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ANAM4 TBI Reaction Time-Based Tests Have Prognostic Utility
for Acute Concussion

LT Jacob N. Norris, MSC USN*; LCDR Waiter Carr, MSC USN*; CDR Thomas Herzig, MSC USNf;
CDR D. Waiter Labrie, MSC USNf; CDR Richard Sams, MC USN§

ABSTRACT The Concussion Restoration Care Center has used the Automated Neuropsychological Assessment
Metrics version 4 Traumatic Brain Injury (ANAM4 TBI) battery in clinical as.sessment of concussion. The study's aim is
to evaluate the prognostic utility of the ANAM4 TBI. In 165 concussed active duty personnel (all ultimately returned
to duty) seen and tested on the ANAM4 TBI on days 3 and 5 {median times) from their injury. Spearman's p statistics
showed that all performance subtests (at day 5) were associated with fewer days retum-to-duty (RTD) time, whereas
concussion history or age did not. Kruskal-Wallis statistics showed that ANAM4 TBI, loss of consciousness, and post-
traumatic amnesia were associated with increased RTD time: ANAM4 TBI reaction time-based subtests. collectively,
showed the largest effect sizes. A survival analysis using a Kaplan-Meier plot showed that the lowest 25% on
the reaction time-based subtests had a median RTD time of 19 days, whereas those in the upper 25% had a median
RTD time of approximately 7 days. Results indicate that until validated neurocognitive testing is introduced,
the ANAM4 TBI battery, especially reaction time-based tests, has prognostic utility.

INTRODUCTION
In August 2010, providers at the Coticussion Restoration
Care Center (CRCC) began using the Automated Neuropsy-
chological Asses.sment Metrics version 4 Traumatic Brain
Injury (ANAM4 TBI) battery in clinical assessment of its
patients as they recovered from concussion/mild TBI
(tnTBI). A concussioti/mTBI is a traumatic brain injury
having normal structural imaging (if itnaging is done), a loss
of consciousness (LOC) of no more than 30 minutes, and/or
alteration of consciousness (AOC) or post-traumatic amnesia
(PTA) of no more than 24 hours.' Between August 2010 and
December 2011, the ANAM4 TBI battery, a computerized
neuiocognitive test was administered to over 800 patients at
the CRCC.'-' The CRCC use of ANAM4 TBI is in a moni-

*Neurotrauma Department, Naval Medical Research Center, 503 Robert
Grant Avenue. Silver Spring. MD 20904.

tWarfighter Performance Department. Naval Health Research Center.
140 Sylvester Road. San Diego. CA 92106.

ÍMental Health Department, Naval Medical Center Portsmouth. 620
John Paul Jones Circle, Portsmouth, VA 23708.

SKings Bay Branch Health Clinic, 881 USS James Madison Road.
Kings Bay. GA.

The view.s expressed in this article are those of the authors and do not
necessarily reflect the official policy or position of the Department of the Navy,
the Department of Defense, or the U.S. Government. Approved for public
release: distribution is unlimited. This research has been conducted in com-
pliance with all applicable federal regulations governing the protection of
human subjects in research (U.S. Army Medical Research and Material
Command. Fort Detrick. MD: IRB number M-10166).

CDR Sams, CDR Herzig, CDR Labrie, LCDR Carr, and LT Norris are
military service members. This work was prepared as part of their official
duties. Title 17 U.S.C. § 105 provides that "Copyright protection under this
title is not available for any work of the United States Government." Title 17
U.S.C. § 101 defines a U.S. Government work as a work prepared by a
military service member or employee of the U.S. Government as part of that
person's official duties.

doi: 10.7205AÍ1LMED-D-12-00493

toring paradigm, administered on intake and periodically
across re-evaluation days to support assessment of injury pro-
gression and resolution. Although used at the CRCC with
anecdotal support from the CRCC providers, the use of
ANAM4 TBI battery as a prognostic (predictive) tool for
time to return to duty (RTD) has not been ernpirically evalu-
ated and there are differences in recomrnendations for its
optimal use.'* The study reported here is an examination of
the ANAM4 TBI battery as a prognostic tool.

