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Abstract Throughout their careers, many soldiers experience
repeated blasts exposures from improvised explosive devices,
which often involve head injury. Consequentially, blastrelated mild Traumatic Brain Injury (mTBI) has become prevalent in modern conflicts, often occuring co-morbidly with
psychiatric illness (e.g., post-traumatic stress disorder
[PTSD]). In turn, a growing body of research has begun to
explore the cognitive and psychiatric sequelae of blast-related
mTBI. The current meta-analysis aimed to evaluate the chronic effects of blast-related mTBI on cognitive performance. A
systematic review identified 9 studies reporting 12 samples
meeting eligibility criteria. A Bayesian random-effects metaanalysis was conducted with cognitive construct and PTSD
symptoms explored as moderators. The overall posterior mean
effect size and Highest Density Interval (HDI) came to
d=−0.12 [−0.21, −0.04], with executive function (−0.16
[−0.31, 0.00]), verbal delayed memory (−0.19 [−0.44, 0.06])
and processing speed (−0.11 [−0.26, 0.01]) presenting as
the most sensitive cognitive domains to blast-related
mTBI. When dividing executive function into diverse subconstructs (i.e., working memory, inhibition, set-shifting), setshifting presented the largest effect size (−0.33 [−0.55,
−0.05]). PTSD symptoms did not predict cognitive effects
sizes, βPTSD =−0.02 [−0.23, 0.20]. The results indicate a subtle, but chronic cognitive impairment following mTBI, especially in set-shifting, a relevant aspect of executive attention.
These findings are consistent with past meta-analyses on
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multiple mTBI and correspond with past neuroimaging research on the cognitive correlates of white matter damage
common in mTBI. However, all studies had cross-sectional
designs, which resulted in universally low quality ratings and
limited the conclusions inferable from this meta-analysis.
Keywords Blast-related . mild Traumatic Brain Injury
(mTBI) . Concussion . Cognition . Executive function
Mild Traumatic Brain Injury (mTBI), also referred to as
concussion, has become a recent health concern within the
United States military (Hayward 2008); however, much of the
research on mTBI to date has involved samples from solely
athletic settings (Dougan, Horswill, and Geffen 2013).
Although sports-related concussion research can inform military practices and policies (Lew, Thomander, Chew, and
Bleiberg 2007), combat-related mTBI remains a particularly
unique form of injury, with most head injuries among
soldiers resulting from Improvised Explosive Devices
(IEDs; Gondusky and Reiter 2005; Murray et al. 2005) and
the sequential blast, rather than a blunt-force trauma. Blastrelated mTBIs differ largely from sports-related concussions in
regards to the mechanisms of injury, with past reviewers
extensively detailing the damaging effects of blast waves on
the brain (Kocsis and Tessler 2009; Leung et al. 2008). Despite
support from animal models (Bauman et al. 2009; Koliatsos
et al. 2011), researchers have yet to establish an exact blastrelated TBI model; however, current evidence suggests that the
blast wave results in over-pressurization followed by underpressurization (Cernak and Noble-Haeusslein, 2010), which
disturbs axonal pathways, damages capillaries and forms cavities within the brain tissue (Rosenfeld et al. 2013). Although
the primary blast remains particularly relevant in regards to
injury mechanisms, many closed-head mTBIs in military settings are confounded by additional, secondary blunt-force
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impacts to the head (i.e., via projectiles, the body being
thrown, or contact with a surface following the blast). In turn,
some mechanisms of injury may overlap with that of more
common civilian concussions. However, the mere exposure to blast largely distinguishes mTBI in soldiers from
concussions in athletes, potentially making it a clinically
unique injury with an ominous prevalence among deployed
and returned soldiers.
Among the physical injuries recorded in the early stages of
the Iraq and Afghanistan wars, 16–29 % involved some
wound to the head or neck, despite these areas accounting
for only 12 % of the body’s surface (Owens et al. 2008;
Rustemeyer, Kranz, and Bremerich 2007; Xydakis, Fravell,
Nasser, and Casler 2005). With consideration for blast-related
mTBI, head or neck combat wounds accounted for a higher
proportion of injuries among American troops in Iraq and
Afghanistan than previous conflicts (e.g., World War II,
Vietnam) and explosions now represent the most common
mechanism of wartime injury (Owens et al. 2008). IEDs and
mines accounted for 88–97 % of injuries among two samples
of American troops wounded in Iraq, with roughly half of
these injuries involving the neck or head (Gondusky and
Reiter 2005; Murray et al. 2005). In turn, and not surprisingly,
IEDs were linked to a preponderance of mTBIs among U.S.
Marines in Iraq from 2004 to 2008 (MacGregor, Dougherty,
and Galarneau 2011).
Although protective armor and helmets have improved
overall survival rates from such injuries, they cannot protect
against closed-head injuries induced by blast. For example,
closed-head TBI characterizes the majority of head injuries
treated at the Walter Reed Army Medical Center in
Washington, D.C. (Okie 2005). Blast-related TBI and posttraumatic stress disorder (PTSD) have become “signature”
injuries of recent military conflicts and “invisible” wounds of
war (Hayward 2008; Tanielian and Jaycox 2008). Notably,
PTSD appears to be the most common psychiatric comorbidity of mTBI (Carlson et al. 2011; Chapman and DiazArrastia 2014; French, Iverson, Lange, and Bryant 2011), with
reduced psychosocial functioning (Pietrzak, Johnson,
Goldstein, Malley, and Southwick 2009), pain (Hoge et al.
2008), poor sleep (Schreiber et al. 2008), and substance misuse
(Tanielian and Jaycox 2008) serving as other psychological
and behavioral concerns often linked to the full spectrum of
TBI among veterans. From 2000 through the first quarter of
2014, the U.S. Department of Defense (2014) has identified
over 300,000 TBIs of any mechanism, with the majority (i.e.,
82.4 %) qualifying as mild. Among a sample of 2,525 soldiers
returning from Iraq, 4.9 % reported loss of consciousness
(LOC) and 10.3 % reported an alteration of consciousness
(AOC), indicating a total prevalence of mTBI at about 15 %
among returned Iraq veterans (Hoge et al. 2008). Among a
U.S. Army sample of 3,952 personnel, 587 self-reported a
history of mTBI, with 72.2 % of concussed participants

