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Abstract.
BACKGROUND: A standard, reliable, objective measure is needed for identifying individuals with mild to moderate
traumatic brain injury (TBI).
OBJECTIVE: The purpose of this study was to examine balance using an AMTI OR6-7 force platform (FP), neurocognition
and mood using the Automated Neuropsychological Assessment Metric4 (ANAM4), blood flow comparisons using a Brain
Acoustic Monitor (BAM), and voice using Voice Analysis software (VA) for screening service members for a mild to moderate
TBI.
METHODS: Active duty and retired service member volunteers (n = 88, 35 with a diagnosis of mild to moderate TBI and
53 who never had a TBI) completed an informed consent document, and evaluations using the four technologies.
RESULTS: Development of a clinical prediction rule yielded two FP variables and one ANAM4 Mood Scale variable
(vigor) as helpful in predicting the presence of a TBI. Assuming a 15% pre-test probability, these predictors yield a post-test
probability of 75.7% for a positive result with any two or more measures being positive, and a post-test probability of 2.3%
for a negative result with zero measures being positive.
CONCLUSIONS: This study demonstrated the usefulness of a force platform and a self-reported mood scale for predicting
presence of mild to moderate TBI.
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1. Introduction

Traumatic Brain Injury (TBI) is the result of high
energy force to the face or skull occurring in a num-
ber of ways [1] and categorized according to severity
from mild to moderate to severe [2]. Active duty and
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reserve service members are at increased risk for sus-
taining a mild to moderate TBI compared with their
civilian peers [3] in part due to their exposure to blasts
and other combat conditions during recent conflicts
in Iraq and Afghanistan [4]. Mild traumatic brain
injury (mTBI), more commonly known as concus-
sion, can occur from a non-penetrating blast exposure
[5]. From the year 2000 to 2006, the U.S. Army expe-
rienced a 107% increase in mTBI incidents, while
the civilian sector showed a 46% decrease for this
same time period [6]. TBI is therefore of considerable
interest to the military services.

The symptoms of mTBI are far more subtle and dif-
ficult to diagnose than moderate to severe TBI. Rapid
advances in medical technology are transforming the
way military service members are being assessed
and treated in our nation’s armed forces. Even so,
at the time of this study there was no single standard,
reliable, objective procedure for evaluating mild trau-
matic brain injury (mTBI) at Level I trauma centers
in the United States [7–8]. Assessment and identifi-
cation of mTBI is even more difficult in a military
theater-of-operation, with limited medical facilities
and multiple casualties [9]. However, there is an
assemblage of evidence to suggest several emerg-
ing technologies may serve as valuable assessment
tools to assist in screening individuals who may be
experiencing a mTBI.

With blasts contributing to a high number of
head injuries in theater, the need for rapid assess-
ment is vital to identify injuries early, so appropriate
treatment can commence. Following blast exposure,
the initial screening measures in theater for TBI
have included assessments using the Military Acute
Concussion Evaluation (MACE) [10], the Glasgow
Coma Scale (GCS), a neurological assessment (with
eye, motor, speech, and balance components), and
evaluation of pupillary response, as well as blood
pressure, oxygenation, and interview/observation. If
no loss of consciousness or alteration of conscious-
ness occurs during administration of the MACE [9],
the health care practitioner (typically a medic) may
stop and consider other possible causes (other than
concussion) for current symptoms. A Concussion
Management Algorithm is used to determine the next
steps in terms of the level of care needed, such as
rest or evacuation to a Combat Support Hospital [9].
These clinical diagnostic tools serve as the ‘best we
can do under the circumstances’, but are open to the
interpretation of the individuals administering them.
In addition, individuals with a mTBI often do not
report their symptoms initially, but may present with

symptoms days, weeks, or even months after the inci-
dent. Finally, over a third of Iraq veterans thought to
have TBI related concussion syndrome had comor-
bidities of Post-Traumatic Stress Disorder (PTSD) or
depression, and the overlapping symptoms of mTBI,
PTSD, and depression further confound diagnostics
[11]. As a result, a mTBI can exist undiagnosed,
putting service members at risk for a second head
injury and endangering the military service member
and their team.

Often, those who experience a first concussion
experience a second concussion. Within the sports
medicine realm, this condition is referred to as
second impact syndrome and although profession-
als debate this issue [12], some contend it may
produce increased susceptibility for behavioral symp-
toms, greater diffuse axonal injuries (DAI) [13–18]
prolonged neuropsychiatric impairment [19], and
later-life cognitive impairment [19-20], including
chronic traumatic encephalopathy [21]. In sports-
related research, sustaining a concussion has been
shown to increase the likelihood of sustaining a
second concussion [22], possibly due to increased
susceptibility.

There are technologies that show potential for
identifying mTBI, four of which were targeted for
this study. The first two are relatively well known:
balance measured with a AMTI OR6-7 force plate
and neurocognition and mood using the Automated
Neuropsychological Assessment Metric4 (ANAM4)
- configured for assessing TBI. The second two
selected for study are not as well-known and have
less research backing, blood flow comparisons using
a Brain Acoustic Monitor (BAM), and voice using
Voice Analysis software (VA).

