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Abstract

Keywords

Objective: This study examined seven topics relating to neuropsychological assessment
following sport-related concussion: (i) traditional vs. computerized tests; (ii) the value of
baseline, pre-season testing; (iii) invalid baseline scores and poor effort; (iv) when to assess
following injury; (v) the reliability of neuropsychological tests; (vi) reliable change methodology;
and (vii) new methods for identifying cognitive impairment.
Main results: Baseline testing can be helpful for quantifying cognitive deficits following injury
and for assessing recovery. At present, however, there is insufficient evidence to conclude that
having baseline test results is clearly superior to not having baseline test results. Although
invalid baseline test performance can be detected in some athletes, validity indicators cannot
determine the extent to which the results were due to deliberately poor performance,
confusion or misunderstanding regarding some aspect of the test, distractions in group testing
environments or some combination of factors. When interpreting baseline and post-injury data,
sophisticated psychometric methods (e.g. reliable change, multivariate base rates) are available
to assist with more accurate identification of cognitive impairment and the serial monitoring
of recovery.
Conclusions: The value of neuropsychological assessment in the management of sport-related
concussion has a strong empirical foundation. Additional research is needed, however, to refine
its use.

Cognitive functioning, concussion, mild
traumatic brain injury, neuropsychological
assessment, psychometrics, reliable
change

Introduction
Neuropsychological assessment has been an important part of
sport-related concussion research and clinical practice since
the 1980s [1]. There are dozens of studies showing that both
traditional and computerized neuropsychological tests are
sensitive to the acute effects of concussion [2–21]. According
to meta-analyses of the literature, sport-related concussions
have a large adverse effect on cognition in the first 24 hours,
with resolution of these deficits occurring within 1 week
according to group studies [22, 23]. There is some evidence,
however, that there is an embedded sub-group of athletes who
do not experience rapid recovery in cognitive functioning [10]
and this sub-group might be obscured in statistical analyses
applied to larger groups of athletes [24]. In fact, in a
prospective study of high school football players [25, 26],
42–47% were deemed functionally recovered by 1 week
(see [26], Figure 1, p. 503) and it was not until 4 weeks that
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84–94% were considered recovered. These high school
football players took considerably longer to recover than
college [21] or professional [27–29] football players. It is
increasingly clear that there are considerable individual
differences in the rate of recovery following this injury.
The purpose of this article is to examine seven topics
relating to neuropsychological assessment following sportrelated concussion These topics are as follows: (i) the type of
tests used (traditional vs. computerized); (ii) the value of
baseline, pre-season testing; (iii) invalid baseline scores and
poor effort; (iv) when to assess following injury; (v) the
reliability of neuropsychological tests; (vi) reliable change
methodology; and (vii) new methods for identifying cognitive
impairment. Throughout this article, extensive data is presented relating to ImPACTÕ (Immediate Post-Concussion
Assessment and Cognitive Testing). The psychometric principles, issues and approaches illustrated with these data are
relevant to all batteries of neuropsychological tests used in
concussion management programmes.

Traditional vs. computerized testing
In clinical practice and research, some people use traditional
neuropsychological tests, others use computerized tests and
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some use both (termed a ‘hybrid’ approach) [30]. The
advantages of traditional testing include increased faceto-face interaction between the test taker and examiner,
allowance for the examiner to ‘test the limits’ or customize
test measures, the assessment of verbal fluency and verbal
memory and the opportunity to take breaks between tests or
sub-scales. The advantages of computerized testing include
the ability to test groups of athletes simultaneously, automated
randomization of test stimuli (i.e. for alternate forms), more
accurate assessment of response time and automatic scoring
and data storage. The advantages of a hybrid approach allow
for the examiner to maximize the benefits of both approaches,
with a broader number of test measures across a broader
range of cognitive domains.
There have been very few studies that have used traditional
and computerized tests within the first week following sportrelated concussion. Broglio et al. [12] found that computerized test batteries (ImPACTÕ and Concussion Resolution
Index - CRI) yielded significantly higher sensitivity to concussion in the first 24 hours (79%), as compared to symptom
reports (62%), postural control data (44%) or penciland-paper measures (43%). With respect to computer-based
measures alone, Schatz et al. [31] and Schatz and Sandel [32]
documented the sensitivity of the ImPACTÕ test at 82% and
91% (using the ‘desktop’ and ‘online’ versions, respectively)
within 72 hours of concussion. Register-Mihalik et al. [33]
documented
the
sensitivity
of
the
Automated
Neuropsychological Assessment Metric (ANAM) test at
50% within 5 days of concussion. With respect to penciland-paper measures alone, McCrea et al. [34] documented the
sensitivity of neuropsychological testing at 23% within 2 days
of concussion and 56% when combined with symptom report
and postural control data. More research is needed that
compares and contrasts the sensitivity and specificity of
computerized and traditional cognitive testing following
sport-related concussion. The study by Broglio et al. [12] is
important and worthy of follow-up research—it suggests that
computerized testing might be superior to traditional paper–
pencil testing. Computerized testing can measure processing
speed and reaction time much more precisely than traditional
testing and it might be possible to develop computerized tests
that have smaller practice effects than traditional tests, adding
further precision not only to measurement but to the clinical
interpretation of serial test results.