429

reporting blast-related mTBI, implicating blast in the majority
of mTBIs among army personnel (Wilk et al. 2010).
The mere prevalence of military mTBI presents a disconcerting context; however, the within-person frequency of blast
exposure among veterans appears even more alarming. With a
high frequency of IED-related injuries (Gondusky and Reiter
2005; Murray et al. 2005), soldiers can often be exposed to
multiple blasts during their deployment (Benzinger et al.
2009). One individual case study recorded 50 significant blast
exposures throughout a veteran’s 14-year military career in the
U.S. Marine Corps Explosive Ordnance Disposal Service
(Hayes, Morey, and Tupler 2012). Further, four empirical
studies on blast-related mTBI reported means of over 13
self-reported head injuries among their samples (Matthews,
Spadoni, Lohr, Strigo, and Simmons 2012; Nelson et al. 2010;
Peskind et al. 2011; Petrie et al. 2014). Among another sample
evaluated for lifetime TBI, participants reported a mean of
14 lifetime blast exposures, with a median of 2 and a
range of 0 to 511 (Fortier et al. 2014) With this high
frequency of repeated mTBI and repeated blast exposure,
military veterans may stand at an increased risk of Chronic
Traumatic Encephalopathy (CTE), a pathology believed to be
triggered by past experiences of multiple mTBIs, along with
other dementias (McKee et al. 2013).
Omalu et al. (2011) described the first case of CTE among
an Iraqi veteran with PTSD, identifying neuropathology consistent with that observed in athletic samples. Blast-related
and sports-related mTBI may share common pathogenic variables that ultimately lead to CTE, specifically the head
acceleration that leads to structural damage and neurophysiological dysfunction (Goldstein et al. 2012). Aside
from CTE alone, repeated mTBI might place veterans at
risk for other neurological disorders, including Alzheimer’s
disease, frontotemporal lobar degeneration, Lewy body disease, and motor neuron disease (Khachaturian and
Khachaturian 2014; McKee et al. 2013). In turn, with the
linkage between repeated sports-related concussions and neurodegeneration (Gavett, Stern, and McKee 2011; Guskiewicz
et al. 2005; Lehman, Hein, Baron, and Gersic 2012; McKee
et al. 2009), the long-term outcome of repeated mTBI for
veterans may present a similarly disheartening prognosis,
emphasizing the necessity for researchers and clinicians to
understand the cognitive and neurological sequelae of blastrelated head injury.
To understand the sequelae of mTBI, researchers must
identify any brain damage resulting from the injury and link
this damage to cognitive processes; however, both neurological injury and neuropsychological impairment remain particularly unclear following blast-related mTBI. Standard neuroimaging techniques, including computed tomography and
magnetic resonance imaging (MRI), often fail to detect the
subtle injuries following a concussive event (Belanger,
Vanderploeg, Curtiss, and Warden 2007). Many researchers
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have recently applied Diffusion Tensor Imaging (DTI) to
investigate neurological injury following both mixedmechanism mTBI (e.g., motor-vehicle accidents, falls) and
sports-related concussion (Shenton et al. 2012) due to its
greater sensitivity at detecting macroscopic white matter differences (Mori and Zhang 2006). Notably, regardless of mechanism, mTBI has been linked to diffuse axonal injury in the
brain (Shenton et al. 2012), with traumatic axonal injury
serving as the most common outcome of mTBI (Hurley,
McGowan, Arfanakis, and Taber 2004). These DTI abnormalities occur predominantly in frontal white matter, with more
anterior than posterior damage reported in the mTBI literature
(Eierud et al. 2014).
Contrary to sports-related and mixed mechanism mTBI
(Shenton et al. 2012), relatively few researchers have begun
evaluating white matter damage following blast-related mTBI
(Bazarian et al. 2013; Jorge et al. 2012; Mac Donald et al.
2011; Matthews et al. 2011; Matthews et al. 2012; Petrie et al.
2014; Sponheim et al. 2011) and only a handful of these
researchers have attempted to link specific injuries to neuropsychological functioning (Sponheim et al. 2011; Jorge et al.
2012; Levin et al. 2010; Mac Donald et al. 2013). Aside from
structural damage, functional MRI studies have identified
decreases in frontal activity as well (Eierud et al. 2014), which
matches recent findings of diminished interhemispheric coordination among frontal regions following blast-related mTBI
(Sponheim et al. 2011). General mTBI research and some
preliminary specific blast-related mTBI research (e.g., Mac
Donald et al. 2011; Petrie et al. 2014; Sponheim et al. 2011)
support the conjecture of concentrated damage in frontal and
anterior regions commonly following mTBI and corresponding with executive-related deficits (e.g., Lipton et al. 2009;
Niogi et al. 2008). However, despite this rationalization, past
research on the cognitive sequelae of mTBI does not entirely
support the conceptualization of mTBI as a frontal-executive
injury, as previous meta-analyses have produced highly variable estimates as to the true effect of mTBI on executive
functions (Karr, Areshenkoff, and Garcia-Barrera 2014a).
