance, assuming a correlation
of .5 between time points, within
participants).

Intraclass correlation coefficients
(ICC [3,1]) with 95% confidence
intervals were used to assess mea-
sure agreement and test-retest reli-
ability over the 24-hour time frame
among rested participants (T1 and
T2) for each permutation of head
movement conditions.

Results
24-Hour Test-Retest Reliability
Intraclass correlation coefficient (3,1)
analysis from T1 to T2 revealed vari-
able levels of agreement between
the 4 head movement conditions.
The strength of associations ranged
from “poor” to “moderate.”38 Data
for yaw and pitch impulses (includ-
ing 95% confidence intervals) are
presented in Tables 1 and 2. The
performance data by condition
(ie, active and passive yaw and

Table 1.
Yaw Dynamic Visual Acuity: Intraclass Correlation Coefficients (3,1) (95% Confidence
Intervals)a

A_L_2 A_R_2 P_L_2 P_R_2

A_L_1 .020 (�.416 to .449)

A_R_1 .144 (�.308 to .543)

P_L_1 .541 (.141 to .789)

P_R_1 .409 (�.029 to .715)

a A�active, P�passive, R�right, L�left, 1�first trial, 2�second trial.

Table 2.
Pitch Dynamic Visual Acuity: Intraclass Correlation Coefficients (3,1) (95%
Confidence Intervals)a

A_D_2 A_U_2 P_D_2 P_U_2

A_D_1 .299 (�.154 to .648)

A_U_1 .325 (�.126 to .664)

P_D_1 .522 (.115 to .779)

P_U_1 .613 (.245 to .826)

a A�active, P�passive, D�down, U�up, 1�first trial, 2�second trial.
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pitch) for the rested reassessment
are described in greater detail below.
Post hoc between-subjects analysis
of variance (ANOVA) was not found
to be significant (F�2.02, df�19,
P�.171).

Yaw DVA
24-hour reassessment–rested
condition. Mean static visual acu-
ity in the study sample was �0.29

LogMAR (0.30). Absolute yaw DVA
values are presented in Table 3.
Although there was a significant time
effect (F�7.08, df�2, P�.001), head
movement direction (ie, left versus
right) (F�0.41, df�1, P�.52) and
head movement type (ie, active ver-
sus passive) (F�0.18, df�1, P�.78)
did not significantly influence DVA
performance for yaw-plane impulses
(thus, yaw measurements were aver-

aged across these head movement
direction and movement type condi-
tions). Yaw impulse analysis
revealed a statistically significant
improvement in DVA (ie, yaw DVA)
from T1 to T2 (t�3.60, df�216,
P�.0004), with a mean improve-
ment of �0.04 LogMAR (Log of the
minimum angle resolved). This
improvement equates to correct
identification of 2 to 3 additional

Figure 1.
Change in mean group yaw dynamic visual acuity (DVA) values from time 1 to time 2 (test-retest stability) obtained under rested
conditions. Change in mean group yaw DVA values from time 2 to time 3 reflect 26 hours of supervised sleep deprivation (sleep
deprivation protocol). Solid line represents active DVA values; dashed line represents passive DVA values. Error bars characterize the
collective variance (standard deviations) for measurements at each time point. The Snellen eye chart equivalent scores follow the
LogMAR score in parentheses. Note visual acuity is better than 20/20 in all cases. Statistical significance of time effect is denoted with
open bracket (P�.0004). As a point of reference, note that functional yaw-plane DVA deficits in patients with vestibular hypofunction
have been measured in the range of LogMAR�0.3–0.4, per the findings of Herdman et al.36 PY�passive yaw, AY�active yaw.

Table 3.
Absolute Yaw Dynamic Visual Acuity Values

Time Active Yaw Left (SD) Active Yaw Right (SD) Passive Yaw Left (SD) Passive Yaw Right (SD)

T1 (T�24 hours) �0.195 (0.09) �0.175 (0.08) �0.175 (0.12) �0.205 (0.09)

T2 (T�0 hours) �0.225 (0.07) �0.235 (0.07) �0.230 (0.08) �0.235 (0.09)

T3 (T�26 hours) �0.225 (0.08) �0.240 (0.08) �0.215 (0.12) �0.205 (0.11)
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optotypes with the second test (with
a change of 1 optotype equivalent to
0.018 LogMAR of acuity).28

Sleep-deprived condition. No
change in yaw DVA was identified
after sleep deprivation (t�0.90,
df�216, P�.37). Combined yaw-
plane DVA data and variance for

each of the 3 time points are shown
in Figure 1.

