
 Open access  Journal Article  DOI:10.1017/S1355617712001464

Athletes' age, sex, and years of education moderate the acute neuropsychological
impact of sports-related concussion: a meta-analysis. — Source link 

Brooke K. Dougan, Mark S. Horswill, Gina M. Geffen

Institutions: University of Queensland

Published on: 01 Jan 2014 - Journal of The International Neuropsychological Society (Cambridge University Press)

Topics: Concussion, Rivermead post-concussion symptoms questionnaire and Athletes

Related papers:

 Consensus statement on concussion in sport

 
Consensus statement on Concussion in Sport - The 4th International Conference on Concussion in Sport held in
Zurich, November 2012

 Predictors of clinical recovery from concussion: a systematic review

 
The Role of Age and Sex in Symptoms, Neurocognitive Performance, and Postural Stability in Athletes After
Concussion

 Concussions among United States high school and collegiate athletes

Share this paper:    

View more about this paper here: https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-
d2z13pkgyh

https://typeset.io/
https://www.doi.org/10.1017/S1355617712001464
https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh
https://typeset.io/authors/brooke-k-dougan-3oassj7x6w
https://typeset.io/authors/mark-s-horswill-35gacp5asw
https://typeset.io/authors/gina-m-geffen-27u0016wbj
https://typeset.io/institutions/university-of-queensland-thgar0ub
https://typeset.io/journals/journal-of-the-international-neuropsychological-society-2voqr0ci
https://typeset.io/topics/concussion-3ej40cs5
https://typeset.io/topics/rivermead-post-concussion-symptoms-questionnaire-3juu7p5v
https://typeset.io/topics/athletes-37rrkijn
https://typeset.io/papers/consensus-statement-on-concussion-in-sport-1b9nytxe0j
https://typeset.io/papers/consensus-statement-on-concussion-in-sport-the-4th-3trpmvr9go
https://typeset.io/papers/predictors-of-clinical-recovery-from-concussion-a-systematic-etvxi72jwe
https://typeset.io/papers/the-role-of-age-and-sex-in-symptoms-neurocognitive-48v2pmbue1
https://typeset.io/papers/concussions-among-united-states-high-school-and-collegiate-1u7uihq6fe
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh
https://twitter.com/intent/tweet?text=Athletes'%20age,%20sex,%20and%20years%20of%20education%20moderate%20the%20acute%20neuropsychological%20impact%20of%20sports-related%20concussion:%20a%20meta-analysis.&url=https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh
https://typeset.io/papers/athletes-age-sex-and-years-of-education-moderate-the-acute-d2z13pkgyh


Journal of the International Neuropsychological Society (2014), 20, 64–80.
Copyright E INS. Published by Cambridge University Press, 2013.
doi:10.1017/S1355617712001464

Athletes’ Age, Sex, and Years of Education Moderate

the Acute Neuropsychological Impact of Sports-Related

Concussion: A Meta-analysis

Brooke K. Dougan, Mark S. Horswill, AND Gina M. Geffen

School of Psychology, The University of Queensland, Brisbane, Queensland, Australia

(RECEIVED September 8, 2011; FINAL REVISION October 23, 2012; ACCEPTED October 25, 2012; FIRST PUBLISHED ONLINE February 4, 2013)

Abstract

The objective of this study is to determine which pre-existing athlete characteristics, if any, are associated with greater

deficits in functioning following sports-related concussion, after controlling for factors previously shown to moderate this

effect (e.g., time since injury). Ninety-one independent samples of concussion were included in a fixed1systematic effects

meta-analysis (n5 3,801 concussed athletes; 5,631 controls). Moderating variables were assessed using analogue-to-

ANOVA and meta-regression analyses. Post-injury assessments first conducted 1–10 days following sports-related

concussion revealed significant neuropsychological dysfunction, postural instability and post-concussion symptom

reporting (d520.54, 21.10, and 21.14, respectively). During this interval, females (d520.87), adolescent athletes

competing in high school competitions (d520.60), and those with 10 years of education (d521.32) demonstrated

larger post-concussion neuropsychological deficits than males (d520.42), adults (d520.25), athletes competing at

other levels of competition (d520.43 to 20.41), or those with 16 years of education (d520.15), respectively.

However, these sub-groups’ differential impairment/recovery beyond 10 days could not be reliably quantified from

available literature. Pre-existing athlete characteristics, particularly age, sex and education, were demonstrated to be

significant modifiers of neuropsychological outcomes within 10 days of a sports-related concussion. Implications for

return-to-play decision-making and future research directions are discussed. (JINS, 2014, 20, 64–80).

Keywords: Traumatic brain injury, Cognition, Symptoms, Postural balance, Football, Systematic review

INTRODUCTION

A high incidence of sports-related concussion is well docu-

mented (e.g., Centers for Disease Control and Prevention,

2007; Guskiewicz, Weaver, Padua, & Garrett, 2000; Tate,

McDonald, & Lulham, 1998). Evidence-based evaluation of

the impact of concussion on an athlete’s functioning, and of

the optimal timing for return to play, is recognized as

necessary to safe-guard athletes’ well-being: unnecessarily

delayed return and a loss of competitive advantage must be

balanced against the risk of further injury if athletes are

returned prematurely (i.e., before recovery). In this regard,

the National Academy of Neurology (Moser et al., 2007) and

the third International Conference on Concussion in Sport

(McCrory et al., 2009) recommend: (1) an individualized

approach to the assessment and management of sports-related

concussion, guided by the results of neuropsychological,

self-report symptom, and postural stability assessments;

and (2) that return-to-play decision-making should take into

account possible modifiers of injury outcomes such as pre-

existing athlete characteristics (e.g., age, sex, sport and position

played, level of competition, and premorbid neurological

functioning). However, research remains equivocal regarding

specifically which of these factors contribute to the outcomes

associated with sports-related concussion, and to what degree.

Variations in incidence, severity and duration to recovery

between younger and older athletes, males and females, and

those competing in different sports or at different levels of

competition have been reported in studies of sports-related

concussion (Baillargeon, Lassonde, Leclerc, & Ellemberg, 2012;

Daniel, Rowson, & Duma, 2012; Dick, 2009; Guskiewicz

et al., 2000; Putukian, Aubry, & McCrory, 2009). Evidence of

disparity in outcome according to individual characteristics has

also been reported in the mild, moderate and severe traumatic

brain injury literatures (Bruce et al., 1981; Farace & Alves,

2000; Hoofien, Vakil, Gilboa, Donovick, & Barak, 2002;
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Ratcliff et al., 2007). However, contradictory evidence also

exists (e.g., Tsushima, Lum, & Geling, 2009). While experts

in the field (e.g., McCrory et al., 2009) have critically

reviewed this literature, firm conclusions regarding the

modifying role of pre-existing athlete characteristics on

sports-related concussion outcomes have been constrained

by (1) a paucity of well-controlled prospective studies,

(2) infrequent recruitment of samples other than adult male

athletes competing at the college or professional levels of

competition, (3) inconsistent reporting of detailed sample

demographic variables, and (4) infrequent stratification of

results according to sample characteristics. Likewise, previous

meta-analyses of sports-related concussion and of mixed-

mechanism concussion in the general population (mild

traumatic brain injury, mTBI) have consistently identified

several factors that moderate recovery (e.g., time since injury),

but have not investigated the contribution of premorbid athlete

characteristics to variation in concussion outcomes.