Balance is “the process of maintaining equilib-
rium and center of gravity within the body’s base of
support” [23]. Having a problem with balance is the
second most frequently self-reported symptom in TBI
patients [24]. Multiple investigators have shown pos-
tural instability in patients with TBI [25–26]. In fact,
Allison has stated that nearly everyone with a TBI
has some type of balance problem [27]. While the
research clearly indicates balance as an issue among
individuals with a TBI, it is not known how long these
symptoms persist after the point of injury and which
(if any) measures of balance can be used to assist
with identifying whether a person has incurred a TBI.
That is, most of the research on balance and TBI has
focused on rehabilitation techniques to improve bal-
ance and recovery [28], rather than using balance to
predict who may have a mTBI.
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A constellation of long-lasting symptoms of a TBI
is classified as “post-concussion syndrome” (PCS),
which includes difficulties with attention and con-
centration, impaired memory, fatigue, headaches,
anxiety, depression, irritability, or sleep disturbances
[29]. Hill and colleagues [30] found that over 50%
of the individuals with mTBI included in their
study, reported active symptoms of sleep disturbance,
irritability, memory problems, and headaches. The
Automated Neuropsychological Assessment Metric
(ANAM) is a computer-based tool designed “to
detect speed and accuracy of attention, memory,
and thinking ability” that also includes a mood
scale [31]. It includes a number of assessments,
which can be activated or deactivated for use with
particular populations, illnesses, or injuries. The
ANAM4 was specifically configured as a neurocog-
nitive assessment focused on TBI, and it incorporates
evaluations of all the symptoms of PCS. The ANAM
(including ANAM4) has been administered pre and
post soldiers’ deployment into harms’ way, and
to assess patient function among service members
with head injuries [32]. The ANAM has also been
used, along with other neurocognitive assessments,
to set baselines and identify potential head injuries
among athletes, using selected tasks to construct
the Automated Sports Medicine Battery [33–34]. Its
portability and ease-of-use may contribute to its use
within war zone theaters of operation [35]. While
some studies have found decreased performance on
neurocognitive tasks among military with a mild
to moderate TBI, others have not [5]. Roebuck-
Spencer and colleagues [36] showed the highest
percentage of post-deployment service members with
neurocognitive decline were those who reported
active symptoms, as well as having sustained a TBI
during deployment.

Correctly identifying a head injury early is impor-
tant to initiating effective therapy. Active Signal
Technologies has developed a sensor system to detect
and amplify sound waves within the brain, known
as the Brain Acoustic Monitor (BAM) [37–38].
Although not audible by standard measures, the arte-
rial pulse wave produces a predictable deformation of
the skull as it enters the brain and can be acoustically
measured. The underlying theory for the BAM is that
arterial pulse waves produce acoustically detectable,
and predictable, changes that can be measured on
the forehead. These sounds are altered when there
is damage to the cerebrovascular system and differ
from those heard at a reference point, such as the
radial artery or a finger pulse [37]. In a person with-

out a TBI, the cerebrovascular acoustic wave forms
are more similar to those at the reference point than
in a person experiencing a TBI [38]. Dutton and
colleagues examined the effectiveness of using the
BAM to identify mTBI in patients with normal and
abnormal CT scans, and found the BAM sensitivity
to be 100% with a specificity of 30.14% [38], while a
second study by Dutton and colleagues found a sen-
sitivity of 93%, and a specificity of 14%. Both studies
examined individuals early after hospital admission,
consequent to their demonstrating anatomic and func-
tional evidence of TBI. From the first study, they
concluded the BAM may serve as a useful, additional
diagnostic tool, adding important information to self-
reports of injury, loss of consciousness, and health
care practitioner interviews [38]. From the second
study, they concluded early BAM screenings may
guide prehospital and emergency room diagnostic
and therapeutic decision making, however they sug-
gested further refinements are necessary to improve
specificity [39].

Differences in voice and voice analysis results
have been demonstrated in severe TBI in terms of
irregularity, noise-to-harmonic ratio, and hypernasal-
ity [40], sometimes resulting from motor disorders
[41]. Speech is currently being explored as a diag-
nostic tool for mTBI in athletes [42]. Past research
investigating voice analysis as a diagnostic tool have
included Parkinson’s disease [43], Huntington’s dis-
ease [44], and examination of various health states
[45]. While these investigations have resulted in lim-
ited success, new technologies and methodologies
continue to yield possibilities and the concept of
wearable biomarker devices to assist with mTBI
identification is appealing. Sound Health’s Bioa-
coustic Biology uses voice, and voice analysis, as
representations of an individuals’ health and well-
being, developed after examining the voices of people
with similar illnesses or injuries for their similar-
ities in sound frequencies [46]. The theory behind
Sound Health’s technology is that people with sim-
ilar health issues produce similar vocal biomarkers.
Sound Health’s voice analysis (VA) system was used
in this study.

As medical evaluation procedures and diagnostic
technologies evolve, there is an opportunity to iden-
tify injuries expediently and accurately with objective
and quantitative measures to avoid susceptibility
to further injury and quickly implement appropri-
ate treatment. Moreover, there is a need for rapid,
evidence-based, objective diagnostics that can be
employed in a combat setting to assist military health
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care providers in screening, identifying, and tracking
the symptoms of mTBI in military personnel. At this
time, none of the mentioned technologies has a suffi-
ciently strong research backing supporting their use
at, or shortly after, the point of injury in a field setting.

The purpose of this research was 1) to examine
the usefulness of four technologies in differentiat-
ing individuals with and without mild or moderate,
service-related TBI, and 2) if found to be useful to
then build a clinical prediction rule (CPR) based
on the results. The methods and technologies exam-
ined included: 1) balance using a force plate and
analysis software (AMTI OR6-7-2000) developed
by Advanced Mechanical Technology, Inc.), 2) neu-
rocognitive and mood testing using the ANAM4, 3)
a comparison of the acoustic wave forms from cere-
brovascular blood flow compared with a reference
point, using BAM developed by Active Signal Tech-
nologies, and 4) voice recordings using voice analysis
software developed by the Institute for BioAcoustic
Biology and Sound Health.

