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Context: Meta-analyses examining construct-specific cog-
nitive impairment concurrently with self-reported symptoms
postconcussion are sparse.

Objective: To review the literature on the effects of
concussion on construct-specific neurocognitive declines and
to compare them with self-reported symptoms before 1 week
and between 1 and 3 weeks postconcussion.

Data Sources: Relevant studies in PubMed, CINAHL, and
PsycINFO published from January 1, 1999 through November
30, 2015.

Study Selection: Studies were included if participants
completed the Immediate Post-Concussion Assessment and
Cognitive Testing (IMPACT) before and after concussion and if
test performance and Postconcussion Symptom Scale (PCSS)
scores were reported at both times.

Data Extraction: After reviewing the full texts, we extracted
data from 17 studies consisting of 29 independent samples;
therefore, this meta-analysis consisted of 1777 unique partici-
pants.

Data Synthesis: The Hedges g effect size (ES) was
estimated. A random-effects or fixed-effects model was used
based on heterogeneity findings. When heterogeneity was
present, we used meta-regression to assess unexplained

between-studies variance. Within the first week of injury, the
ESs were small to moderate for cognitive declines, ranging from
—0.43 (95% confidence interval [Cl] = —0.52, —0.35) to —0.67
(95% ClI=-0.77,-0.58), and large for the PCSS score (Hedges
g=-0.81; 95% CIl =—-0.91, —0.71). After 1 week, the ESs for
cognitive declines (Hedges g range = —0.25 [95% CIl = —0.35,
—0.15] to —0.37 [95% CIl = —-0.55, —0.19]) and PCSS score
(Hedges g = —0.38; 95% CIl = —0.53, —0.22) were also small.
Within 2 weeks of injury, PCSS score and time since injury
weakly moderated the cognitive ES.

Conclusions: When a neurocognitive test was adminis-
tered within 1 week of injury, the ES was larger for self-reported
symptoms than for IMPACT scores generated at the same
session. After 1 week of injury, the ESs for INPACT and PCSS
scores were comparable. If the athlete reports symptoms within
1 week of injury, administering a cognitive test does not appear
to offer additional information to the clinician. However, if the
athlete does not report symptoms postconcussion, cognitive
testing may inform the clinical management of the injury.

Key Words: ImPACT, effect size, mild traumatic brain
injuries

diminish.

Key Points

» Construct-specific cognitive declines were less than documented self-reported symptoms within 1 week
postconcussion and were comparable with self-reported symptoms after 1 week postconcussion.

* Whereas Immediate Post-Concussion Assessment and Cognitive Testing provides overlapping information when
the athlete has symptoms, it may add to the clinical management of injury as concussion-related symptoms

tive tests (CNTs) have gained popularity for

assessing concussion and are considered an
integral part of concussion management.! Researchers®*
have suggested that CNTs improve the sensitivity of the
concussion-assessment battery compared with self-reported
symptoms alone. For example, Van Kampen et al® reported
that using Immediate Post-Concussion Assessment and
Cognitive Testing (ImPACT; ImPACT Applications, Inc,
Pittsburgh, PA) resulted in a 19% increase in the sensitivity
of the concussion-assessment battery. In addition, CNT is
an objective measure of cognitive functioning that offsets

O ver the past 2 decades, computerized neurocogni-

the potential for suppressed symptom reports during the
clinical evaluation.*

Despite the growing popularity of CNTs, many investi-
gators™® have remained skeptical about its utility in
concussion assessment. This skepticism has resulted, in
part, from multiple indices that often yield contradictory
results among and between these indices and other
evaluative measures (eg, clinical interview, self-reported
symptoms).”> Whereas authors of meta-analyses’® have
quantified the cognitive effects of concussion, most have
provided a single effect size (ES) for different cognitive
constructs across multiple test batteries.”? Given the
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heterogeneous nature of concussions, CNTs that were
designed to evaluate cognitive declines postconcussion
must address construct-specific changes (eg, speed, mem-
ory).%? In clinical practice, medical professionals typically
select and administer 1 CNT to evaluate the neurocognitive
effects of concussion. Therefore, meta-analyses that
provide an aggregated ES across multiple CNTs may not
reflect the ability of 1 specific neurocognitive test to
document construct-specific cognitive declines postconcus-
sion.

Although the authors of some original investigations and
position statements'*!° have suggested that the clinical
recovery from concussion is achieved within 1 week of
injury, other researchers''-'> have documented lingering
cognitive effects after the first week of injury. The utility of
CNTs in the clinical management of concussion depends, in
part, on their ability to quantify the possible effects of
concussion, particularly after the expected time for
resolution of self-reported symptoms (approximately 1
week). Therefore, examining the utility of CNTs in
documenting the effects of concussion before and after 1
week is warranted. Whereas Kontos et al® reported
construct-specific cognitive declines (Hedges g range =
—0.18 to 0.27) within 1 week of injury, they did not address
neurocognitive performance beyond the first week post-
concussion and did not directly compare the ES for
cognitive declines against that for self-reported symptoms.

The current standard of care for concussion management
precludes athletes from returning to sport activities until
they are symptom free both at rest and during exertion.'-'”
During symptom recovery, administering CNTs to track
cognitive declines may be redundant. Conversely, when an
athlete’s symptom reports are improving, documenting
cognitive declines may add to the sensitivity of the
concussion-assessment battery.!> However, CNT scores
must be interpreted in light of the high rates of false-
positives and false-negatives documented for CNT batter-
ies.® The percentages of symptom-free athletes presenting
with cognitive declines (39%—53.8%) postconcussion are
comparable with the false-positive rate of declines (29.6%—
42.7%) observed in healthy participants.® From a clinical
perspective, the benefit of a CNT depends on its ability to
document reliable cognitive declines beyond symptom
resolution.®!® Yet a gap exists in the literature regarding the
evaluation of athletes with concussion who no longer report
concussion-related symptoms.

Investigators” have suggested that multiple factors, such
as sex, time since injury, and concussion history, moderate
the observed effects of concussion. However, it is unclear if
these factors explain between-studies variances in cognitive
declines and self-reported symptoms postconcussion.

