®

Check for
updates

Neuropsychological Assessment
of mTBI in Adults

Andrew J. Gardner, James Tonks, Seb Potter,
Philip J. Yates, Adam Reuben, Helen Ryland,

and Huw Williams

Introduction

Mild traumatic brain injury (mTBI) refers to a wide
range of brain injuries that are considered to be at
the milder end of the TBI severity spectrum. mTBI
has been classified as those injuries that result in a
Glasgow Coma Scale (GCS) score of 13-15, a
duration of loss of consciousness (LOC) of less
than 30 minutes, and duration of post-traumatic
amnesia (PTA) of less than 24 hours (Tables 1 and
2). PTA has been reported as a more effective mea-
sure of severity of mTBI than GCS in the context of
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Table 1 Traumatic brain injury classification (civilian)

TBI severity Classification criteria®

LOC PTA GCS
Mild <30 minutes <24 hours 13-15
Moderate 30 minutes 24 hours 9-12
to 1 week to 1 week
Severe >7 days >7 days <8

Note: GCS Glasgow Coma Scale Score, LOC duration of
loss of consciousness, PTA duration of post-traumatic
amnesia

aData from Ref. [15]

predicting behavioral outcomes at 6 months post-
injury [1]; however, the challenges of reliably
assessing PTA in relation to mTBI is highlighted
by Ruff and colleagues [2]. Even where there is an
absence of PTA and/or LOC, cognitive abnormali-
ties may be detected in the immediate aftermath of
a suspected concussion [3].

mTBI is a common occurrence and is consid-
ered to be a major public health issue globally.
The annual worldwide incidence has been esti-
mated at 45 million [4], with over one million in
the United States alone [5]. This estimate is
known to be conservative as there is an absence of
data on individuals suffering a mTBI who do not
present to hospital, and those who do present, but
are discharged at the emergency department (ED)
[6]. Between 70% and 80% of all TBIs are classi-
fied as mild [7], but despite this, these injuries can
be a continuing cause of disability, leading to cog-
nitive, mood, and behavioral disorders [8]. For
many people, post-injury symptoms usually
resolve within days or weeks. Yet for a substantial
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Table 2 Veteran Health Administration and Department of Defense TBI Classification Scheme

TBI severity Classification criteria

LOC Alteration of mental state PTA GCS  Structural imaging
Mild 0-30 minutes A moment up to 24 hours 0-1day 13-15 Normal
Moderate 30 minutes to 1 week >24 hours, severity based on criteria 1-7 days 9-12  Normal or abnormal
Severe >24 hours >24 hours, severity based on criteria >7 days <8 Normal or abnormal

Note: Alteration of consciousness/mental state must be immediately related to the head
GCS Glasgow Coma Scale Score, LOC duration of loss of consciousness, PTA duration of post-traumatic amnesia

minority of individuals with mTBI, intracranial
abnormality (referred to as “complicated” mTBIs)
may be detected on computed tomography (CT)
[9], with prevalence rates varying from 5% [10] to
approximately 40% [11] between various studies
[12]. Slow recovery (where symptoms persist
beyond the initial weeks or months post-injury)
occurs in 5-20% of mTBI individuals. These cases
are referred to as suffering from persistent post-
concussion syndrome (PCS) [13]. The provenance
of such ongoing problems is controversial [14].

Etiology

A TBI may occur from any number of causes and
may vary according to gender, age, race, and geo-
graphical location. Falls have been reported as
the leading cause of TBI, accounting for two in
every five TBIs. Of individuals over 64 years,
81% of TBIs were a result of a fall, while in chil-
dren under the age of 15 years, falls accounted
for 55% of TBIs [4].

Incidence Rates

The incidence of mTBI (approximately 131 cases
per 100,000 people) far exceeds that of moderate
TBI (15 cases per 100,000 people) and severe
TBI (14 cases per 100,000 people) [15, 16].

Definitions of Mild Traumatic Brain
Injury and Persistent Concussion
Symptoms

There are various terms used, often interchange-
ably, for the type of injury and subsequent symp-
toms associated with mTBI and PCS. In this

chapter, the term mTBI will refer to the initial
injury, and PCS will refer to persistent post-
concussion symptoms following such injury
(over weeks, months, and years). Immediate
physical symptoms of mTBI may include head-
ache, dizziness, nausea, unsteady gait, slurred
speech, and cognitive signs, such as confusion or
disorientation, reduced processing speed, mem-
ory disturbance, concentration difficulties, and
executive dysfunction [17]. A LOC (e.g., GCS
score of 13 or above) is considered a mild injury.
However, amnesia, especially PTA, has been pro-
posed as either an additional or an alternative
diagnostic criterion to LOC, in conjunction with
confusion [18]. Gradations of mTBI severity
have been recommended in the past by the
American Academy of Neurology [19, 20].