DoD Instruction (DoDI 6490.11, dated Sept. 18, 2012), the
document outlining U.S. Department of Defense (DoD) care
for in-theater concussion care, targets cognitive testing as a
focus issue.' There is accumulating literature addressing the
utility of neurocognitive testing for screening, diagnosis, and
RTD evaluation following concussion in military settings.
The Military Acute Concussion Evaluation (MACE), a
DoD-developed tool, has some degree of sensitivity and
specificity as a screening tool for field-level medical person-
tiel when used within 12 hours postinjury. This conclusion
was drawn from a population of military personnel frotn Itaq
and using a standard cutoff score of <25, which yielded 20%
sensitivity for all cases and 88% specificity.•'' At longer dura-
tions postinjury, such as within 72 hours, the ANAM4 TBI
battery may have added value in assisting diagnosis of con-
cussion, delivering added value above the MACE. However,
beyond 1 week, ANAM4 TBI utility as a diagnostic tool is
severely limited.''-^ The ANAM4 TBI is being used with
some success in forward deployed settings to evaluate RTD
following concussion.'*

CRCC RTD Criteria
In accordance with established clinic practices, 3 main
criteria are used in the determination of whether and when a
patient returns to regular military duty followitig diagnosis of
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concussion (unpublished CRCC brief overview OCT
2011, unreferenced).

(1) Symptom resolution: Patient's concussion-related
symptoms (e.g., headache) have resolved.

(2) Stress test: Patient must also be symptom-free following
an exertion stress test. At the CRCC, this is conducted
by increasing the patient's heart rate to 65%-85% of
maximum heart rate for a period of 2 minutes. Patients
are asked to run on a treadmill while wearing standard
issue body armor (a flak tactical vest with ballistic resis-
tant plates, weighing approximately 40 lb). Patients
are asked to report symptoms at the conclusion of
the test. Based on the CRCC database records, the
exertion stress test has 16.9% failure rate (i.e., positive
report of symptoms).

(3) ANAM4 TBI simple reaction time (SRT) subtest:
Patient's ANAM4 TBI SRT score in milliseconds is
tracked. Generally, a score <300 ms serves as an accept-
able criterion indicating neurocognitive recovery.

These criteria are recorded in patient records with each
assessment and weighed along with the providers' clinical
assessment in the measure of fitness (unpublished CRCC
brief overview OCT 2011, unreferenced).

Clinical Questions
As part of developing an individualized treatment plan and
monitoring its progress, the CRCC clinicians use the ANAM4
TBI to evaluate patient neurocognitive status. A key indicator
in this use of ANAM4 TBI is the SRT subtest. The aiin of this
study was to improve clinical practice and develop better treat-
ment plans at the CRCC at Camp Leatherneck, Afghanistan,
through concerted evaluation of the ANAM4 TBI. The study
was approved by the Joint Combat Casualty Research Team as
a Performance Improvement Project. The focus of this project
is to address the following questions: Does the SRT test, as
currently used, act as the best neurocognitive indicator of
recovery trajectory available to the CRCC clinicians within
the ANAM4 TBI? Does performance on SRT at presentation
predict a patient's recovery time? Does information such as
age, self-reported blast exposure, prior concussion history,
reported LOC, or FTA provide equally relevant (and easier to
access) prognostic infomiation?

METHODS
This study received institutional review board (IRB) approval
from the U.S. Army Medical Research and Material Com-
mand, including a waiver of informed consent (IRB number
M-10166). This study followed guidelines detailed in the
U.S. Central Command (CENTCOM) Human Research
Protection Program.

Record Screening
CRCC records from August 2010 to November 2011 were
screened from the CRCC patient database for the following

criteria: diagnosed with concussion by a CRCC provider,
seen at the CRCC within 1 week of injury, no prior concus-
sions treated at the CRCC, eventual RTD, and no reported
musculoskeletal injuries that would hinder performance on
the test. Patient records were only included if there were at
least 2 administrations of the ANAM4 TBI within a week
following the injury (tested at days 3 and 5 postinjury; median
times) and SRT scores for the first and the second adminis-
tration showed SRT number correct response rate >80%
(33 out 40 trials). Researchers surmised that 80% number
correct responses to a simple, single response test had ade-
quate face validity, indicating the patient could understand
and execute directions while exercising sufficient motor and
response control (9 records were excluded for this reason).
From an initial set of 816 patients records available, 165 records
remained for analysis after applying exclusion/inclusion
criteria. The majority of records not included in analysis were
from patients who were cleared for RTD at the initial assess-
ment, yielding no second assessment to use in this evaluation
and to inform the objective of this study.