Numerous empirical studies and meta-analyses have
explored the cognitive sequelae of sports-related concussions and mixed-mechanism mTBIs in civilian populations
(Belanger and Vanderploeg 2005; Belanger, Curtiss, Demery,
Lebowitz, and Vanderploeg 2005; Belanger, Spiegel, and
Vanderploeg 2010; Binder, Rohling, and Larrabee 1997;
Dougan et al. 2013; Frencham, Fox, and Maybery 2005;
Pertab, James, and Bigler 2009; Rohling et al. 2011;
Schretlen and Shapiro 2003; Zakzanis, Leach, and Kaplan
1999); however, only a growing body of research has explored
cognitive outcomes in the specific context of blast-related
mTBI (Bogdanova and Verfaellie 2012). The cognitive sequelae of blast-related mTBI has been historically difficult to
measure, due not only to the subtle and subjective impairments often associated with mTBI (French et al. 2011), but
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also the psychiatric co-morbidities (e.g., PTSD) that often
occur following warzone trauma (Lew et al. 2008). The symptoms of PTSD overlap with the many cognitive and symptom
complaints associated with concussion, adding to the complexity of co-morbid injury among veterans (Dolan et al.
2012; Vasterling and Dikmen 2012).
Aside from its common co-occurence with PTSD, the mere
mechanism of a blast injury makes it a unique form of mTBI.
A few empirical studies have evaluated differences in the
neuropsychological sequelae of mTBI based on the mechanism of injury, but none of these studies identified any
differences between the cognitive outcomes of blast and
non-blast related mTBIs (Belanger, Kretzmer, Yoash-Gantz,
Pickett, and Tupler 2009; Cooper, Chau, Armistead-Jehle,
Vanderploeg, and Bowles 2012; Kontos et al. 2013; Lange
et al. 2012; Luethcke, Bryan, Morrow, and Isler 2011; Nelson
et al. 2010). Two similar studies assessing post-concussive
and neurobehavioral symptoms also found no differences
based on the mechanism of injury (Belanger et al. 2011;
Lippa, Pastorek, Benge, and Thornton 2010).
Based on these findings, a neuropsychologist may question
whether the mechanism of injury truly matters in regards to
evaluation and expected rates of recovery. However, at a metaanalytic level, sports-related and mixed-mechanism mTBI
showed unique effect sizes across quantitative reviews (Karr
et al. 2014a), indicating some potential importance of the
injury mechanism or setting. Still, this divergence in cognitive
sequelae may derive from study-design differences rather
than differences attributable to the injury mechanism
itself. Nonetheless, sports-related concussion has become
increasingly removed from general mTBI, perceived as a
different injury construct (McCrory et al 2013). Similarly,
the mere uniqueness of blast injury necessitates further investigation into its specific sequelae, which may diverge from
that of other injury mechanisms.
Among the existing research on mTBI, participants
reporting multiple concussions are likely the most analogous
to military samples, where repeated blast exposure appears
common throughout deployment (Benzinger et al. 2009;
Fortier et al. 2014). However, the research on repeated
mTBI remains extremely sparse and limited, due largely to a
reliance on cross-sectional designs and self-report (Belanger
et al. 2010). Despite relatively modest effect sizes, executive
functions are the most affected by multiple mTBI based on
group comparisons (d=.24; Belanger et al. 2010) and second
most affected based on correlational analyses (d = .54;
Belanger and Vanderploeg 2005), which matches the anterior
concentration of neurological injury observed in mTBI
(Eierud et al. 2014). Among cognitive constructs, executive
functions have been repeatedly discussed in the literature on
blast-related mTBI. One case study identified frontal pathology and executive dysfunction as the primary clinical consequences of repeated blast-related mTBI (Hayes et al. 2012)
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and a recent review article on blast-related mTBI claimed that
the “most common impairments are cognitive deficits in the
domain of executive functioning (planning, goal setting, cognitive flexibility and behavioral control), complex attention,
and learning and memory” (Bogdanova and Verfaellie 2012,
p. 7).
For an evidence-based assessment of military mTBI, clinicians require quantitative evidence about the cognitive sequelae of concussive injuries. Therefore, the current review involved a meta-analysis on the neuropsychological sequelae of
blast-related mTBI, looking to empirically evaluate the claim
that blast-related mTBI involves primarily executive-related
deficits following injury (Bogdanova and Verfaellie 2012).
Based on recent neurological evidence (Eierud et al. 2014)
and past meta-analyses identifying executive deficits following multiple mTBI (Belanger et al. 2010; Belanger and
Vanderploeg 2005), we hypothesized that this cognitive domain would show the most pronounced decrements among
military and veteran participants in the post-acute phase following blast-related mTBI (i.e., 90 or more days post-injury).
Further, considering the potential influence of PTSD on cognitive outcomes (Dolan et al. 2012), we also explored PTSD
symptoms as a potential moderator of cognitive outcomes.