The value of baseline testing
Few would doubt that a reliable, valid and accurate assessment of a person’s pre-injury cognitive functioning would be
useful for determining the nature and extent of post-injury
cognitive deficits and the rate of recovery. There are multiple
challenges and problems, however, associated with baseline
testing [35, 36]. First, baseline computerized testing is often
conducted in group settings and one study illustrated that
athletes tested in group settings perform more poorly than
athletes tested individually [37]. This study re-analysed that
data, and found that, when considering the four primary
ImPACTÕ composite scores simultaneously, 36% of those
tested in a group and 26% of those tested individually had one
or more unusually low scores (i.e. below the 10th percentile).
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When an athlete is injured, he or she is tested individually.
Therefore, some athletes’ baseline test scores might be
artificially lowered by being tested in a group setting. As
such, some authors have recommended individual baseline
testing or testing in small, carefully monitored groups (e.g.
3–5 students) [38]. More research on this topic is clearly
needed.
Second, baseline testing can be fairly expensive and labour
intensive, depending on how it is done. Traditional neuropsychological tests require advanced training in administration and scoring and they must be administered individually.
Therefore, it is impractical or not feasible to do baseline
testing in some communities and settings. Third, some tests
used in concussion management programmes have modest
test–re-test reliability [36, 39–41]. Therefore, it can be
difficult to accurately and precisely assess baseline and
post-injury change scores. This topic is discussed in detail in a
section below. Finally, the value of baseline testing is largely
assumed and baseline testing is often encouraged in consensus [42] or agreement [43, 44] statements—at least with some
athletes. Few studies have examined this issue empirically,
however.
Echemendia et al. [38] examined the clinical usefulness of
having baseline testing vs. no baseline testing in a sample of
266 concussed college athletes. Reliable change from baseline
was compared to an approach relying on normative data only.
Athletes with ImPACTÕ composite scores that were 1.5 SDs
below the normative mean were classified as having clinically
significant deficits. Both sensitivity (0.80–0.86) and specificity (0.95–0.97) were high using normative scores. These
results suggested that a large percentage of concussed athletes
can be readily identified by deviations from normative data,
which may be particularly useful when baseline data are not
available for comparison. These findings have been replicated
in a sample of non-elite rugby players who did not complete
baseline assessments, in which post-concussive neurocognitive test data alone were able to identify 87% of concussed
athletes [45]. Schmidt et al. [46] also compared the baseline
methodology to the normative methodology for interpreting
post-injury test scores in a sample of 258 concussed college
student athletes, using the ANAM Battery. The individual
baseline method identified more athletes with impairment on
the Simple Reaction Time sub-test and the normative method
identified more athletes with impairment on the Mathematic
Processing sub-test. No differences were present on the other
ANAM sub-tests.
With advances in electrophysiology, neuroimaging and
serum-based biomarker research, it is possible that baseline
testing will have less value in the future. The direct
measurement of post-injury physiology, combined with
other measures such as balance, cognition and subjective
symptoms, might ultimately prove to be highly accurate for
identifying concussion, the severity of the injury in regards to
its effect on physiology and behaviour and monitoring
recovery. It will likely take many years, however, before
those approaches are validated for clinical use and become
feasible, from a time and cost perspective, to use with amateur
athletes.
It is concluded that having an accurate measure of baseline
cognitive functioning would be helpful for quantifying
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cognitive deficits following injury and for assessing recovery.
This is especially true for athletes who have above average
[47] or below average cognitive functioning at baseline.
Moreover, it can be helpful for athletes with developmental
conditions, such as attention-deficit hyperactivity disorder or
a learning disability. Students with self-reported ADHD,
learning disabilities or both perform more poorly on
ImPACTÕ than students who do not have a developmental
condition [48]. At present, however, there is insufficient
evidence to conclude that having baseline test results is timeand cost-effective or clearly superior to not having baseline
test results. More research on the advantages, disadvantages
and appropriate use of baseline testing is needed.
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Invalid baseline scores and poor effort
Baseline neurocognitive test performance is considered to be
an important contributor to return-to-play decision-making,
serving as a comparator for post-concussion test data.
Therefore, it is essential to document a valid measure of an
athlete’s pre-season, baseline neurocognitive performance. To
this end, test developers have identified built-in measures to
identify athletes who score outside of expected ranges and
may be providing less-than-optimal effort. Researchers have
shown that invalid baseline scores occur in a small percentage
of adolescents and young adults undergoing pre-season
testing with ImPACTÕ [49] and younger athletes tested in a
group setting are more likely to obtain invalid baselines
than those tested individually [50]. Specifically, 5.4% of
youth athletes, aged 10–12, who were tested individually
obtained invalid baselines compared to 11.9% of those tested
in groups [50].
There are references in the media and literature to athletes
under-reporting post-concussion symptoms, in order to return
to athletic competition [51–53]. However, this concern has
not been studied systematically. McCrea et al. [54] documented that 53% of high school football players did not report
concussions or symptoms, due to not thinking the injury was
serious enough, not wanting to be withheld from competition
and not knowing they had a concussion. A recent survey of
100 NFL players revealed 56% would not report a concussion,
due to not wanting to be withheld from competition [55].
Some high-profile athletes have even stated they intentionally
under-perform on baseline neurocognitive assessments (also
referred to as ‘sandbagging’) so that post-concussion test data
would compare more favourably to their lower baseline.
However, researchers have shown that only a small percentage
of students who deliberately under-performed on ImPACTÕ
were able to bypass detection [56, 57].
The extent to which embedded validity indicators on
baseline testing identify deliberately poor performance,
confusion or misunderstanding regarding how to take some
aspect of the test, situational distractions in a group testing
environment or some combination of factors is unknown.
There is a need for more analogue malingering studies to
better understand how people under-perform on computerized
testing. Realistic scenarios can be created in which athletes
are given instructions to deliberately under-perform on the
test in a manner that will not be obvious. In addition, more
research is needed on how confusion or misunderstanding on
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the part of the subject, regarding the test instructions or
procedures, influences the probability of being flagged by a
validity indicator. The above issues can be studied systematically in groups of high school and university students. The
goal of this research is not only to examine rates of ‘invalid’
scores as determined by the test publisher’s criteria, but to
document the magnitude of the effects on the cognitive
composite scores and the percentages of athletes’ scores that
are artificially lowered by different situational factors.