Post-concussion Symptoms

There are numerous post-TBI self-report symp-
tom inventories available to record subjective
symptoms and the degree of impact or level of
severity each endorsed symptom is having on an
individual (e.g., Rivermead Post Concussion
Symptoms Checklist [21], Concussion Signs and
Symptoms Checklist). Residual signs and symp-
toms of sport-related concussion and mTBI may
include those outlined in Table 3. In sport-related
concussion, the large majority of athletes self-
report resolution of symptoms within 7-10 days,
and certainly within 1 month post injury [22].
This pattern of acute disturbance and recovery is
remarkably consistent with the pattern of physi-
ological disturbance and recovery described in
neuroscience research [23, 24].

PCS is not a single pathophysiological entity.
It is a term used to describe a constellation of non-
specific symptoms (e.g., memory disturbance,
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Table 3 Common signs and symptoms of mild TBI and sport-related concussion

Cognitive Physical
Difficulty thinking clearly Headache
Difficulty remembering Nausea/vomiting
Difficulty concentrating Neck pain

“Pressure in the head”
Balance problems
Dizziness

Sensitivity to noise
Sensitivity to light
Blurred vision

Fatigue, lacking energy

Feeling slowed down
Feeling like “in a fog”
“Don’t feel right”
Confusion
Drowsiness

difficulty with concentration, irritability, anxiety,
depression, apathy, headache, fatigue, sleep dis-
turbance, balance problems, visual disturbance,
sensitivity to light and/or noise) that are linked to
several possible causes that do not necessarily
reflect ongoing physiological brain injury [25].
The differential diagnosis of PCS includes depres-
sion, somatization, chronic fatigue, chronic pain,
vestibular dysfunction, ocular dysfunction, or
some combination of these conditions [26].

For the clinician, the challenge is to determine
whether prolonged symptoms after mTBI reflect a
prolonged version of the concussion pathophysi-
ology as opposed to a manifestation of a second-
ary process, such as premorbid clinical depression
or migraine headaches [27, 28]. Obtaining a prior
medical history, performing a careful physical
examination, and considering the response to
physical or mental exertion (i.e., whether exertion
reliably exacerbates symptoms) [29] when devel-
oping the differential diagnosis of persistent post-
concussion symptoms are essential. This process
may enable the clinician to link symptoms of
post-concussion “‘syndrome” to one or more
definable post-concussion “disorders” [30]. For
example, establishing a pre-morbid history of
migraine headaches, depression, anxiety, atten-
tion deficit hyperactivity disorder, or learning dis-
ability is crucial because mTBI can exacerbate
these conditions, and they, in turn, can be respon-
sible for ongoing symptoms [28]. It has been
noted that a strong vulnerability factor in the
development of PCS is older age compared to
those typically presenting with milder head injury
and that female gender is significant [31].

Emotional/mood Sleep disturbance
Irritability Sleeping more than usual
Feeling more emotional Sleeping less than usual
Sadness Trouble falling asleep
Anxiety

Nervousness

For determining PCS, there are the Inter-
national Classification of Diseases (ICD) section
FO07.2 (post-concussional syndrome) diagnostic
criteria. The controversy regarding the validity of
post-concussional disorder is reflected in the lat-
est version of the Diagnostic and Statistical
Manual of the American Psychiatric Association
(i.e., DSM-V) [32]. There is no longer a category
for post-concussional disorder, but a new disor-
der category known as the “neurocognitive disor-
ders.” Within the spectrum of neurocognitive
disorders is a new category (i.e., “Major or Mild
Neurocognitive Disorder due to Traumatic brain
Injury”). There is reference to different catego-
ries of TBI, including mild, moderate, and severe.
Neurocognitive symptoms associated with mTBI
are noted to resolve within days to weeks after
the injury, with complete resolution by 3 months
(DSM-V). It is not known yet whether the next
version of the ICD will revise the diagnostic cat-
egory of PCS. The specific DSM-V criteria for
neurocognitive disorder due to TBI are as
follows:

1. The criteria are met for major or mild neuro-
cognitive disorder.

2. There is evidence of a TBI—that is, an impact
to the head or other mechanisms of rapid
movement or displacement of the brain within
the skull, with one or more of the following:

« LOC

* PTA

* Disorientation and confusion

* Neurological signs (e.g., neuroimaging dem-
onstrating injury, a new onset of seizures, a
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marked worsening of a preexisting seizure
disorder, visual field cuts, anosmia,
hemiparesis)

3. The neurocognitive disorder presents immedi-
ately after the occurrence of the TBI or imme-
diately after recovery of consciousness and
persists past the acute post-injury period.

Consequences of mTBI/PCS

mTBI is “classically defined as an essentially
reversible syndrome without detectable pathol-
ogy” [33]. It is often noted that recovery follow-
ing mTBI is rapid—with most acute symptoms
resolving within hours, and then, typically, a per-
son being symptom-free by around 10 days [22].

Typically, the more severe injuries occur from
greater  rotational acceleration—deceleration
forces involved in the impact [34]. Following
impact, a neurometabolic cascade ensues [24].
The short-term effects can include a lack of
electro-chemical activity, hemorrhaging, and
axonal shearing, especially in the frontal tempo-
ral lobe area, although in mTBI these early defi-
cits may largely resolve themselves [35]. mTBI,
therefore, tends to be characterized by dysfunc-
tion or neurobehavioral profile rather than under-
lying neuropathological changes [36]. Caution,
though, is still warranted regarding signs of
greater impact.