Methods
The report of this meta-analysis followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement provided by Moher, Liberati, Tetzlaff,
Altman, and the PRISMA Group (2009).
Literature Search
The literature search occurred in November 2013, with
inclusion criteria for the meta-analysis established in advance. To be eligible for inclusion in the meta-analysis on
post-mTBI cognitive sequelae, the articles needed to (a)
include a group with blast-related/combat-related mTBI in
the post-acute recovery phase (i.e., mean time since most
recent injury greater than 90 days; Binder et al. 1997;
Frencham et al. 2005; Rohling et al. 2011), (b) involve a
non-injured control group for comparison, (c) report at
least one cognitive outcome measure, either clinically validated or experimental, (d) include only military personnel
and/or veterans as participants, (e) report enough information to calculate an effect size, (f) be written in the
English language. Researchers did not have to report effort
testing for inclusion in the meta-analysis; however, if the
researchers specified that a group demonstrated low effort,
this sample was not included in analysis.
The literature review involved an online search of the
PsycInfo, MedLine, CINAHL, and PsycArticles databases,
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with results limited to English-language publications involving human participants. The electronic search included
mechanism-related (i.e., blast-related, combat-related, blast
exposure, and blast-induced), injury-related (i.e., TBI, traumatic brain injury, brain injury, head injury, and concussion)
and cognition-related (neuropsycholog*, assessment, and
cogniti*) search terms. Figure 1 schematically illustrates the
literature search and review process. The electronic search
yielded 198 results and a manual search of reference lists
gathered 10 additional articles for further review. Ultimately,
9 articles met the inclusion criteria for the meta-analysis.
Online Resource 1 includes a list of references for the excluded studies, organized based on their reason for exclusion.
Data Extraction
Two independent reviewers followed a common data collection instrument to independently extract information from
each study. Both reviewers extracted study characteristics
(i.e., year of publication, sample size, operational definition of
mTBI) and participant characteristics (i.e., percent male, age,
ethnic composition). As well, the reviewers collected injury
characteristics, including the definition of concussion used by
the researchers, the mean time since most recent mTBI, and the
percent reporting loss of consciousness. As PTSD symptoms
relate to cognitive performance following head injury (Bryant
2011), PTSD data was extracted in either continuous measurement scales (e.g., Clinician Administered PTSD Scale) or the
percent of the sample diagnosed with PTSD.
In regards to cognitive outcomes, test names were extracted
and allocated to a specific cognitive construct based on discussion among authors. Based on previous nomenclature applied in mTBI meta-analysis (Karr et al. 2014a), the authors
collapsed the tests into the following cognitive constructs:
attention, delayed memory, executive functions, fluency,
memory, motor, processing speed, and visual-spatial skills.
Considering the differential chronic effects of mTBI on different executive functions (Karr, Garcia-Barrera, and
Areshenkoff 2014b), this construct was subdivided into three
sub-constructs, as per the approach of Miyake et al. (2000):
inhibition, set-shifting, and working memory. As well, both
memory and delayed memory were subdivided into verbal
and visual categories, considering the differential impact of
mTBI on different memory tests (Pertab et al. 2009; Zakzanis
et al. 1999).
Table A1 (Online Resource 2) lists the cognitive measures
included in the current meta-analysis along with the constructs
to which they were assigned. For each cognitive test, the
reviewers extracted the mean and standard deviation for the
mTBI and control groups in order to calculate an effect size for
each measure (i.e., d; Cohen 1988). Most all cognitive measurements were included with the exception of global measures linked to performances on more specific tasks with
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Records identified through
database searching
(n = 198)

