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ABSTRACT

The purpose of this study was to examine the psychometric characteristics of Version 2.0 of ImPACT
(Immediate Postconcussion Assessment and Cognitive Testing). The focus was on the stability of the test
scores and the calculation of reliable change confidence intervals for the test-retest difference scores. A
sample of 56 nonconcussed adolescents and young adults completed the test battery on two occasions. Test-
retest coefficients, reliable change difference scores, and confidence intervals for measurement error are
provided. These reliable change parameters were applied to a second sample of 41 concussed amateur
athletes who were tested preseason and within 72 hr of injury. Applying these confidence intervals allows
more precise determinations of deterioration, improvement, and recovery in the initial days following

concussion.

Estimating change is the sine qua non of clinical
neuropsychology. Every neuropsychological eval-
uation includes a careful determination of change.
Typically, we try to estimate decline in functioning
that can be attributed to a brain injury, condition, or
disease. Other evaluations are undertaken to assess
interval change. Neuropsychological assessment
can be very useful for tracking recovery from a
traumatic brain injury or a stroke, or for monitoring
progression of a dementing disease such as
Alzheimer’s. For practical, clinical, and economic
reasons, follow-up evaluations typically are con-
ducted after 624 months (although, there are
clinical situations in which shorter retest intervals
are preferred).

Sports neuropsychology is relatively unique in
that cognitive assessments often occur over very
brief retest intervals to facilitate decisions regard-
ing returning to practice and competition. This
creates special challenges relating to estimating

change. For example, the phenomenon under
study, the effects of concussion on cognitive
functioning, is rapidly changing. The accuracy
with which we can assess this phenomenon is
related to the sensitivity of the measures, and, of
course, their reliability.

ImPACT (Immediate Postconcussion Assess-
ment and Cognitive Testing) is a computerized
neuropsychological screening battery designed
specifically for assessing sports-related concus-
sion. Version 1.0 of the battery has been used in
several studies relating to outcome from concus-
sion (Collins et al., 2003; Iverson, Gaetz, Lovell,
& Collins, 2002a; Iverson, Gaetz, Lovell, Collins,
& Maroon, 2002b; Lovell et al., 2003; Lovell,
Collins, Iverson, Johnston, & Bradley, in press).
The battery was designed to minimize practice
effects through the use of several alternate forms.
In a reliability study for Version 1.0, there were no
practice effects over a 2-week retest interval in a
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sample of 49 amateur athletes (Iverson, Lovell,
Collins, & Norwig, 2002c). Reliable change esti-
mates for Version 1.0 were provided.

The purpose of this study is to provide de-
tailed information regarding the interpretation of
change on Version 2.0 of ImnPACT. Test scores can
be influenced by numerous factors, such as prac-
tice effects, regression to the mean, and more
random or unpredictable forms of measurement
error. Therefore, proper interpretation of the test
requires an understanding of the probable range
of measurement error that surrounds test-retest
difference scores. This allows more precise deter-
minations of deterioration, improvement, and
recovery in the initial days following concussion.
First, test-retest reliability, practice effects, and
reliable change parameters will be estimated in a
sample of healthy young people who completed
the battery over a brief retest interval (i.e.,
approximately 7 days). Second, the derived reli-
able change parameters will be applied to a
sample of amateur athletes who underwent pre-
season testing and were re-evaluated within 72 hr
of sustaining a concussion.

METHOD

Participants and Procedures

The first sample was comprised of 56 adolescents and
young adults who completed Version 2.0 of ImPACT
twice for the purpose of a test-retest study. There were
29 males and 27 females. Their average age was 17.6
years (SD = 1.7, range = 15-22). Approximately 64%
were in high school and 36% were in university. The
average retest interval was 5.8 days (median=7,
SD =3.0, range =1-13). Approximately 29% were
retested within 3 days, 43% within 4 days, 82% within
7 days, and 95% within 11 days.