Given the lack of meta-analyses in which construct-
specific cognitive impairment reported concurrently with
self-reported symptoms has been examined, we conducted
this review. Therefore, the primary purpose of our study
was to review the literature and examine the ES of
concussion on individual cognitive indices compared with
the ES of self-reported symptoms at 2 time points: within
the first week postinjury and between 1 and 3 weeks
postinjury. A secondary purpose of this review was to
examine whether between-studies variances in ES (ie,
heterogeneity) were explained by baseline symptom scores,
postconcussion symptom score, percentage of females,

percentage of participants with concussion history, or time
since concussion.

To allow for concurrent examination of construct-specific
cognitive declines and self-reported symptoms, we chose a
CNT that concurrently describes self-reported symptoms
and multiple aspects of cognitive functioning, including
verbal memory, visual memory, visual motor processing
speed, and reaction time.'* The InPACT, one of the most
comprehensive and widely used cognitive tests,'>"!” has
greater sensitivity in documenting cognitive declines
postconcussion than other CNTs.*°

METHODS

As part of a larger review of the validity and utility of
ImPACT, we completed an initial electronic search of
published studies in PubMed, CINAHL, and PsycINFO.
The search focused on publications from January 1999
through November 2014. The search was updated in
November 2015. For both searches, we used the search
terms ImPACT OR immediate post-concussion assessment
and cognitive test OR impact testing OR neurocognitive
testing OR neurocognitive OR neuropsychological testing
OR neuropsychological and concussion OR mTBI OR mild
traumatic brain injury OR post concussive syndrome OR
mild head injury OR closed head injury. The search filters
of English-language publications and studies that included
human participants were applied. Review articles, abstracts,
case studies, editorials, and grey literature were excluded
from the analysis. We also performed a hand search of the
reference lists of included studies.

The inclusion criteria were (1) participants completed
ImPACT within or after 1 week of concussion and the
scores were compared with their own baseline scores and
(2) the Postconcussion Symptom Scale (PCSS) scores at
baseline and postconcussion were provided, which allowed
calculation of the ESs. Given that concussion continues to
be a clinical diagnosis based on a provider’s opinion,
supported by a number of multifaceted evaluative tools,'”
we did not exclude studies that failed to supply an
operational definition of concussion. Studies were excluded
if (1) InPACT was completed by healthy participants (ie,
no concussion), such as examinations of the psychometric
properties of ImPACT reviewed elsewhere'®?; (2) Im-
PACT subscales or a version of the test that is no longer
available (ie, version 1) was used; (3) the total symptom
score was not reported or symptoms were reported as
clusters (eg, somatic, sleep) rather than as a total score; or
(4) postconcussion IMPACT scores were compared with the
scores of healthy control participants rather than the
individual’s own baseline scores.

Data Extraction and Coding

Two raters (K.S., D.P.) completed a thorough review of
the titles and abstracts of the studies. They also indepen-
dently reviewed the full text of each study and extracted the
data using an electronic spreadsheet. Disagreement between
the raters regarding the retrieved data was resolved by
consensus. The sample size, demographic characteristics of
participants, time between concussion and postconcussion
ImPACT testing, InPACT composite scores, and PCSS
scores were retrieved in addition to the scores for applicable
time points (baseline, within 1 week of concussion, and
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between 1 and 3 weeks after concussion). If INPACT was
completed more than once within the periods specified for
this study (within 1 week and between 1 and 3 weeks), the
scores of the first testing session within a given interval
were chosen for this meta-analysis. For studies in which the
authors reported ImPACT scores for more than 1 sample,
we assumed that these samples were independent and
reported them separately.

Assessment of Reporting and Methodologic Quality

We used the Strengthening the Reporting of Observa-
tional studies in Epidemiology (STROBE) statement to
assess the reporting quality of the reviewed studies.?’ The
STROBE statement evaluates 22 aspects related to the
reporting of observational studies. Each aspect was
assigned a numeric value of 1 if it was explicitly described
and presented in a study and 0 if it was inadequately
described or absent in a study. As such, a total score out of
22 was calculated to reflect the overall reporting quality of
each study; a higher score indicated better reporting quality.
We did not use reporting-quality scores as moderators in
the pooled analysis because of the potential to confound the
findings.

Meta-Analysis Process

Assessing Heterogeneity. Heterogeneity refers to the
extent of variability among studies. Statistical tests are used
to quantify the degree of heterogeneity among studies. In
this meta-analysis, we assessed heterogeneity separately for
studies included in both analyses using the Q statistic as a
test of the null hypothesis of homogeneity. The I index was
used to estimate the degree of heterogeneity across studies
when the null hypothesis was rejected at an o level of
.10.212 Higgins and Thompson?** described I* values for
interpreting magnitude as percentages of 25% (I* = 25),
50% (P = 50), and 75% (I* = 75), meaning low, medium,
and high heterogeneity, respectively. If heterogeneity was
detected at an o level of .10, ESs were estimated using a
random-effects model.

Effect-Size Calculation and Interpretation. The ES
provides a quantitative description of the size of an effect
beyond the level of statistical significance.?® Effect sizes
provide interpretable data that are independent of units of
measurement and the influence of sample size.?*> The ESs
of changes for all ImnPACT scores and PCSS scores were
estimated separately for each study at testing time points
within 1 week and between 1 and 3 weeks postinjury.
Overall ESs of change for studies grouped by postinjury
outcome (within 1 week and between 1 and 3 weeks)
were estimated as standardized mean difference (Hedges
2): & = Mg—My)/Spooted, Where Mj;, indicates the mean
score at follow-up postinjury, M, indicates the mean
score at preinjury baseline, and S,,,.q indicates the
estimated pooled variance across 2 measures®® with
adjustment for preinjury to postinjury correlation in
each outcome score.”> We wanted the sign of the ES to
be consistent for all 4 composite scores (ie, a negative ES
indicates a decline postconcussion for any of the 4
scores); therefore, the ES for reaction time was calculated
as (My—My,)/Spooted. Overall weighted ESs with 95%
confidence intervals (ClIs) and across both analyses (ie,
within 1 week and between 1 and 3 weeks) were

estimated using a random-effects model when
heterogeneity was detected or with a fixed-effects
model when heterogeneity was not detected. In both
cases, the ESs were tested against the null hypothesis of
no effect at an o level of .05. The ESs were interpreted as
suggested by Cohen?®: trivial (Hedges g < 0.19), small
(Hedges g = 0.20-0.49), moderate (Hedges g = 0.50—
0.79), and large (Hedges g > 0.8).