When to test following injury
One management approach is to use neuropsychological
assessment only after an athlete’s symptoms have resolved, as
part of a stepwise process for clearing an athlete to return to
sports. This is certainly a practical suggestion, given the time,
cost and expense of a brief neuropsychological assessment.
Scheduling repeated evaluations can be difficult and practice
effects associated with repeated testing can be challenging to
interpret. There is some evidence, however, that early testing
might have value for predicting recovery time. Iverson [7]
reported that high school football players who took longer
than 10 days to recover were much more likely to show
evidence of cognitive impairment within the first 72 hours
post-injury than athletes who recovered more swiftly. It might
also be possible to use early symptom reporting, in the
absence of neuropsychological testing, to predict recovery
time. In one study [58], it was possible to identify most high
school football players who recovered swiftly (i.e. in 10 days
or less) based on how they reported their post-concussion
symptoms in the first 24 hours (i.e. they had much higher total
scores and they were far less likely to report specific
combinations of symptoms such as headaches, dizziness,
noise sensitivity and memory problems). Using methodologies similar to the two studies above, more research is needed
to determine if early testing following injury can reasonably
accurately predict recovery time—at least in a sub-group of
athletes. If so, early testing could be of benefit as a component
of an overall injury management strategy.
From a clinical perspective, testing within a short time
period following concussion might be useful to assist with
early management recommendations. A minority of athletes
might have cognitive deficits, a few days post-injury, that
would render them unsafe to drive. These athletes would also
benefit from a greater duration of rest and activity limitations.
In contrast, an athlete who appeared cognitively normal and
only had very mild symptoms might be encouraged to engage
in more activities in school and daily life, as tolerated without
exacerbation of symptoms. In general, brief evaluations, while
symptomatic, can be used to monitor recovery and to make
recommendations regarding activity restrictions and academic
accommodations.

Reliability of neuropsychological tests
Concerns have been expressed about relatively low test–retest reliability of computerized neuropsychological tests used
in concussion management programmes [36, 39, 40, 59].
Test–re-test reliability relates to the stability of test scores.
According to classical test theory, it has been viewed in terms
of the relation between ‘true’ scores and obtained scores.
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Obtained scores are believed to contain an error component
and test–re-test reliability is influenced by error resulting
from time and situational variables. Thus, high test–re-test
reliability may be viewed as the ability of a test to reflect an
Table I. Test–re-test reliability of ImPACTÕ across different assessment
intervals.
Interval between assessments

Brain Inj Downloaded from informahealthcare.com by Michigan State University on 03/09/15
For personal use only.

Test score
Verbal Memory (ICC)
r
Visual Memory (ICC)
r
Visual Motor Speed (ICC)
r
Reaction Time (ICC)
r

a

7 days 30 daysb 45 daysc 1 yeard 2 yearse
—
0.70
—
0.67
—
0.86
—
0.79

0.79
0.66
0.60
0.43
0.88
0.78
0.77
0.63

0.23
—
0.32
—
0.38
—
0.39
—

0.62
0.45
0.70
0.55
0.82
0.74
0.71
0.62

0.46
0.30
0.65
0.49
0.74
0.60
0.68
0.52

ICC, Intra-class correlation coefficient; r, Pearson or Spearman
correlation coefficient.
a
Iverson et al. [10], n ¼ 56.
b
Schatz and Ferris [94], n ¼ 25.
c
Broglio et al. [40], n ¼ 73.
d
Elbin et al. [95], n ¼ 369.
e
Schatz [96], n ¼ 95.

individual score that is minimally influenced by error.
Reliability should not be considered a dichotomous concept;
rather it falls on a continuum. One cannot say a test is reliable
or unreliable, but more accurately should say it possesses
a high or low degree of reliability for a specific purpose, with
a specific population [60, 61].
The alternate forms test–re-test reliability of ImPACTÕ
across studies using different re-test intervals is presented in
Table I. For comparison, the test–re-test reliabilities of other
neuropsychological tests are presented in Table II. As seen in
these tables, there is considerable variability in the size of the
correlation coefficients across tests, studies and retest intervals. Some tests of intellectual ability, such as the Vocabulary
sub-test of the Wechsler Intellectual Scale for Children–
Fourth Edition (WISC-IV), have very high test–re-test
reliabilities (0.88–0.91), compared to lower reliabilities on
tests of working memory (WISC-IV Letter-Number
Sequencing, r ¼ 0.64–0.72), processing speed (WISC-IV
Symbol Search, r ¼ 0.57–0.68) and verbal learning
(California Verbal Learning Test – Children’s Edition Trial
1–5 total score, r ¼ 0.61–0.73). Some tests of fluid executive
functioning have very low test–re-test reliability (e.g. Delis
Kaplan Executive Function System (D-KEFS) Trail Making
Test Number-Letter Sequencing, r ¼ 0.20; D-KEFS Design

Table II. Test–re-test reliabilities from the test manuals of intellectual and neuropsychological tests.
r12
WISC-IV Age: 12–13
Block Design
Similarities
Digit Span
Picture Concepts
Coding
Vocabulary
Letter-Number Sequencing
Matrix Reasoning
Comprehension
Symbol Search
Picture Completion
Cancellation
Information
Arithmetic
Word Reasoning
WISC-IV Age: 14–16
Block Design
Similarities
Digit Span
Picture Concepts
Coding
Vocabulary
Letter-Number Sequencing
Matrix Reasoning
Comprehension
Symbol Search
Picture Completion
Cancellation
Information
Arithmetic
Word Reasoning

0.84
0.86
0.85
0.66
0.79
0.88
0.72
0.71
0.80
0.57
0.83
0.78
0.80
0.79
0.72
0.88
0.82
0.81
0.62
0.86
0.91
0.64
0.77
0.82
0.68
0.85
0.76
0.88
0.84
0.83

r12
CMS Age: 9–12
Visual Immediate Index
Visual Delayed Index
Verbal Immediate Index
Verbal Delayed Index
General Memory Index
Attention/Concentration Index
Learning Index
Delayed Recognition Index
CMS Age: 13–16
Visual Immediate Index
Visual Delayed Index
Verbal Immediate Index
Verbal Delayed Index
General Memory Index
Attention/Concentration Index
Learning Index
Delayed Recognition Index
CVLT-C Age 8 (n ¼ 35)
List A Trials 1–5
Short Delay Free Recall
Long Delay Free Recall
CVLT-C Age 12 (n ¼ 40)
List A Trials 1–5
Short Delay Free Recall
Long Delay Free Recall
CVLT-C Age 16 (n ¼ 31)
List A Trials 1–5
Short Delay Free Recall
Long Delay Free Recall