Published meta-analyses typically report significant ‘‘small

to moderate’’1 neuropsychological deficits (d520.54,

Belanger, Curtiss, Demery, Lebowitz, & Vanderploeg, 2005;

20.49, Belanger & Vanderploeg, 2005;20.28, Rohling et al.,

2011; 20.24, Schretlen & Shapiro, 2003), and minimally

increased symptom reports (20.05 to 20.15, Panayiotou,

Jackson, & Crowe, 2010), when aggregated over all assess-

ments following a concussive injury. However, aggregation of

outcomes over broad follow-up epochs potentially obscures

variation according to the different assessment and sample

characteristics of the included studies (Iverson, 2010). For

example, the time elapsed between injury and assessment is

recognized as a key moderator of outcome associated with

both mTBI and sports-related concussion, such that an inverse

association between neuropsychological impairment and

days post-injury is reliably observed when effects are aggre-

gated over briefer follow-up intervals: ‘‘large’’ adverse effects

observed within 24 hr of injury (e.g., 20.97, Belanger &

Vanderploeg, 2005), typically reduce to ‘‘moderate’’ or

‘‘small’’ effects within days to weeks (e.g., 20.43 to 20.22,

Belanger & Vanderploeg, 2005; 20.39 to 20.32, Rohling

et al., 2011; 20.41 to 20.29, Schretlen & Shapiro, 2003).

Importantly, resolution of post-concussion neuropsychologi-

cal deficits (defined as a non-significant effect size) usually

occurs within 7 to 10 days of sports-related concussion

(Belanger & Vanderploeg, 2005), or within 1 to 3 months

following mTBI (Rohling et al., 2011; Schretlen & Shapiro,

2003), although deficits may persist for a minority of

individuals (Iverson, 2010). Previous meta-analyses also

demonstrate that multiple follow-up assessments (vs. single)

and pre-injury baseline comparisons (vs. control group com-

parisons) are associated with smaller aggregated effect sizes,

attributed to the confounding effect of practice arising from

repeat assessment (Belanger & Vanderploeg, 2005; Broglio &

Puetz, 2008). For example, at first assessments conducted

within 14 days of injury, Broglio and Puetz (2008) identified

‘‘large’’ adverse effects on athletes’ neuropsychological func-

tion (20.81; p, .001), symptom reports (23.31; p, .05),

and postural stability (22.56, ns); yet these effect sizes were

substantially reduced upon repeat assessment within the same

14 day period (20.26; p5 .001; 21.09; p, .05; and 21.16;

ns, respectively).

In each published meta-analysis, substantial effect size

heterogeneity remained unexplained by the moderator variables

evaluated. Moreover, the moderating effect of pre-existing

athlete characteristics on concussion outcomes, and the

extent to which other variables such as the method and timing

of post-injury assessment explain this effect, has not been

explored. The aim of the current study was, therefore, to

redress the shortcomings of previous research by applying

meta-analytic techniques to a contemporary sample of the

sports-related concussion literature. This was to quantify the

effect of sports-related concussion on neuropsychological,

symptomatic, and postural functioning, and to identify the

key athlete characteristics that moderate the magnitude of this

effect, after controlling for the influence of variables known

to moderate concussion outcomes (i.e., time since injury,

repeat assessment and comparison group).

METHODS

Literature Search and Inclusion Criteria

Online databases (PsychINFO, PUBMED, MEDLINE) were

searched for relevant papers published between January 1970

and August 2011.2 Studies were located that quantified post-

injury outcome from sports-related concussion in adolescent

or adult athletes on at least one neuropsychological or

cognitive test, measure of postural stability, or self-report

symptom checklist relative to a pre-injury baseline and/or an

independent control group (see Table 1 for additional criteria).

Data included in this study were obtained in compliance with

regulations of the University of Queensland.

Data Extraction and Effect Size Calculation

Statistical information required for effect size calculation

(group means, standard deviations, and sample sizes) or

effect size estimation (descriptive statistics extrapolated

from graphs, or inferential statistics such as F-test, t-test, or

p-values), as well as assessment and athlete variables

required for moderator analyses, were coded in accordance

with a detailed protocol. All effects were coded such that

a post-injury decline in concussed athletes’ neuropsycho-

logical function or postural stability, or an increase in

self-reported symptoms, would produce a negative effect

size. Those measures for which results were described as

‘‘not statistically significant’’ by study authors, without

accompanying descriptive or inferential statistics, were

1 By convention, effect size (d) magnitudes Z.80 are considered large,
.50 moderate, and r.20 small (Cohen, 1988).

2 For a detailed description of methodology, see online supplementary
materials: http://www2.psy.uq.edu.au/,horswill/DouganHorswillGeffen_
SupplementaryMaterials.pdf
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entered into the analysis conservatively as an effect size of

zero (as per Frencham, Fox, & Maybery, 2005).

Effect sizes were calculated/estimated in Microsoft Office

Excel 2003 according to research design-specific formulae

for continuous variables described by Lipsey and Wilson

(2001). Effect sizes were calculated by dividing the differ-

ence between the concussed group mean and the uninjured

group (pre-injury baseline or independent control group)

mean, by the pooled standard deviation of the concussed and

uninjured group means (dpooled).
3Weighted mean effect sizes

were then computed by (1) aggregating multiple effects

within a given sample (i.e., from two or more outcome

measures, cognitive domains or post-injury assessments)

by arithmetic mean to create an independent set of effects

for each analysis, (2) applying Hedge’s small-sample bias

correction, (3) weighting by the inverse of the sampling error

variance, and (4) aggregating across samples.

Before aggregation, dpooled effect size estimates were

checked for extreme scores using standard techniques; none

were identified. After aggregation, one sample-level effect size

(from k5 91 dpooled effects) was identified as an outlier in the

negative direction (see Figure 1); but was retained unaltered

for analysis as it was considered a genuine reflection of

the data and its inclusion did not substantively influence the

weighted mean effect size. The results of the meta-analysis

were also found to be robust to the potential effects of both

publication bias and selective reporting bias.4

Meta-analytic Model and Statistical Analyses

Analyses were conducted usingComprehensiveMeta-Analysis

Version 2 (Borenstein, Hedges, Higgins, & Rothstein, 2005).

A fixed effects model was used to estimate the overall effect

of concussion, such that aggregated (sample-level) effect

sizes were assumed to estimate a single population effect with

Table 1. Criteria for inclusion of studies in the meta-analysis

Criterion Description

Publication type Published (peer-reviewed journal)

Empirical research

Methodology and results described in detail (sufficient to support planned effect size and moderator analyses)a

English language

Participant characteristics Adolescent and/or adult athletes

Engaged in sport or athletic activities at the high-school, college, professional/elite, or amateur/non-professional

club level of competition

Age or level of competition reportedb

Injury characteristics Diagnosed with concussion or mild traumatic brain injury

Diagnosed by a medical officer experienced in concussion assessment (e.g., certified athletic trainer or team

physician); or identified using a specific clinical definition of concussion or system of grading injury severity

(e.g., Quality Standards Subcommittee of the American Academy of Neurology, 1997)

Sport-related mechanism of injury (practice or competition)

Outcome measures Participants assessed with at least one psychometric test of neuropsychological function, experimental cognitive

task, measure of dynamic or static postural stability with or without disrupted sensory input, or a self-rated

scale or checklist of post-concussion symptom frequency and/or severityc

Time elapsed between injury and first assessment reported

First post-injury assessment conducted within 12 months of injury

Research design Post-injury performance on outcome measure(s) compared to control group without acute concussion and/or

injured athletes’ pre-injury baseline performance

Evaluation of outcome from injury (cf. intervention or management of injury)

Statistical information Concussion data presented separately from injuries of greater severity (e.g., moderate to severe traumatic

brain injuries), other aetiologies (e.g., falls or motor vehicle accidents), or other clinical conditions

(e.g., sub-concussive blows, whiplash, malingering).

Sufficient statistical information to calculate or estimate at least one effect sized,e

Note.
aCase studies or concussion samples of less than four participants were excluded, as samples of this size would prohibit the calculation of estimates of

variability required to conduct a meta-analysis (see Rohling, Beverly, Faust, & Demakis, 2009).
bIf age was not reported by primary study authors, competition level was taken as a proxy for age such that high school athletes were presumed to be
adolescents and professional, college, or amateur athletes were presumed to be adults for the purpose of moderator analyses.
cReported as scale total scores vs. individual symptom frequencies.
dIf effect size data were only reported for a subset of variables within a particular study, all effects were coded and only those that could not be estimated
were excluded from the analysis.
eIf an effect was reported only as ‘‘not statistically significant’’ an effect size of zero was entered into the analysis.