Pitch DVA
24-hour reassessment–rested
condition. Absolute pitch DVA
values are presented in Table 4. Pitch
analysis revealed overall statistically
significant changes in DVA perfor-

mance for time (F�7.54, df�2,
P�.0007), head movement type (ie,
active versus passive) (F�5.30,
df�1, P�.04), and head movement
direction (ie, up versus down)
(F�4.25, df�1, P�.02); however,
tests for 2- and 3-way interaction
effects were not statistically signifi-
cant. The DVA differences from T1

Figure 2.
Change in mean group dynamic visual acuity (DVA) values from time 1 to time 2 (test-retest stability) obtained under rested
conditions. Change in mean group pitch DVA values from time 2 to time 3 reflect 26 hours of supervised sleep deprivation (sleep
deprivation protocol). Active, downward-directed (AD) head impulses are depicted with the thin solid line; passive, downward-
directed (PD) impulses are depicted with the dashed line; active, upward-directed (AU) impulses are depicted with the bold solid line;
and passive, upward-directed (PU) impulses are depicted with the stipple-circle line. Error bars characterize the collective variance
(standard deviations) for measurements at each time point. The Snellen Eye Chart equivalent to the LogMAR score is depicted in bold
below. Note visual acuity is better than 20/20 in all cases. Statistical significance of time effects is denoted with open brackets. As
a point of reference, note that functional yaw-plane DVA deficits in patients with vestibular hypofunction have been measured in the
range of LogMAR�0.3–0.4, per the findings of Schubert et al.28

Table 4.
Absolute Pitch Dynamic Visual Acuity Values

Time Active Pitch Up (SD) Active Pitch Down (SD) Passive Pitch Up (SD) Passive Pitch Down (SD)

T1 (T�24 hours) �0.240 (0.07) �0.225 (0.06) �0.265 (0.06) �0.235 (0.17)

T2 (T�0 hours) �0.280 (0.05) �0.245 (0.07) �0.28 (0.05) �0.27 (0.05)

T3 (T�26 hours) �0.225 (0.08) �0.245 (0.07) �0.265 (0.08) �0.24 (0.09)
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to T2 (t�3.56, P�.0005) revealed
improvement of 0.025 LogMAR
(down) and 0.04 LogMAR (up) under
active conditions (the equivalent of 2
additional optotypes correctly iden-
tified in each direction). Passive DVA
improved 0.04 LogMAR down (aver-
age of 2 optotypes) and 0.015 Log-
MAR up (�1 optotype). Combined
pitch-plane DVA data for each of the
3 time points are shown in Figure 2.

Sleep-deprived condition. Mean
active pitch DVA worsened signifi-
cantly from T2 to T3 (t�3.12,
P�.002). Active pitch DVA dimin-
ished by �0.005 LogMAR (down)
(�1 optotype) and �0.055 LogMAR
(up) (�3 optotypes missed). Passive
pitch DVA was degraded by �0.06
LogMAR (down) (ie, �3 optotypes)
and �0.045 LogMAR (up) (an aver-
age of 2–3 optotypes missed).

Discussion
Short-Term Stability of the DVA
Response Under Rested
Conditions
Preliminary research supports
weekly reassessment of DVA among
service members in US-based mili-
tary treatment facilities to guide
return-to-duty decisions after TBI.37

There is currently, however, both an
operational need for—and a dearth
of—objective, evidence-based mea-
sures to inform such decisions in
operational environments. Previous
studies report test-retest reliability of
the DVAT at time intervals ranging
from hours (in patient participants)
to days (in control participants who
are healthy).27–29 To date, however,
measurement stability data for
24-hour reassessment of control par-
ticipants who are healthy is lacking.