Additional records identified
through other sources
(n = 10)

Number of records after duplicates removed
(n = 157)

Abstracts screened
(n = 157)

Records excluded
(n = 117)

Full-text articles assessed for eligibility
(n = 40)

(Ineligible Head Injured Group:
n = 8)
(Ineligible/No Comparison
Group: n = 12)
(Insufficient Data to Calculate
Effect Size: n = 4)
(No Cognitive Outcome: n = 7)

Studies included in qualitative
synthesis
(n = 9)

Full-text articles excluded

Fig. 1 Flowchart of systematic review

reported data. For example, Nelson et al. (2010) and Vakhtin
et al. (2013) both reported overall test battery means, which
were not used to calculate effect sizes as they derived from
individual test scores reported by the researchers. Similarly,
Cooper et al. (2012) reported a total score for the Repeatable
Battery for the Assessment of Neuropsychological Status, also
not included as an effect size, due to its dependency on more
specific subtest scores also reported by these authors. Notably,
effort measures, intelligence quotients, verbal comprehension
and academic-focused tests (e.g., adult reading) were not extracted as cognitive outcomes (i.e., Vakhtin et al. 2013; Lange
et al. 2012; Nelson et al. 2010, 2012; Shandera-Ochsner et al.
2013), as these measures serve to assess malingering or
premorbid functioning (Vanderploeg and Schinka 2004).
The majority of studies reported sufficient data for effect
size calculation from observed experimental data; however,
Vakhtin et al. (2013) and Peskind et al. (2011) did not report
means and variances for their control groups, but instead
compared standardized scores of their mTBI group performances to the population averages on neuropsychological
tasks. In turn, the assumed normative values (i.e., T-score=
50±10 for Vakhtin et al. (2013) and z-score 0±1 for Peskind
et al. (2011) were used for effect size calculations in conjunction with the sample sizes of the observed control groups.

In regards to demographic data across studies, Nelson et al.
(2010) did not divide gender or ethnicity by group, with the
same values used for both the mTBI and control groups
(Nelson et al. 2010). Similarly, Kontos et al. (2013) did not
provide separate demographic data (i.e., gender, mean age) for
blast-related mTBI, blunt-trauma mTBI and non-injured participant groups. For this study, only data for the blast-related
mTBI and non-injured control group were extracted for inclusion in the meta-analysis, although the same demographics
were used for both groups.
The two reviewers also appraised study quality based on a
method previous used for concussion research (Comper,
Hutchison, Magrys, Mainwaring, & Richards, 2010), ranking
studies based on the Oxford Centre for Evidence-based
Medicine guidelines (OCEBM Levels of Evidence Working
Group, 2011) and further categorizing studies as either
Category A or B based on extracted study data. Studies with
three or fewer violations of the following criteria received a
Category A designation, whereas studies receiving a Category
B designation fulfilled fewer than three of these six criteria:
(1) was the sample described in the study representative
of the target population; (2) was there an operational
definition of the term ‘concussion’; (3) was the control
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group matched on more than two variables (e.g. history
of concussion, education level, sport, etc.); (4) were the
assessors blinded to subjects’ group assignment or neuropsychological test results; (5) were the evaluation
tools shown or known to be (i) valid and (ii) reliable;
and (6) were there [fewer than three] potentially confounding variables present but not described by the
authors. (Comper et al. 2010, p. 1261).
The evaluation of study quality allowed for the identification of any studies with significant methodological issues that
could have biased their findings more so than other studies
included in the meta-analysis. After independent data extraction and study quality rankings, the data from each reviewer
were compared to ensure interrater reliability. The data points
for effect size calculation and the study quality rankings were
100 % consistent. In regards to study, participant and injury
characteristics, reviewers also arrived at 100 % correspondence after discussing a handful of minor discrepancies.
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Where σ2effectij is the variance of d ij , given by