3 For results calculated using the standard deviation of the uninjured
group mean only (dcontrol), see online supplementary materials. 4 For further details of these analyses, see online supplementary materials.
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variation arising only from random subject-level sampling

error (Lipsey & Wilson, 2001). Weighted mean effect sizes

were compared to the null hypothesis using a one-tailed

z-test and the precision of the estimate was indicated by

95% confidence intervals. To evaluate the adequacy of

these assumptions, homogeneity of effect size variance was

tested using the Q statistic with k-1 degrees of freedom

(Hedges & Olkin, 1985). Where heterogeneity was indicated

by a statistically significant Q, the excess variability

beyond subject-level sampling error was hypothesized to be

attributable to systematic variation in measurable sample

characteristics, rather than random variation, best represented

by a ‘‘fixed effects model with systematic between-study

variance’’ (Lipsey & Wilson, 2001, p. 118)5; moderator

analyses were planned to examine this variation further.

First, moderator analyses were conducted to replicate the

influence of variables previously shown to be important

moderators of concussion: namely, outcome (neuropsycho-

logical function, self-report symptoms, postural stability),

comparison group (pre-injury baseline, independent control, or

both6), time elapsed between injury and assessment (,24 hr,

1–10 days, 10–30 days, .30 days7), and repeat assessment

(first, second, third, or fourth post-injury assessment). Follow-

up moderator analyses were also planned to investigate the

hypothesized contribution of athlete characteristics to residual

effect size variation, using either the analogue-to-ANOVA

procedure for categorical variables (concussed athletes’ age

group, sex, level of competition, and sport played by 50% or

more of the sample; see Table 3), or fixed effect linear

regression analyses for continuous variables (concussed

athletes’ average age in years and average years of education).

Samples that did not report a given moderator variable, or

samples that could not be allocated to a single level of a

moderator, were excluded from the relevant analysis.

RESULTS

Characteristics of Included Samples

Seventy-eight papers, describing 92 independent samples of

sports-related concussion (see Table 2), were identified as

eligible for inclusion in the meta-analysis against a priori

criteria, although only 91 samples comprised of 3,801

concussed athletes and 5,631 controls were available for

dpooled analyses (see Table 2, note d). As shown in Table 2,

the majority of included samples were recruited in the USA

either exclusively from college competitions or from more

than one level of competition, and were largely comprised of

adult males playing American football or recruited from a

variety of sports. The position played by concussed athletes

and the mechanism of injury were rarely reported. Thirty-one

samples (n5 1,516) reported concussed athletes’ average

years of education. Other measures of premorbid functioning

and neuropsychiatric history were reported too infrequently,

too inconsistently or with insufficient variation for analysis.8

Overall Effect of Sports-Related Concussion

Aggregated across all outcome measures and post-injury

assessments, the overall weighted mean effect size (dpooled)

represented a statistically significant ‘‘moderate’’9 decrement

in general functioning following sports-related concussion

(20.54; 95% confidence interval [CI]:20.57,20.50); based

on 91 independent effects (range: 22.68 to 0.25), 87% of

which represented a decline in post-injury functioning and

46% of which were ‘‘moderate’’ or ‘‘large’’ in magnitude. The

overall effect was significantly heterogeneous (Q(90)5 668;

p, .001); investigation of moderator variables was, therefore,

considered appropriate.

The overall effect was comprised of a ‘‘small to moderate’’

decrement in neuropsychological functioning (20.40; 95%

CI: 20.44, 20.36; Q(69)5 405; p, .001), a ‘‘moderate to

large’’ increase in self-reported symptoms (20.66; 95% CI:

20.70, 20.62; Q(49)5 603; p, .001), and a ‘‘small’’ but

significant decrement in postural stability (20.11; 95% CI:

20.18,20.04;Q(21)5 55; p, .001), when collapsed across

all follow-up assessments. Neuropsychological outcomes

varied marginally by comparison group: a ‘‘small to moderate’’

effect was derived from samples using a pre-injury baseline

(20.38; 95% CI: 20.42, 20.34; Q(32)5 296; p, .001),
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Fig. 1. Funnel plot of 91 independent aggregated effect sizes by the

standard error of each effect size (weighted mean effect size,

dpooled520.54). The single outlying effect size is indicated by

an unfilled data point (see Table 2, note f for sample details).

By convention, effect size magnitudes Z.80 are considered large,

.50 moderate and r .20 small (Cohen, 1988).

5 For results using a ‘‘mixed effects’’ model, see online supplementary
materials.

6 The latter design represents the most rigorous research design, as it
controls for both premorbid functioning (pre-injury baseline) and the effect
of repeat assessment (control group).

7 Intervals were selected for consistency with documented neurometa-
bolic and neurophysiologic recovery periods (Giza & Hovda, 2001, 2004),
and with the assessment intervals commonly used within the empirical
literature sampled.

8 For further details, see online supplementary materials.
9 By convention, effect size magnitudes Z.80 are considered large,

.50 moderate, and r.20 small (Cohen, 1988).
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Table 2. Characteristics of the 92 sports-related concussion samples identified as eligible for inclusion in the meta-analysis, arranged by comparison group and aggregated effect size (dpooled)

Concussed; controls

TSI at each post-injury

assessmentc Outcome measures

Samplea Sample size % Male

Age

(in years) Country Sport Level

Concussed

athletes’ history

of previous

concussionsb 1st 2nd 3rd 4th NP SRS PS No. effects dpooled

Pre-injury baseline and independent control group comparison

Barr & McCrea (2001) 50; 68 100; 100 17.2; 18.1 USA F HS/C — 0 S 1 21.74

Peterson et al. (2003) 24; 18 75; 75 20.2; 19.3 USA M (F) C Yes 1 2 3 10 PnP PnP PC 20 21.22

Field et al. (2003) – 1 19; 20 88; 88 15.2; 16.6 USA M (F) HS Yes ,1 3 5 7 PnP PnP 20 20.87

Sosnoff et al. (2007) 22; 22 91;— 19.8;— USA M (-) C Yes 2 PC 7 20.86

Iverson et al. (2003) 41; 56 90; 52 16.8; 17.6 USA M (F) A — 1.3 PC PC 5 20.82

Piland et al. (2003) 17; 16 88; 88 19.8; 19.5 USA M (F) C — 1 2 3 10 PnP 8 20.75

McCrea (2001) 63; 55 100; 100 18.2; 18.2 USA F HS/C — 0 ,2 S 10 20.71

Hinton-Bayre et al. (1997) 10; 10 100; 100 22.1; 19.9 AUS R P Yes 1.5 PnP 5 20.58

Guskiewicz et al. (1996) 10; 10 100; 100 17.4; 18.6 USA F HS/C — 1 3 5 10 PC 20 20.55

Lovell et al. (2003) 64; 24 94; 67 —;— USA M (F) HS Yes 1.5 4.2 7.6 PC PC 6 20.40

Cavanaugh et al. (2005) 27; 30 78; 50 19.5; 21.7 USA M (F) C Yes ,2 PC 15 20.39

Field et al. (2003) – 2 35; 18 94; 94 19.9; 20.1 USA M (F) C Yes ,1 3 5 7 PnP PnP 12 20.37

Macciocchi et al. (1996) 183; 48 100; 100 19.0; 19.0 USA F C Yes 1 5 10 84 PnP PnP 22 20.35

Guskiewicz et al. (2001) 36; 36 69; 69 19.5; 20.0 USA M C — 1 3 5 PnP C; PC 36 20.33