0.65
0.61
0.82
0.79
0.86
0.88
0.67
0.57
0.26
0.40
0.85
0.87
0.86
0.86
0.78
0.56
0.73
0.40
0.59
0.73
0.77
0.62

r12
D-KEFS Ages 8–19
TMT 1: Visual Scanning
TMT 2: Number Sequencing
TMT 3: Letter Sequencing
TMT 4: Number-Letter Sequencing
TMT 5: Motor Speed
Letter Fluency
Category Fluency
Category Switching-Total Correct
Category Switching-Accuracy
Design Fluency 1: Filled Dots
Design Fluency 2: Empty Dots
Design Fluency 3: Switching
Color-Word: Color Naming
Color-Word: Word Reading
Color-Word: Inhibition
Color-Word: Inhibition/Switching
Sorting: Confirmed Correct Sorts
Sorting: Free Sorting Description
Sorting: Sort Recognition Description
20 Quest.: Initial Abstraction
20 Quest: Weighted Achievement
Word Context Consecutively Correct
Tower Test Achievement
Proverbs: Free Inquiry

0.50
0.77
0.57
0.20
0.82
0.67
0.70
0.65
0.53
0.66
0.43
0.13
0.79
0.77
0.90
0.80
0.49
0.67
0.56
0.62
0.06
0.58
0.51
0.90

0.61
0.48
0.60

WISC-IV, The test–re-test coefficients and SDs were adapted from tables on page 42 of Wechsler [97]. The test–re-test interval was 32 days
(range ¼ 13–63) and the total sample size was 243. Children’s Memory ScaleÕ (CMS), The test–re-test interval was 59.6 days (median ¼ 65.3;
SD ¼ 29.2) and the total sample size was 125. CVLT-C, List A Trials 1–5 change estimates are for T-scores. The delayed recall change estimates are
for raw scores. Median Re-test Interval ¼ 28 days, range ¼ 10–42. Data adapted from pages 88–90 of the test manual [98]. D-KEFS, These data were
adapted from Tables 2.1–2.26 in the D-KEFS Technical Manual [99]. The ranges for internal consistency represent values across age groups from
8–19 years. The test–re-test coefficients are based on 28 individuals between the ages of 8–19 who were tested twice separated by 25 days
(SD ¼ 12.8 days).
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Fluency Switching, r ¼ 0.13). The authors, for many years,
have heard concerns expressed by some neuropsychologists
and other professionals that computerized tests are ‘unreliable’. Reliability, however, is a fundamental challenge and
problem for both computerized and traditional neuropsychological tests. Those cognitive abilities that are more ‘fluid’
(e.g. processing speed, memory and executive functioning)
and likely to be affected by a concussion are also much more
difficult to assess in a reliable manner.
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Reliable change methodology
The reliable change methodology (RCI), originally proposed
by Jacobson and colleagues [62–64], can be helpful for
interpreting serial assessment data in concussed athletes. It
can be used to monitor change from baseline and to monitor
recovery from injury. This methodology is commonly used in
clinical neuropsychology [65–69] and sports neuropsychology [5, 70, 71] and allows the clinician to estimate
measurement error surrounding test–re-test difference scores
by creating confidence intervals for these difference scores.
Specifically, the standard error of the difference (SEdiff) is
used to create a confidence interval for the test–re-test
difference score. Different formulae have been used across
studies in clinical psychology and neuropsychology over the
past 15 years, such as using two times the SEM for time one
only in the formula for the SEdiff. The steps recommended for
calculating the SE
diff are listed below.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1) SEM1 ¼ SD 1  r12 ; Standard deviation from time 1
testing multiplied by the square root of 1 minus the test–
re-test coefficient.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(2) SEM2 ¼ SD 1  r12 ; Standard deviation from time 2
testing multiplied by the square root of 1 minus the test–
re-test coefficient.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(3) SEdiff ¼ SEM12 þ SEM22 ; Square root of the sum of the
squared SEMs for each testing occasion.
(4) Reliable Change Confidence Intervals ¼ The SEdiff is
multiplied by the following z-scores: ±1.04 (70% CI),
±1.28 (80% CI), ±1.64 (90% CI) and ±1.96 (95% CI).
Reliable change is used to determine if there has been
improvement or deterioration in functioning that exceeds the
probable range of measurement error. It is a practical
psychometric strategy that supplements clinical judgement.
Such a reliable change methodology, for example, is built-in
to the ImPACTÕ scoring programme, whereby an asterisk is
placed next to scores that are reliably different from baseline
test data. However, there are several clinical and methodological challenges related to the best practice application of
the reliable change methodology to cognitive test scores
following sport-related concussion. First, it is possible to
experience a ‘real’ improvement or decline in functioning that
is not considered statistically reliable. Neuropsychological
tests have considerable measurement error and there is a
constant need to balance sensitivity and specificity in the
context of detection of cognitive impairment and in the
interpretation of serial testing. If measurement error is not
accounted for, one is very likely to over-interpret change
scores. It is likely that the fact that ‘real’ change has occurred
is assumed, when it has not. However, if 90% or 95%
confidence interval for change is rigidly applied to every test,
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one will invariably fail to identify change in some people.
Thus, reliable change estimates are meant to supplement, not
replace, clinical judgement.
Second, the reliable change methodology does not account
for regression to the mean. In general, athletes who score
very low or very high on a test at baseline are statistically
more likely to score somewhat better or worse, respectively,
at re-test due to regression to the mean. This is one of the
reasons why the reliable change methodology can be less
accurate when applied to athletes who score unusually low
at baseline. Third, the reliable change methodology can be
adjusted to account for ‘average’ practice effects in a group
[65, 72], but in some contexts, such as testing with
ImPACTÕ , practice effects are not well defined or routinely
accounted for. Fourth, reliable change on ImPACTÕ is based
on the assumption of construct and metric equivalence of the
alternate forms. A recent study, however, illustrated that the
different forms of ImPACTÕ do not appear to be equivalent
[73]. This creates additional measurement error within the
reliable change methodology because there is an assumption
that the confidence interval for measurement error surrounding re-testing with Form 2 following Form 1 applies
comparably across the other alternate forms (in comparison
to Form 1).
Finally, the reliable change methodology rests on the
assumption that a single pair of scores is being compared.
This is rarely the case in neuropsychology. In contrast,
multiple test–re-test comparisons are considered simultaneously. The estimates of reliable change apply to a single
distribution of change scores. It might be uncommon, when
considering one test in isolation, for there to be a large change
in test scores. However, when considering a large battery of
tests administered twice, it is statistically likely that healthy
people will show a small number of large changes in test
scores. This is an area of research that is conspicuously absent
in clinical neuropsychology.
Data from Iverson et al. [5] can be used to illustrate the
complexity of interpreting multiple test–re-test scores on
ImPACTÕ simultaneously. Participants were 56 adolescents
and young adults who completed the battery twice, with an
average interval of 5.8 days (median ¼ 7, SD ¼ 3.0, range
¼ 1–13). Assuming a symmetric 80% confidence interval for
change (unadjusted for practice or regression), it would be
predicted from the standard normal distribution of change
scores that 10% of healthy athletes would show a reliable
decline and 10% would show a reliable improvement on retesting. Athletes showing practice effects, however, would be
statistically more likely to show reliable improvement (than
predicted by the probable range of measurement alone).
Considering the four cognitive composite scores and the PostConcussion Scale score individually, 7.1–12.5% of healthy
athletes obtained a reliably lower score (or greater symptom
reporting) when each score was considered individually (and
7.1–16.1% showed improved scores). However, when all five
scores were considered simultaneously, 39.3% had one
decline, 1.8% had two declines, 0% had three declines and
1.8% had four declines. The important point is that having a
statistically reliable improvement or deterioration on one test
score, when only a single test is given, is statistically
uncommon. However, having an improvement or decline on
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one test score, when multiple tests are given and interpreted
simultaneously, is common.
The interpretation of post-injury neuropsychological test
results, in individual athletes, is complex. In fact, it can be
more complex, in some ways, than the interpretation of
neuropsychological test results with other patient populations
because athletes are sometimes tested several times over brief
re-test intervals, so the reliability of the test results, situational
factors affecting test performance, the prevalence of low
scores and the reliable change methodology all need to be
considered simultaneously. This is illustrated using three
cases presented in Table. The ImPACTÕ test results for each
athlete at baseline and three time periods following injury are
presented. The arrows represent reliable differences (i.e.
declined or improved) as compared to baseline testing.
Reliable change difference scores were based on the 80%
confidence interval from Table III in Iverson et al. [10]. The
number of low scores was based on having a score below the
10th percentile, derived from the normative data for desktop
version 2.0 of ImPACTÕ. Subject #1 appeared to recover
cognitively and symptomatically at approximately the same
time. At 7 days following injury, he had slower reaction time
and ongoing post-concussion symptoms, but at 11 days he
was asymptomatic, he had no low test scores and all scores
were similar to baseline. Subject #2 appeared to recover
cognitively before he recovered symptomatically. At 3 days
following injury, he had no low test scores and all scores were
similar or better than his baseline results. He was symptomatic, however, at that point (Post-Concussion Scale total
score ¼ 16). By 6 days following injury, he continued to have
no low scores, his scores were comparable or better than
baseline and he was mostly asymptomatic. Subject #3
appeared to recover symptomatically before he recovered
cognitively. At 13 days following injury, he was asymptomatic
but his two memory scores were reliably lower than baseline.
He was tested for a fourth time 20 days post-injury (not shown
in Table III) and his total symptom score was zero, he had no
low cognitive composite scores and none of his cognitive
scores were reliably lower than baseline. Notice that, for
subjects #2 and #3, both showed post-injury test scores that
were statistically reliably better post-injury compared to