Instrument
The ANAM4 TBI is a computer-based neuropsychological
assessment consisting of 9 tests. The first 2 subtests reflect
sleep and mood rather than neurocognitive ability and are
outside the scope of this report. Those subjective scales are
followed by 7 neurocognitive performance-based subtests (in
order): SRT, code substitution (CDS), procedural reaction
time (PRO), mathematical processing (MTH), matching-to-
sample (M2S), CDS delayed (CDD), and simple reaction
time 2 (SR2).

Simple Reaction Time

The subject clicks the left mouse button (single-button
response) when an asterisk stimulus is presented on the screen.
This stimulus is presented at different intervals for 40 trials
and reaction time for each trial is recorded. This subtest
assesses reaction time.

Code Substitution

A static display of digits 1 through 9 appears in a row at
the top of the screen with a unique symbol above each digit.
A series of 72 probes appears at the bottom of the screen,
each showing a pairing of a single digit and symbol in the
same fashion as the static display at the top of the screen.
The subject uses the left mouse button to indicate if the
pairing in the probe matches a pairing in the static display
above and the right mouse button if the pairing in the
probe does not match a pairing in the static display above.
Subjects are informed that the static display will be
referenced in a later task, but the display will not be rep-
resented. This subtest assesses visual search, sustained atten-
tion, and encoding.
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Procedural Reaction Time

A series of single digits (2, 3,4, or 5) is presented in 32 trials.
The subject uses the left mouse button to indicate the digit is
"low" (2 or 3) or the right mouse button to indicate the digit is
"high" (4 or 5). This subtest assesses reaction time and
processing efficiency associated with following a simple set
of mapping rules.

Mathematical Processing

A series of 3 single-digit operator arithmetic mathematical
equations (e.g., "3 + 4 - 1") is presented in 20 trials. The
subject uses the left mouse button to indicate the answer is
less than 5 or the right mouse button if the answer is greater
than 5. This subtest assesses basic computational skills, con-
centration, and working memory.

Matching-to-Sample

A series of 4 x 4 matrices with cells in a 2-colored pattern
appears in 20 trials. Following each stimulus, a pair of slightly
different 4 x 4 matrices appears side-by-side. The subject uses
the left or right mouse button to indicate which matrix in the
pair matches the previous stimulus. This subtest assesses
spatial processing and visuospatial working memory.

CDS Delayed

A series of 36 probes appears in the same fashion as the CDS
subtest. The subject responds in the same fashion as in the
CDS subtest using memory of the static display from the
CDS subtest, presented approximately 10 minutes before and
not represented.

Simple Reaction Time 2

A subtest identical to the SRT subtest.

ANAM4 TBI Administration at the CRCC
The ANAM4 TBI was administered to the CRCC patients
following initial physical examination and intake by Navy
Hospital Corpsmen and before examination by a physician.
The battery was administered by the Corpsmen in a quiet
room without auditory or visual distractions on individual
laptops with a computer mouse, provided to the CRCC by
the ANAM testing office. The CRCC personnel instructed
patients to give an honest effort and ensured that patients
were familiar with the mouse and computer setup. After the
battery was completed, Corpsmen escorted patients to the
CRCC waiting area for a short period before seeing the phy-
sician. Physicians reviewed the ANAM SRT score as part of
the clinical process.