Meta-Regression for Between-Study Variance. Meta-
regression is used to explore possible factors contributing to
significant between-studies variance (ie, heterogeneity). For
this meta-analysis, a random-effects model was used to test
the covariate effect of time of follow-up and baseline and
follow-up PCSS scores on InPACT ESs. Furthermore, the
percentage of female participants and the percentage of
participants with a history of concussion were tested as
covariates on ImPACT ESs. For the PCSS score ES,
follow-up time, percentage of females, and percentage of
participants with previous concussions were tested as
covariates. Meta-regression results were reported as J
coefficient estimates with 95% ClIs, z scores, and P values
for each covariate and omnibus test of model difference at
an o level of .05 A covariate effect was considered
different when the z score (p/standard error) was different
(P < .05). The P> was determined to describe the total
variance between studies that was explained by the meta-
regression model. For the meta-regression of 1 to 3 weeks,
we conducted a post hoc analysis to determine the power
based on the number of studies included. Meta-analytic
procedures were conducted using Comprehensive Meta-
Analysis (version 3.3; Biostat, Englewood, NJ) and SPSS
(version 23.0; IBM Corp, Armonk, NY).

Assessment of Publication Bias. Given that studies
documenting positive findings are more likely to be
published than studies with negative findings, pooled
results in meta-analyses can be subject to publication
bias. In this meta-analysis, we assessed publication bias
using visual inspection of funnel plots of the ESs (Hedges
g) versus standard errors for studies grouped by time of
outcome measurement.”® For outcomes with funnel plots
indicating asymmetry as potential evidence of publication
bias, we used the Egger regression intercept test (B
coefficient, ¢ value, P value). Publication bias was
assessed against a 1-tailed Egger regression intercept test
with a critical value of P < .05. Statistical evidence of
publication bias was further investigated with the trim-and-
fill method of Duval and Tweedie? to estimate the number
of missing studies and provide an adjusted ES.

RESULTS

Search Yield

The search yielded 5943 studies. The raters examined the
study abstract and identified 26 studies for full-text review.
After reviewing the 26 studies and reapplying the same
inclusion criteria, we excluded 9 studies. Reasons for
exclusion were the absence of the total PCSS score (n =
5),3034 yse of ImPACT version 1 (n = 2),%>3% absence of
baseline data (n=1),’” and lack of details regarding testing
time points (n = 1).'*> As such, 17 studies consisting of 29
independent samples were included (Figure).
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Records identified through
database searching
(n=5943)

Additional records identified
through other sources

(n=0)

A 4

A 4

(n = 5638)

Records after duplicates removed

A 4

Records screened
(n =5638)

Records excluded

(n = 5612)

v

Full-text articles excluded (n = 9)

Full-text articles
assessed for eligibility
(n =26)

e No symptoms (n = 5)

A 4

ImPACT, version 1 (n = 2)

o
¢ No baseline (n=1)

A

Nondetailed time points (n = 1)

Studies included in

qualitative synthesis (n = 17)

A4

Studies included in
meta-analysis
(n=17)

Figure. Study-selection process.

Characteristics of Included Studies and Reporting
Quality

A total of 1777 patients (1250 males, 527 females) with
concussion were included in this meta-analysis. Individual
studies included participants from 13 to 33 years old
representing clinical populations that routinely complete
ImPACT during the clinical management of concussion.
Participants in the reviewed studies included middle and
high school-aged children, college-aged adults, and
professional athletes. The sample sizes in the reviewed
studies varied from 15 to 222 participants. Twenty-nine
independent samples were included: 26 samples were
included in the within-1-week analysis, and 10 samples
were included in the 1- to 3-week analysis. The average
(standard deviation) time points considered for the within-
1-week analysis and the 1- to 3-week analysis were 2.2
(1.4) days and 9.7 (2.6) days, respectively. In 7 samples,
ImPACT was serially administered at both time points;
therefore, the designated ImPACT scores were considered
for the appropriate analysis (Table 1). The reporting quality
was generally moderate to high, and STROBE scores
ranged from 17 to 21 (Table 1).

Heterogeneity

The within-1-week analysis demonstrated heterogeneity
for all outcomes (P < .007), with low heterogeneity for
processing speed (> =45.37) and medium heterogeneity for
all other ImPACT and PCSS scores (I* = 73.42), further

indicating the level of unexplained variance across studies
(Table 2). For the 1- to 3-week analyses, we observed
heterogeneity for verbal memory, reaction time, and PCSS
score, with the unexplained between-studies variance
ranging from 54.53% (PCSS) to 73.97% (verbal memory;
Table 3).

Effect Size

All ImPACT and PCSS scores demonstrated ESs of
change, which were adjusted for time from injury to follow-
up correlation, that were different for studies when the
postinjury follow-up measurement was within 1 week
(Table 2; Appendix 1A through E). The greatest change
was observed in PCSS score (Hedges g = —0.81), and the
smallest change was seen in processing speed (Hedges g =
—0.43). Comparing the ES ClIs, the overall ES of change
was greater for the PCSS (Hedges g = —0.81, 95% CI =
—0.91, —0.71) than for reaction time (Hedges g = —0.58,
95% CI =—-0.68, —0.47) and processing speed (Hedges g =
—0.43, 95% CI=-0.52, —0.35). Similarly, the overall ES of
change was greater for visual memory (Hedges g =—0.64,
95% CI =—0.74, —0.54) and verbal memory (Hedges g =
—0.67, 95% CI =—-0.77, —0.58) than for processing speed.