McCrea et al. (2003) 94; 56 100; 100 20.0; 19.2 USA F C Yes 0 ,3hrs 1 2 S; PnP C 45 20.25

2 7 90 PnP

Sim et al. (2008) 14; 14 79; 77 15.5; 15.7 USA M (-) HS Yes 2.5 6.3 9.9 45 PC 24 20.25

Echemendia et al. (2001) 29; 20 92; 92 —;— USA M C — 2hrs 2 7 30 PnP PnP 81 20.23

Lovell & Collins (1998) 4; 40 100; 100 —; 19.6 USA F M Yes ,1 180 PnP 20 20.23

Hinton-Bayre et al. (1999) 20; 13 100; 100 21.1; 19.6 AUS R P Yes 2 10.5 28 PnP 9 20.13

Collie et al. (2006) 61; 84 100; 100 22.9; 23.4 AUS ARf A Yes 3 PnP; PC 9 20.06

Makdissi (2001) 6; 7 100; 100 20.5; 20.3 AUS ARf C — 2 PnP; PC 3 0.04

Johnson et al. (2002) 9; 9 44; 60 —;— USA M (R) C — 1 3 5 10 PnP PC 8 0.25

Maddocks & Saling (1996) 10; 10 100; 100 —;— AUS ARf P Yes 5 PnP 4 —
d

Independent control group comparison only

Bruce & Echemendia (2004) – 2 30; 147 100; 100 20.2; 19.0 USA M C Yes 2hrs PnP 1 22.01

Bruce & Echemendia (2004) – 1 27; 286 100; 100 20.2; 18.8 USA M C No 2hrs PnP 1 21.78

Lovell et al. (2006) – 2e 39; 1,039 —; 77 —;— USA M (-) C — 2 PC 1 21.68

Lovell et al. (2006) – 1e 221; 707 —; 83 16.5;— USA M (-) HS — 2 PC 1 21.53

Fazio et al. (2007) 122; 70 81; 47 16.7; 17.3 USA M (F) HS/C Yes 1.9 PC 4 21.16

Schatz et al. (2006) 72; 66 79; 44 16.5; 17.3 USA M (F) HS Yes 2 PC PC 6 20.91

Maddocks et al. (1995) 28; 28 100; 100 —;— AUS ARf P — 10mins S 14 20.83

Pellman et al. (2006) – 1 37; 125 100; 100 15.8; 15.6 USA F HS Yes 1.5 5 PC PC 10 20.64

Gosselin et al. (2006) 20; 10 95; 90 25.9; 22.0 CAN M (IH) C/P Yes 71.4 PnP;Exp PnP 12 20.61

Ellemberg et al. (2007) 10; 12 0; 0 22.7; 22.3 CAN S C No 246 PnP; PC 19 20.61

Thompson et al. (2005) 12; 12 100; 100 21.0; 21.0 USA M (-) C Yes 89 PC 2 20.53

Parker et al. (2005) 10; 10 40; 40 20.2; 19.9 USA M (-) C — 1.6 G 20 20.53

Lovell et al. (2006) – 3 52; 1,746 90; 80 —;— USA M (-) HS/C — — 5.6 11.7 PC 2 20.43

(Continued )
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Table 2. Continued

Concussed; controls

TSI at each post-injury

assessmentc Outcome measures

Samplea Sample size % Male

Age

(in years) Country Sport Level

Concussed

athletes’ history

of previous

concussionsb 1st 2nd 3rd 4th NP SRS PS No. effects dpooled

Pellman et al. (2006) – 2 48; 68 100; 100 26.3; 24.3 USA F P Yes 1.2 2.9 PC PC 10 20.39

Riemann & Guskiewicz (2000) 16; 16 94; 94 19.2; 22.5 USA — C — 1 3 5 10 C; PC 36 20.38

Bruce & Echemendia (2003) 19; 19 100; 100 20.1; 19.9 USA M (F) C Yes 2hrs 2 7 30 PnP 24 20.37

Gosselin et al. (2009) 10; 11 70; 64 24.3; 22.6 CAN M C/P Yes 132 PnP; PC PnP 26 20.32

Chen et al. (2008a) 16; 16 100; 100 26.0; 20.0 CAN M (-) C/P Yes 219 Exp PnP 6 20.32

Parker et al., (2006) 15; 15 60; 60 20.6; 20.6 USA M (-) C — 1.6 5 14 28 G 80 20.29

Guskiewicz et al. (1997) 11; 11 73; 73 18.6; 20.2 USA — C — 1 3 5 10 PnP PC 37 20.29

Chen et al. (2007) 18; 10 100; 100 28.9; 21.9 CAN M (IH) C/P Yes 156 PC; Exp PnP 25 20.28

McCrea et al. (2002) 91; 45 100; 100 17.3; 17.5 USA F HS/C — — 15mins 2 90 S 20 20.24

Moser & Schatz (2002) 14; 21 79; 81 16.4; 16.8 USA M (-) HS Yes 4 PnP 18 20.12

Cremona-Meteyard & Geffen

(1994) – Experiment 1

9; 12 100; 100 23.0; 22.1 AUS ARf P Yes ,14 365 Exp 12 20.09

Moser et al. (2005) 40; 183 —;— 15.8; 15.7 USA M (-) HS Yes 3.5 PnP PnP 9 20.06

Chen et al. (2008b) 9; 6 100; 100 31.5; 20.0 CAN M (IH) C Yes 90 547 Exp 4 20.01

Dupuis et al. (2000) 20; 10 100; 100 21.5; 21.5 CAN M (F) C Yes 171.8 PnP;Exp 11 0.00

Killam et al. (2005) 5; 9 60; 67 22.6; 22.0 USA M (-) C Yes 73 PnP PnP 10 0.07

Parker et al. (2008) 14; 14 —;— 20.7; 20.6 USA M (-) C — 1.4 5 14 28 G 32 0.11

Ferguson et al. (1999) 50; 159 100; 100 20.2; 19.6 USA M (IH) HS/P No 180 PnP 1 0.21

Pre-injury baseline comparison only

McCrory et al. (2000) 23 100 — AUS ARf P — 15mins PnP 1 22.68
f

Collins et al. (2003) – 1 34 (poor

post-injury)

85 17.4 USA M (F) HS/C Yes 1.4 PC PC 2 22.03

Slobounov, Tutwiler, et al. (2006) 8 100 21.0 USA M (-) C No 3 10 30 PC 15 21.52

Daniel et al. (2002) 21 100 — USA F C Yes 0 S 1 21.30

Broshek et al. (2005) – 1 37 0 17.5 USA M HS/C Yes 3.8 PC 3 21.10

Erlanger et al. (2003) 47 57 17.6 USA M HS/C Yes 2.1 PC 3 21.05

Collins et al. (2006) 136 100 16.1 USA F HS Yes 2.2 PC PC 5 20.88

Cavanaugh et al. (2006) – 1 13 (unsteady

post-injury)

— — USA M C Yes ,2 3 PnP PC 46 20.84

Sosnoff et al. (2008) 36 81 21.2 USA M (-) C — ,1 PC PnP PC 16 20.77

Van Kampen et al. (2006) 122 82 16.6 USA M (F) HS/C Yes 2 PC PC 5 20.76

Mihalik et al. (2007) – 1 155 84 15.6 USA M (-) HS Yes 3.3 PC PC 5 20.75

Erlanger et al. (2001) 26 65 18.6 USA M (-) HS/C — 1.8 PC 3 20.73

Covassin et al. (2008) – 1 21 67 21.1 USA M C Yes 1.2 5.1 PC PC 10 20.69

Slobounov et al. (2008) 12 53 21.2 USA R C No — — 30 PC 11 20.56

Broglio et al. (2007a) – 1 4 (complex

concussion)

76 19.8 USA M (F) C Yes 1.2 18.8 PC PnP 12 20.55

Mihalik et al. (2007) – 2 26 89 22.1 USA M (-) C Yes 3.3 PC PC 5 20.55

McClincy et al. (2006) 104 88 16.1 USA M (F) HS/C Yes 2.4 7.6 14.4 PC PC 15 20.54