The second sample was comprised of 41 amateur
athletes who sustained a sports-related concussion.
All athletes completed ImPACT at the beginning of
the season. All were retested within 72hr of their
concussions (mean = 1.3, median =1, SD=0.7 days).
This sample was 90% male. Their average age was
16.8 years (median=16, SD=2.4, range =13-22).
Approximately 71% were in high school and 29%
were in university. The vast majority of athletes were
football players (88%), with small numbers of athletes
in other sports such as hockey, soccer, basketball, and
wrestling. Most athletes had sufficient information to
classify the severity of their concussions using the

American Academy of Neurology Concussion Grading
System (Kelly & Rosenberg, 1998; Quality Standards
Subcommittee, 1997). Approximately 54% had Grade I
Concussions, 22% had Grade II Concussions, and 7%
had Grade III Concussions. Missing data prevented the
confident classification of 17% (i.e., 7 athletes).

Measure

Version 2.0 of ImPACT is a computer administered
neuropsychological test battery that consists of six
individual test modules that measure aspects of
cognitive functioning including attention, memory,
reaction time, and processing speed. Four composite
scores were used for this study. In general, the test
battery is designed to yield multiple types of informa-
tion within a brief period of time. Each test module may
contribute scores to multiple composite scores. The
Verbal Memory composite score represents the average
percent correct for a word recognition paradigm, a
symbol number match task, and a letter memory task
with an accompanying interference task. The Visual
Memory composite score is comprised of the average
percent correct scores for two tasks; a recognition
memory task that requires the discrimination of a series
of abstract line drawings, and a memory task that
requires the identification of a series of illuminated X’s
or O’s after an intervening task (mouse clicking a
number sequence from 25 to 1). The Reaction Time
composite score represents the average response time
(in milliseconds) on a choice reaction time, a go/no-go
task, and the previously mentioned symbol match task.
The Processing Speed composite represents the
weighted average of three tasks that are done as
interference tasks for the memory paradigms. The
Impulse Control composite score represents the total
number of errors of omission or commission on the go/
no-go test and the choice reaction time test. This
composite is used to identify athletes who are not
putting forth maximum effort or who are seriously
confused about test instructions. This composite was
not one of the dependent measures for this study. In
addition to the cognitive measures, ImPACT also
contains a Postconcussion Symptom Scale, utilized
throughout organized sports (Aubry et al., 2002; Lovell
& Collins, 1998), that consists of 21 commonly
reported symptoms (e.g., headache, dizziness, ‘“‘foggi-
ness”). The dependent measure is the total score
derived from this 21-item scale.

Most research to date has used version 1.0 of the
program. ImPACT 2.0 is very similar to the original
version. However, there are some significant changes.
Version 2.0 includes an additional test module (design
memory). In addition, one of the working memory tasks
(X’s and O’s) was expanded and modified, making it
more difficult than the previous version. Version 2.0
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also yields two memory composite scores (Verbal
Memory and Visual Memory) while Version 1.0
contains only one memory composite score.

Design and Analysis

The first set of analyses were based on the healthy
young people tested twice. This was a within subjects
design. Relative position across the two distributions
was examined with a Pearson correlation. Level of
performance within subjects was examined with
dependent r-tests. Reliable change estimates were
derived from a modification of the method proposed
by Jacobson and Truax (1991). This methodology has
been used extensively in clinical psychology (Hageman
& Arrindell, 1993; Hsu, 1989; Jacobson & Revenstorf,
1988; Jacobson, Roberts, Berns, & McGlinchey, 1999;
Ogles, Lambert, & Masters, 1996; Speer, 1992; Speer &
Greenbaum, 1995), clinical neuropsychology (Chelune,
Naugle, Luders, Sedlak, & Awad, 1993; Heaton et al.,
2001; Iverson, 1998, 1999, 2001; Temkin, Heaton,
Grant, & Dikmen, 1999), and sports neuropsychology
(Barr & McRea, 2001; Hinton-Bayre, Geffen, Geffen,
McFarland, & Friis, 1999; Iverson et al., 2002c). The
reliable change methodology allows the clinician to
estimate measurement error surrounding test-retest
difference scores. Specifically, the standard error of
difference (Sgif) 1s used to create a confidence interval
for the baseline-retest difference score. The steps for
calculating the Sg;¢r are provided below:

SEM] = SD\/ 1- F12
(Standard deviation from time 1 multiplied
by the square root of 1 minus the test-

retest coefficient).