Considerations Regarding
Neuropsychological Testing

The common cognitive domains typically
affected by mTBI include executive functions (a
set of cognitive abilities that control and regulate
volitional activities, such as planning, organiz-
ing, self-awareness, impulse control, mental flex-
ibility, problem solving, and other self-regulatory
functions), information processing speed (the
speed, or how quickly, cognitive tasks are per-
formed), sustained attention (the ability to main-
tain consistent behavioral responses over time to
specific stimuli during an ongoing repetitive

task), divided attention (the ability to respond to
two or more different tasks at the same time), and
memory (the ability to encode, store, and retrieve
information within various time frames from the
original encoding experience).

There are two main reasons for neuropsycho-
logical assessment for concussion: (i) to deter-
mine the presence of cognitive symptoms for
early diagnosis of mTBI (in terms of severity and
potential duration of injury) and (ii) to monitor
recovery over days, weeks, months, or even years
later [37, 38]. In the latter, there may be identifi-
cation of lasting neuropsychological sequelae.

Neuropsychological testing needs to be spe-
cific, sensitive, reliable, and valid for identifying
mTBI/PCS [39]. Validity is the accuracy of the
measurement or the extent to which the test is
measuring what it is purported to be measuring.
Sensitivity and specificity refer to the likelihood
of identifying either genuine positives or nega-
tives, respectively. Sensitivity is the probability
that someone in the category of interest (in this
case, mTBI) is identified by the test. Conversely,
if a test has a high level of specificity, it will reli-
ably predict those who do have the condition ver-
sus those who do not have the condition.
Reliability refers to the consistency of the mea-
surement or the extent to which the test provides
approximately the same result on each occasion
it is used under the same set of conditions with
the same participants.

Test-retest reliability is also an important con-
sideration in view of the potential for serial
assessment post-injury to track recovery
trajectories. A large body of work has considered
test—retest reliability at various intervals [40—46].
Recently Maerlender and colleagues [47] exam-
ined four sequential time points for the Immediate
Post-Concussion Assessment and Cognitive
Testing (IMPACT) computerized battery and
reported that the two memory composite scores
increased  significantly = with  successive
administrations.

For further review on advanced topics in neu-
ropsychological assessment following sport-
related concussion, see Iverson and Schatz [48].
Some of these topics are discussed below.



Neuropsychological Assessment of mTBI in Adults

61

Baseline and Post-injury
Assessment

At-risk populations, such as athletes of full con-
tact and collision sports and military service
members, are unique populations that offer the
opportunity to employ a baseline (i.e., pre-injury
exposure) post-injury model.

When considering cognitive tasks to use in a
baseline (pre- and post-injury) model, test-retest
reliability is especially important. This can be
estimated by comparing the results of a test on
the same population carried out at different
times—e.g., using a correlation coefficient.
However, such repeat testing can lead to practice
effects, whereby the participant performs better
in subsequent tests due to having “learned” from
the previous experience [49].

Where it is known that if a test is susceptible
to practice effect, then Reliable Change Indices
(RCI) can be used to calculate what improvement
would be expected from a person from baseline
to post-concussion testing and what adjustment is
needed to take account of such expected improve-
ment [50]. The RCI is calculated by use of a con-
trol group to establish the average change
between tests, and an additional correction is
made for test variability and reliability using an
error term which produces a standard score (2).
Furthermore, use of alternate versions of tasks
can limit practice effects [51].

A number of studies have reported on reliable
change, sensitivity, and predictive value for the
commonly used ImPACT battery. Van Kampen
and colleagues [52] reported 83% of concussed
athletes had at least one ImPACT score that
exceeded the reliable change index for that score,
compared to 30% of the control group. Sensitivity
was reported to increase by 19% with the addi-
tion of ImPACT result to a post-concussive
symptom questionnaire. The predictive value of
ImPACT, where at least one abnormal composite
score was evident, was 83%, and the predictive
value of a negative test result was 70%. Overall,
93% of concussed athletes were correctly identi-
fied as concussed when the post-concussive
symptoms score, and at least one ImPACT score

were determined to be abnormal [52]. The com-
bined sensitivity of InPACT and the concussive
symptoms score in high school athletes has been
reported at 89% and specificity at 82% [53].
Results suggest the INPACT battery may be sen-
sitive to the effects of sport-related concussion
once subjective symptoms have resolved [52, 54,
55]. Being cognizant of false-positive rates of
RCIs for concussion batteries is also an impor-
tant reference point that can assist with interpre-
tation of RCI output for multi-test batteries. For
example, the majority of normal individuals
would be expected to demonstrate significant
declines on at least one RCI for batteries produc-
ing seven or more uncorrelated RCIs (80% confi-
dence intervals), although expected rates are
lower for tests with fewer indices, higher inter-
RCI correlations, and more stringent impairment
criteria [56].