σ2effectij

¼

d 2ij
n1 þ n2
þ
n1 n2
2ð n1 þ n2 − 2Þ

!


n1 þ n2
;
n1 þ n2 − 2

Which results in effect sizes with lower variances (i.e.,
greater certainty as to their true value) receiving higher weight
when estimating the study level effect size. The mean of
each individual effect is then sampled from a study level
distribution


μeffectij e N μstudyi ; σ2studyi
The means of which are, in turn, drawn from the global
distribution representing the true cognitive effect of blastrelated mTBI


μstudyi e N μ; τ 2 :

Statistical Analyses
Effect Size Calculation A Cohen’s d effect size was calculated
for every cognitive outcome extracted from the included studies using the following formula (Cohen 1988):
x1 − x2
d¼
s

A fully Bayesian treatment of the model requires specifying a prior distribution for the top-level parameters μ and σ2 .
We selected a relatively non-informative prior for the mean
μ e N ð0; 1000Þ
Whereas, due to the small sample size, we place a more
informative prior on the variance (Gelman 2006):

Where
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðn1 − 1Þs21 þ ðn2 −1Þs22
s¼
:
n1 þ n2 − 2
Here, s 2i and ni are the variance and sample size of group i,
respectively.
Bayesian Meta-Analysis Since each study in our analysis reports multiple effect sizes, we adopted a Bayesian random
effects model for the meta-analysis (Sutton and Abrams
2001), in which we assume that individual effect sizes are
drawn from study level (normal) effect size distributions. As
such, we assume that the means of these study level distributions are drawn from a global (normal) distribution that represents the true effect of blast-related mTBI on cognitive ability.
Specifically, let d ij denote the j’th effect size from study i. We
claim that d ij is sampled with error from a normal distribution


d ij e N μeffectij ; σ2effectij

σ2 e Cauchyþ ð0; 1Þ
Which keeps the variance at a reasonable level, given that
there may be too few studies to give a reliable estimate.
All posterior mean effect sizes are reported with a Highest
Density Interval (HDI), which contains the highest 95 % of the
posterior, indicating a 95 % chance that the true effect size lies
within that interval. All Bayesian analyses were conducted
using RStan (Stan Development Team. 2014) and remaining
analyses were conducted using R (R Development Core Team
2008). The RStan code for both the overall meta-analysis and
meta-regression is provided in Online Resource 3.
Moderator Analyses We did not analytically explore age,
gender or ethnicity as moderators of post-mTBI cognitive
outcomes due to the limited variance in these variables across
studies; however, PTSD symptom severity was explored as
seven studies included a PTSD rating scale as a measurement
within their design and nearly all studies included the
Clinician Administered PTSD Scale (Blake et al. 1995) as
their outcome (Amick et al. 2013; Nelson et al. 2012; Peskind
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et al. 2011; Shandera-Ochsner et al. 2013; Verfaellie et al.
2014), whereas two studies (i.e., Kontos et al. 2013; Scheibel
et al. 2012) included the PTSD Checklist (Dobie et al. 2002)
as an alternative. The data from these scales allowed for the
calculation of effect sizes for PTSD symptoms (i.e., Cohen’s
d), calculated using the formula provided above. Thereafter, a
hierarchical meta-regression evaluated PTSD effect size as a
predictor of the overall cognitive effect size. Using the notation of the previous section, we model
d ij ¼ α þ βxi þ i þ εij þ eij
where xi is the PTSD effect size for the i’th study.