SEM, = SD

(Standard deviation from time 2 multiplied

1*7‘12

by the square root of 1 minus the test-

retest coefficient).

Saiff = \/ SEM% + SEM%

(Square root of the sum of the squared

SEMs for each testing occasion).

The reader should note that the formula used in this
study for calculating the Sg;s uses the SEM for baseline
and retest, whereas many past studies have used an
“estimated” Sg by simply multiplying the squared
baseline SEM by two (i.e., \/2SEM12). The estimated
Saqier should only be used when retest data are not
available (Hageman & Arrindell, 1993; Iverson, 1998,
2001). Several refinements and modifications to the
reliable change methodology have been debated in the
literature (Hageman & Arrindell, 1993, 1999a, 1999b;
Hsu, 1989, 1999; Speer, 1992; Speer & Greenbaum,
1995). The issues are far from resolved. We chose to
use the reliable change method that corrects for practice
(Chelune et al., 1993; Iverson & Green, 2001), when
practice effects are present.

RESULTS

Descriptive statistics for the healthy young
people tested twice are presented in Table 1. The
Pearson test-retest correlation coefficients for the
composite scores were as follows: Verbal
Memory = 0.70, Visual Memory = 0.67, Reaction
Time =0.79, Processing Speed =0.86, and Post-
concussion Scale =0.65. The standard errors of
measurement (SEMs), standard errors of dif-
ference (Sgifrs), and reliable change confidence
intervals also are presented in Table 1. The
probable ranges of measurement error for the
ImPACT composites are as follows: Verbal
Memory Composite =6.83 points, Visual
Memory Composite =10.59 points, Reaction
Time Composite=0.05s, Processing Speed

Table 1. Descriptive Statistics, SEMSs, Sqiss, and Reliable Change Confidence Intervals for the Healthy Control

Subjects (N =56).

Composite M (SD) )4 SEM, SEM,  Sgr Confidence intervals
Time 1 Time 2 0.80 0.90
Verbal Memory 88.68 (9.50) 88.84 (8.09) .86 5.20 4.43 6.83 8.75 11.21
Visual Memory 78.70 (13.39) 77.48 (12.67) .40 7.69 7.28 10.59 13.55 17.37
Reaction Time .543 (.087) 0.536 (.063) .34 0.04 0.03 0.05 0.06 0.08
Processing Speed 40.54 (7.64) 42.24 (7.06) 002 286 2.64 3.89 4.98 6.38
Postconcussion Scale 5.23 (6.75) 5.79 (10.07) .59 3.99 5.96 7.17 9.18 11.76

Note. SEM: standard error of measurement; Sg;¢: standard error of difference.
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Composite =3.89 points, and Postconcussion
Scale 7.17 points. The 80% confidence intervals
for estimating change are as follows: Verbal
Memory > 9 points, Visual Memory > 14 points,
Reaction Time >0.06s, Processing Speed > 5
points, and Postconcussion Total Scores> 10
points. These are rounded values derived from
Table 1.

Level of performance was compared using
paired samples #-tests. There were no within
group differences for Verbal Memory, #(55)=
—0.17, p< .87, Visual Memory, #(55)=0.85,
p <.40, Reaction Time, #55)=0.97, p <.34, or
total symptoms, #(55)=—0.54, p <.60. There
was a significant difference between baseline
and retest on the Processing Speed Composite,
1(55)=-3.26, p<.003, d=0.23, small effect
size. On average, there was a 1.7 point practice
effect for the Processing Speed Composite.
Approximately 68% of the sample was faster at
retest than at baseline.