Data Analyses
In typical use of ANAM4 TBI, reaction time and accuracy
are combined into a single outcome measure of "throughput."
Throughput is a speed-accuracy product reflecting perfor-
mance across both dependent variables.*^ Throughput is

derived from number correct divided by mean reaction time.
Throughput was selected as the key variable to remain metric
consistent with previous published literature on the ANAM4
TBI and to allow comparison between subtests.'̂ "''̂ ^

Data were processed using Microsoft Office Excel and
Access 2007. Analyses were conducted on Microsoft Office
Excel 2007 and StatView software (SAS Institute, Cary,
North Carolina). Descriptive statistics are presented for a
variety of demographic measures, number of reported con-
cussions in the past 12 months (excluding number of concus-
sions 90 days before injury), and number of days between
injury and RTD. Although the skew of the throughput data
was within normal range, we used a conservative approach of
Spearman's p correlation coefficients, a nonparametric statistic
that is insensitive to outliers, followed-up with z-score tests to
determine whether p values were statistically significantly
different from each other. Nonparametric survival analyses
using Kaplan-Meier plots and Kruskal-Wallis statistics were
used to assess differences in time to RTD based on subtest
performance and categorical factors.

RESULTS
Most records were from patients who were male (99%) and
Marines (78%). 20% of records were from Army personnel,
and 2% were from Navy personnel. Patients ranged from
19 to 41 years old, with a median age of 22 years old (22%);
most were under 25 years old (78%). The most represented
rank was E-3 (43%). Approximately 146 (89%) patients
reported no prior concussions in previous 12 months; 15 (10%)
reported 1 concussion, and 2(1%) reported 2 to 4 concussions
within the previous 12 months. 100 (61%) patients reported no
blast exposure in the previous 12 months; 27 (15%) reported a
single blast exposure event; 38 (23%) reported more than a
single blast exposure. Improvised explosive device blast expo-
sure was the most common mechanism of injury, accounting
for nearly 86% of injuries. Other leading causes of injury were
rocket propelled grenades (2%) and vehicle accidents (2%).
Blunt head trauma from objects falling or from martial arts
sparring accounted for the remaining 10%. Approximately
76% of all concussions occurred when the patient was in a
vehicle. Approximately 16% of records listed co-occurring
injuries including post-traumatic headache, minor shrapnel
wounds, lower extremity sprains, and neck and back sprains.
The sample did not include patients held back from duty
because of co-occumng injuries. Approximately 51% reported
no LOC at the time of injury, 40% reported LOC following
injury, and 9% were uncertain as to whether they had
lost consciousness.

Exploratory data analysis of days to RTD shows a trend
toward a positive-skew in the distribution (skewness = 1.4)
with corresponding differences in the mode (7 days), median
(10 days), and mean (12 days) to RTD. All subjects in the
sample completed care; none were evacuated from theater
because of concussion. Descriptive statistics for each subtest
are shown in Table I. ANAM4 TBI subtest throughput
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TABLE I. Postinjury ANAM4 TBI Throughput Descriptive
Statistics {N = 165)

TABLE II. ANAM4 TBI Performance Subtests at Sessions
and 2, and Concussion History and RTD Time {N = 165)

Subtest

Session 1
SRT
CDS
PRO
MTH
M2S
CDD
SR2

Session 2
SRT
CDS
PRO
MTH
M2S
CDD
SR2

Mean

145.76
41.49
70.27
16.14
23.32
31.51

134.62

175.35
43.60
83.25
17.70
27.62
37.87

167.4

SE

4.993
1.06
2.15
0.49
0.73
1.16
5.51

6.28
1.05
2.43
0.81
0.85
1.31
6.71

Median

146.56
41.76
74.15
15.40
22.84
29.58

133.91

203.34
43.90
92.94
16.04
27.43
36.46

208.01

variables tended to be positively skewed at first administra-
tion and negatively skewed at second administration. RTD
was also a positively skewed variable.