Here, i eN ð0; σ2 Þ is the regression error, εij eN 0; σ2studyi is


the study level error, and eij eN 0; σ2effectij is the effect level
error, with variance calculated as in the previous section. The
model for this analysis extended from the model in the previous section, maintaining a Bayesian framework and including
a Cauchy+ (0, 1) prior on the regression variance and a noninformative prior (0, 1000) on the intercept and β parameters.
Cognitive construct was also evaluated as a categorical moderator of effect sizes through the Bayesian framework, using
the hierarchical method described above to estimate a
construct-specific effect size from a study level distribution
and then a construct-specific effect size from the global distribution, using the aforementioned priors.
Publication Bias Assessment Evaluating publication bias
has many inherent problems, particularly for an analysis
with a small sample size (see Thornton and Lee 2000,
for a discussion), as it involves a number of assumptions difficult to verify with existing data. To assess the
potential influence of publication bias on the metaanalytical findings, we simulated the effect of unpublished null results by adding additional studies with a
zero effect size into the model. Specifically, in addition
to the eligible studies, we fit the model with the up to 15
hypothetical studies with effect size of zero and a standard
deviation of 0.20, with this value representative of the study
level estimates obtained from the meta-analysis. We examined
plots depicting the change in the posterior mean effect sizes
and respective HDIs with the addition of each study to evaluate the robustness of our findings.

Results
Systematic Review
The 9 eligible studies reported 12 groups with a history of
blast-related mTBI and 11 non-injured control groups. Two
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studies included mTBI groups with and without PTSD/Axis I
diagnoses (Nelson et al. 2012; Shandera-Ochsner et al. 2013).
For these studies, both mTBI groups were included and compared to separate non-injured control groups that matched the
mTBI groups in regards to psychiatric symptoms (i.e., PTSD/
Axis I comparison groups with no history of head injury). One
study reported two mTBI groups (i.e., with and without LOC),
with both groups compared to the same non-injured control
group for comparison (Verfaellie, Lafleche, Spiro, and
Bousquet 2014). Notably, Nelson et al. (2010) also included
two samples with a history of blast-related mTBI, but only one
of their mTBI groups was ultimately included in the metaanalysis. The excluded mTBI group was recruited from a
forensic setting and – on average – presented significantly
worse performances than the non-injured control group on
measures of effort. Seven studies reported the exclusion of
participants for low effort on symptom validity tests
(Amick et al. 2013; Nelson et al. 2010, 2012; Peskind
et al. 2011; Shandera-Ochsner et al. 2013; Verfaellie
et al. 2014) or non-characteristically low scores based on a
test manufacturer’s criterion (i.e., two standard deviations
below the overall sample mean; Kontos et al. 2013). The
two studies not reporting effort measures (i.e., Scheibel et al.
2012; Vakhtin et al. 2013) occurred in a highly researchoriented context, with few clear incentives for low effort on
behalf of the participants. To control for the possible
impact of low effort on these two studies, a post-hoc
analysis excluding these two samples recalculated the overall
posterior mean effect size, with results described in the following subsection.
Among the included studies, 1,154 participants reported a
history of at least one mTBI, with a mean age of 31.27 years
(SD=2.63) and a mean educational history of 13.90 years
(SD=0.53). The mTBI samples were on average predominantly male (x̄ = 96.97 %, SD=2.47) and white (x̄ = 91.90 %,
SD = 7.29). About half of the participants reported an
mTBI with LOC (x̄ = 49.95 %, SD=38.87) with an average
time since injury of 3.79 years (SD=1.03) across the sample.
The control groups included 19,673 participants, the majority
of which (n=19,390) came from a single study (Kontos et al.
2013). These participants had a mean age of 33.72 years
(SD=6.68) and were predominantly white (x̄ = 85.43 %,
SD=12.95) and male (x̄ = 88.37 %, SD=11.41). They
presented a mean of 14.18 years of education (SD=0.79).
Study quality appeared largely homogeneous across studies,
with all researchers reporting cross-sectional designs,
which resulted in a level of evidence of OCEBM Level
4 for all studies. Following the subcategories specified by
Comper et al. (2010), nearly all studies fell into Category A,
with the exception of Peskind et al. (2011), which fell
into Category B. Table 1 summarizes the extracted data
from each individual study, along with their respective
overall effect sizes.
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The PTSD group for Nelson et al. (2010) was combined with other anxiety disorders. As well, these authors did not divide gender or ethnicity by group, with the same values used for both the mTBI and
control groups