A small but different ES was observed for all InPACT and
PCSS scores measured between 1 and 3 weeks postconcus-
sion, with the greatest effect in the PCSS (Hedges g =—0.38)
and the smallest effect in visual memory (Hedges g =—0.25;
Table 3; Appendix 2A through E).
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Table 1. Characteristics of Included Studies

Age, y <1 Wk Time Point, d
(Mean = SD or Sample  Frequency of (Mean, Mean =+ SD, or >1 Wk Time Point, d STROBE

Study Mean [Range])? Size Females, % Mean [Range])® (Mean or Mean = SD)° Score
Collins et al®® (2006)

Revolution® helmet 16.3 = 1.1 62 0 19 =141 NA 19

Standard helmet 159 + 1.3 74 0 24+ 241 NA 19
Covassin et al®® (2012) High school/college 222 29 2 14 21
Covassin et al*® (2013)

Males 17.69 = 2.10 39 0 NA 7.68 = 3.2 17

Females 17.78 = 2.30 56 100 NA 8.64 = 3.7 17
Covassin et al*' (2007)

Males College 41 0 1.89 + 0.83 8.11 = 1.1 18

Females College 38 100 1.89 = 0.83 8.11 £ 1.1 18
Covassin et al*? (2008)

No previous concussions 20.55 = 1.54 36 452 1.2 NA 17

>2 Concussions 21.10 = 1.69 21 452 1.2 NA 17
Iverson et al*® (2006) 16.1 = 2.1 30 7 1-2 10.3 = 3.5 17
Kontos et al** (2010) 19.33 = 2.08 96 19 2 NA 20
Lovell and Solomon*® (2013)

Flyers 14.9 (13-18) 33 100 <7d NA 17

Base 15.4 (12-18) 50 100 <7d NA 17

Other 14.0 (10-18) 55 100 <7d NA 17
McClincy et al*® (2006) 16.11 = 2.22 104 24 242 7.58 = 4.49 18
McGrath et al*” (2013)

Postexertion fail 15.47 + 1.84 15 20 3.6 11.4 17

Postexertion pass 15.46 = 1.35 39 20 3 14 17
Pellman et al*® (2006)

National Football League 26.3 (20-33) 30 0 1.17 NA 19

High school 15.8 (13-18) 28 0 1.48 NA 19
Zuckerman et al*® (2012)

Males 15.8 + 1.88 40 0 5.4 NA 19

Females 159 + 1.75 40 100 NA 72+ 64 19
Broglio et al? (2007) College 24 17 1 NA 17
Van Kampen et al® (2006) 16.6 (12-27) 122 18 2 NA 17
Mihalik et al®® (2007)

Mouthguard 16.51 = 3.02 121 169 3.27 NA 17

No mouthguard 16.51 £ 3.02 59 169 3.27 NA 17
Iverson et al®' (2003) 16.8 + 2.4 41 10 1.3 NA 18
Mihalik et al®? (2005)

Posttraumatic migraine 16.39 + 3.06 74 12.2 3.8 NA 18

Headache 16.44 = 2.51 124 22.6 3.8 NA 18

No headache 16.14 = 2.18 63 20.6 3.8 NA 18

Abbreviations: STROBE, Strengthening the Reporting of Observational Studies in Epidemiology statement; NA, Not applicable.

a Some authors did not provide a mean age.

b Some authors did not provide the mean and SD.

¢ Riddell, Elyria, OH.

9 Indicates the percentages of females reported across both groups.

Meta-Regression of Unexplained Between-Studies
Variance

Across the 26 samples with outcomes measured within 1
week, meta-regression identified time since concussion as a
univariate moderator for all InPACT scores. As time since
concussion increased over the 7 days, a smaller decline in
cognitive scores was observed. A larger postinjury PCSS
score was associated with a larger cognitive decline ES for
verbal and visual memory (Table 4). Time postinjury and
postinjury PCSS score influenced processing speed ES, but

only time postinjury was different from both moderators in
the model. The greatest amount of between-studies
variance was explained by both time postinjury and
follow-up PCSS score for verbal memory (81%). Time
postinjury was a moderator for reaction time, which
explained the 5% of the between-studies variance (Table
4). Preinjury PCSS score, percentage of females, and
concussion history were not associated with ES within 1
week postconcussion. Time postinjury did not explain the
degree of between-studies variance in PCSS scores.
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Table 2. Effect Sizes of Change (Hedges g) and Heterogeneity Estimations in Inmediate Post-Concussion Assessment and Cognitive
Testing® and Postconcussion Symptom Scale Scores for Independent Samples Within 1 Week Postconcussion (k® = 26)

Effect Standard 95% Confidence z Score P Heterogeneity
Qutcome Size® Error Interval Value Value Q Value P Value 2
Verbal memory -0.67 0.05 —0.77, —0.58 —14.28 <.001 62.58 <.001 60.1
Visual memory -0.64 0.05 —0.74, —-0.54 —12.98 <.001 65.45 <.001 61.80
Processing speed —-0.43 0.04 —0.52, —0.35 —-9.97 <.001 47.77 .007 45.37
Reaction time —0.58 0.05 —0.68, —0.47 —-10.80 <.001 77.67 <.001 67.81
Postconcussion Symptom Scale —0.81 0.05 -0.91, —0.71 —15.57 <.001 95.06 <.001 73.42

a ImPACT Applications, Inc, Pittsburgh, PA.
® Indicates the number of independent samples.

¢ Indicates that all effects were estimated using a random-effects model.

Meta-regression results indicated that preinjury PCSS
score moderated the reaction time ES in studies with
outcomes measured between 1 and 3 weeks postconcussion
(B =0.09, z =2.06, P = .04), whereby greater preinjury
PCSS score was associated with a smaller decline in
postinjury reaction time. A model using the preinjury PCSS
score explained 37% of the between-studies variance in
reaction time change preinjury to postinjury. Time post-
injury was a moderator of PCSS score ES (B = 0.06, z =
3.78, P < .001), with the model explaining 100% of the
between-studies variance; the PCSS score ES from
preinjury to postinjury (between 1 and 3 weeks) decreased
as the postinjury measurement time increased. No tested
covariates moderated the ES for verbal memory. Percent-
age of females and concussion history were not moderating
influences on the ES of change in any outcome.