baseline (using the 80% confidence interval). This could
reflect practice effects, situational factors artificially lowering
baseline performance, non-specific measurement error or a
combination of factors.

ImPACTÕ reliable change, 95% confidence interval,
adjusted for practice effects
The confidence interval selected for reliable change influences the sensitivity and specificity for detecting change on
cognitive test scores. Assuming a symmetric distribution of
change scores, the 70% confidence interval will have 15% in
each tail, the 80% confidence interval will have 10% in each
tail and the 95% confidence interval will have 2.5% of
healthy, uninjured subjects in each tail. Stated differently,
somewhere between 2.5–15% of healthy subjects (based on
the confidence interval selected), who have no clinical reason
for obtaining a reliably higher or lower score, will show a
statistically reliable change; the probable range of measurement error encompasses the change scores from 70–95% of
healthy subjects. In the context of identifying a decline in
performance, applying the 70% confidence interval will result
in 15% false positives and applying the 95% confidence
interval will result in 2.5% false positives. Of course, the
lower false positive rate comes at the sacrifice of sensitivity:
greater change scores are required for the 95% confidence
interval, which means that fewer concussed athletes will be
accurately classified as having reliably lower scores if this
confidence interval is selected.
Reliable change, using the 95% confidence interval and
adjusted for practice effects [65], for different time intervals,
is illustrated in Table IV. Data from 25 healthy control
athletes who were tested at an 1-month re-test interval and
369 athletes who were tested at an 1-year re-test interval
were used. The percentages of athletes who improved or
declined are presented. If the distributions of change scores
were precisely normally distributed and practice effects could
be precisely controlled, then there should be 2.5% who
improved and 2.5% who worsened. The values in Table IV are
fairly close to those theoretical values, although a greater
percentage had improved scores over a 1-month re-test

Table III. Baseline and post-injury test results for three high school athletes.
Subject 1

Verbal Memory
Visual Memory
Processing Speed
Reaction Time
Post-Concussion Scale
Days Following Injury
Number of Low Scores
Reliable Difference Scores
Cognitively Recovered
Asymptomatic

Subject 2

Subject 3

B

1

2

3

B

1

2

3

B

1

2

3

86
92
30.18
0.55
1
—
0
—
—
—

80
75#
29.20
0.58
10
3
1
1
No
No

93
86
29.83
0.73#
13#
7
1
2
No
No

84
94
35.93
0.57
0
11
0
0
Yes
Yes

91
78
34.55
0.54
0
—
0
—
—
—

78#
74
35.48
0.56
7
1
0
1
No
No

88
79
43.30"
0.57
16#
3
0
1
Yes
No

94
81
35.45
0.48"
2
6
0
0
Yes
Probably

80
71
28.50
0.63
0
—
1
—
—
—

45#
51#
24.33#
1.10#
58#
4
4
5
No
No

78
42#
37.33"
0.56"
3
8
1
1
No
Maybe

71#
56#
38.28"
0.52"
0
13
2
2
No
Yes

B, Baseline testing; 1, Time 1 post-injury; 2, Time 2 post-injury; 3, Time 3 post-injury. The arrows represent reliable differences as compared to
baseline testing. The following reliable change difference scores were applied, based on the 80% confidence interval from Table III in Iverson et al.
[10]: Verbal Memory ¼ ±9 points, Visual Memory ¼ ±14 points, Reaction Time ¼ ±0.06 seconds, Processing Speed ¼ 3 points (declined) and +7
points (improved) and Post-Concussion Scale total scores ¼ ±10 points.
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Table IV. Reliable change on ImPACTÕ in healthy, uninjured athletes
tested at different re-test intervals.
30 day re-test interval
(n ¼ 25)