(Continued )
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Table 2. Continued

Concussed; controls

TSI at each post-injury

assessmentc Outcome measures

Samplea Sample size % Male

Age

(in years) Country Sport Level

Concussed

athletes’ history

of previous

concussionsb 1st 2nd 3rd 4th NP SRS PS No. effects dpooled

Covassin et al. (2008) – 2 36 47 20.6 USA M C No 1.2 5.1 PC PC 10 20.49

Covassin et al. (2007) – 1 41 100 — USA M C Yes 1.9 8.1 PC PC 10 20.48

Iverson et al. (2006) 30 93 16.1 USA M (F) A Yes 1.5 5.2 10.3 PC PC 15 20.48

Broshek et al. (2005) – 2 94 100 19.2 USA M (F) HS/C Yes 2.8 PC 3 20.48

Broglio et al. (2007b) 75 83 — USA M (F) C — ,1 PnP; PC PnP PC 27 20.44

Covassin et al. (2007) – 2 39 0 — USA M C Yes 1.9 8.1 PC PC 10 20.40

Iverson et al. (2004) – 2 19 90 17.8 USA M (F) A Yes 1.6 PC PC 4 20.40

Warden et al. (2001) 14 100 19.0 USA B C — — 4 PC 7 20.34

Cavanaugh et al. (2006) – 2 16 (steady

post-injury)

— — USA M C Yes ,2 3 PnP PC 46 20.32

McCrea et al. (1998) 33 100 — USA F HS/C — 0 2 S 10 20.31

Iverson et al. (2004) – 1 19 95 17.9 USA M (F) A No 1.8 PC PC 4 20.31

Register-Mihalik et al. (2007) – 1 258 (no

headache)

— 16.7 USA M (-) HS/C Yes 1 3 7 S PnP C 12 20.28

Lavoie et al. (2004) 10 100 21.5 CAN M C Yes 51 PnP PnP 14 20.24

Slobounov et al. (2007) 38 55 21.2 USA R C No 10 17 30 PnP PC 11 20.14

Register-Mihalik et al. (2007) – 2 106 (preseason

headache)

— 16.7 USA M (-) HS/C Yes 1 3 7 S PnP C 12 20.07

Broglio et al. (2007a) – 2 17 (simple

concussion)

76 19.8 USA M (F) C Yes 1.2 5.6 PC PnP 12 20.02

Jantzen et al. (2004) 4 100 20.0 USA F C — 3.5 Exp 4 0.00

Macciocchi et al. (2001) 12 100 19.1 USA F C Yes — — 10 84 PnP 2 0.00

Slobounov, Slobounov, & Newell

(2006)

10 100 19.5 USA M (-) C No — — 30 PC 3 0.00

Lovell et al. (2004) 43 81 15.6 USA M (F) HS Yes 1.4 6.3 PC PC 8 0.01

Pellman et al. (2004) 95 100 25.4 USA F C/P — 2.2 PnP 10 0.10

Collins et al. (2003) – 2 44 (good

post-injury)

91 15.5 USA M (F) HS/C Yes 2 PC PC 2 0.16

Note. dpooled5weighted mean effect size calculated using the pooled standard deviations of the concussed group and the uninjured comparison group as the denominator – aggregated across all post-injury
assessments and all outcome measures; TSI5 time since injury. Country: AUS5Australia; CAN5Canada; USA5United States of America. Sport: ARf5Australian Rules football; B5Boxing; F5American
football; IH5 ice hockey; M5multiple sports at risk of concussive injury (specify if .50% sample from single sport); R5Rugby; S5 soccer. Level of competition: A5 amateur/non-professional club;
HS5 high school; C5 college; P5 professional/elite; M5mixed levels. Outcome Measures: C5Clinical assessment of postural stability; Exp5Experimental/cognitive tasks; G5 computerised assessment of
gait stability under single and dual-task conditions; NP5 neuropsychological tests; PC5 computerised assessment; PnP5 traditional pen-and-paper assessment; PS5 postural stability assessment; S5 sideline
assessment of mental status; SRS5 self-report symptoms.
aFor full reference see asterisked (*) citations in References section.
bFor further detail see on-line supplementary materials.
cThe four columns (1st, 2nd, 3rd, 4th) represent the first four post-injury assessment occasions potentially conducted by a given study, while the number presented within each column represents the time elapsed
between injury and that specific assessment occasion (TSI), reported as the average TSI, or mid-point of a reported TSI range; in days unless otherwise indicated.
ddpooled could not be calculated from the available data (post-injury standard deviations for concussed and control groups were not reported), leaving k5 91 for dpooled analyses (n5 3,801 concussed athletes and
5,631 controls); cf. k5 92 for dcontrol analyses (n5 3,811 concussed athletes and 5,641 controls) presented in the online supplementary materials.
eData also presented separately for 217 males (1,391 controls), dpooled521.85 and 43 females (355 controls), dpooled521.52.
fIdentified as an outlier relative to the overall mean effect size and the mean effect size for studies using a pre-injury baseline comparison only.
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while a ‘‘moderate’’ effect was derived from samples using an

independent control group (20.46; 95% CI: 20.58, 20.33;

Q(18)5 45; p, .001), and from samples using both compar-

isons (20.51; 95% CI: 20.62, 20.39; Q(17)5 60; p, .001).

Postural stability outcomes also varied by comparison group: a

non-significant effect was derived from samples using a pre-

injury baseline (20.05; 95% CI: 20.13, 0.02; Q(9)5 31;

p, .001), while a ‘‘small to moderate’’ effect was derived from

samples using an independent control group (20.34; 95% CI:

20.66, 20.02; Q(5)5 2, ns), and from samples using both

comparisons (20.44; 95% CI: 20.66, 20.23; Q(5)5 8, ns).

In contrast, a ‘‘moderate’’ effect was derived from samples

using a pre-injury baseline (20.56; 95% CI: 20.61, 20.51;

Q(24)5 286; p, .001), and from samples using both com-

parisons to assess self-report symptoms (20.49; 95% CI:

20.65, 20.34; Q(9)5 29; p, .001), while a ‘‘large’’ effect

was derived from samples using an independent control group

only (21.16; 95% CI:21.26,21.07; Q(14)5 159; p, .001).

Effect size diminished rapidly with increasing time since

injury: a ‘‘moderate to large’’ effect was derived from all

assessments conducted within 24 hr of injury (20.76; 95%

CI: 20.82, 20.70; Q(29)5 119; p, .001; M5 12 hr post-

injury), a ‘‘small to moderate’’ effect was observed between 1

and 10 days post-injury (20.44; 95% CI: 20.47, 20.40;

Q(66)5 671; p, .001; M5 3.7 days), while a ‘‘small’’

homogenous effect was observed between 10 and 30 days

post-injury (20.13; 95% CI: 20.23, 20.03; Q(11)5 7, ns;

M5 23.3 days), which was not significantly different from

zero beyond 30 days (20.06; 95% CI: 20.18, 0.07;

Q(18)5 18, ns;M5 143.5 days). Effect size also diminished

with repeat assessment: from ‘‘moderate to large’’ effects at

first post-injury assessment (20.71; 95% CI: 20.75, 20.68;

Q(85)5 539; p, .001; M5 18.2 days post-injury), to ‘‘small

to moderate’’ effects at second assessment (20.24; 95% CI:

20.29, 20.19; Q(42)5 145; p, .001; M5 35.3 days), non-

significant effects at third assessment (20.01; 95% CI:20.06,

0.04; Q(28)5 85; p, .001; M5 13.2 days), and ‘‘small’’

homogenous effects at fourth assessment (20.15; 95% CI:

20.28, 20.03; Q(16)5 40, ns; M5 29.1 days).