Findings from the current study
reveal statistically (but not clinically)
significant improvement in DVA per-
formance under well-rested condi-
tions that may be consistent with a
mild practice effect.38 The magni-
tude of DVAT improvements in this

study (2–3 optotypes) in response
to yaw- and pitch-plane impulses
are similar to previously reported
results in both patient participants
and control participants who were
healthy.27–29 In separate studies,
Herdman et al27 and Schubert et al28

reported enhanced DVA perfor-
mance for same-day reassessments
in patients with mean change mag-
nitudes of 2.3 (SD�0.7) optotypes
(yaw) and 2 optotypes (pitch),
respectively. Mohammad et al29

reported small but significant yaw
DVA improvements in patients with
vestibular disorders for same-day and
7-day reassessments. Mean yaw
change magnitudes in the study by
Mohammad et al29 ranged from 0.04
(SD�0.03) to 0.07 (SD�0.01) Log-
MAR, although pitch performance
remained consistent.

Test-retest reliability estimates of the
DVAT in this study were lower than
those previously reported by Herd-
man et al,27 Schubert et al,29 and
Mohammad et al.30 This finding is
most likely to be a function of the
limited variability in the DVA data
and a consequent violation of the
restriction in range assumption for
the ICC model.38 It is well estab-
lished that a restriction in the range
of normally distributed values can
reduce correlations in ICC models,
causing artificially deflated reliability
estimates.38–40 Statistical theory indi-
cates that when within-subject vari-
ance in a model is greater than
between-subjects variance, as was
confirmed by a post hoc ANOVA
reported in this study, the reliability
estimate may not be considered valid
because the actual limits of the ICC
do not match the theoretical limits of
.00 to 1.00.38,41 The lack of between-
subjects variance observed in the
model is consistent with sample
homogeneity in the 2 key variables
known to affect DVA performance:
participant age and vestibular func-
tion. In contradistinction to sig-
nificant participant age variability

reported by Herdman et al27 and
Schubert et al28 (both groups of
researchers assessed DVA perfor-
mance in control and patient partic-
ipants across multiple decades),
these data reflect performance in a
sample with a mean age of 21.7 years
(SD�3.3). Violation of the restriction
in range assumption in this case
seems plausible, given the extent to
which DVA performance is known
to vary with age.27,28

Restricted range also was evident in
the DVAT performance data. This
finding is not surprising, however,
given that participants in the current
study showed no history of head
trauma or vestibular pathology and
demonstrated normal vestibular
responses to head impulse testing.
Conversely, participants in previous
DVA investigations demonstrated
significant performance variability,
reflecting a much broader range of
vestibular function than was
observed in this study. Herdman et
al,27 for example, reported DVA per-
formance across a diverse sample,
with responses ranging from normal
(X�0.043, SD�0.048) in partici-
pants who were healthy aged 19 to
79 years, to subtly impaired
(X�0.286, SD�0.144, or �20/40) in
patients with unilateral vestibular
loss, to more significantly degraded
DVA (X�0.397, SD�0.137, or �20/
50) in patients with bilateral vestib-
ular hypofunction.

The relatively small sample size also
may have adversely influenced reli-
ability and ICC confidence interval
estimates. Portney and Watkins38

indicated that for cohorts of fewer
than 30 participants, sampling distri-
butions tend to be flatter than nor-
mal and ICCs tend to be less precise,
resulting in wider confidence inter-
vals. The current study showed DVA
performance in a cohort of 20 par-
ticipants—a number far exceeded by
sample sizes in the studies by Herd-
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man et al27 (n�97) and Schubert et
al28 (n�64).

Although the reliability findings from
this study are admittedly suspect,
given the homogeneity of the sam-
ple, the observation that passive
DVA testing seemed to yield superior
repeatability to active testing sug-
gests a potentially interesting con-
sideration for gaze stability assess-
ment. It is possible that superior
DVA reliability may be achieved
under passive testing conditions
when impulses are administered by
an experienced clinician, given an
examiner’s superior and consistent
control of the magnitude, timing,
and velocity of head movement stim-
uli relative to active DVA testing.
Future research should explore
potential reliability differences
between active and passive testing
approaches. In summary, despite the
questionable ICC values and confi-
dence intervals reported in these
data, the relatively small overall mag-
nitude of DVA change demonstrated
by participants in this study and in
previous studies suggests that the
DVAT is sufficiently stable to serve
as an acute screening tool for
concussion-related vestibular dys-
function in a deployed environment.