2. Methods

2.1. Participants

Prior to participation, all volunteers were briefed
on the study, screened by a health care provider to
ensure they were medically fit to participate, and
signed both informed consent and Health Insurance
Portability and Accountability Act (HIPAA) consent
documents. Study volunteers were recruited from a
population of active duty and retired military service
members in the region of a large military medical
center. The information presented in this paper is part
of a longitudinal study involving three visits spaced
several months apart. For the purpose of this paper
(examining the diagnostic utility of four technolo-
gies) the focus is on the data collected during the
first visit. A total of 98 volunteers signed the consent
form to participate, with 88 completing the first visit
with all four technologies. Those who initially vol-
unteered but did not actually participate in the study
did so for a variety of reasons including, ankle injury
(n = 1), surgery (n = 2), and changing their minds
about participating (n = 7). The two primary groups of
volunteers were those with and those without a TBI,
following the basic diagnostic criteria presented by
Kay and colleagues [47].

2.2. Procedures

Military service member volunteers were screened
by health care providers (HCPs) in a TBI Clinic to
ensure they met the protocol inclusion/exclusion cri-
teria. To be included in the study, volunteers had to
be at least 18 years of age; an active duty service
member, veteran or retiree; and be able to read and
understand English. Volunteers could not have any
medical contraindications to study participation (i.e.,
lower extremity injury or a disorder-other-than-TBI
that may affect balance). Potential participants who
were diagnosed with TBI, were included if they had
a mild to moderate TBI, as the TBI Clinic grouped
them together for assessment and rehabilitation pur-
poses (that is, they did not treat mild and moderate
cases as separate entities). From this point forward
in this paper, mmTBI applies to both those with a
minimal or a moderate TBI. Potential participants
were excluded if they had a severe TBI. In addi-
tion, subjects were excluded if they had ever suffered
a previous head injury that resulted in loss of con-
sciousness of more than 20 minutes (other than during
military deployment). The TBI Clinic staff used inter-
views and record reviews, with the following criteria
for the diagnosis for TBI: a loss of consciousness (<30
minutes), memory loss for events immediately pre-
ceding (retrograde amnesia) or following the accident
(post traumatic amnesia (PTA) <24 hours), changes
in mental state at the time of the injury (dazed,
disoriented, confused), presence of focal neurolog-
ical deficits, and a Glasgow Coma Scale score >13
[42]. Volunteers completed a demographic question-
naire, including questions about their TBI history.
This took approximately 20 minutes. The researchers
were blinded to the TBI status of the volunteers to
avoid TBI diagnosis from biasing researcher inter-
action with participants. Therefore, the demographic
form was put into a sealed envelope and opened only
by two un-blinded researchers who did not interface
with the research participants during testing, but later
entered their data into the database. Research volun-
teers were then assessed using the four technologies
described below. The testing sequence, if one subject
was present was demographics, balance, VA, BAM,
and ANAM. If more than one person was present,
they were tested simultaneously, each on a different
measure, as we had only a single force platform, voice
analysis system, and BAM. Multiple subjects could
complete the demographic and ANAM4 assessments
simultaneously. These arrangements decreased par-
ticipants’ wait time and total time to complete the
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assessments. Participants were encouraged to take
breaks and they were permitted to schedule their
pre/post assessments over several days, if necessary.

2.3. Technologies

2.3.1. Force platform
This study examined the predictive ability of var-

ious measures of balance in the identification of
mTBI. Each volunteer participated in a series of
standing balance tests, i.e., measurements of pos-
tural sway first with their eyes open and then with
vision occluded by wearing a mask over their eyes.
The balance tests were performed on an AMTI OR6-
7 force platform using integrated AMTI NetForce
software. All stances were performed with the par-
ticipant wearing socks. We evaluated eight separate
positions with eyes open and eyes closed and com-
pared measurements of sway displacement, velocity,
and variability between groups across positions to
identify a subset of variables that would appro-
priately discriminate between individuals with and
without mTBI. The positions we evaluated can be
generally categorized across three descending levels
of base of support (BOS): bilateral stance, tandem
stance, and single limb stance, and two levels of
vision: vision and no vision. The specific balance
positions selected were those used frequently in
evaluations of balance. They are shown in Table 1
and were performed in the order listed. Use of the
force plate yielded 418 pre/post outcome variables.
These measures took approximately 45 minutes to
complete.

2.3.2. Automated Neuropsychological
Assessment Metric (ANAM)

Individual cognitive assessments were conducted
using the ANAM4 TBI Battery on a laptop computer.
This automated battery of tests was developed specif-
ically for use in screening for concussion/TBI [48].
The measures administered as part of the TBI Battery
can be seen in Table 2.

The ANAM was administered twice during the
first visit to help account for learning effects and to
provide a more reliable set of test scores. The first
administration served as a practice session to famil-
iarize the volunteer with the evaluations, whereas data
from the second administration (given at the conclu-
sion of the visit) were analyzed.

The ANAM Mood Scale 2 – Revised (AMS-2)
is included within the ANAM software. The AMS-
2 is comprised of 42 mood-related adjectives, rated

on a 7-point Likert scale of mood intensity, rang-
ing from 0 to 6. The lowest verbal anchor is 0 “not
at all”, midpoint is 3 “somewhat”, with a maxi-
mum of 6 “very much”. The mood adjectives are
grouped under seven mood subscales: anxiety (ten-
sion/anxiety level), depression (dysphoria), anger
(negative disposition), vigor (high energy level),
fatigue (low energy level), happiness (positive dis-
position), and restlessness (motor agitation) [49].
The full ANAM4 battery took approximately 30–45
minutes per administration and yielded 55 pre/post
outcome variables.

2.3.3. Brain Acoustic Monitor (BAM)
The BAM protocol used for this study closely

followed the University of Maryland R. Adams Cow-
ley Shock Trauma Center (STC) protocol using a
laptop-based system. The system included a Pana-
sonic Toughbook1 with the conditioning electronics
located on the base of the laptop, two forehead sen-
sors secured using an elastic headband, and a finger
reference sensor (Figs 1–3).