For the meta-regression of 1 to 3 weeks postinjury, the
post hoc analysis showed that the power for the time
regression coefficient was 24% for verbal memory and 6%
for reaction time.

Publication Bias

For the samples with outcomes measured within 1 week
postconcussion, funnel-plot inspection supplied evidence
for possible publication bias for all InPACT and PCSS
scores. The Egger regression test indicated publication bias
for reaction time ( = 1.83, t,4 = 1.85, P =.04) and PCSS
score (B=3.31, t,4,=3.60, P=.001; Table 5). For InPACT
reaction time, the trim-and-fill method suggested that 6
studies were missing and the point estimate for Hedges g,
adjusted for publication bias, was —0.67 (95% CI =—0.77,
—0.56). For PCSS score, the trim-and-fill method suggested
that 10 studies were missing and the point estimate for

Hedges g, adjusted for publication bias, was —0.98 (95% CI
=-1.09, —0.87).

For the samples with outcomes measured between 1 and
3 weeks after concussion, funnel-plot inspection showed
potential asymmetry for InPACT reaction time. The Egger
regression intercept test for potential publication bias was
not different for reaction time (p = —1.35, t,4.= 0.84, P =
21).

DISCUSSION

Effect Sizes

Within 1 week postinjury, concussion had a small to
moderate effect on construct-specific measures of speed
and memory as measured by ImPACT. During the same
assessment period, the ES of self-reported symptoms was
larger than for cognitive declines. After 1 week postinjury,
the PCSS score ES was comparable with that of cognitive
declines observed for the 4 cognitive composite scores.
Inspection of construct-specific cognitive declines revealed
that whereas verbal and visual memory scores appeared to
have larger ESs within 1 week of concussion than did speed
scores (processing speed and reaction time), only process-
ing speed was different from verbal and visual memory (ie,
Cls did not overlap). These findings were comparable with
those reported by Kontos et al,® who demonstrated a
slightly greater ES for visual memory (Hedges g = —0.25)
than for processing speed (Hedges g = —0.18). After 1
week, the ESs for speed and memory were comparable.

When assessments were administered within 1 week
postinjury, the differences in the PCSS score ES from the
processing speed and reaction time ESs were significant (ie,
ClIs did not overlap), even after adjusting for possible
publication bias for PCSS score and reaction time. These

Table 3. Effect Sizes of Change (Hedges g) and Heterogeneity Estimations in Inmediate Postconcussion Assessment and Cognitive
Testing® and Postconcussion Symptom Scale Scores for Independent Samples Between 1 and 3 Weeks Postconcussion (k° = 10)

Effect Standard 95% Confidence z Score P Heterogeneity
Qutcome Size Error Interval Value Value Q Value P Value 2
Verbal memory —0.34¢ 0.11 -0.55, —0.13 -3.13 .002 34.58 <.001 73.97
Visual memory —0.25¢ 0.05 -0.35, —0.15 —4.86 <.001 7.98 .54 0
Processing speed —-0.28¢ 0.05 —0.38, —0.18 —-5.41 <.001 10.73 .29 16.16
Reaction time -0.37° 0.09 —0.55, —0.19 —3.96 <.001 25.90 .002 65.25
Postconcussion Symptom Scale —0.38° 0.08 —0.53, —-0.22 —4.68 <.001 19.79 .02 54.53

2 ImPACT Applications, Inc, Pittsburgh, PA.
® Indicates the number of independent samples.

¢ Indicates that all effects were estimated using a random-effects model.

d Indicates that all effects were estimated using a fixed-effects model.
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Table 4. Meta-Regression Results for Time to Measurement and Follow-up Postconcussion Symptom Scale Scores as Moderators of 1-
Week Effect Size of Change in Inmediate Postconcussion Assessment and Cognitive Testing® Scores (k® = 26)

Proportion of Total

Significant Moderator Raw z Score P Total Between-Studies ~ Variance Explained
Qutcome Effect Size Variable Coefficient Value Value Variance, %° by Model, %
Verbal memory —0.67 Follow-up Postconcussion

Symptom Scale —0.0150 —3.04 .002 59.9 81¢

Time, d 0.0795 3.49 <.001

Visual memory —0.64 Follow-up Postconcussion

Symptom Scale —0.0133 -2.07 .04 61.80 31
Processing speed —-0.43 Time, d 0.058 2.35 .02 45.37 24
Reaction time —0.58 Time, d 0.0616 2.03 .043 67.81 5

a2 ImPACT Applications, Inc, Pittsburgh, PA.
b Indicates the number of independent samples.
¢ Indicates model /2 with intercept only.

9 Indicates that this proportion represents the variance explained by univariate moderators that were different.
¢ Indicates partial variance proportion: follow-up Immediate Post-Concussion Assessment and Cognitive Testing = 39%, time (d) = 42%.

findings are similar to those reported by Kontos et al,* who
observed a greater ES for self-reported symptoms within 1
week postinjury (Hedges g = —0.23) than the ES for
reaction time (Hedges g = —0.11) and processing speed
(Hedges g=—0.18). A minimal overlap existed between the
upper limit of the 95% CI for the PCSS score (—0.71) and
the lower limits for verbal memory (—0.77) and visual
memory (—0.74).