Relationship Between ANAM4 TBI Subtests, Clinical
Information, and RTD
For sessions 1 and 2, Spearman's p coirelation coefficients
were calculated for each performance subtest, age, blast
exposures, and concussion history (last 12 months and before
12 months). Results show that performance on each ANAM4
TBI subtests and number of days RTD significantly covary at
both the first and second postinjury ANAM4 TBI, p values
< 0.03. Of greatest note, the second administration of the SR2
subtest correlates with days to RTD, p (corrected for ties) =
-0.52, p < 0.0001, as does the second administration of the SRT
subtest, p (corrected for ties) = -0.50, p < 0.0001, and second
administration of the PRO subtest, p (corrected for ties) =
-0.50, p < 0.0001. Spearman's p coefficients showed no
statistically significant relationship between age, self-reported
blast exposures, concussion history in both 12 months before
injury and before a year before injui^ are documented in
Table II, which is consistent with similar findings.'^

Assuming independent samples, z-score tests revealed the
highest magnitude p statistic, session 2 SR2, does in fact
differ significantly from the next highest magnitude p statistics,
session 2 SRT and session 2 PRO: z = 2.29, p < 0.05, and
z = 2.54, /; < 0.05, respectively. However, session 2 SRT
and session 2 PRO do not differ, z = 0.25, p = ns.

To evaluate whether LOC, PTA, or mechanism of injury
factors related to RTD time, Kruskal-Wallis tests for
A'-independent samples were performed (as these were
nominal rather than ordinal variables): LOC (yes, no,
uncertain), H = 7.86, df= 2,p< 0.05; PTA (yes, no, uncertain),
H = 6.935, df= 2, p < 0.05; Mechanism of Injury (Improvised
explosive device, motor vehicle accident, other combat, other
blunt trauma), H = 0.95, df= 3, p = ns.

ANAM4 TBI Subtest

Session 1
SRT
CDS
PRO
MTH
M2S
CDD
SR2

Session 2
SRT
CDS
PRO
MTH
M2S
CDD
SR2

Age/Concussion History
Age, Years
No. of Blast Exposures
No. of Concussions 12 Months Prior
No. of Concussions Before 12 Months

P"

-0.31***
-0.23**
-0.35***
-0.31***
-0.32***
-0.18*
-0.39***

-0.50***
-0.43***
-0.50***
-0.31***
-0.37***
_0.39***
-0.52***

-0.07
-0.10
-0.07
-0.01

z-Value"

-4.37
-2.91
-4.49
-3.92
-4.14
-2.25
-4.99

-6.42
-5.55
-6.40
-3.91
-4.68
-5.00
-6.61

-0.94
-1.26
-0.93
-0.73

*p < 0.05; **/) < 0.01; ***/) < 0.0001. "Corrected for ties.

Clinical Utility of SRT, SR2, PRO Subtests, LOC,
and PTA
The clinical utility of the significant findings was evaluated.
The 3 ANAM subtests that accounted for the greatest amount
of variance, LOC, and PTA were selected for fuither evalua-
tion. To compare ANAM4 TBI subtests, LOC, and PTA, each
patient's ANAM4 TBI scores were categorized according to
quaitile ranking. A Kruskal-Wallis test for /^-independent
samples were performed for session 2 SR2, H = 47.207, df- 3,
p < 0.0001; session 2 SRT, H = 52.02, df=?,,p< 0.0001; and
session 2 PRO, H = 54.53, df = 3, p < 0.0001. Using the
H statistic to calculate effect sizes for session 2 SR2, session
2 SRT, session 2 PRO, LOC, and post-traumatic headache
revealed the following: session 2 SR2, w = 0.535; session 2
SRT, w = 0.561; session 2 PRO, w = 0.575; LOC, w = 0.218;
and PTA, w = 0.205. Kruskal-Wallis tests for the ANAM
subtests showed larger effect sizes than LOC and PTA.

Survival curves with a Kaplan-Meier plot (shown in
Figs. 1 and 2) were constructed for session 2 SRT, session 2
SR2, session 2 PRO, LOC, and PTA to examine the perfor-
mance patterns associated with these quartiles over time to
RTD. Visual inspection of survival plots and of median times
to RTD for each patient subgroup (shown in Table III)
showed that for all 3 ANAM4 TBI subtests, the principal
difference was between the poor performers (0%-25%) and
top performers (76%-99%). For example, on the session 2
SR2 subtest, poor performers took a median time of 19 days
to RTD. Meanwhile, top performers took a median time of
7.5 days to RTD. A visual inspection of the survival plot and
median times to RTD for LOC showed a difference of 3 days
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FIGURE 1. Kaplan-Meier cumulative survival plot showing percentage
ol palienls in care as a function of days since injury, broken down by
performance (by percentile ranking) on either the SRT (Top). SR2 (Middle),
or PRO (Bottom) ANAM4 TBI subtests.