1 year re-test interval
(n ¼ 369)

% Improved % Worsened % Improved % Worsened
Verbal Memory
Visual Memory
Reaction Time
Processing Speed
One score
Two scores
Three scores
Four scores

8.0%
4.0%
4.0%
12.0%
32.0%
0%
0%
0%

0%
0%
0%
4.0%
8.0%
0%
0%
0%

2.7%
4.1%
5.7%
7.1%
17.9%
1.4%
0%
0%

2.1%
1.4%
2.4%
1.4%
6.2%
0.3%
0%
0%
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The 95% confidence interval adjusted for practice effects [65], for
different time intervals, was used.

interval. When considering all composite scores simultaneously, a substantial minority will show at least one statistically reliable improvement (32% at 1 month and 18% at
1 year), but only a small percentage show a worsening in
performance (6–8%). Having two or more scores that reliably
improve or decline is rare at both time intervals.

New methods for identifying cognitive impairment
Following a sport-related concussion, an athlete could have
severe cognitive impairment in the first 2 hours, moderate
cognitive impairment in the first 24 hours, followed by mild
cognitive impairment during days 2–5 post-injury (with full
apparent recovery in cognitive functioning within 2 weeks). In
contrast, another athlete might have mild cognitive impairment for the first day, followed by mild cognitive diminishment and a return to normal cognitive functioning within 72
hours of injury. Cognitive impairment is quantified based on
neuropsychological test performance and interview results
(i.e. how is the athlete functioning in daily life). It is normal
and customary to apply the standard normal distribution (i.e.
the ‘bell curve’) to the interpretation of individual cognitive
test scores. For example, if a cut-off score of below one
standard deviation from the mean is used (16th percentile),
then only 15% of healthy people will obtain a score below the
cut-off. Some clinicians will use 1 SD, the 10th percentile, 1.5
SDs or 2 SDs below the mean to define a low or ‘impaired’
score. It is important to note, however, that numerous studies
have been published showing that a substantial minority of
healthy children, adolescents and adults will obtain one or
more unusually low scores when multiple tests are given
[74–84]. Several review papers and book chapters illustrate
the principles of multivariate base rate analyses (i.e. interpreting multiple test scores simultaneously vs. individually)
as applied to batteries of cognitive test scores [85–88]. These
articles and chapters illustrate some important points when
trying to identify cognitive impairment in an individual
patient: (i) the more tests that are given, the more likely it is
for a healthy uninjured person to obtain one or more low
scores; (ii) higher levels of intelligence and education are
associated with fewer low scores; and (iii) race/ethnicity (e.g.
African American or Hispanic), English as a second language,
less education and lower intelligence are associated with
obtaining more low cognitive test scores.
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Classifying cognitive test scores using multivariate
base rates
Iverson and Brooks [89] and Iverson [90] developed and
evaluated evidence-based, psychometric criteria for defining
cognitive impairment on ImPACTÕ in high school boys with
sport-related concussions. The test performances from an
archival normative database of healthy boys and a sample of
concussed high school football players were used to define
clinically- and theoretically-derived criteria for cognitive
impairment. The clinical algorithm, set out below, was
developed to represent the following classification ranges:
broadly normal, below average, well below average, unusually
low and extremely low.
(1) Broadly Normal: 2 or fewer scores below the 25th
percentile, AND 1 or fewer scores below the 16th
percentile, AND no scores below the 10th percentile.
(2) Below Average: 3 or more scores below the 25th
percentile, OR 2 scores below the 16th percentile, OR
1 score below the 10th percentile.
(3) Well Below Average: 3 or more scores below the 16th
percentile, OR 2 scores below the 10th percentile, OR
1 score at or below the 5th percentile.
(4) Unusually Low: 3 or more scores below the 10th
percentile, OR 2 scores at or below the 5th percentile,
OR 1 score at or below the 2nd percentile.
(5) Extremely Low: 3 or more scores at or below the
5th percentile, OR 2 or more scores at or below the
2nd percentile.
These classification ranges were developed on a sample of
341 adolescent boys who underwent pre-season baseline
testing and then they were applied to a sample of 125 high
school football players who completed testing within 5 days
of sustaining a concussion. The breakdown of healthy control
subjects, by classification range, was as follows: broadly
normal ¼ 73.0%, below average ¼ 9.1%, well below average ¼ 9.4%, unusually low ¼ 7.9% and extremely low ¼
0.59%. The breakdown of concussed high school football
players, by classification range, was as follows: broadly
normal ¼ 20.8%, below average ¼ 10.4%, well below average ¼ 12.8%, unusually low ¼ 35.2% and extremely
low ¼ 20.8%. The majority of healthy subjects (73%) and a
minority of concussed athletes (21%) were classified as
broadly normal [2(1, 466) ¼ 103.1, p50.0001]. In contrast,
56% of concussed athletes and only 8.5% of healthy subjects
fell in the unusually low or extremely low classification
ranges [2(1, 466) ¼ 123.3, p50.0001].
The use of these new classification ranges is illustrated in
three concussed high school football players presented in
Table V. For subject #4, notice that at baseline he had three
scores below the 25th percentile, placing his overall performance in the Below Average classification range. Nine days
following his injury, he had three scores at or below the 5th
percentile, placing his overall performance in the Extremely
Low classification range. At 26 days following injury, he had
only one score below the 25th percentile, placing his overall
performance in the Broadly Normal range. His performance at
that time was better than his baseline performance, suggesting
that his baseline performance might have been an underestimate of his cognitive abilities, his post-injury performance
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Table V. Baseline and post-injury test results for four concussed high school boys.
Subject 4
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Verbal Memory
Visual Memory
Processing Speed
Reaction Time
Post-Concussion Scale
Days Following Injury
Number of Low Scores
25th percentile
16th percentile
10th percentile
5th percentile
2nd percentile
Classification Range
Iverson & Brooks [89]