The cognitive declines reported within 1 week post-
concussion were likely influenced by the inclusion of
participants with symptoms. This assumption is further
supported by the results of the meta-regression, in which a
large proportion of between-studies variance for verbal and
visual memory was explained by postinjury PCSS scores.
These findings suggest that athletes who are acutely
symptomatic demonstrate greater memory declines than
those who are less symptomatic or symptom free as they
recover from injury. The work of Nelson et al® further
supports these findings: when symptomatic and asymptom-
atic patients were considered together, the sensitivity of
ImPACT scores to the acute effects of concussion within
the first 24 hours ranged from 24.4% to 39.5%. However,
the sensitivity of InPACT diminished to 5.2% when only
symptom-free athletes were considered during the same
period.®

The trend toward a greater ES for PCSS score changes
(Hedges g = —0.81) within 1 week of concussion than for
cognitive declines (Hedges g = —0.43 to —0.67) was
consistent with previous meta-analyses.”” When initial
postconcussion testing was conducted within 7 days
postconcussion, Broglio and Puetz’ reported a greater ES
for self-reported symptoms (Hedges g =—3.31) followed by
cognitive declines (Hedges g =—0.70). Similarly, Dougan et
al® reported larger ESs for self-reported symptoms (Hedges g

=—0.66) than for cognitive declines (Hedges g =—0.40). The
range of within-1-week cognitive declines in ImPACT
scores that we reported (—0.43 to —0.67) was larger than
the overall ES that Kontos et al® reported for InPACT score
(Hedges g = —0.19; P < .05). These differences may be
attributed to differences in the reviewed studies or the ES
computation method. In addition, we calculated the ES only
when postinjury scores were compared with baseline scores;
Kontos et al® reported ESs in mixed studies of control group
and baseline comparisons.

After 1 week postinjury, the ES for the PCSS score was
comparable with the ESs of ImPACT cognitive scores, as
indicated by the overlap between the CIs for all of the ESs.
The range of ESs for observed cognitive declines in
ImPACT scores (—0.25 to —0.37) was slightly higher than
the aggregated ES (Hedges g = —0.19) for CNTs that
Broglio and Puetz’ reported within the first 14 days
postconcussion.

Meta-Regression and Unexplained Between-Studies
Variance

For the meta-regression of the analysis within 1 week of
concussion, the emergence of time since injury as a
univariate moderator to explain the between-studies
variance for all the InPACT composite scores is consistent
with previous works.®” For instance, Dougan et al’
reported that the cognitive score ES decreased from —0.76
within 24 hours postconcussion to —0.44 after the first day
postconcussion. However, within 1 week postconcussion,
time did not moderate the PCSS score. These findings may
be explained by the biopsychosocial nature of symptoms in
which the perceived severity of symptoms is affected by
many factors and is not perfectly related to the severity of
injury or time since injury.>*-*

Table 5. Egger Regression Intercept Test for Potential Publication Bias for Inmediate Postconcussion Assessment and Cognitive
Testing® and Postconcussion Symptom Scale Scores Measured Within 1 Week Postconcussion

Outcome Intercept B Coefficient Standard Error 95% Confidence Interval t4 Value P Value (1 Tailed)
Verbal memory 1.54 0.95 —0.42, 3.50 1.62 .06
Visual memory 1.46 0.99 —0.58, 3.49 1.48 .08
Processing speed —0.50 0.90 —2.35, 1.36 0.55 .29
Reaction time 1.83 0.99 —-0.21, 3.87 1.85 .04
Postconcussion Symptom Scale 3.31 0.92 1.41, 5.20 3.60 .001

a ImPACT Applications, Inc, Pittsburgh, PA.
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For the meta-regression of the analysis for 1 to 3 weeks
after concussion, the emergence of time since concussion as
a factor to explain between-studies variance in PCSS scores
but not INPACT composite scores was opposite to the trend
observed in the within-1-week analysis. This difference
may be explained by the fact that symptoms are usually
more delineated after the acute period of concussion,
leading to different symptom trajectories that may not be
reflected in the total PCSS score.’® In addition, these
findings could be explained by the small number of studies
included in the analysis, which may have underpowered the
analysis of cognitive scores. For example, the post hoc
analysis revealed that the power for the time regression
coefficient was 24% and 6% for verbal memory and
reaction time, respectively. As such, the association
between a greater preinjury PCSS score and a smaller ES
for reaction time beyond the first week was unexpected and
may be a spurious finding (ie, false positive). An alternative
explanation could be that greater preinjury symptoms are
associated with worse baseline reaction times, which may
have led to smaller differences between baseline and
postinjury scores (ie, smaller ES). Given that no researchers
have examined baseline associations between symptoms
and ImPACT scores, this explanation remains speculative.

The meta-regression results did not support sex or
concussion history as moderating factors for concussion
effects on speed and memory at the 2 time points. The lack of
association between ES and multiple previous concussions
was expected because ImMPACT was not designed to detect
subtle cumulative declines in cognitive function attributed to
multiple concussions. These findings may also be attributed to
the small number of studies and the lack of details regarding
concussion history, which warrant a cautious interpretation of
these results. The lack of sex effects in this review was
comparable with that of previous investigators®**' who did
not find differences in ESs as a function of sex for verbal
memory, processing speed, and reaction time postconcussion.
However, the findings of visual memory differed from those
reported by Covassin et al>***' who observed that female
participants experienced a greater decline in visual memory
than did male participants. Moreover, the lack of sex effects
differs from the report of Dougan et al,” who noted sex as a
moderator for neurocognitive outcomes in the first 10 days
postconcussion. The difference could be explained by the
more stringent criteria in our meta-analysis; we compared
participants’ postinjury and baseline performances on 1
specific CNT (ie, InPACT), whereas Dougan et al® examined
an aggregated neurocognitive ES across multiple paper-and-
pencil and computerized tests. Our stringent criteria may have
limited the power needed to document possible sex effects
because of the small number of studies in our review (n=17)
compared with the 78 studies in Dougan et al.’

Limitations

Our review had some limitations in search strategy and
the meta-analytic process. We included only participants
whose postconcussion INPACT scores were compared with
their own baseline scores. Therefore, the cognitive effects
of concussion could be different when compared with a
control group rather than the individual’s own baseline. We
examined only ImPACT and PCSS scores, and these
findings cannot be generalized to other cognitive tests not

included in this review. The authors of 3 studies***
included in this review did not report an operational
definition of concussion, and the definition of concussion in
the remaining 16 studies varied, which may have influenced
the observed ESs that we reported.