The baseline post-injury model in at-risk pop-
ulations (e.g., athletes and military service mem-
bers) is vulnerable to “sandbagging” (incomplete
effort) at baseline, and, as such, inbuilt measures
of effort are incorporated in the neuropsycho-
logical test design. The motivation for inten-
tional poor performance on baseline is to appear
to be “recovered” post-injury and, therefore,
able to return to activities sooner. The frequency
of poor effort on baseline testing has been
reported as 9% [57] to 11% in high school ath-
letes [58], 6% in a collegiate sample [59], and
6% in a sample of US National Football League
(NFL) players [60]. Intentional (or motivated)
poor performance has been reported to be diffi-
cult on the ImPACT test, with one study report-
ing that only 11% of test takers were able to
successfully underperform without detection
from the inbuilt integrity measures [61].

When no initial baseline is available, it is still
possible to consider reliable change post-mTBI,
but such approaches are in early development.
Through the use of intra-individual measures of
quotients that are unlikely to be adversely
affected by mTBI, analysis of test scores gener-
ated from neuropsychological assessment at the
individual level can be used. Correlation coeffi-
cients that exist between tests may be utilized,
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together with the z-score distribution to under-
take statistical analyses. Using standard error
estimates, it is possible to calculate the probable
range of scores that a person would have in test-
ing, with scores falling increasingly further from
the predicted range being increasingly improba-
ble. Such discrepancy analyses are already avail-
able in analyses of discrepancies between
WAIS-IV indices, for example, based upon these
tests being co-normed. The approach advocated
here facilitates such analyses between non-co-
normed tests, which the authors are developing.

Clinical Management of At-Risk
Populations

There is a strong literature that has developed
over a number of decades pertaining to athletes
involved in full-contact and collision sports and
concussion. The literature on mTBI and neuro-
psychological testing is dominated by studies
conducted in populations engaged in sports activ-
ities. Studies with military populations have gar-
nered considerable research attention, due in
large part to the level of involvement of military
forces from many nations in the Afghanistan and
Iraq wars.

Neuropsychological assessment and manage-
ment models in at-risk populations are designed
to promote the screening of large numbers of
people in order to establish an individual stan-
dard for each person. The model is distinctly dif-
ferent from more traditional models of
neuropsychological evaluation that utilize exten-
sive, thorough (but time-consuming) test batter-
ies. The baseline evaluation is not meant to
represent a comprehensive assessment, but is tar-
geted to assess cognitive domains that are most
often affected by mTBI/concussion, such as
memory, attention and concentration, executive
function, speed of mental processing, and reac-
tion time [62]. It has been proposed that the most
effective use of neuropsychological test data to
help determine post-injury return to activity
occurs by obtaining a “baseline” level of function
prior to sustaining an injury [63]. Baseline testing
is typically conducted at pre-season training

camps for athletes and incorporated into the rou-
tine pre-deployment preparations for the military.
Individuals who are suspected of sustaining a
concussion are then retested (the timing of the
post-injury testing will be contingent upon the
clinical question). It is considered standard prac-
tice that an individual’s cognitive performance
must return to baseline or better, prior to re-
commencing regular (at-risk) activities, in order
to avoid the possibility of re-injury prior to mak-
ing a full recovery [62, 64]. Determining cutoff
scores in neuropsychological performance and
post-concussion symptom clusters for classifying
protracted recovery in concussed athletes may
assist in setting numerical thresholds for clini-
cians to predict recovery [65].

Military-Related mTBI Studies

Military service members are another at-risk
group for sustaining mTBI/concussion. Cognitive
complaints in military service members follow-
ing combat exposure are common, particularly in
individuals who have sustained mTBI, with some
15-20% of military service members reporting a
history of mTBI [66]. TBI as a result of combat
action may occur from blast injury, penetrating
head injury, or via other non-blast exposure. The
ongoing development of military armor for use in
combat and the more common use of improvised
explosive devices on the battlefields of modern
conflicts has led to an increase in exposure to
blast-related injury. The effects of blast-related
mTBI on behavior and cognition continue to be a
controversial topic.

In a study examining clinical outcomes in US
military personnel with blast-related versus non-
blast-related TBI, neuropsychological outcomes
(together with global outcomes, headache sever-
ity, depression, and PTSD) were not found to be
significantly different between the two groups,
although both groups had higher rates of moder-
ate to severe overall disability than the respective
control groups [67]. Another recently published
study reported that US Marines who sustained a
concussion during a combat deployment had
more post-deployment symptoms than Marines
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who were exposed to explosive blasts who, in
turn, reported greater numbers of clinical symp-
toms than Marines who were not exposed to
blasts and did not sustain a mTBI/concussion
during the deployment [68].

A recent meta-analysis of the cognitive out-
comes of blast-related mTBI found that executive
function (specifically, set-shifting), delayed
memory, and information processing speed were
the most sensitive cognitive domains affected by
blast-related mTBI [69]. Interestingly, post-
traumatic stress disorder (PTSD) was not found
to be a significant moderator in predicting cogni-
tive effects sizes [69]. Lange and colleagues [70]
found that there were no significant differences
when comparing the neuropsychological out-
come in US military service members suffering
from uncomplicated mTBI, complicated mTBI,
and moderate TBI, within the previous 6 months.
In another sample of US military service mem-
bers who had sustained a mTBI, the self-reported
cognitive complaints were not found to be associ-
ated with neuropsychological test performance,
but were associated with psychological distress
[71]. In an examination of neuropsychological
profiles of US military populations, military per-
sonnel reporting “brain injury with current symp-
toms” were two times more likely to function at
below average levels compared to those reporting
“no previous TBI” [72].