Subject 5

Subject 6

B

1

2

B

1

2

B

1

2

67
67
34.58
0.66
3
—

45
52
28.95
0.70
24
9

78
84
35.58
0.52
7
26

91
69
27.80
0.53
0
—

54
59
24.85
0.52
6
3

74
68
32.63
0.49
2
29

94
69
38.00
0.49
0
—

45
52
28.95
0.70
10
6

97
56
49.50
0.59
2
18

3
2
1
1
0
Below
Average

4
3
3
3
1
Extremely
Low

1
0
0
0
0
Broadly
Normal

1
0
0
0
0
Broadly
Normal

3
3
3
1
1
Well Below
average

2
1
0
0
0
Broadly
Normal

0
0
0
0
0
Broadly
Normal

4
3
3
3
2
Extremely
Low

1
1
1
0
0
Below
Average

B, Baseline testing; 1, Time 1 post-injury; 2, Time 2 post-injury. The Iverson and Brooks [89] classification ranges were developed and evaluated on
high school boys only. The original version 2.0 normative data for the desktop version of ImPACT was used for this table.

might have been artificially elevated due to practice effects or
both. For subject #5, his overall performance was Broadly
Normal at baseline, Well Below Average at 3 days following
injury and Broadly Normal at 29 days following injury.
However, at 29 days, his Verbal Memory score remained
lower than expected based on his baseline score. It is not
known whether this reflects a lingering cognitive deficit or
situational factors adversely influencing his test performance
(test results after day 29 were not available for review). For
subject #6, his baseline performance was Broadly Normal, his
profile of scores at 6 days following injury was Extremely
Low and at 18 days following injury his profile of scores
was Below Average because his Visual Memory score was
low (i.e. below the 10th percentile). These cases illustrate
that these classification ranges can be used as part of the
overall clinical interpretation of ImPACTÕ , as a supplement
to reliable change analyses and individual test score
interpretations.

Multivariate base rates for online ImPACTÕ
For this article, multivariate base rate analyses were conducted on thousands of subjects who had taken online
ImPACTÕ. These analyses are presented in Table VI.
Participants were 46 679 adolescents and young adults who
completed baseline computerized neurocognitive evaluations
with ImPACTÕ. They had valid baseline scores and subjects
with self-reported ADHD or academic problems were not
included. The breakdown of the sample by gender-stratified
age cohorts was as follows: females aged 14–18 ¼ 14 426 and
19–22 ¼ 7640 and males aged 14–18 ¼ 14 487 and 19–
22 ¼ 10 126. The four primary composite scores used for the
base rate analyses were Verbal Memory, Visual Memory,
Processing Speed and Reaction Time.
The base rates of low scores in adolescents and young
adults on the four composite scores vary by level of cut-off
and do not conform to a standard normal distribution. Having
one or more scores at or below the 2nd percentile occurs in 7–
8% of the subjects in the four age cohorts and having one or

more scores at or below the 10th percentile occurs in 26–28%
of the subjects in the four age cohorts. Obtaining two or more
scores below the 16th percentile occurs in 15% of adolescents and young adults. Age and gender stratified base
rate results for the following cut-off scores are provided in
Table VI: 25th, 16th, 10th, 5th and 2nd percentiles.
As seen in Table VI, when multiple neurocognitive test
scores are interpreted simultaneously, the metrics of the
standard normal distribution cannot be relied upon. That is,
the bell curve predicts that 15% of healthy subjects will
obtain a score that is greater than 1 SD below the mean,
when a single score is considering in isolation, but, as seen in
Table VI, 40% will obtain one score in this range if the four
scores are considered simultaneously. This is very helpful to
know in day-to-day clinical practice.
The multivariate base rates presented in Table VI are ready
for clinical use. To illustrate their use, hypothetical data from
four concussed athletes are presented in Table VII. The 18year-old female had no low scores at baseline and three scores
below the 25th percentile following injury. Only 9.9% of
uninjured adolescent females, between 14–18, obtain three or
more scores below the 25th percentile. The 20-year-old
female had one score below the 10th percentile at baseline.
Approximately 28% of young women her age have one or
more scores below the 10th percentile (base rate ¼ 27.7%).
Following injury, however, she had three scores below the
10th percentile; this occurs in fewer than 2% of women her
age (base rate ¼ 1.8%). In the first three cases in Table VII,
cognitive impairment secondary to concussion could be
inferred from the post-injury data only, using the base rate
results from Table VI (i.e. these three cases had post-injury
scores associated with low base rates; 1.8–9.9%). For the 21year-old man, however, having two scores below the 25th
percentile following his injury is fairly common compared to
healthy young men his age (base rate ¼ 27.1%). In his case,
having baseline data is particularly important. At baseline, he
had no low scores and some of his post-injury scores would be
reliably different compared to his baseline testing (if the
reliable change methodology is used).
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Table VI. Prevalence of low composite scores on ImPACTÕ (online version) in healthy, uninjured subjects.
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Number of scores below cut-off
525th %ile
4
3
2
1
0
516th %ile
4
3
2
1
0
510th %ile
4
3
2
1
0
5th %ile
4
3
2
1
0
2nd %ile
4
3
2
1
0

Males,
ages 19–22
(n ¼ 10 126)

Females,
ages 19–22
(n ¼ 7640)

Males,
ages 14–18
(n ¼ 14 487)