The BAM sensor disks were applied to the front
of the participant’s forehead close to the volun-
teer’s hairline and centered over the pupils of each
eye, under an elastic cloth band. A modified pulse
oximeter finger clip was applied to the middle or
ring finger, which served as the reference sensor.
Acoustic data from the two forehead sensors and
from the reference point were then recorded for 10
seconds. This process was repeated a total of five
times per visit or until an acceptable reading was
obtained, which was indicated on a BAM display.
An unacceptable display most often reflects incorrect
placement of the sensors. The waveforms are mea-
sured in time and frequency domains. In a healthy
individual the forehead signals resemble the arterial
reference location, while they do not match in some-
one with a head injury. The BAM system has a signal
processing algorithm, with allowable boundaries of
divergence. The individual is considered ‘healthy’
or ‘normal’ if the readings fall within the bound-
aries (BAM Negative). They individual is considered
suspicious for pathology if the readings fall outside
the boundaries (BAM Positive). The system has a
red/green display indicating the sensor output results.
This assessment produces 7 outcome variables. Test-
ing with the BAM required approximately 10 to 20
minutes [50].

1 Toughbook is registered trademark of Panasonic Corporation
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Table 1
Balance Positions

Stance Description Image

Bilateral Stance Feet side by side, apart; arms; eyes
open and closed

Tandem Stance, right foot
in front of left

Right foot in front of left; arms at
sides; eyes open and closed

Tandem Stance, left foot
in front of right

Left foot in front of right; arms at
sides; eyes open and closed

Tandem Stance, dominant
foot forward

Dominant foot in front on
non-dominant foot, arms at sides;
eyes open

Romberg Test Bilateral stance with ankles together,
arms crossed, fingers touching
shoulder; eyes open and closed

Military Academy Stance
Test, (MAST) right leg

One-legged stance, balancing on
right leg, left leg lifted and bent in
a comfortable position, arms at
sides; eyes open and closed

Military Academy Stance
Test, (MAST) left leg

One-legged stance, balancing on left
leg, right leg lifted and bent in a
comfortable position, arms at
sides; eyes open and closed

2.3.4. Voice Analysis (VA)
Voice data were gathered using a Sound Recorder

[51], and analyzed using proprietary software devel-
oped by the Institute for BioAcoustic Biology and
Sound Health [46]. A uni-directional condenser
microphone (SAMSON C01U USB) was connected
to a laptop computer. The laptop computer was con-
figured with BioAcoustic Biology and Sound Health
vocal analysis software and a calibrated sound card
[46]. The sound recorder settings included the sound
playback default device set at Sigma Tel Audio,
the sound recording default device set at SAM-
SON C01U, the volume set at maximum, and the
MIDI Playback set at Microsoft GS Wavetable SW
Synth.

Three recordings were made, with each record-
ing being 30 seconds long. The three recordings
included one recording of the volunteer reading a
pre-selected paragraph, one talking about personal
physical health, and one talking about a mundane
subject, such as what they had for breakfast or lunch.

The recorded vocal sounds were converted
to numeric data using properties of frequency
(hertz/cycles per second) and amplitude (decibel)
by means of a Fast Fourier Transform. This trans-
lates the vocal data to numeric data creating a digital
graph that represents the vocal frequencies using a
range of 0–1000 cycles per second, depicting a grid
of 0 to 60 on the Y axis and 0 to 1000 along the
X axis. Each volunteer’s voice analysis included 24
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Table 2
Automated Neuropsychological Assessment Metric components

administered

Assessment Description

Demographics Demographic information such as
age and gender

Sleepiness Scale Measure of user’s current state of
energy-fatigue level

Mood Scale Anxiety (anxiety level), and
restlessness (motor agitation)

Simple Reaction Time Index of visuo-motor response timing
Code Substitution-

Learning
Index of visual search, sustained

attention, and encoding
Procedural Reaction

Time
Reaction time and processing

efficiency associated with simple
mapping rules

Mathematical
Processing

Basic computational skills,
concentration, and working
memory

Matching to Sample Spatial processing and visuo-spatial
working memory

Code substitution –
delayed

Memory (delayed)

Simple Reaction time Index of visuo-motor response timing

base frequencies identified by the software as being
“in stress” [52]. These 24 frequencies, along with
their 24 ‘reciprocal’ values were then compared with
a series of frequencies identified by the Institute for
BioAcoustic Biology and Sound Health using their
proprietary Army Compare database, as being asso-
ciated with TBI injuries. While not true mathematical
reciprocals, the ‘reciprocal’ values are mathemati-
cally related to the base frequencies via proprietary
software calculations [52]. For the purpose of this ini-
tial examination, the number of each individual’s 48
values (frequencies + reciprocals) that also appeared
in the Army Compare database (i.e. were thought to
be associated with TBI) were used for the data anal-
ysis. Twelve outcome measures were produced. Data
collection for voice analysis took approximately five
to ten minutes.

2.4. Data analysis

Univariate analyses of between-group mean dif-
ferences served as initial tests to determine whether
measurements from the clinical instruments discrim-
inated between volunteers with vs. without mmTBI.
These analyses were performed with analysis of
covariance (ANCOVA) using age, gender, and length
of military service to adjust for between-group dif-
ferences on these variables. The alpha level for the
preliminary for potential predictors was relaxed to
.10 to reduce Type II error probability. For force plate
variables of center of pressure, the magnitudes of
movement (regardless of direction) were used.