Sport-Related Concussion Studies

An increasing awareness of the effects of sport-
related concussion on cognition has led to sports
physicians seeking fast and accurate assessment
of cognitive function to facilitate management
decisions about time of recovery and resumption
of participation in sports. In a number of high
profile sports, these are now done on the sidelines
and may dictate return-to-play (RTP).
Neuropsychological testing has been recognized
as a unique and invaluable method for not only
assisting with assessment of post-mTBI sequela,
but also in tracking recovery over time [63].
Neuropsychological testing, the domain of the
neuropsychologist, typically involves the admin-

istration of a variety of tests assessing cognitive
abilities. The interpretation of neuropsychologi-
cal test data assists athletes by identifying and
tracking post-concussion symptoms and cogni-
tive sequelae, lending valuable information for
managing RTP decisions and focusing on the
best interests of the athlete. Results of these tests,
coupled with other clinical information (such as
medical history, neuroimaging, and interviews
with family members), give credence to the neu-
ropsychologist for making important clinical and
diagnostic decisions pertaining to disorders of
the central nervous system [73]. The aim of neu-
ropsychological assessment with respect to con-
cussive injury is to detect and quantify residual
cognitive and behavioral deficits [62].

The utility of neuropsychological testing in
assessing concussion was proposed as early as
the 1880s [74] and has been documented empiri-
cally since the early 1980s [75]. The develop-
ment of sport-related neuropsychological testing
occurred concurrently in both North America and
Australia at this time. Barth and colleagues at the
University of Virginia in the late 1980s [76] dem-
onstrated the potential usefulness of neuropsy-
chological testing to monitor and document
cognitive recovery in the first week following a
sport-related concussion. Although this pioneer-
ing work was the foundation for the field of neu-
ropsychology to contribute to sport-related
concussion, this project initially did not result in
the widespread adoption of neuropsychological
testing. In the early 1990s, a series of events
transpired that promoted the use of neuropsycho-
logical testing of athletes in the clinical arena.
Initially, concussive injuries to a number of high
profile professional athletes resulted in imple-
mentation of baseline neuropsychological testing
by several NFL teams. Almost immediately fol-
lowing this, the US National Hockey League
(NHL) mandated baseline neuropsychological
testing for every athlete subsequent to career end-
ing injuries of a number of elite athletes.
Coincident with this trend was the publications of
several large-scale studies of collegiate athletes
[77]. These studies provided further support for
the implementation of neuropsychological testing
of athletes suspected of sustaining a concussion.
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Specifically, neuropsychological testing allowed
individual baseline and post-injury analysis of the
subtle aspects of cognition likely to be affected by
sport-related concussion. Neuropsychological
testing is now widely regarded as a valid clinical
strategy for assessing the cognitive sequelae of
sport-related concussion [62, 78-80].

Recovery from Sport-Related
Concussion

The general consensus within the field of sports
medicine is that isolated concussions in sports
are often self-limiting injuries that are not associ-
ated with long-term cognitive or neurobehavioral
problems [55, 81-83]. Most neuropsychological
deficits appear to resolve within 10 days follow-
ing a concussion [84, 85]. Studies from the sports
concussion literature have shown that age [86],
gender [87-89], learning disability/attention defi-
cit disorder [78, 84], headache status, concussion
history [80, 90-93], sleep and vigilance [94], and
demographic and biopsychosocial factors [60]
may have effects on baseline and post-concussion
neuropsychological performances. For this rea-
son, among others, the interpretation of neuro-
psychological test data should be conducted by a
clinical neuropsychologist who is uniquely quali-
fied to translate the test data into recommenda-
tions for clinical management [62].

Neuropsychological Impact of mTBI

Belanger and colleagues [95] conducted a meta-
analyses reviewing the neuropsychological
impact of mTBI across nine cognitive domains
(an analysis that included 39 studies comprising
1463 mTBI cases and 1191 controls). The overall
effect of mTBI on neuropsychological function-
ing was moderate (d = 0.54), with findings mod-
erated by cognitive domain, time since injury,
patient characteristics, and sampling methods.
Mild neuropsychological impairments across
domains were observed within the first 90 days,
with specific and relatively large deficits in flu-
ency (d = 0.89) and delayed memory recall
(d = 1.03). However, by 90 days post-injury, no

individual cognitive domain was found to be sig-
nificantly different from zero (d = 0.04). In con-
trast, clinic-based samples and samples including
participants in litigation were associated with
greater cognitive sequelae of mTBI (d = 0.74 and
0.78, respectively) at 3 months or longer after the
injury. Participants in litigation had an overall
acute effect size (d = 0.52 at <90 days since
injury) compared to unselected samples
(d = 0.63). However, overall the results of this
meta-analysis suggest that for the mTBI sample
(unselected sample at large), there is full neuro-
psychological recovery by 3 months post-injury.