Consequently, to control for the confound of recovery over

time with the effect of repeat assessment, time since injury

was re-analyzed including only first post-injury assessments:

revealing a ‘‘moderate to large’’ effect within 24 hr of injury

(20.79; 95% CI: 20.85, 20.72; Q(29)5 132; p, .001;

M5 12 hr post-injury) which remained ‘‘moderate to

large’’ 1 to 10 days post-injury (20.71; 95% CI: 20.76,

20.66; Q(45)5 377; p, .001; M5 2.4 days), but was non-

significant and homogenous beyond 30 days (20.09;

95% CI: 20.30, 0.11; Q(10)5 9, ns; M5 126.5 days).10

A regression analysis of first assessments conducted within

10 days post-injury confirmed a significant reduction in effect

size magnitude with an increasing number of days since

injury (b5 0.06; 95% CI: 0.03, 0.08; p, .001; a520.84;

k5 75). Extrapolating from the model, concussed athletes

first assessed 24 hr following injury produced a ‘‘moderate to

large’’ effect (dpooled520.78), while athletes first assessed

10 days following injury produced a ‘‘small to moderate’’

effect (dpooled520.28). The relationship between time

and concussion effect was stronger than would be expected

by chance (QM (1)5 14; p, .001), yet significant between-

study variability remained unexplained by this model

(QR (73)5 479; p, .001).

When first post-injury assessments were further analyzed

by outcome, a ‘‘small to moderate’’ decrement in neuro-

psychological functioning (20.38; 95% CI: 20.45, 20.31;

Q(19)5 141; p, .001), a ‘‘large’’ increase in self-reported

symptoms (20.96; 95% CI: 21.02, 20.89; Q(14)5 144;

p, .001), and a ‘‘moderate’’ decrement in postural stability

(20.45; 95% CI: 20.52, 20.37; Q(13)5 27; p, .05)

were observed within 24 hr of injury, while a ‘‘moderate’’

decrement in neuropsychological functioning (20.54; 95%

CI: 20.59, 20.50; Q(39)5 237; p, .001), a ‘‘large’’

increase in self-reported symptoms (21.14; 95% CI: 21.20,

21.08; Q(24)5 203; p, .001), and a ‘‘large’’ decrement in

postural stability (21.10; 95% CI:21.45,20.75;Q(4)5 31;

p, .001) were observed 1 to 10 days post-injury (see

Table 3). Furthermore, when only samples using both a

baseline and control group comparison were included in the

analysis (i.e., the most rigorous research design), a ‘‘large’’

decrement in neuropsychological functioning (20.90; 95%

CI: 21.05, 20.76; Q(9)5 30; p, .001), a ‘‘large’’ increase

in self-reported symptoms (21.49; 95% CI: 21.72, 21.26;

Q(6)5 26; p, .001), and a ‘‘moderate to large’’ decrement

in postural stability (20.76; 95% CI: 20.98, 20.54;

Q(5)5 5, ns) were observed within 24 hr of injury, while a

‘‘small to moderate’’ decrement in neuropsychological

functioning (20.41; 95% CI: 20.57, 20.24; Q(8)5 14;

p, .05) and a ‘‘large’’ increase in self-reported symptoms

(20.91; 95% CI: 21.23, 20.59; Q(1)5 0.1, ns) remained at

1 to 10 days post-injury.11

With the exception of postural stability within 24 hr,

self-report symptoms within 1–10 days, and outcomes

assessed beyond 10 days from injury, significant hetero-

geneity remained unexplained by these moderator analyses;

additional analyses were, therefore, required. Insufficient

samples were available for further analysis of outcomes

within 24 hr of injury (e.g., k5 1 adolescent or high school

athletes, k5 0 female athletes). Consequently, subsequent

moderator analyses include outcomes first assessed during

the 1- to 10-day follow-up interval only.

Athlete Characteristics

Age group

At first assessments conducted 1–10 days following injury,

adolescent athletes demonstrated larger post-concussion

neuropsychological deficits, on average, than adult athletes

10 Nil first assessments were conducted between 10 and 30 days from
injury in the current meta-analytic sample.

11 Nil postural stability assessments first assessed 1–10 days post-injury
were compared to both a baseline and control group in the current meta-
analytic sample.
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(Table 3: dpooled520.60 and 20.25, respectively), and

reported marginally more symptoms (Table 3: dpooled5

21.29 and 21.07, respectively), but were not assessed for

postural stability. The significant difference in neuro-

psychological outcomes was not better accounted for by

differences between adolescents and adults in average time

since injury (Table 4: M5 2.4 and 2.7 days, respectively),

type of comparison group (Table 4), or sample sex (Table 5).

When only samples using both a baseline and control group

comparison were included in analysis, adolescents demon-

strated greater neuropsychological impairment than adults

(dpooled520.69 and20.25, respectively). Adolescent males

also demonstrated substantially larger neuropsychological

deficits than adult males (dpooled520.75 and 20.15,

respectively). Adolescent females were not available for

comparison to adult females in the current sample.

Age in years

Regression analyses confirmed that each additional year of

concussed athletes’ average age (range: 15.2 to 31.5 years)

corresponded to a significant reduction in the magnitude of

the overall effect of concussion (b5 0.04; 95% CI: 0.03,

0.06; p, .001; a521.28; k5 76), and the effect size

magnitude when only neuropsychological outcomes, first

post-injury assessments conducted 1–10 days from injury,

and studies using both baseline and control group compar-

isons were included in analyses (b5 0.11; 95% CI: 0.03,

0.18; p, .01; a522.50; k5 8). Holding these variables

constant, the relationship between age and concussion effect

was stronger than would be expected by chance (QM(1)5 8;

p, .01), while residual between-study variability was not

significant (QR(6)5 5, ns). Extrapolating from the model,

athletes at 15 years of age could be expected to demonstrate

a ‘‘large’’ decrement in neuropsychological functioning

upon first assessment within 1–10 days post-concussion

(dpooled520.92), while adult athletes over the age of

24 years could be expected to demonstrate a minimal effect

within the same interval (dpooled5 0.02).

Years of education

Regression analyses also indicated that each additional year

of concussed athletes’ education (range: 9.6 to 16.6 years)

corresponded to a significant reduction in the magnitude of

the overall effect of concussion (b5 0.16; 95% CI: 0.12,

0.19; p, .001; a522.49; k5 31), and the effect size

magnitude when only neuropsychological outcomes, first

post-injury assessments conducted 1–10 days from injury,

and studies using both baseline and control group compar-

isons were included in analyses (b5 0.20; 95% CI: 0.02,

0.37; p, .05; a523.28; k5 5). Holding these variables

constant, the relationship between years of education and

concussion effect was stronger than would be expected by

chance (QM(1)5 5; p, .05), while residual between-study

variability was not significant (QR(3)5 6, ns). Extrapolating

from the model, athletes with 10 years of education could beT
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expected to demonstrate a ‘‘large’’ decrement in neuro-

psychological functioning upon first assessment within

1–10 days post-concussion (dpooled521.32), while those

with 16 years of education could be expected to demonstrate

a ‘‘small’’ effect within the same interval (dpooled520.15).

Insufficient samples were available for analysis of the inter-

action between age, sex, and years of education.

Sex

At first assessments conducted 1–10 days following injury,

female athletes demonstrated larger post-concussion neuro-

psychological deficits, on average, than male athletes

(Table 3: dpooled520.87 and20.42, respectively), although

males reported more symptoms than females (Table 3:

dpooled521.58 and 21.12, respectively); females were not

assessed for postural stability. The significant difference in

neuropsychological outcomes was not better accounted for

by differences between females and males in average time

since injury (Table 4: M5 2.9 and 2.5 days, respectively),

type of comparison group (Table 4), or age group (Table 5).

When only samples using a baseline comparison were

included in analysis, females demonstrated greater neuro-

psychological impairment than males (dpooled520.87 and

20.42, respectively); females were not assessed using both a

baseline and control group comparison or control group only.