The results for concussion history and sex as possible
moderators for the effects of concussion should be
interpreted with caution. Concussion history was self
reported and, therefore, may have been subject to recall
bias. In addition, the findings about a sex effect may be
limited due to the predominance of male participants
(70%) in the included studies (Table 1). Whereas the
included studies addressed postinjury performance rela-
tive to the individual’s own baseline, the authors of most
studies did not examine whether the observed cognitive
decline exceeded the expected change attributed to
measurement error. Without this analysis, investigators
would not be able to confirm if postinjury cognitive
decline could be ascribed to concussion or was a false
positive attributed to the expected measurement error.'®
Although multiple forms of ImMPACT were developed to
overcome a possible practice effect, emerging evidence®®
has indicated that some forms are not equivalent.
Nonequivalence among some forms may have contributed
to between-studies variance, but the effect of the forms
could not be quantified because most authors did not
specify the InPACT form used.

In most previous meta-analyses, researchers have
employed different methods to calculate the ES for
within-participant comparisons and have not accounted
for the relationship between the baseline and postinjury
scores. We estimated correlations for preinjury to post-
injury outcome scores for each study as recommended by
Morris and DeShon,”®> who suggested that sampling
variance may be biased by the assumption that the time
effect is the same across all studies. This adjustment for
repeated measures is assumed to allow for previously
published values that may have been obtained from
independent groups.

The precision of the ES estimates across the 5 InPACT
outcome measures should be interpreted with caution.
Whereas the ESs in this meta-analysis were estimated
independently for each outcome, the stochastic depen-
dence between separate outcomes taken from the same
sample (ie, convergence) may bias the statistical infer-
ence.”” Van den Noortgate et al’® reported that this inter-
item dependence may result in underestimated standard
errors, narrow Cls, and an inflated type I error rate.
Statistical consideration for this potential source of bias
in ES estimation requires consideration for the inter-item
covariance across the studies. However, the authors of the
reviewed studies did not report these correlations, and the
ImPACT user’s manual®® described these relationships
only for the first version of the test, which was excluded
from this review. Therefore, this meta-analysis did not
account for possible dependence among the observed
ESs.

CONCLUSIONS AND FUTURE RESEARCH

With this meta-analysis, we are the first to directly
compare construct-specific cognitive declines and self-
reported symptoms postconcussion. We conclude that
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construct-specific cognitive declines were less than docu-
mented self-reported symptoms within 1 week of injury and
were comparable with self-reported symptoms after the first
week of injury. These findings highlight the importance of
using ImPACT on a case-by-case basis as part of a
multifaceted postconcussion assessment and suggest that,
when the athlete has symptoms, ImPACT provides
overlapping information. As concussion-related symptoms
diminish, however, InPACT appears to inform the clinical
management of injury. From a clinical perspective,
clinicians using ImPACT in patients with symptoms should
place a greater emphasis on the extent of cognitive declines
as indicated by the number of composite scores with
declines greater than what is attributable to measurement
error (ie, reliable change index). When a clinician suspects
that an athlete is underreporting symptoms, ImPACT as
part of a multifaceted performance assessment may help to
quantify the possible effects of concussion. Given that
concussion results in a myriad of signs and symptoms
leading to multiple clinical trajectories of recovery,>>
future researchers should examine if construct-specific
cognitive declines have a prognostic utility in informing
recovery trajectories.
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A B

Study Hedges g 95% Confidence Interval Hedges g 95% Confidence Interval
Collins et al*® (2006), Revolution helmet -1.02 -0.89 —m—
Collins et al*® (20086), standard helmet -0.73 -0.88 —TH
Covassin et al*® (2012) -0.68 -0.61 alig
Covassin et al*' (2007), males -0.85 -0.27 ——t—
Covassin et al*' (2007), females -0.77 -0.80 ——
Covassin et al*2 (2008), no previous concussion -0.65 -1.19 ——
Covassin et al*2 (2008) -0.81 -0.23 T
Iverson et al** (2006) -0.84 -0.51 ——
Kontos et al** (2010) -0.51 — -0.26 ——
Lovell and Solomon* (2013), flyers -0.18 ——— -0.19 ———
Lovell and Solomon*® (2013), bases -0.20 —l -0.27 —
Lovell and Solomon*® (2013), other -0.17 —l—— -0.37 —l—
McClincy et al*® (2006) -1.01 - -0.95 —
McGrath et al*” (2013), postexertion fail -0.97 It 0.60 o E—
McGrath et al'” (2013), postexertion pass -0.51 -t -0.71
Pellman et al*® (2006), National Football League -0.63 -0.42
Pellman et al*® (2006), high school -0.73 i -0.76
Zuckerman et al*® (2012), males -0.10 —— -0.44
Broglio et al? (2007) -0.46 = -0.42 L
Van Kampen et al* (2006) -0.77 -0.72
Mihalik et al*® (2007), mouthguard -0.79 -0.59
Mihalik et al*® (2007), no mouthguard -0.77 -1.03
Iverson et al*' (2003) -0.73 -0.67
Mihalik et al*? (2005), posttraumatic migraine -1.00 -0.88
Mihalik et al®? (2005), headache -0.53 -0.66
Mihalik et al*? (2005), no headache -0.58 -0.55
Overall measures -0.67 -0.64 &
-1.50 0.75 0.00 0.75 1.50 -1.50 -0.75 0.00 0.75 1.50
Verbal Memory Visual Memory
o] D
Study Hedges g 95% Confidence Interval Hedges g 95% Confidence Interval
Collins et al* (2006), Revolution helmet -0.40 — -0.66 —im—
Collins et al** (2006), standard helmet -0.50 —— -0.62 ——
Covassin et al* (2012) -0.28 - -0.58 T
Covassin et al*' (2007), males -0.47 [ S T— -0.53 . —
Covassin et al*' (2007), females -0.25 —_—— -0.46 -+
Covassin et al*? (2008), no previous concussion ~ -1.01 —— 122 |—ii—
Covassin et al*? (2008) -0.90 — 127 |—i—
Iverson et al** (2006) -1.03 —_——t -0.94 —_——
Kontos et al** (2010) -0.25 —— -0.40 —E—
Lovell and Solomon*s (2013), flyers -0.26 — -0.46 i T E—
Lovell and Solomon** (2013), bases -0.23 —_— -0.31 —_—
Lovell and Solomon*® (2013), other -0.29 —— -0.26 ——
McClincy et al*® (2006) -0.58 ~— -0.72 ——
McGrath et al*” (2013), postexertion fail -0.01 _— 0.00
McGrath et al'” (2013), postexertion pass -0.41 — -0.27
Pellman et al*® (2006), National Football League  -0.28 B -0.34
Pellman et al*® (2006), high school -0.74 —_—l— -0.01
Zuckerman et al*® (2012), males -0.01 —— -0.17 —
Broglio et al* (2007) -0.19 —_——— -0.35 .
Van Kampen et al* (2006) -0.42 —— -0.53 T
Mihalik et al*® (2007), mouthguard -0.31 —— -0.73
Mihalik et al*® (2007), no mouthguard -0.40 — -0.31 | ——
Iverson et al' (2003) -0.47 [0 S — -0.83
Mihalik et al*? (2005), posttraumatic migraine -0.58 -+ -0.55 dm—
Mihalik et al*? (2005), headache -0.35 —— -0.97 -
Mihalik et al*? (2005), no headache -0.46 —— -0.71
Overall measures -0.43 & -0.58 | &
-1.50 -0.75 0.00 0.75 1.50 -1.50 0.75 0.00 0.75 1.50
Processing Speed Reaction Time