Conventional “Pencil and Paper”
Neuropsychological Tests

Initially, neuropsychological testing was con-
ducted on athletes and military personnel using
pencil and paper measures [76, 84]. Many indi-
viduals suffering from mTBI have neuropsycho-
logical decrements detectable using conventional
paper—pencil neuropsychological tests in the ini-
tial hours, days, and potentially weeks post-injury
[63, 96-107]. The primary focus of the initial
research examining cognitive function following
sport-related concussion tended to relate to retro-
grade amnesia and memory retention [108]. The
results indicated that athletes developed progres-
sive retrograde amnesia and memory difficulties
approximately 3-20 minutes after a concussion.
Despite this relative success in detecting cogni-
tive deficits, it became apparent that only assess-
ing memory-related performance was not an
effective way to evaluate the multi-dimensional
cognitive sequelae typically observed following a
sport-related concussion. As a result, the early
focus on memory was expanded in subsequent
studies to include multiple cognitive domains,
including processing speed, reaction time, atten-
tion, and concentration as well as complex prob-
lem solving [76]. Concussed athletes were found
to consistently perform poorly on these multidi-
mensional neuropsychological tests [37, 76].
Deficits in speed of information processing or
psychomotor speed are also apparent [109], and a
number of pencil and paper tests have been devel-
oped specifically examining this neuropsycho-
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logical construct [35]. Thus, mTBI testing
batteries routinely incorporate at least one mea-
sure of processing speed [109]. The tasks fre-
quently employed in “pencil and paper” testing
include tests, such as Digit Span [110] which tests
working memory with mental rotation, Speed of
Comprehension and Language Processing [110]
which tests general cognitive level and speed of
processing, Trail-Making Tests A and B [110]
which test sustained and divided attention, Stroop
Color and Word [110] which tests executive skills
(especially inhibition), and Symbol Digit
Modalities Test (SDMT), a measure of visual-
spatial and motor speed and accuracy [111].

The perceived value of neuropsychological
testing for assessing and managing sport-related
concussion was highlighted by the implementa-
tion in late 1990s of pencil and paper neuropsy-
chological testing protocols in all NHL and the
majority of NFL franchises. Such data were used
extensively to determine more objective and indi-
vidualized RTP parameters in athletes sustaining a
concussion [64]. The Concussion in Sport group
has endorsed neuropsychological testing as “one of
the cornerstones of concussion evaluation and con-
tributed significantly to both understanding of the
injury and management of the individual” [96].

Conventional pencil and paper methods, how-
ever, were originally designed to examine gross
impairment at a single point in recovery. That is,
they were not designed to be serially adminis-
tered to detect the very minor deficits in cogni-
tion often observed in sport-related concussion.
Furthermore, conventional pencil and paper tests
are time consuming and require trained, on-call
clinical personnel to be properly administered
[53, 112, 113]. This method of assessment may
be feasible at the professional level. However,
very few collegiate and high school programs
have implemented this approach given the limita-
tions of time, personnel, and finances [64].

Computerized Neuropsychological
Tests

As a result of the inherent limitations of conven-
tional pencil and paper neuropsychological tests
and in parallel to the widespread proliferation of

advanced technology, several researchers have
developed computerized neuropsychological test-
ing batteries and symptom evaluations as an alter-
native. These enable quick and efficient baseline
evaluations of large groups of individuals [107,
114]. The use of comprehensive computerized
neuropsychological batteries has largely sup-
planted the use of traditional neuropsychological
measures in most concussion management pro-
grams [109]. Neuropsychological testing in the
computerized format is considered to have several
advantages and few limitations compared with
conventional testing procedures. The documented
advantages of this format of testing include:

e Time efficiency — The approach allows large
numbers of athletes to be tested with minimal
time and effort, promoting the testing of an
entire team within a reasonable time period.

e Easy storage of information — Data collected
from testing can be stored electronically (i.e.,
on the hard drive of the computer) and can be
easily accessed at a later date.

* More accurate measurement — The use of a
computerized format promotes more accurate
measurement of cognitive processes, such as
reaction time and information processing
speed (the computerized format allows for
accuracy to 0.01 of a second). This has inevi-
tably resulted in an increase in the validity of
detecting subtle changes in cognitive pro-
cesses, particularly those related to speed of
response.

* Randomization — The use of a computerized
format allows for test stimuli to be random-
ized, which, in turn, should improve reliability
across multiple administration periods, mini-
mizing the practice effects inherent within
multiple exposure to testing. Limiting the
influence of practice effects on testing allows
a direct interpretation of post-injury data with
baseline performance of the athlete to deter-
mine whether or not full cognitive recovery
has occurred.

e Automatic scoring — The computerized format
allows for automatic scoring, eliminating the
possibility for human error and enabling
immediate feedback of the athlete’s perfor-
mance [63].
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Table 4 Properties of conventional “pencil and paper” and computerized neuropsychological tests

Conventional “pencil and paper” tests Computerized tests

Psychometric considerations
Alternative forms
Stimulus randomization
Test-retest reliability
Normative data
Practice effects
Output

Practical considerations

None or very few
Within test only
Wide range

Level of performance
Administration time 1 minute—4 hours
Support required
Accessibility