for median time to RTD between groups (NO LOC, 8 days;
YES LOC, 11 days). Patients reporting uncertainty about
LOC took a median of 10 days to RTD. Logrank tests
for ANAM and LOC Kaplan-Meier plots were statistically
significant, p < 0.01. Median RTD time for those with PTA
( 11 days) was significantly longer than for those without
PTA (8 days), the logrank test for PTA was not statistically
significant, p = ns.

To streamline the current use of the ANAM 4 TBI battery
and promote an evidence-based approach to its application at

' . I . '

Kaplaa-Msier Cum. Survival Plot Post-traumatic Amnesia (PTA)

1

. 3 •

5

O 26-60% ¿ ••*

.2-

O •

1Û 15 20 25 30 if. 40
Time (Days)

FIGURE 2. Kaplan-Meier cumulative survival plot showine percentage

TABLE III. Median RTD, Categorized by Performance Quartile
on Selected Session 2 ANAM4 TBI Subtests {N = 165)

ANAM4 TBI Subte.st 0%-25% 26%-50% 51%-75% 76%-99%

SRT
SR2
PRO

19 Days
19 Days
19 Days

10 Days
10 Days
10 Days

8 Days
7 Days
7 Days

8 Days
8 Days
8 Days

the CRCC, a proposed guide is shown in Figure 3. This
proposed guide was developed using the RTD times from
Figure 3 in combination with the range of scores based
on quartiles. For example, on session 2 PRO subtest. those
individuals in the lowest 25% scored lower than 58. The
median time for those individuals to RTD according to

ANAM Subtest

Session 2 SR2

Session 2 SRT

Session 2 PRO

Median Time Return to Duty

<83

<98

<58

19 days

Score Ranges (Throughput)

83-239

98-246

58-92

10 days

>239

>246

>92

8 days

*Applicable when patients take the ANAM4 TBI battery the first time {Session 1) within
approximately 96 hours following injury and take the test a second time (Session 2) within one
week following injury.

FIGURE 3. Proposed clinical guide for the use of the ANAM4 TBI.
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the lower portion of Figure 3 was 19 days—nearly twice the
median RTD time of 10 days seen within the remainder of
the cohort.

DISCUSSION
A sample of 165 patients diagnosed with concussion/tnTBI
were administered the ANAM4 TBI battery twice within a
week of injury as part of routine clinical protocol. Analyses
of ANAM4 TBI subtest throughput indicate that on all sub-
tests and across the first 2 administration sessions of this
battery patients' performance corresponded with time to RTD
and ANAM4 TBI at second administration showed greatest
utility as a prognostic indicator. Among the tests, SR2 showed
the strongest association in both first and second administra-
tions. Furthermore, those individuals who performed most
poorly (i.e., lowest 25%) on the SR2 at second adtninistration
took a median of 19 days to recover, whereas the top 25%
recovered in a median time of 7 to 8 days. The reaction time-
based ANAM4 TBI subtests outperformed LOC as a predictor
of titne to RTD. These results support continued use of the
ANAM4 TBI battery as a prognostic tool for RTD time in
concussion/mTBI patients at the CRCC. It is important to
note that this use of the repeated ANAM testing at the CRCC
as a surveillance tool is unique and that results suggest the
second administration of the ANAM4 TBI is of greatest
utility as a prognostic indicator.

To our knowledge, this is the first study to date showing
that ANAM4 TBI has utility as a prognostic tool for RTD
following concussion in a military setting. Results from SRT
tests are consistent with findings from other populations,
showing that an elevated reaction time was a marker consis-
tent with concussion in the right clinical setting. It is impor-
tant to note that SRT tests and the related construct and
vigilance are also sensitive to other factors such as practice,''*
fatigue, or environmental factors.'''''^ SRT tests are valuable,
provided fatigue and environmental factors are accounted for
before testing. Practice effects are present but minimal for
SRT and may be attributable to task learning; exatnining the
second postinjury ANAM4 TBI should help mitigate any
confounding effects of practice. This study corroborates find-
ings that PRO is sensitive to concussion.'''^ Both SRT/SR2
and PRO reflect reaction time with minimal cognitive
processing demand. Other cotnputer-based tests in ANAM4
TBI and in other batteries can be expected to demand a
greater level of processing and may con^espond to RTD in
more complex relations, when incorporating education history
and other individual differences. These relational models are
not yet established and available.