The reliable change difference scores asso-
ciated with the two confidence intervals were
applied to the original data. If the distributions
of difference scores were perfectly normal, then
one would expect to see 10% in each tail for the
0.80 confidence interval and 5% in each tail for
the 0.90 confidence interval. As seen in Table 2,
the percentages of subjects that would be classi-
fied as reliably improved or declined was reason-
ably close to what would be predicted from the
theoretical normal distribution.

The number of scores that reliably declined for
each subject was computed. A decline was
defined as reliably lower Verbal or Visual mem-
ory, slower processing speed or reaction time, or

greater symptoms at retest versus baseline (80%
confidence interval). The percentages of subjects
showing declines across the five composite scores
are as follows: no declines = 63.0%, one decline =
39.3%, two declines = 1.8%, 3 declines = 0%, and
4 declines = 1.8%.

The sensitivity of the composite scores to the
acute effects of concussion was estimated in the
sample of 41 amateur athletes who were tested
preseason and within 72 hr of injury. The athletes
demonstrated a significant decline in Verbal
Memory (baseline M =84.9, SD =7.2; Postcon-
cussion M =76.8, SD = 12.6; p < .0002, d=0.82,
large effect size) and Visual Memory (baseline
M="75.7, SD=12.3; Postconcussion M =66.4,
SD=14.7; p<.0002, d=0.69, medium-large
effect size). They also demonstrated significantly
slower Processing Speed (baseline M =36.9,
SD =6.8; Postconcussion M =33.1, SD=28.8;
p<.006, d=0.49, medium effect size), and
Reaction Time (baseline M =0.56, SD =0.08;
Postconcussion M =0.65, SD=0.11; p < .00005,
d=0.95, large effect size). The athletes also dem-
onstrated a large increase in symptom reporting
(baseline M = 8.2, SD = 10.7; Postconcussion M =
24.3, SD=21.7; p <.00001, d =0.99, large effect
size). These findings are illustrated in Figure 1.

The 80% confidence interval for estimating
reliable change was applied to each of the con-
cussed athlete’s composite scores. The confidence
interval for Processing Speed was adjusted by two
points for the presumed practice effect. The break-
down of reliable change for each composite
score was as follows: Verbal Memory 44% de-
clined, 7.3% improved; Visual Memory 41.5% de-
clined, 2.4% improved; Reaction Time 51.2%

Table 2. Percentages of the Healthy Sample that Would be Classified as Reliably Improved or Declined Based on

the 0.80 and 0.90 Confidence Intervals.

0.80 confidence interval

0.90 confidence interval

Declined (%)

Improved (%)

Declined (%) Improved (%)

Verbal Memory 10.7
Visual Memory 10.7
Reaction Time 8.9
Processing Speed® 7.1
Postconcussion Scale 12.5

16.1 54 8.9
8.9 5.4 3.6
14.3 54 7.1
8.9 3.6 54
7.1 10.7 3.6

Note. *The confidence intervals for the Processing Speed composite were adjusted for a 2-point practice effect.
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Fig. 1. Comparison of preseason and postinjury scores
on the five composites transformed into uni-
form T-scores (N =41).

Note. These T-scores are not normative 7-
scores. They are standardized scores.
The distributions of baseline and
postconcussion scores for each compo-
site were standardized with a mean of 50
and a standard deviation of 10. The
direction of the symptom score and the
reaction time score was reversed, so that
lower T-scores represent worse scores.
Thus, all five composites can be com-
pared graphically on a common metric.

declined, 7.3% improved; Processing Speed 41.5%
declined, 4.9% improved; Postconcussion Scale
53.7% reported more symptoms, 2.4% reported
fewer symptoms.