Data storage and analysis

Poor—requires a NP
Time consuming and costly

Mainly cross sectional, little LT
Large due to lack of alternative forms

NP or trained technician for admin

Infinite

Within test, between test and between subjects
Generally high for RT measures

Very little for most tests

Small: alternative forms and randomization
Level of performance and variability

1 minute—2 hours

Self-admin and auto scored
High—may be internet delivered
Automated

NP neuropsychologist, RT response time, LT longitudinal, auto, automatic; admin, administration

In essence, a computerized approach appears
to be more sensitive, reliable, practical, and cer-
tainly more cost-effective than conventional pen-
cil and paper approaches. Because computerized
neuropsychological testing is self-paced and self-
directed, trained athletic trainers and other prop-
erly trained sports medicine staff members can
administer baseline and follow-up tests [115].
However, this perceived advantage also has a dis-
tinct limitation, in that there is no real opportu-
nity for the neuropsychologist to observe the
athlete completing the test directly (i.e., qualita-
tive information regarding the athlete cannot be
collected and used for assisting with clinical
decisions). See Table 4 for a summary of the
properties of conventional “pencil and paper”
neuropsychological testing and computerized
neuropsychological testing.

There are a number of computer-based con-
cussion management tools available or under
development [116]. There are two with the larg-
est share of the commercial market: ImPACT
Applications® (San Diego, CA, USA) [117] and
AxonSports (Scottsdale, AZ, USA; formally,
CogState Ltd.’s CogSport©) [118]. An alterna-
tive test is commonly used by the US military
(Automated Neuropsychological Assessment
Metrics, or ANAM) [119]. A number of unique
characteristics exist between these tests, and each
is at a different stage of validation [116]. Each
computerized battery has been developed to col-
lect an individual baseline performance for com-
parison to post-concussive performance(s) should

an athlete sustain a concussion during the season.
As with conventional pencil and paper neuropsy-
chological tests, issues pertaining to sensitivity,
reliability, and validity of the respective options
should be given careful scrutiny prior to imple-
mentation within the clinical setting [63].

Limitations of Neuropsychological
Testing

Despite the accumulating evidence supporting
the clinical utility of neuropsychological tests in
this area, a number of limitations have also been
documented [51, 115, 120]. A number of short-
comings of both conventional and computerized
neuropsychological assessment tools have been
highlighted, and the need for neuropsychological
testing in managing mTBI has been challenged.
A strong case has been put forth that neuropsy-
chological testing contributes nothing when con-
sidering decisions related to return to activity
and, therefore, the clinical benefit of such assess-
ment has been questioned. In a sporting context,
however, if an athlete is symptomatic, current
guidelines do not permit RTP or resumption of
training. In this context neuropsychological
assessment provides the only current objective
criteria to inform decisions around fitness to re-
engage in a given activity.

There is a lack of support for the utility of neu-
ropsychological tests in detecting residual neuro-
psychological impairments following more
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obvious resolution of concussive symptoms,
which is also problematic. This has further fueled
the view that neuropsychological testing could
not add clinical value to management and RTP
decision-making. This is a moot point in the con-
text of a recent review by Randolph, McCrea, and
Barr [115], which highlighted that there are real
risks involved in premature RTP that have never
been clearly defined and, further, that no assess-
ment technique or management intervention has
ever been demonstrated that clearly attests to risk
modification. As such, Randolph and colleagues
did not endorse athletic teams allocating signifi-
cant resources to implementation of an unproven
method (neuropsychological testing) in an
attempt to modify an unknown risk. In terms of
the evidence for risks of sport-related concussion
and the potential for risk modification from a
neuropsychological ~ perspective,  prolonged
recovery, same season repeat concussion, and
late-life consequences, there is no current evi-
dence to suggest that any specific guidelines or
the use of baseline testing is of utility in modify-
ing outcome from sport-related concussion [121].

While these criticisms may have some merit,
we advocate that it is a narrow view to consider
that neuropsychological testing has little value
once symptoms have resolved. It is universally
acknowledged that athletes are notorious at
under reporting their symptoms following a con-
cussion [122-126]; therefore, relying solely on
the athlete’s self-report, as is implied by this line
of argument, is an unreliable management strat-
egy that increases risk. Athletes may still be suf-
fering from discrete residual cognitive deficits
when reporting resolution of their post-concus-
sion symptoms.

Subsequent to this critique, studies have found
38% of concussed athletes demonstrated impaired
performance on at least one ImPACT variable
following resolution of their symptoms [127]; a
decline from baseline performance on divided
attention scores on the CogSport battery has been
reported in athletes no longer reporting symp-
toms; symptomatic and asymptomatic athletes
examined on the CogSport battery following
sport-related concussion demonstrated a signifi-
cant decline from individual baseline perfor-

mance in motor function and attention in
symptomatic athletes. Further, there was a sig-
nificant decline in divided attention in asymp-
tomatic athletes [128].

Cognitive Function in mTBI
and Neuroimaging

In over 90% of mTBI cases, CT and structural
MRI investigations are unremarkable [129, 130].
However, with more sophisticated brain function-
related techniques, abnormalities may be detected.
While many mTBIs tend to result in a recovery
period of days or weeks, this is not the case for all
mTBIs. In attempting to draw together the neuro-
imaging literature in mTBI, methodological het-
erogeneity within these studies, particularly
pertaining to imaging data acquisition, is a source
of challenge to coherence in interpreting the neu-
roimaging data across studies [131, 132].