Results from demographic and history considerations inde-
pendent of ANAM4 TBI performance suggest that clinical
information such as a lifetime histoty of concussion, recent
blast exposures, or age has limited clinical utility compared
with neurocognitive testing-based reaction time. Concussion
history data are consistent with some, but not all, previous

results frorn sports concussion literature on the cumulative
effects of concussion. Prior research showed evidence that
1 or 2 previous concussions do not affect recovery on neuro-
psychological testing or symptom reporting."''^ However,
athletes with prior concussions are at statistically increased
risk for a future concussion.'**""' Other research has shown
that athletes with 3 or more previous concussions performed
worse on verbal memory tests than athletes with fewer con-
cussions.''"'' Given the tnajority of patients reported overall
low lifetirne history of concussion or blast exposure, a lack of
significance is to be expected. Regarding negative findings
associated with age, some research shows high school athletes
might recover more slowly than university or professional
athletes.""*"^^ Given that the age of the sample was post
high school, the observed pattetn of results is consistent with
the literature.

Two anticipated results were findings that RTD time dif-
fered significantly for those individuals with a reported LOC
or PTA. Research frotn sports concussion literature shows
that LOC, among other factors, may predict longer recovery
time.'^ Moreover, some head itijury grading systems, such as
that recotiimended by American Academy of Neurology, rely
heavily on LOC to rate the severity of a concussion.
Although significant, LOC does not appear to be as effective
an indicator of time to RTD when compared to SRT. Even
stronger is the evidence PTA is associated with injury sever-
ity and is associated with functional outcomes such delays in
return to work and cognitive impairrnent.'̂ '"'''̂  Although
ANAM showed a stronger association, results reported here
support the use of LOC or PTA as an indicator of severity in
austere settings where extensive testing is litnited.

Limitations
This study had limitations that must be considered, especially
given the clinical impact of continued use of ANAM. The
study's most notable litnitation is that SRT was incorporated
into the RTD criteria, leading to a potential for circular logic.
This was addressed by using SR2 and PRO in the analysis
(two measures not used in RTD determination). Future process
improvements or research studies could further evaluate these
limitations. Another limitation is sole use of postconcussive
testing without use of baselines or norrnative data sets."*̂  Com-
parison to baseline or normative data was outside the scope of
this project, but it may be worthy of follow-up investigation.
A missing element in ANAM4 TBI is a measure of effort—
we used a proxy for effort in this article. An additional fol-
low-up study could examine trtore thoroughly relative differ-
ences in value (between subtests) and target opportunities to
achieve efficiencies in testing by removing or replacing sub-
tests that yield relatively less value. There is value from a
clinical perspective in shortening or elirninating less useful
testing. That focus was not pursued for this repotl because of
a change that would have been required in the CRCC clinical
practice to test those questions.
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CONCLUSION
This study of 165 cases shows that computer-based testing is
able to capture useable data that otherwise would have
required over 80 hours of clinician time for test administration.
The study shows computer-based testing can capture reaction
time to millisecond-level accuracy unlike technician-based
testing, which is typically limited to second-level accuracy.
This work shows means for conducting empirics-based clinical
practice performance improvement in a deployed setting,
showing initial evidence for utility in practice that otherwise
had not been shown. There are opportunities for improvements
in computer-based testing, but evidence reported here shows
value already realized in the current battery of tests, value that
is scalable to very large populations such as that of the DoD.
This report supports the CRCC clinician use of the SRT tests
in theii" initial and follow-up assessments of concussion. As
part of a broader neuropsychological exam, tests of reaction
time have value and are consistent with processing speed
assessment intended in DoDI 6490.11.
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