Females,
ages 14–18
(n ¼ 14 426)
%

C%

%

C%

%

C%

%

C%

2.5
7.4
16.8
29.4
43.9

2.4
9.9
26.6
56.1
100

2.9
7.9
16.0
28.5
44.7

2.9
10.9
26.8
55.4
100

2.2
7.1
17.7
30.1
42.9

2.2
9.3
27.0
57.1
100

2.9
7.3
16.9
28.0
44.9

2.9
10.2
27.1
55.1
100

0.9
3.5
10.8
25.7
59.1

0.9
4.4
15.2
40.9
100

1.2
3.6
10.0
24.3
60.9

1.2
4.8
14.8
39.1
100

0.7
3.2
10.9
25.8
59.4

0.7
3.9
14.8
40.6
100

1.1
3.4
10.7
24.4
60.4

1.1
4.5
15.2
39.6
100

0.3
1.6
6.1
19.8
72.2

0.3
1.9
8.0
27.8
100

0.4
1.7
5.9
18.8
73.2

0.4
2.1
7.0
25.8
100

0.3
1.5
5.8
20.1
72.3

0.3
1.8
7.6
27.7
100

0.4
1.7
6.0
18.8
73.2

0.4
2.1
8.0
26.8
100

0.1
0.6
2.8
13.0
83.5

0.1
0.7
3.5
16.5
100

0.1
0.7
3.0
12.8
83.4

0.1
0.8
3.8
16.6
100

0.1
0.5
2.7
13.0
83.7

0.1
0.6
3.3
16.3
100

0.1
0.6
2.7
12.9
83.7

0.1
0.7
3.4
16.3
100

—
0.2
0.9
6.7
92.4

—
0.2
1.1
7.8
100

—
0.1
0.9
6.3
92.7

—
0.1
1.0
7.3
100

—
0.1
0.7
6.0
93.2

—
0.1
0.8
6.8
100

—
0.1
0.7
6.1
93.1

—
0.1
0.8
6.9
100

The cumulative percentages reflect the percentages of subjects who have a certain number of low scores or more. For example, having one or more
scores below the 16th percentile is common (i.e. 24.3–40.6% of healthy subjects), two or more is uncommon (10.0–15.2%) and three or more is rare
(3.2–4.8%).

Table VII. Hypothetical baseline and post-injury test scores illustrating the use of the multivariate base rates presented in Table VI.
18-year-old Female
Cognitive domain
Verbal Memory
Visual Memory
Visual Motor Speed
Reaction Time
Number of Low Scores
525th percentile
516th percentile
510th percentile
5th percentile
2nd percentile
Base Rate

15-year-old Male

20-year-old Female

B

P

B

P

B

77
55
99
78

21
28
4
19

63
28
36
37

34
9
37
5

35
9
30
78

0
0
0
0
0
43.9

3
1
1
1
0
9.9

0
0
0
0
0
44.7

2
2
2
1
0
7.0

1
1
1
0
0
27.7

P
7
51
7
23
4
3
3
1
1
1.8

21-year-old Male
B

P

92
60
67
73

30
12
26
17

0
0
0
0
0
44.9

2
1
0
0
0
27.1

B, Baseline; P, Post-Injury percentile ranks for online ImPACTÕ. The base rates represent the cumulative percentile ranks from Table VI. The scores in
italics in the table are discussed in the text.

Conclusions
Several position and consensus statements have recommended neuropsychological assessment as a component of
concussion management programmes [44, 91–93]. This
review focused on a series of topics relating to the
neuropsychological assessment of athletes who have sustained a sport-related concussion. First, in clinical practice

and research, some use traditional neuropsychological tests,
others use computerized tests and some use both (termed a
‘hybrid’ approach). There is insufficient evidence to conclude that one approach is clearly superior to the others,
although some data suggest that the sensitivity of computerbased measures is superior to pencil-and-paper measures
within 1–3 days of concussion. Second, in regard to
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pre-season testing, it is concluded that having an accurate
measure of baseline cognitive functioning is helpful for
quantifying cognitive deficits following injury and for
assessing recovery. This is especially true for athletes who
have above average or below average cognitive functioning at
baseline or a developmental condition such as ADHD or a
learning disability. At present, however, there is insufficient
evidence to conclude that having baseline test results is timeand cost-effective or clearly superior to not having baseline
test results. Third, some athletes perform poorly on baseline
testing and are identified by embedded validity indicators as
having invalid test results. The extent to which these
embedded validity indicators on baseline testing identify
deliberately poor performance, confusion or misunderstanding regarding how to take some aspect of the test, situational
distractions in a group testing environment or some
combination of factors is unknown. Fourth, concerns have
been expressed about the reliability and validity of
computerized cognitive screening batteries used in sport
concussion management programmes. These concerns are
not unique to computerized testing; traditional paper–pencil
neuropsychological tests also have varying degrees of
reliability and validity. Finally (and fortunately), sophisticated psychometric methods are available to assist clinicians
and researchers with the identification of cognitive impairment and the serial monitoring of recovery, such as reliable
change and multivariate base rates. These methods can
improve accuracy, reduce false positive diagnoses and
clinical inferences and strengthen the scientific underpinnings of clinical judgement.
Some directions for future research are listed below. These
suggestions focus on advancing knowledge, with the goal of
improving clinical practice.
(1) Conduct programmatic research relating to the strengths
and limitations of baseline testing for improving the
accuracy of neuropsychological assessment and determining whether improved accuracy contributes to
improved management of this injury in athletes.
(2) Pursue analogue malingering studies to better understand
how people under-perform on computerized testing. In
addition, examine how confusion or misunderstanding on
the part of the subject, regarding the test instructions or
procedures, influences the probability of being flagged
by a validity indicator.
(3) Evaluate and improve, if possible, the test–re-test
reliability of traditional and computerized cognitive
tests. Determine if there are differences in the magnitude
of practice effects based on the domain of cognitive
functioning assessed and whether the test is paper–pencil
or computerized.
(4) Develop and evaluate more sophisticated methods for
interpreting change on cognitive testing (e.g. refinements
of the reliable change methodology, such as correction
for practice and stratification of confidence intervals for
change based on level of baseline performance; and use
of standardized regression models). Apply multivariate
base rate analyses to the reliable change methodology to
quantify the likelihood of showing one or more reliable
change scores when multiple change scores are considered simultaneously.
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(5) Determine if cognitive functioning, assessed in the first
72 hours post injury, has prognostic value for predicting
typical vs. slow recovery.
(6) Develop and evaluate clinical algorithms, with known
false positive rates, for identifying and quantifying
cognitive impairment following concussion.
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