Mu, Catenaccio, and Lipton [131] conducted
a comprehensive review of various neuroimaging
techniques (structural MRI, functional MRI
[fMRI], diffusion tensor imaging [DTI], fluoro-
deoxyglucose positron emission tomography,
electroencephalography, and magnetoencepha-
lography) investigating blast injury. The authors
found that four of the five structural MRI studies
reported decreased cortical thickness and
decreased thalamus and amygdala volume. The
corpus callosum and superior longitudinal fas-
ciculus were the neuroanatomical regions that
revealed abnormality in 8 of 18 DTI studies.
Resting-state fMRI studies reported a variety of
functional network differences. Other functional
imaging studies showed diffuse changes in activ-
ity, especially in the frontal, parietal, temporal,
and cingulate regions. fMRI studies tended to
examine executive function in the task-based
studies and typically revealed widespread task-
related activation in blast-related mTBI partici-
pants compared to control subjects [131]. In a
general sense these studies do attest to both struc-
tural and functional changes after mTBI; how-
ever, a dominant and conclusive method which
precisely extrapolates neural correlates has yet to
emerge.
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A systematic review of DTI studies in sport-
related concussion [132] found 7 of 8 eligible
studies had at least some type of DTI abnormal-
ity. While neuroanatomical location was incon-
sistent, the variance in location is unsurprising
given the heterogeneity of concussion and the
variability between time of injury and DTI scan-
ning. Changes in some regions, such as the cor-
pus callosum, internal capsule, and longitudinal
fasciculus, are reported more often than others,
which may further indicate that a useful approach
lies in consideration of neural connectivity mod-
els and the vulnerability of associated structures
to axonal injury in concussion. Diffuse decrease
in fractional anisotropy using tract-based spatial
statistics (TBSS) were demonstrated in retired
aging collision sport athletes compared to non-
concussed matched controls [133].

A systematic review of magnetic resonance
spectroscopy (MRS) studies in sport-related con-
cussion [134] found that 9 of 11 studies reported
differences in MR spectra between concussed
athletes and controls. The MRS findings suggest
that metabolic disruption continues beyond the
resolution of symptoms and other objective mea-
sures in some athletes.

(Neuro-) Psychological Treatment

Active psychological and neuropsychological
rehabilitation addressing persistent PCS has pre-
viously had limited empirical support [135].
Controlled trials of psychosocial approaches to
interventions have predominantly focused on
early intervention and prophylaxis. Education
and reassurance (e.g., discussing typical symp-
toms, expected recovery time, and making graded
increases in activity), offered either directly by
clinicians [136] or via information leaflets [137],
can reduce symptoms at 3—6 months post-injury
[26, 138]. However, not all studies show a benefit
for these approaches. Targeting at-risk groups,
such as those with pre-injury psychiatric difficul-
ties [139], may be warranted though.

A developing body of research indicates that
various appraisals and coping responses may
influence whether symptoms endure, such as

symptom interpretation, recovery expectations,
the “good old days” bias, and all-or-nothing cop-
ing [140-142]. Addressing these and associated
vicious cycles that maintain or exacerbate symp-
toms using cognitive behavioral therapy (CBT)
has been proposed should difficulties persist
[135]; treatment may go beyond addressing
comorbid anxiety and depression to focus on
other processes that may contribute towards
problems, such as fatigue and cognitive difficul-
ties. Two randomized controlled trials of CBT,
one with additional cognitive rehabilitation com-
ponents [143] and one without [144], both indi-
cated positive findings compared with waiting
list controls. Reducing symptoms and improving
quality of life may, therefore, be possible for
individuals with persistent difficulties.

Summary and Conclusions

Neuropsychological functions appear to recover
rapidly early post-mTBI. Neuroimaging studies
largely demonstrate functional, rather than
structural, changes post-mTBI; however, in some
cases, especially in “complicated” mTBI, struc-
tural changes may also be present. Studies exam-
ining the association between neuropsychological
status and radiographic neuroanatomic data sug-
gest the functional changes in brain activation
may resolve readily, but in those “complicated”
cases, especially where structural changes are
present, delayed recovery (at 3 months to a year)
may be anticipated. There appears to be concor-
dance between neurological findings and cogni-
tive functions early after injury, but, with time,
such associations dissipate. The relationship
between subjective complaints and cognitive
function also appears to weaken with time.
Empirical support for the use of cognitive reha-
bilitation is sparse, but the role of psycho-
education and the treatment and modification of
other psychosocial factors that may exacerbate
post-mTBI symptoms has gained increasing sup-
port. It is crucial, therefore, that neuropsycho-
logical assessments of mTBI cases are undertaken
not only to identify neuropsychological process-
ing but also to identify and manage related issues,
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with a careful eye toward monitoring return to
activities. With a better understanding of the mul-
tiple causal variables that interplay in mTBI and
PCS, patients and relatives may be given better
advice to ensure that recovery is maximized.
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