Female adults also demonstrated substantially larger neuro-

psychological deficits than male adults (dpooled520.62

and 20.15, respectively). Female adolescents were not

available for comparison to male adolescents in the current

meta-analytic sample.

Level of competition

At first assessments conducted 1–10 days following injury,

athletes injured during high school competition demonstrated

larger post-concussion neuropsychological deficits, on average,

than athletes concussed at other levels of competition (Table 3:

dpooled520.60 and range:20.43 to20.41, respectively), and

reported marginally more symptoms (Table 3: dpooled521.29

and range: 21.07 to 21.02, respectively), but were not

assessed for postural stability. The significant difference in

neuropsychological outcomes was not better accounted for by

differences between levels of competition in average time

since injury (Table 4: M5 2.4 and range: 1.8 to 2.8 days,

respectively) or type of comparison group (Table 4). When

only samples using both a baseline and control group com-

parison were included in analysis, high school athletes

demonstrated greater neuropsychological impairment than

other levels of competition (dpooled520.69 and range:20.34

to ns, respectively). Insufficient samples were available for

analysis of the moderating effect of level of competition by

sample age, sex, or years of education.

Sport played

At first assessments conducted 1–10 days following injury,

samples predominantly recruiting American footballer playersT
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demonstrated ‘‘moderate’’ neuropsychological deficits and a

‘‘large’’ increase in self-report symptoms (Table 3: dpooled5

20.53 and21.08, respectively), comparable in magnitude to

the overall meta-analytic sample. A single sample of Rugby

union players demonstrated ‘‘large’’ postural stability deficits

within 1–10 days following concussion (dpooled522.25).

However, samples of Australian Rules and Rugby union

football players did not demonstrate a statistically significant

change in neuropsychological function within the same

period of assessment. As the majority of samples included in

this meta-analysis recruited athletes from a variety of sports,

other sports such as ice hockey, soccer, and boxing were

not sufficiently represented within the sample to support

individual analysis.

DISCUSSION

This review used meta-analytic techniques to quantify the

impact of sports-related concussion on athletes’ neuro-

psychological, symptomatic, and postural functioning. It

used a contemporary sample to replicate and extend findings

from both quasi-experimental empirical studies and previous

meta-analyses of the concussion literature, included almost

double the number of studies previously reviewed, and is

the first meta-analysis to investigate the role of pre-existing

athlete characteristics in moderating outcomes associated

with sports-related concussion.

Consistent with previous meta-analyses, the aggregated

effect of concussion was heterogeneous and significantly

moderated by outcome, time since injury, repeat assessment,

and comparison group12. Athletes consistently demonstrated

a significant post-concussion increase in subjective symptom

reports and significant impairment on objective measures of

neuropsychological function and postural stability. This

pattern of results was observed when outcomes were collapsed

across all post-injury assessments, and also (although to a

greater magnitude) when only first post-injury assessments

conductedwithin 10 days of injury, and only those studies using

both a baseline and independent control group comparison,

were included in analyses to control for the attenuating effects

of repeat assessment. The finding of significant post-concussion

postural instability is consistent with previous reports of the

sensitivity of postural assessment to concussion sequelae (see

Davis, Iverson, Guskiewicz, Ptito, & Johnston, 2009), and

suggests that this may be a promising, although presently under-

used, measure of concussion-related impairment in athletes’

psychomotor function—a domain with particular relevance for

athletes’ competitive performance and risk of re-injury if

returned to play within the acute post-injury period. While this

finding differs from the non-significant postural stability deficits

previously reported by Broglio and Puetz (2008), the increased

sample of the current meta-analysis and the unmasking of

significant deficits by controlling for the confounding effect of

repeat assessment across smaller recovery intervals (,24 hr and

1–10 days vs. ,14 days) may explain this difference.

At first assessments conducted 1–10 days following

sports-related concussion, more severe deficits in neuro-

psychological functioning were demonstrated by concussed

samples comprised of younger athletes (particularly those in

their adolescence competing at the high school level of

competition), female athletes, and those with fewer years of

education, than samples comprised of older athletes, male

athletes, or those with more years of education, respectively.

This finding was not better accounted for by differences

between groups in the number or timing of post-injury

assessments or the control comparison made. The moderating

effect of age group also remained when sample sex was held

constant, and vice versa. Hence, converging evidence from

multiple measures (age group, age in years, level of compe-

tition, and years of education) indicates that young age may

be a reliable indicator for the potential severity of post-

concussion neuropsychological deficits within the first days

or weeks following injury. Conversely, these results suggest

that older age or higher education may represent important

protective factors during this early post-injury period (asso-

ciated with increased brain/cognitive reserve, see Kaplan et al.,

2009; Satz, 1993; Stern, 2009).

However, it must be emphasized that our finding of a sig-

nificant moderating effect of athlete age, sex and education

can be reliably applied to neuropsychological outcomes

Table 5. Effect size presented as a function of athlete age and sex: neuropsychological outcome measures administered at first post-injury

assessments conducted 1–10 days following sports-related concussion

Age group at first assessment 1–10 days post-injury (neuropsychological outcomes only)

Adolescent (r18 years) Adult (Z19 years)

Sex of sample dpooled k Q TSI dpooled k Q TSI

100% Female — — — — 20.62** 1 — 1.9

100% Male 20.75*** 2 0.78 1.9 20.13*a 10 15.71 2.6a

Note. dpooled5weighted mean effect size calculated using the pooled standard deviations of the concussed group and the uninjured comparison group as the
denominator. By convention, effect size magnitudes Z.80 are considered large, .50 moderate and r.20 small (Cohen, 1988); k5 number of independent
sample effect sizes; Q5 test of homogeneity of effect size variance; TSI5 average time elapsed since injury (in days).
aIf adult male samples are matched to adolescent male and adult female samples on TSI (Z3 days excluded): adult male dpooled520.15*, k5 7,
Q5 15.37*, TSI M5 1.8 days.
*p, .05, **p, .01, ***p, .001.

12 For further discussion, see online supplementary materials.
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within the acute (1–10 days) recovery interval only. With

insufficient studies reporting effects outside of this interval,

conclusions regarding the immediate (,24 hr) or longer-term

(.10 days) impact of athlete variables on sports-related

concussion outcomes could not be reliably generated from

the extant literature. The lack of follow-up of concussed

athletes beyond 10 days and the limited assessment of

symptom reports or postural stability also thwarted our

investigation of differential rates of recovery, despite indi-

cations in the empirical literature that post-concussion

recovery may be slower for high school athletes than college

athletes (Baillargeon et al., 2012; McClincy, Lovell, Pardini,

Collins, & Spore, 2006), or professional athletes (Moser et al.,

2007), and that recovery may proceed at differential rates

across neuropsychological functioning, subjective symptoms

and postural control (Echemendia, Putukian, Mackin, Julian,

& Shoss, 2001; Makdissi, 2009; McCrea et al., 2003).

The finding of greater post-concussion neuropsychological

deficits in female and young athletes within the first 10 days

of injury is nonetheless concerning given increasing rates of

participation in contact sports, and hence an increasing

exposure to sports-related concussion, in these populations

(Dick, 2009; Guskiewicz et al., 2000). Sex- and age-related

differences in the severity of early sports-related concussion

outcomes may be attributable to a range of physiological,

metabolic, hormonal, neurodevelopmental, neuroanatomical,

or muscular (especially neck) characteristics that differ

between males and females and between adolescents and

adults (Anderson & Moore, 1995; Dick, 2009; Lovell &

Fazio, 2008; Reddy, Collins, & Gioia, 2008; Viano, Casson,

& Pellman, 2007). For example, female brains generally

demonstrate greater metabolic requirements than male

brains (see Broshek et al., 2005), which, in the presence of

acute concussive stimuli, may produce an amplified cellular

response to concussion-induced metabolic demands and

changes in regional cerebral blood flow (Hovda et al., 1999).