The number of scores that reliably declined for
each subject was computed. A decline was
defined in the same manner as it was for the
healthy test-retest sample. The percentages of
athletes showing declines across the five compo-
site score are as follows: no declines =24.4%,
one decline = 12.2%, two declines = 14.6%, three
declines = 17.1%, four declines = 19.5%, and five
declines = 12.2%. Athletes with concussions are
much more likely to have two or more declines
across the five composites than the healthy
subjects [63.4% vs. 3.6%; x*(1,97)=41.3, p<
.00001; Odds Ratio =46.8, 95% CI = 10.0-220.0].

DISCUSSION

This study illustrates important aspects of the
psychometric properties of Version 2.0 of

ImPACT. The test-retest coefficients for the five
composite scores ranged from 0.65 to 0.86.
Although, seemingly relatively modest, these
stability coefficients are comparable or higher
than many other neuropsychological tests, such as
the Wechsler Memory Scale — Third Edition
Index scores (Psychological Corporation, 1997),
Delis—Kaplan Executive Function System Trail-
Making Test or Color-Word Test (Delis, Kaplan,
& Kramer, 2001), or the California Verbal
Learning Test—Second Edition (Delis, Kramer,
Kaplan, & Ober, 2000).

When evaluating changes in cognitive per-
formance following concussion, it is critically
important to understand the probable range of mea-
surement error surrounding test-retest difference
scores to more accurately document deterioration
from preseason testing and recovery during the
initial days postinjury. In the present study, we
made adjustments to the ImPACT Processing
Speed composite score reliable change indices be-
cause practice effects were present. It was not nec-
essary to adjust the other composite scores because
practice effects were not identified. INPACT was
designed to reduce practice effects through ran-
domization of stimuli presentation. This was an
essential design feature because the battery is
intended to be used repeatedly, over short intervals.
A quick reference guide for estimating change on
the composite scores is presented in Table 3.

In the second part of this study, preseason and
postconcussion scores were examined for 41
concussed amateur athletes. As a group, these
athletes demonstrated a large change in Verbal
Memory, reaction time, and self-reported symp-
toms. They experienced a medium-to-large
change in Visual Memory and processing speed.

The effect sizes from preseason to postconcus-
sion were medium to large, ranging from 0.49 to

Table 3. Quick Reference Reliable Change Estimates:
80% Confidence Interval.

Composite Declined Improved
Verbal Memory 9 points 9 points
Visual Memory 14 points 14 points
Reaction Time 0.06s 0.06s

Processing Speed 3 points 7 points
Postconcussion Scale 10 points 10 points
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0.99 across the five composite scores. These effect
sizes are comparable to the magnitude of
“impairments” on other tests in other popula-
tions. For example, the effect sizes comparing
orthopedically injured trauma control subjects to
patients with moderate-severe traumatic brain
injuries were 0.46 for the Category Test and
0.37 for Trails B (calculated from Dikmen,
Ross, Machamer, & Temkin, 1995; patients with
TBIs took 7-13 days postinjury to reliably follow
commands, and they were tested 1-year postin-
jury). Patients with Alzheimer’s disease showed a
0.79 effect size for the WAIS-III Working Mem-
ory Index and a 1.39 effect size for the Processing
Speed Index (Psychological Corporation, 1997).

When the reliable change methodology was
applied to the concussed athletes, 44%-54%
showed statistically reliable declines across the
five individual composite scores. Athletes with
concussions were 47 times more likely to have 2
or more declines across the five composites than
nonconcussed subjects tested twice. Clearly, the
computerized screening battery is sensitive to the
acute effects of concussion and a large percentage
of athletes show substantial changes in functioning
in the first few days postinjury. This sensitivity to
the acute effects of concussion is consistent with
research with version 1.0 of ImPACT (Collins
et al., 2003; Iverson et al., 2002a; Lovell et al.,
2003; Lovell et al., in press). It is important to
emphasize that concussion is a highly individua-
lized injury. Some athletes experience immediate,
pronounced problems whereas others experience
very mild problems that resolve quickly. All ath-
letes are not expected to show cognitive problems
on neuropsychological testing, even in the first
couple days postinjury.