Yaw DVA and Sleep Deprivation
The results of this study yielded no
statistically or clinically significant
change in yaw DVA after 26 hours
of sleep deprivation. These findings
suggest that functional gaze stability
is preserved after short-term sleep
deprivation under head move-
ment and illumination conditions
characteristic of daily activities. Con-
sequently, these data provide prelim-
inary support for the use of high-
energy, functional techniques such
as DVA to assess gaze stability in con-
ditions in which sleep deprivation
may confound assessment.

The results from this study reveal
potential differences between

moderate- and high-velocity assess-
ment techniques that clinicians
should consider when selecting and
interpreting objective measures for
patients with traumatic dizziness.
Possible explanations for divergent
findings between this study and that
performed by Quarck et al24 include
differences in rotational stimulus
characteristics and experimental
lighting conditions.

Head Movement Stimulus
Characteristics
Evidence suggests that vestibular
responses in human and nonhuman
primates are frequency- and velocity-
dependent, meaning that aVOR
response magnitudes vary depend-
ing on the kinematic parameters of
the rotational head movement stim-
uli applied.42,43 Specifically, physio-
logical data in primates support the
idea that the vestibular system is
capable of generating nonlinear
aVOR responses to rapid, high-
frequency component angular head
movements to stabilize gaze during
highly dynamic (ie, high-velocity,
high-frequency) activities such as
walking or running.43,44 Although
peak rotational head velocity and
acceleration were not measured in
this study, head impulses performed
during DVA testing are known to
approach 3,500°/s2 and 250°/s, val-
ues that greatly exceed the moderate
acceleration (100°/s2) and velocity
(60°/s) stimuli applied by previous
researchers.24,33,45 We suggest that
the “high-energy” head movement
stimuli applied during DVA testing
in this study may have contributed
to the well-preserved gaze stability
performance observed among study
participants.

Other studies measuring aVOR func-
tion have yielded similar results.32,46

High velocity, acceleration, and fre-
quency component rotations are
known to generate gains at or close
to 1.00 (a perfectly compensatory
response).32,46 A gain of 1.00 implies

that there is precise agreement
between head movement and eye
movement such that the object of an
individual’s interest is clear and sta-
ble on the fovea.3 Conversely, a gain
of greater than 1.00 implies that eye
velocity actually overcompensates
for head velocity, which can degrade
gaze stability.3 In the study by
Quarck et al,24 initial (rested) mean
VOR gain values were initially mea-
sured at 0.77 (SD�0.16) in response
to rotational stimuli of 60°/s and
100°/s2 increasing to a mean gain of
0.90 (SD�0.18) after sleep depriva-
tion. One possible explanation for
the different responses to sleep
deprivation between “high” and
“moderate” energy stimuli may be
that an optimized system (ie, stable
gaze characterized by a gain of
�1.00 or DVA not significantly dif-
ferent from static visual acuity) may
demand little descending drive (from
the temporoparietal junction). Con-
versely, a system not so primed may
require a stronger descending signal.
Given this explanation, an optimized
vestibular system would need to sup-
press descending inputs to avoid
excessive aVOR “augmentation” that
would be functionally detrimental to
sensory stability.4,43,44 Thus, although
it is possible that sleep deprivation
affects gaze stability differently with
moderate head movement stimulation
relative to higher-energy impulses,
additional investigation on this topic
will be necessary to better character-
ize the relationship between head
movement kinematics and aVOR
responses after sleep deprivation.