Multivariate binary logistic regression analysis
was used to further reduce the set of predictor
variables and to derive a multivariate model that
eliminated redundant or substantially correlated pre-
dictors, or any predictors that did not contribute
meaningfully to the multivariate prediction. Poten-
tial predictors that yielded p-values <.10 from the
ANCOVAs were entered into the logistic regression
analyses using a forward stepwise procedure. Prob-
ability levels were set to .05 for entry and .10 for
removal for each step of model development. Original
(non-dichotomized) values for each potential predic-
tor were entered into the logistic regression analysis.
In order to avoid over-fitting the model, an a priori
decision was made to limit the number of retained
predictors such that there were at least 10 subjects
with mmTBI per each variable in the final model [53].

Predictors in the final model were individu-
ally characterized for diagnostic accuracy by first
dichotomizing the scales using cut-scores determined
from the Youden index applied to tables of coordinate
points from receiver operating characteristic (ROC)
curve analyses. Dichotomized predictors were then
combined into a multivariate CPR with levels defined
by the number of predictors considered positive

1 2 3

Fig. 1–3. BAM equipment (Left to Right): Panasonic Toughbook, forehead sensors with headband, and finger reference sensor.
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(above or below the cut score). Each level of the
CPR (at least 1 test positive; at least 2 tests positive,
etc.) was characterized with calculation of sensitiv-
ity, specificity, Positive Likelihood Ratio (PLR), and
Negative Likelihood Ratio (NLR). The prevalence
of individuals with mmTBI returning from the con-
flicts in Iraq and Afghanistan has been estimated to be
15% [54–55], therefore, we used this estimate for our
pretest probability. Specifically, for our purposes, this
was assumed to be the probability that a Soldier who
had sustained an injury in theater and was transferred
to a tertiary care facility would have a mmTBI prior
to any testing occurring. For each level of positive
predictors in the CPR, post-test probabilities for the
diagnosis of mmTBI for positive and negative CPR
results were computed based on a generalized pre-
test probability (using a prevalence of 15%) together
with the PLRs and NLRs.

3. Results

Among the 98 volunteers enrolled in the study,
88 provided reasonably complete data for variables
derived from force plate, ANAM, BAM, and VA
data collection instruments. Of those completing
the study, 35 (39.8%) had a diagnosis of mmTBI.
Participants with mmTBI (30.7 ± 7.5 years) were
significantly younger (p < .001) than those with no
TBI (39.1 ± 10.2 years). Likewise, participants with
mmTBI had significantly fewer (p < .001) years of
military service (9.1 ± 7.1 years) than those with no
TBI (16.1 ± 8.4 years). Gender proportions were also
significantly different between groups (p = .002): in
the mmTBI group only 1 (2.9%) of 35 subjects was
female; in the no TBI group 15 (28.3%) of 53 par-
ticipants were female. Demographic variables are
summarized for each group in Table 3. Among the

mmTBI subjects in our study (n = 26), the mean time
since injury at time of data was 207 ± 248 days (range
15 to 1088 days).

From a total of 492 available variables (418 force
plate variables, 55 ANAM variables, 7 BAM vari-
ables, and 12 voice variables), 50 potential predictors
had significantly different mean values at a relaxed
alpha level (.10) comparing the mmTBI group to
the no TBI group, and controlling for age, gender,
and years of military service. Among those variables
showing univariate groupwise discrimination were
40 force plate variables (Table 4), 8 ANAM vari-
ables, 1 BAM variable, and 1 voice variable (Table 5).
Of these 50 potential predictor variables, four vari-
ables were eliminated from further consideration
because of missing data due to human and/or record-
ing failures. Another seven variables were eliminated
because of between-group mean differences showing
paradoxically better balance in the mmTBI group.

This left 39 variables which were entered into
the multivariate stepwise logistic regression analysis
based on 83 subjects (32 with mmTBI) with com-
plete data for all 39 entered predictors. The stepwise
procedure retained 3 predictors: 1) ANAM4 mean of
ratings for the Vigor adjectives from the Mood Scale;
2) absolute value of average center of pressure x-axis
(cm) with left foot in front of right, eyes open; 3) aver-
age displacement along y-axis (cm) on right leg, eyes
open. This model correctly classified 64 (77.1%) of
83 subjects (Table 6), and was statistically significant
(p < .001), with the 3 predictors explaining 37.5% of
the variance in TBI status. Sensitivity (precision or
True Positive Rate) is the ability to correctly identify
an individual with mmTBI. Specificity (True Nega-
tive Rate) is the ability to correctly identify those who
do not have a mmTBI, based on their negative scores.

The Hosmer-Lemeshow statistic established rea-
sonable goodness of fit for the model (p = .684).

Table 3
Characteristics of Subjects Completing the Study

Subject characteristic mmTBI Group No TBI Group P
(n = 35) (n = 53)

Age, years 30.7 (7.5%) 39.1 (10.2%) <.001
Women, no. (%) 1 (2.9%) 15 (28.3%) 0.002
Caucasian Ethnicity, no. (%) 21 (60.0%) 38 (71.7%) 0.382
Active duty Army, no. (%) 28 (80.0%) 43 (81.1%) 0.886
Years current military service 9.1 (7.1) 1 6.1 (8.4) <.001
How many times deployed 2.1 (1.4) 1.6 (1.4) 0.106
Years since return from last deployment 1.2 (1.7) 3.3 (4.6) 0.004