Appendix 1. Effect sizes for A, verbal memory, B, visual memory, C, processing speed, D, reaction time, and, E, Postconcussion
Symptom Scale score within 1 week postconcussion. Continued on next page.
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Appendix 1.

E

Study Hedges g 95% Confidence Interval
Collins et al*® (2008), Revolution helmet -1.00
Collins et al*® (2006), standard helmet -0.60
Covassin et al* (2012) -1.02 -
Covassin et al*' (2007}, males -0.74
Covassin et al'' (2007), females -0.66
Covassin et al*” (2008), no previous concussion -0.74
Covassin et al*? (2008) -0.92
Iverson et al™ (2006) 120 f—ig—
Kontos et al* (2010) -0.59
Lovell and Solomon*® (2013}, flyers -0.43
Lovell and Solomon** (2013), bases -0.70
Lovell and Solomon®® (2013}, other -0.57 ——E—
McClincy et al*® (2006) -1.05 -
McGrath et al'’ (2013), postexertion fail -0.79
McGrath et al*” (2013}, postexertion pass -0.98
Pellman et al*® (20086), National Football League -0.71
Peliman et al*® (2008), high school -0.91 —_—
Zuckerman et al* (2012), males -0.53 —_—
Broglio et al® (2007) -0.89 —_—
Van Kampen et al® (20086) -1.01 ——
Mihalik et al*® (2007), mouthguard -0.85 ——
Mihalik et al*® {2007), no mouthguard -0.80 —-
Iverson et al*' (2003) -0.06 RN —
Mihalik et al*? (2005), posttraumatic migraine 132 -
Mihalik et al** {2005), headache -0.80 -+
Mihalik et al* (2005), no headache -0.24 —E—
Overall measures -0.81 q
-1.50 0.75 0.00 0.75 1.50

Continued from previous page.

Postconcussion Symptom Scale Score
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A B

Study Hedges g 95% Confidence Interval Hedges g 95% Confidence Interval
Covassin et al** (2012) -0.00 —» -0.14 —m-
Covassin et al*® (2013), males -0.34 — -0.22 —_—
Covassin et al*® (2013), females -0.16 —— -0.36 ——
Covassin et al*' (2007), males -0.33 —_— -0.18 —_—
Covassin et al*' (2007), females -0.54 ——— 0.00 —
Iverson et al*® (2006) -0.30 —F—— -0.22 —
McClincy et al*® (2006) -0.81 —.— 047 ——
McGrath et al*” (2013), postexertion fail -0.12 [ -0.57 Sl
McGrath et al*” (2013), postexertion pass -0.47 i -0.20 ———
Zuckerman et al*® (2012), males -0.18 _—T— -0.21 —
Overall measures -0.34 3 -0.25 &

-1.50 -0.75 0.00 0.75 1.50 -1.50 -0.75 0.00 0.75 1.50

Verbal Memory Visual Memory
C D

Study Hedges g 95% Confidence Interval Hedges g 95% Confidence Interval
Covassin et al*® (2012) -0.32 —m— -0.1
Covassin et al*’ (2013), males -0.34 -0.43 ——
Covassin et al*® (2013), females -0.16 -0.08
Covassin et al*' (2007), males -0.12 -0.46 +—B—
Covassin et al*' (2007), females -0.21 0.00
Iverson et al** (2006) -0.15 -0.19 —_
McClincy et al*® (2006) -0.14 -0.59 40—
McGrath et al'” (2013), postexertion fail -0.87 D 1 E— -0.98 o
McGrath et al*” (2013), postexertion pass -0.56 —t i -0.66 —a—
Zuckerman et al*® (2012), males -0.09 -0.28 —
Overall measures -0.28 & -0.37 ©

-1.50 -0.75 0.00 0.75 1.50 -1.50 -0.75 0.00 0.75 1.50

Processing Speed Reaction Time

E
Study Hedges g 95% Confidence Interval
Covassin et al® (2012) -0.10 -
Covassin et al** (2013), males -0.22 —
Covassin et al'® (2013), females -0.54 ———
Covassin et al*' (2007), males -0.54 —t—
Covassin et al*' (2007), females -0.36 T
Iverson et al** (2006) -0.18 -
McClincy et al's (2006) -0.60 4
McGrath et al*” (2013), postexertion fail -0.05 o
McGrath et al*” (2013), postexertion pass -0.30 ——
Zuckerman et al*’ (2012), males -0.65
Overall measures -0.38 <&

-1.50 0.75 0.00 0.75 1.50

Postconcussion Symptom Scale Score

Appendix 2. Effect sizes for A, verbal memory, B, visual memory, C, processing speed, D, reaction time, and, E, Postconcussion
Symptom Scale score between 1 and 3 weeks postconcussion.
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