Experimental Lighting
Conditions
Dynamic visual acuity testing in this
study was performed under well-lit
laboratory conditions to ensure opti-
mal viewing of the visual stimulus. If
the enhanced aVOR response to rota-
tional step testing in the study by
Quarck et al24 was precipitated
solely by the unexpected nature of
the stimulus as the authors sug-
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gested, we might have anticipated a
similar augmentation of DVA in the
current study sample after sleep
deprivation in response to passive
head impulses. The results of this
study did not reveal this augmenta-
tion of DVA, a finding possibly
related to the presence of visual fix-
ation during DVA test conditions. It
is possible that because participants
were aware of their visual surround-
ings at all times during the DVA pro-
tocol (including passive impulses),
there was little or no demand on the
temporoparietal junction to reestab-
lish orientation as there presumably
was with fixation removed during
rotational chair testing in the study
by Quarck and colleagues.24 Angular
vestibulo-ocular reflex function is
known to be enhanced in well-lit
conditions relative to performance
measured in the dark.3,47

Pitch DVA and Sleep Deprivation
Pitch-plane DVA measurements
obtained after 26 hours of sleep
deprivation revealed a mean degra-
dation in visual acuity equivalent to
less than 1 line on a standard Snellen
eye chart. Deterioration of vertical
visual acuity was found to be statis-
tically but not clinically significant.28

Although it is unlikely that observed
changes reflect disruption of
descending cortical influences
(given the absence of corresponding
significant disruption to yaw-plane
responses and common central path-
ways), the subtle decrement in pitch
DVA could be related to increased
blink-related impediments to visual
acuity.

Increased blink frequency or central
perseveration of the blink response
caused by central fatigue and
decreased attention may account for
the subtle degradation in observed
vertical DVA. In one study investigat-
ing the effect of 20 hours of sleep
deprivation on participants who
were healthy, the researchers
reported that participant blink rate

was significantly higher after a night
without sleep than before.48 Com-
plementary findings in flight experi-
ments reveal that increases in blink
rate are closely associated with
degraded performance under condi-
tions that necessitate gaze shifting
(ie, saccades) or head movement—
behaviors that are both characteris-
tic of DVA testing.45,49 Other authors
have suggested that, like blink fre-
quency, blink closure time (ie cen-
tral perseveration of the blink
response) increases with increasing
time on task when fatigued. This fac-
tor also might have adversely
affected pitch DVA performance.49,50

Although the DVA metric used in
this study precludes a description of
eye movement kinematics or the
verification of blink behavior, there
is evidence of increased blink fre-
quency in the human factors litera-
ture after sleep deprivation through
the use of both scleral search coil
and infrared camera technology.51,52

Pitch-plane head impulses also have
been shown to elicit more frequent
blinks than yaw-plane rotations as
measured with wireless scleral
search coil during a gaze stabilization
task.2 Given that accurate perfor-
mance on the DVAT necessitates
visualizing a target to discriminate
optotype orientation, the hypothesis
for fatigue mediated DVA degrada-
tion could describe subtle differ-
ences in visual acuity noted in this
study. Both increased frequency and
longer duration of blinks would
account for subtly diminished gaze
stability during pitch-plane head
movements without implicating
“abnormal” VOR performance in a
group with no known history of ves-
tibular dysfunction or head injury
and better than 20/20 DVA in all
tested conditions.

Study Limitations
As discussed, reliability values in this
study were lower than those previ-
ously reported in the rehabilitation

literature.27–29 Although this discrep-
ancy could be related to variability
in equipment or possible differences
in DVA system resolution, it seems
most likely that low ICCs were the
result of a restriction in the DVA data
range given the lack of variability in
our young control sample.38,39 Previ-
ous clinical studies using DVA as
an outcome measure have consis-
tently demonstrated a broader range
of LogMAR scores given the pres-
ence of pathologically high DVAT
scores from patient participants with
unilateral or bilateral vestibular
loss.27–29 It is probable that DVAT
reliability would have been superior
in a more heterogeneous sample;
however, the small DVA change
magnitudes observed during reliabil-
ity testing in this study and in earlier
studies suggest that this measure is
sufficiently stable for use in austere
environments to screen concussed
service members for vestibular
comorbidity and to help guide
return-to-duty decision making.27–29

Conclusion
The findings of the present study
suggest that 26 hours of sleep depri-
vation does not have a significant
effect on DVA in control service
members who are healthy. Data
reveal that changes in DVA under
both rested and sleep-deprived con-
ditions were within accepted and
published ranges of normal variabil-
ity for this measure. Further well-
controlled investigations of head
movement stimulus characteristics
in patients with vestibular disorders
will be essential to better character-
ize the relationship between sleep
deprivation and gaze stability.
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