Values presented in the two group columns are mean (SD) unless otherwise specified. The p-
values are from unpaired t-tests for continuous-scale variables and from Chi-square tests or
Fisher’s Exact test (where needed) for categorical variables.
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Table 4
Force plate variables with significantly different means (adjusted for age, gender, and years of military service)

for mmTBI group vs. no TBI group

Romberg Sharpened Tandem MAST
Romberg stance

Eyes L R L R

Average CPOX Open Xb X∗∗
Closed Xa

Average CPOY Open Xb X X Xa

Closed Xb X X
Maximum COPX Open

Closed
Maximum COPY Open X X

Closed Xa X
Minimum COPX Open

Closed
Minimum COPY Open X

Closed X
SD COPX Open

Closed X
SD COPY Open X X

Closed X Xa

Displacement COPX Open
Closed X

Displacement COPY Open X∗∗
Closed X Xa

Radial displacement COP Open X
Closed X

SD Radial displacement COP Open X
Closed X

95% Ellipse Area Open X X
Closed X X

95% SD Major Open X X Xb

Closed
95% SD Minor Open

Closed X X
Velocity Open Xa

Closed Xa

L/R refers to the foot placed in front during tandem stance or the foot the subject stood on.
Eyes Open/Closed refers to visual condition for each test.
COP = Center of Pressure.
X, Y refer to X- and Y-axes (side-to-side and front-to-back, respectively).
∗∗Retained as a predictor in the logistic regression model.
aNot entered into logistic regression because of a counterintuitive direction of difference: mmTBI subjects showing less
excursion or less variability or lower velocities than those without TBI.
bNot entered into logistic regression because of too many missing data points.

Adjusted odds ratios were .44 (95% CI.28 to.67) for
the mean of ratings for the Vigor adjectives in the
ANAM4 Mood Scale, 2.38 (95% CI 1.16 to 4.91) for
absolute value of average center of pressure x-axis
(cm) with left foot in front of right eyes open, and
10.10 (95% CI 1.62 to 62.95) for average displace-
ment along y-axis (cm) with right leg, eyes open.
Areas under the ROC curves for the three retained
predictors were as follows: 0.74 (95% CI 0.64 to
0.84) for the ANAM4 mean of ratings for the Vigor
adjectives from the Mood Scale, .63 (95% CI 0.51
to 0.75) for absolute value of average center of pres-
sure x-axis (cm) with left foot in front of right eyes

open, and .57 (95% CI 0.44 to 0.70) for average
displacement along y-axis (cm) with right leg, eyes
open. Cut scores determined with the Youden Index
method, defining positive test results for each of the
retained predictors, were <2.42 points, >1.44 cm, and
>1.00 cm, respectively.

Diagnostic accuracy profiles for each level of the 3-
item CPR, using all predictors in combination, based
on n = 86 with complete data for all 3 predictors, are
presented in Table 6. Table 7 shows the three tests
for mmTBI, including the score on each measure
which denotes when it is positive for predicting a
mmTBI.
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Table 5
ANAM, BAM, and VA variables with significantly different means (adjusted for age, gender, and years of military service) for mmTBI

group vs. no TBI group

Potential predictor

ANAM matching to sample mean response time (for all correct & incorrect responses)
ANAM matching to sample throughput (number of correct responses per unit of available response time [=NumCorr/((NumCorr +

NumInc)∗MeanRT + NumLapse∗Timeout)])
ANAM mean of ratings for the VIGOR adjectives from the Mood Scale ∗∗
ANAM mean of ratings for the HAPPINESS adjectives from the Mood Scale
ANAM simple reaction time mean response time (for all correct & incorrect responses)
ANAM simple reaction time throughput (number of correct responses per unit of available response time
ANAM simple reaction time (repeated) mean response time (for all correct & incorrect responses)
ANAM simple reaction time (repeated) throughput (number of correct responses per unit of available response time

BAM: Right Side amplitude from brain acoustic monitoring

VA: Sum of frequencies within a subjects 24 identified frequencies that fall out of normal range AND were previously identified in the
‘Army Compare’ program as being related to TBI

∗∗Retained as a predictor in the logistic regression model.

Table 6
Multivariate diagnostic accuracy for levels of 3-item CPR, based on n = 86 with complete data

Level of Sensitivity Specificity PLR NLR Post-test Post-test
3-Item CPR Probability if Probability if

Criterion Met Criterion Not
for Respective Met for Respective

Level∗ Level ∗

All 3 tests positive∗∗ – – – – – ––
At least 2 tests positive 0.33 0.98 17.67 0.68 75.7% 10.7%
At least 1 test positive 0.91 0.68 2.83 0.13 33.3% 2.3%

PLR = Positive Likelihood Ratio; NLR = Negative Likelihood Ratio ∗Post-test probabilities are computed from a pre-test probability of 15%
and the respective likelihood ratios ∗∗No subjects in the study had all 3 tests positive.

Table 7
Three variable scores that positively predict mmTBI

Test Positive if
score is:

ANAM mean of ratings for the Vigor adjectives
from the Mood Scale

<2.42

Absolute value of average center of pressure x-axis
(cm) with left foot in front of right, eyes open

>1.44

Average displacement along y-axis (cm) with right
leg, eyes open

>1.00

4. Discussion

The purpose of this research was to examine
the usefulness of four technologies in differentiat-
ing military service members with and without mild
or moderate, service-connected TBI, and to build a
clinical prediction model based on the results. Our
statistical analysis of four technologies, the AMTI
force plate, ANAM4, the BAM, and VA resulted in
two of the four devices being helpful in predicting
TBI: the AMTI Force plate for two measures and the
ANAM4 mood subscale for vigor. A clinical predic-
tion model was developed.