This was a preliminary study designed to
investigate reliable change on Version 2.0 of
ImPACT. It is limited by the relatively small
sample size, a common limitation with most
(e.g., Barr, 2003; Hinton-Bayre et al., 1999;
Moritz, Iverson, & Woodward, in press; Sawrie,
Chelune, Naugle, & Luders, 1996), but not all
(e.g., Erlanger et al., 2003; Temkin et al., 1999)
reliable change studies. The effect of the hetero-
geneity of the sample (i.e., high school and
college students) on the test-retest coefficients is
unknown. Future research with larger, more

homogeneous samples might further refine the
interpretation of change on this battery.

Another limitation in this study is the retest
interval. This interval was very short. Thus, it is
relevant for postconcussion testing over at least one
short interval. However, it is possible that the
reliable change estimates would change over a
longer interval, such as from preseason to postcon-
cussion. This limits the external validity of these
results because the brief retest interval in healthy
subjects was used to estimate reliable change in
healthy then concussed athletes tested at a longer
interval. It is also possible that the practice effect
seen on the Processing Speed composite might
diminish or disappear over a longer retest interval.

Three practical methodological issues relating
to estimating reliable change will be presented.
First, there is the statistical issue of regression to
the mean and the practical issue of an unusually
good or unusually poor performance. As a general
rule, extreme scores are likely to be less extreme
at retest. The reliable change methodology essen-
tially averages this phenomenon into the measure-
ment error estimate. The end result is that the
reliable change estimate is optimized for the
entire sample but is not as accurate for subsam-
ples, such as the top 20%, middle 60%, and
bottom 20% of scores. In other words, one of
the most important predictors of a retest score is
the level of the baseline score (Sawrie et al., 1996;
Temkin et al., 1999). Optimally, reliable change
estimates would be based on large samples of
more homogeneous baseline scores.

Second, it is most common to present 90% or
95% confidence intervals for reliable change. This
is a sensitivity and specificity issue. Do we really
want to be 95% sure that the change observed is not
due to possible measurement error, leaving only
2.5% in each tail? Under many clinical circum-
stances we want to adopt a more liberal statistical
criterion so that we are more likely to identify real
change when it occurs. That is why the 80%
confidence interval was emphasized in this study
and in previous work (Iverson, 1999, 2001; Iverson
& Green, 2001). Barr (2003) recently included the
70% confidence interval.

Third, the issue of practice effects is important
(Chelune et al., 1993), yet complicated. Is it
appropriate to correct all scores for an “average”
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practice effect? What if 55% of subjects score
higher at retest and 15% score substantially
higher? Correcting for the average practice effect
might not be optimal for a large percentage of
these subjects. Iverson and Green (2001) recom-
mended correcting for the average practice effect
if 75% or more of the sample had a higher score,
of any magnitude, at retest. This approach, of
course, has limitations too, and more research,
especially with regression modeling of large
representative samples over relevant retest inter-
vals, is needed.

With regard to the use of neuropsychological
assessment procedures in sports medicine, it is
important to stress that the reliable change differ-
ence scores are meant to supplement, not replace,
clinical judgment. The determination of decline
and then subsequent improvement in functioning
following concussion is a complex clinical process
that involves multiple sources of data. This reliable
change methodology simply allows clinicians to
estimate the probable range of measurement error
surrounding test-retest difference scores. Obviously,
it is possible for athletes to experience real decline
or improvement even if their scores do not exceed
the 0.80 confidence interval for measurement error.
The practitioner simply should have less confi-
dence in clinical inferences based on changes that
fall within the probable range of measurement
error, and seek more ancillary evidence to support
his or her opinion.
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