Additionally, evidence of altered intracranial blood pressure,

prolonged and diffuse cerebral swelling, and excitotoxic

sensitivities to concussion-activated neurotransmitters (e.g.,

glutamate) has been recorded in developmental animal

models and following moderate to severe traumatic brain

injury in children and adolescents; suggesting a potential

vulnerability of the developing adolescent brain to the early

effects of concussion (Bruce et al., 1981; McDonald &

Johnston, 1990; Prins, Lee, Cheng, Becker, & Hovda, 1996).

However, research regarding the underlying cause of sex-

and age-related differences in initial severity and recovery

from brain injury has generally been limited to animal models

or non-athletic populations with more severe injuries, and

includes reports of both protective and detrimental char-

acteristics associated with developmental age or female

gonadal hormones (Dick, 2009; Reddy et al., 2008). Further

research is, therefore, needed to clarify the specific under-

lying contributors to the moderating effect of athlete

characteristics on acute injury outcomes, and to determine

whether these factors also contribute to a differential rate of

recovery from concussion.

Alternatively, these findings may be explained by beha-

vioral factors that vary systematically with pre-existing

athlete characteristics to predict concussion outcome. For

example, male and female athletes, athletes of different age

groups, or athletes participating at different levels of com-

petition, may adopt a style of play that is more or less

aggressive, daring, or reckless—leading to differences in

behavioral risk factors and the biomechanics of concussive

injuries subsequently sustained. Indeed, a systematic review

of studies reporting injury mechanisms within football, ice

hockey and basketball, demonstrated that males are more

likely to be concussed by player-to-player contact than

females, while female athletes are more likely to make con-

tact with a non-human object (Dick, 2009). Differences in the

heading behavior of male and female soccer players have also

been documented (Kontos, Dolese, Elbin, Covassin, &

Warren, 2011). However, the current findings were unable to

distinguish whether or not variations in the mechanism of

injury were associated with acute concussion effects and/or a

post-acute divergence in recovery.

The literature also suggests that demographic differences

in measured concussion outcomes may be attributable to

differences in athletes’ psychosocial response to injury and

style of symptom reporting. For example, in the wider

population, women are more likely to report an illness,

seek medical assistance, or report subjective symptoms than

males (see Farace & Alves, 2000). Female gender is also a

significant predictor of post-concussion symptom complaints

1 month following mTBI treated in hospital emergency

departments (Bazarian et al., 1999). In contrast, female athletes

reported fewer symptoms than males in the current meta-

analysis, yet were more impaired than males on objective

neuropsychological outcome measures at 1–10 days post-

injury (Broshek et al., 2005; Covassin, Schatz, & Swanik,

2007). Consistent with this result, a meta-analysis of out-

comes from mixed-severity traumatic brain injury in hospital

attendees found that females were worse off than males on

85% of outcome variables, including both objective and

subjective measures (Farace & Alves, 2000). Further epide-

miological research is yet needed to confirm these potential

differences in the mechanisms of sports-related concussion,

rates of injury notification, and characteristics of subjective

symptom reporting across different athletic sub-groups.

It must also be considered that observed differences

in effect size magnitude across athletic sub-groups may

(1) be an artifact of the specific meta-analytic methodology

adopted, (2) be better explained by other potential moderators

of concussion, or (3) be a spurious result arising from small

sample sizes in certain cells of analysis. The findings of

this meta-analysis will, therefore, require replication as the

literature base expands and a cautious interpretation is

recommended in the interim.

We argue, however, that the current findings are unlikely

to be an artifact of variation in meta-analysis methodology, as

we deliberately selected methods that were consistent with

published meta-analyses in the field and/or could be expected

to produce the most reliable results (Lipsey &Wilson, 2001).
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Moreover, our findings were not dependent upon the specific

effect size formulae and/or statistical model used.13 Addi-

tionally, our analyses yielded homogenous effects from

assessments conducted beyond 10 days from injury, and from

analyses of age group/in years, age by sex, years of education,

and level of competition when only first neuropsychological

assessments conducted 1–10 days post-injury using both

baseline and control comparisons were included. However,

some heterogeneity remained unexplained in the current study

despite the addition of new moderator and confound analyses.

Sex, age, years of education, and level of competition are

likely to be inter-correlated, yet there were insufficient samples

in the current study to analyze the independent effect of each

of these variables. Homogenous effects may also have been

revealed had there been a sufficient number of samples to

further stratify results according to the cognitive domain

assessed, computerized versus pen-and-paper assessment, or

finer follow-up intervals. Other infrequently reported vari-

ables may also be required to account for this unexplained

variance, for example, sample prevalence of neuropsychiatric

factors including history of previous head injuries, learning

disorders or attention-deficit/hyperactivity disorder (Solomon

& Haase, 2008), indicators of injury severity including

immediate post-concussion signs and symptoms (Alla,

Sullivan, Hale, & McCrory, 2009), or objective biomarkers

of injury such as measures of postural stability, or as-yet-

experimental electrophysiological, genetic, or blood markers

of injury (Barr, Prichep, Chabot, Powell, & McCrea, 2012;

Davis et al., 2009).

Moreover, samples in this field of research were dis-

proportionately comprised of American male athletes in their

early adulthood, competing at mixed levels of competition

and across mixed sports for which a breakdown of results by

sample characteristics were infrequently reported. Female

athletes, adolescent athletes competing in high school com-

petitions, and those playing sports other than American

football were underrepresented throughout the empirical

literature, limiting the evidence-base available to inform

injury management for these athletes. Similarly, preseason

screening of athletes’ premorbid neuropsychological char-

acteristics (e.g., years of education, academic achievement

and relevant developmental, medical or neurological history),

use of objective postural stability measures, comparison to

both a baseline and independent control group, and follow-up

assessment beyond 10 days were infrequently reported.

Consequently, our conclusions regarding the moderating

effect of athlete characteristics on concussion outcomes are

based upon only a small subset of the literature and may

represent a difference of only marginal clinical significance.

We, therefore, echo repeated calls for future research to

(1) target these underrepresented athletic sub-groups, (2) use

objective outcome measures across the full period of follow-

up (0–90 days), (3) compare post-concussion performance

to both a pre-injury baseline and independent control group,

and (4) stratify results according to athlete demographic

variables (age, sex, years of education, level of competition,

and sport played) as well as other pre-existing or injury-

related factors to support future replication and extension of

the current findings.

CONCLUSION

The findings of this meta-analytic review (1) verify the sig-

nificant moderating effect of athlete characteristics on acute

concussion outcomes identified in the empirical literature,

(2) provide evidence for the importance of an individualized

and conservative approach to the assessment and manage-

ment of concussive injuries, particularly during the first

10 days of injury when important return-to-play decisions are

often made, and (3) encourage the targeted development of

empirically-derived assessment protocols and management

guidelines tailored specifically for sub-groups of potentially

vulnerable athletes.

Clinical decision-making should take into consideration

key risk factors for greater deficits in neuropsychological

function within the first 10 days following sports-related

concussion, namely an athlete’s young age, female sex, fewer

years of education, or high school level of competition to

mitigate the risk of premature return to play and repeat injury

during this critical recovery interval. However, uncertainty

remains with regard to the association between athlete

characteristics and differential rates of symptom reporting,

postural instability, or neuropsychological deficits beyond

10 days given insufficient empirical research targeting

these outcomes. Future research should adopt rigorous

research designs (large-scale prospective studies using both

baseline and matched controls), use objective measures of

post-concussion outcome (neuropsychological and postural

stability assessments) in addition to subjective symptom

reports, control for the impact of repeat assessment through-

out the acute and post-acute phases of injury, and carefully

document variations in response to injury according to pre-

existing athlete characteristics to support further examination

of the rate of recovery from sports-related concussion specific

to each athletic sub-group.
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