4.1. Balance

Postural stability is defined as maintaining one’s
center of mass within the BOS [56], and it has been
established that postural sway increases in conditions
when the BOS is reduced [57–58] and in conditions
without vision [59]. Our balance conditions ranged
across a continuum from simple (bilateral stance, feet
apart, eyes open) to difficult (single limb stance eyes
closed) [60]. We observed that differences in sway
velocity and variability inconsistently discriminated
between subjects with mmTBI and controls across all
balance conditions and thus, were not included in our
final model. Sway velocity and variability have pre-
viously been reported to demonstrate poor test-retest
reliability [61], and may provide inadequate discrimi-
nation of population differences. Frontal and sagittal
plane sway displacement were found to be signif-
icantly predictive of a diagnosis of mmTBI) with
left foot in front of right eyes open, and with right
leg, eyes open respectively. In previous investigations
comparing mmTBI patients and controls, postural
stability has not consistently been shown to be dimin-
ished among mmTBI patients during quiet stance
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or under conditions of diminished BOS and vision
[25, 62-63]. Kaufman and colleagues [25] found that
mmTBI patients demonstrated diminished postural
stability only during a single sway referenced condi-
tion on the sensory organization test, but no deficits
were seen during quiet stance with the eyes open or
closed. Slobounov et al. [63] reported that athletes
who sustained a mmTBI demonstrated no deficits in
measures of postural sway while performing bilateral
stance with eyes open and closed 30 days after injury.
In contrast, Findling and colleagues [62] found that
mmTBI patients with whiplash demonstrated greater
postural sway during bilateral stance conditions on
a firm surface with eyes open and closed compared
to controls and patients with whiplash alone, as well
as increased sway during unilateral stance on a firm
surface with eyes closed compared to controls. Our
results partially agree with these studies, showing
postural stability was diminished among mmTBI par-
ticipants [25–63], and differed from studies that either
showed postural sway was not diminished [62-63]
or other measures of postural sway were diminished
[25–63]. Differences in postural deficits observed in
this study compared to those reported elsewhere, may
have occurred for several reasons. First, these differ-
ences may be due to the duration of injury in our
mmTBI participants. Participants in the current study
had sustained a mmTBI an average of 6.9 months
prior to data collection, with a range between 15 days
and 3 years. Kaufman and colleagues [25] reported
on patients with an average injury duration of 2.8
years, while those described by Slobounov and col-
leagues [56] had sustained an injury within 30 days
of testing. Findling et al. [62] described deficits in
patients with symptoms of at least 6 months dura-
tion. Another potential reason for the difference in
our findings compared to those reported elsewhere
may be due to methodological differences in the stud-
ies. Kaufman et al. [25] reported body sway measured
during the sensory organization test conducted on the
Equitest device, which provides summarized output
of postural sway. Additionally, while other studies
have used force plate measurements, their method-
ologies differ from those of the current study in the
number of foot positions and visual conditions eval-
uated [25–62–64]. Finally, the mechanism of injury
may impact balance, such as blast injuries vs. physical
impact injuries.

Should future research uphold these findings,
ruggedizing a force platform for military field use will
still be a challenge. Force platforms need to be stable
and require a consistent, flat surface perhaps more

easily implemented in a garage or motor pool than
a field hospital. In addition, they (and the computer
technology they use) are sensitive to dirt, dust, and
sand, often found in places of military deployment,
such as recent altercations in Iraq and Afghanistan.

4.2. ANAM

Participants’ rankings of vigor adjectives on the
Profile of Mood States remained in the model. The
vigor subscale addresses feelings related to a per-
sons’ energy level and includes adjectives such as
energetic, lively, alert, spirited, active, and vigorous.
Those with mean scores equal to or below 2.42 were
more likely to have a mmTBI diagnosis. While this
would appear to be consistent with findings of fatigue
among those who have incurred a traumatic brain
injury, as found by others [65–69], in our study the
subscale for fatigue was not predictive of mmTBI.
Post TBI fatigue has been found to be related depres-
sion, pain, and sleep problems [68]. Identifying vigor
as a predictor in our model might also appear to
be related to research demonstrating that individu-
als with a TBI are more likely to have depressive
symptoms, than individuals without a TBI [69–73].
However, in our study the subscale for depression was
not predictive of mmTBI.

Individuals who have experienced a TBI often have
difficulty sleeping [74-75], which may be related to
vigor. However, our study did not demonstrate differ-
ences in sleepiness between those with and without
a mmTBI. Castriotta and colleagues found increased
sleep difficulties among those with a TBI, and did
not find differences in self-ratings using the Profile
of Mood States (POMS), which does have a vigor
subscale [76]. Also, although Johnson (et al.) found a
correlation between an automated mood scale vigor
subscale and the POMS vigor subscale of .64, and
a correlation of .76 with the subscale of “energetic
arousal” for the Dundee Stress State Questionnaire,
the differences between these assessments may be
sufficient to yield contradictory research results [49].
While our measure of fatigue used Likert Scale rat-
ings for six adjectives (lazy, inactive, tired, weary,
sluggish, and drowsy), others used descriptions that
were paired with activities. For example, Ziino and
Ponsford used a visual analogue scale for fatigue, a
nine-point fatigue severity rating that linked fatigue
with behavioral indicators (ex. fatigue interferes with
my physical functioning), and a causes of fatigue
scale that linked activities with fatigue (concentrat-
ing, exercising, etc.) [67]. Johansson and colleagues
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[65] used a 15 item questionnaire that also associated
common activities to symptoms associated with men-
tal fatigue, such as sensitivity to stress, irritability, and
sensitivity to light. Thus, the differences between the
scales themselves may contribute to the differences
in our findings, from those of other studies.

Since only the vigor subscale of adjectives was
identified in the clinical prediction model, this does
not necessarily support the use of the entire ANAM4
or the whole ANAM4 mood scale for screening for
mmTBI. Should future research uphold the vigor sub-
scale as being predictive of mmTBI, then that single
scale could easily be used.

4.3. BAM

While prior research is promising for use of the
BAM in identifying concussion, positive findings
occurred among individuals whose head injury was
very recent, for example after hospital admission
from an Emergency Room visit [38]. Participants in
this study had much longer time passage since their
original injury (mean of 6.9 months), with a large
standard deviation (over 8 months) and range. This
may explain the lack of positive findings with the
BAM in this study, as the cerebrovascular damage
may have already been arrested in our population.
Revisions to the technology now allow use of the
BAM in under ten minutes [77], thus it is quick
and could provide additional information immedi-
ately, or closely following injury. Further research
is suggested to determine usability in a military field
situation, and how long post injury the BAM remains
sensitive to cerebrovascular injury.

4.4. Voice analysis

Few research studies have been published on voice
analysis and TBI and while results are conflicting,
it appears that laryngeal dysfunction coincides with
severe TBI. Theodoros and Murdoch found laryngeal
hyperfunction [78], while McHenry found laryn-
geal hypofunction and breathiness among individuals
with severe TBI [79]. A second study by McHenry
found the most frequently occurring abnormality
among those with severe TBI to be amplitude per-
turbation, followed by voice turbulence index, with
nearly a quarter of the research volunteers showing
abnormalities in all of the five voice measurements
[80]. While interest remains in identifying and using
speech acoustic features as biomarkers for portable

diagnostic tools for TBI [81], the field remains in its’
infancy. Research has focused on severe TBI. The
lack of positive findings in this study are likely due
to our population, who had mild to moderate TBI
rather than severe TBI. Additional studies are needed
to identify acoustic biomarkers that are consistent for
each level of TBI.

Overall, the observed differences in this study com-
pared to other studies may involve the mechanism of
injury. Multiple authors have suggested that mTBI
associated with blast injury may produce symptoms
that differ from those of blunt force trauma, such
as a motor vehicle accident, fall, or sports-related
impact [16, 82–84]. Specifically, these injuries may
produce a more diffuse axonal injury, rather than
the focal injuries associated with coup-countercoup
mechanisms seen in other injury mechanisms
[82].

5. Conclusions and recommendations

This study identified a regression equation pre-
dicting those who did, and did not, have a mmTBI,
consisting of three measures one from a mood scale
and two from use of a force platform. From this

Fig. 4. Likelihood ratio nomograms∗ showing post-test probabil-
ities‡for: (A) a positive result with any 2 + tests positive on the
3-item CPR, and for (B) a negative result with 0 tests positive.∗
[55, 84]. Copyright ©1975, Massachusetts Medical Society. All
rights reserved. ‡Assumes 15% pre-test probability for mild to
moderate TBI.
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equation, a clinical prediction rule was developed to
identify patients with a mild to moderate traumatic
brain injury. The results indicate that the presence
of at least two of the three clinical measures: the
ANAM4 vigor subscale score ≤2.42, frontal plane
sway ≥1.44 cm during tandem stance with eyes open
and the left foot forward, and sagittal plane sway
≥1 cm while standing on the right foot with eyes
open increases the likelihood of the patient having
a mmTBI from 15% to 76%. The absence of all three
of these predictors decreases the patient’s likelihood
of having a mmTBI to approximately 2%. That is, a
subject with positive results on any two or on all 3
tests would shift them from a pre-test probability of
15% to a post-test probability of 75.7% based on a
PLR of 17.67. A subject with negative results on all
3 tests in the CPR would shift them from a pre-test
probability of having mmTBI from 15% to a post-
test probability of 2.3% based on a NLR of 0.13.
These results demonstrate the increase in the ability
to correctly identify those with a mmTBI and rule out
those who do not have a mmTBI. Likelihood ratios
of these magnitudes are characterized as sufficient
to “ . . . generate large and often conclusive changes
in pretest to posttest probability” for a positive test
result, and “ . . . moderate shifts in pretest to posttest
probability” for a negative test result [85]. That is, the
model performs better at ruling in mild to moderate
TBI than ruling out the condition. Figure 4 provides
a quick visual reference showing the changes in pre-
test probability to post-test probability, summarizing
our findings.

Recommendations include future studies of mili-
tary service members exposed to blast, much closer
to the time of initial injury. Such studies may include
balance, mood scales, and the BAM, as well as other,
perhaps newer technologies and tools, as they become
available. The balance platform is an example an
assessment that is very sensitive to balance, per-
haps indicating the need for development of more
sensitive measures of underlying sensorimotor and
executive functioning deficits associated with TBI,
such as oculomotor control [87], working memory
[88], or other deficits. In addition, research sugges-
tions include examining balance and vigor measures
for their prediction consistency with a larger pop-
ulation, both closer to the time of injury and over
the course of recovery. While voice analysis shows
promise in other studies, it appears more research
is required prior to examining its’ use with mild to
moderate TBI.

6. Limitations

This study was limited by the small number of sub-
jects who completed the study. It is possible that a
greater number of variables would have been included
in the model, given a higher number of participants.
Additionally, the study was limited by the inclu-
sion of only subjects with mmTBI being seen in
a tertiary care facility, and who were enrolled an
average of 207 days (6.8 months) following injury.
Therefore, the accuracy of this prediction rule to iden-
tify mmTBI in acutely injured individuals remains
untested at this time. However, persistent deficits
in balance following mTBI have been previously
reported [26–8], and the results of our study, if
subsequently validated, should help to inform deci-
sions about prognosis and treatment considerations
in individuals exposed to blast injury where diagno-
sis may have been delayed or not established due to
comorbid conditions. McGinn and colleagues have
proposed methodological guidelines for clinical pre-
diction rules, suggesting that prospective validation
and impact analyses should follow initial derivation
studies before a clinical prediction rule is considered
ready for widespread clinical use [89]. Therefore,
future research with an independent sample of sub-
jects should be conducted to ascertain the prediction
rule’s validity.
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