*Kontos et al. (2013) did not separate gender or mean age for the blast-related mTBI group and the control group, with the same values reported for each group
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Table 1 Studies included in meta-analysis: effect sizes and extracted variables
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Meta-Analysis
The model was fit using three chains of 10,000 samples, of which 2,000 were burn-in samples. The R
statistic was <1.01 for all parameters, suggesting that
the model converged successfully, a finding confirmed
by visual inspection of the chains. A sensitivity analysis
was conducted to assess the effects of the harsh prior on the
variance, which demonstrated that the resulting estimates
were not sensitive to the precise value of the prior used.
Figure A1 (Online Resource 4) provides a visual presentation
of these results.
Within the following section, a negative effect size indicates worse performance by the mTBI group when compared
to the non-injured control group. The posterior mean effect
size came to d=−0.12, HDI [−0.21, −0.04]. A post-hoc analysis excluded the two samples without effort assessment
(i.e., Scheibel et al. 2012; Vakhtin et al. 2013) and
recalculated the posterior mean effect size, identifying
a similar result, d=−0.10 [−0.17, −0.02]. To evaluate
the impact of publication bias of this overall effect,
Figure A2 (Online Resource 5) plots changes in the
overall posterior mean effect size and HDI with the
addition of 15 null effect sizes, demonstrating that –
despite more than doubling the included effect sizes
with hypothetical null effects – the overall effect size
remained reliably nonzero.
When divided by construct, only one effect size presented
compelling evidence of being non-zero: executive functions,
d=−0.16 [−0.31, 0.00]. When subdivided into three diverse
executive functions (i.e., set-shifting, inhibition, and working
memory), set-shifting presented the only effect size estimate
with an HDI that did not overlap zero, d=−0.33, [−.55, −.05].
Two other constructs, processing speed and verbal delayed
memory, presented an HDI that only slightly overlapped
zero, d = −0.11, [−0.26, 0.01] and d = −0.19, [−0.44,
0.06], respectively. Table 2 summarizes the overall effect size and the effect size for each constructs along with
their respective HDIs. Figure 2 displays the effects sizes and
HDIs for each study schematically through a forest plot.
Figure 3 provides a forest plot of the overall effect size and
the effect size for each cognitive construct along with their
respective HDIs.
Aside from cognitive construct, the only other moderator examined was PTSD symptoms, evaluated
through a regression model with PTSD effect size serving as the sole predictor of cognitive effect size. The
analysis produced an intercept and HDI of α = −0.08
[−0.22, 0.07], a PTSD beta-weight of β=−0.02 [−0.23,
0.20], and an error term of σ=0.31 [0.26, 0.36]; however, only seven studies reported sufficient data to calculate
an effect size for PTSD symptoms, which limited the power of
this analysis.
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Table 2 Effect sizes by cognitive construct
Construct

k

x̄

Lower HDI

Upper HDI

Overall
Attention
Executive Functions
Inhibition
Set Shifting
Working Memory
Fluency
Motor
Processing Speed
Verbal Delayed Memory
Verbal Memory
Visual Delayed Memory
Visual Memory
Visuospatial Skills

12
3
11
10
8
7
8
2
10
8
10
4
5
3

−0.12
−0.05
−0.16
−0.08
−0.33
−0.07
−0.18
0.13
−0.11
−0.19
−0.17
0.03
−0.03
−0.43

−0.21
−1.70
−0.31
−0.32
−0.55
−0.38
−0.50
−1.62
−0.26
−0.44
−0.57
−0.55
−0.57
−1.67

−0.04
1.88
0.00
0.16
−0.05
0.26
0.14
1.24
0.01
0.06
0.21
0.65
0.46
0.66

HDI Highest Density Interval, k Number of studies. Bold indicates an
effect size that does not overlap zero

Discussion
The current results present a subtle, but reliably negative
impact of mTBI on global cognitive ability in the post-acute
phase of recovery, with a clear construct-level effect on the
executive function of set-shifting. Although the HDI for
their effect sizes slightly overlapped zero, performances
on delayed memory and processing speed tasks also
appeared slightly worse for those reporting a history of
blast-related mTBI. The average time since injury of
mTBI was 3.79 years; however, the posterior mean for
the estimated global effect size presented strong evidence of being non-zero (i.e., d=−0.12, HDI [−0.21,
−0.04]), indicating a persistent, but very small cognitive
deficit among individuals with blast-related mTBI when
compared to non-injured controls. Interestingly, the samples included within the current meta-analysis have a
mix of single and repeated blast-related mTBI and/or
blast exposures. Many studies listed mean frequencies
of blast-related mTBI or blast exposures for their samples slightly above one, but two studies reported an
average greater than ten (see Table 1). Peskind et al.
(2011) described a mean blast exposure of 30 with a
range of 5 to 102 throughout participants’ military careers. In turn, the chronic effects of mTBI observed herein
may derive from the many participants with repeated mTBI
included within the eligible samples, as soldiers commonly
experience multiple blast exposures during deployment
(Benzinger et al. 2009; Fortier et al. 2014), which could result
in multiple blast-related mTBIs. As such, the results of the
construct analyses, rather than the overall cognitive effect,
closely resemble those of meta-analyses on multiple mTBI.
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Interestingly, the construct-level analyses identified executive functions and delayed verbal memory as particularly
sensitive to blast-related mTBI, which is consistent with the
conclusions of a previous meta-analysis on repeated mTBI
(Belanger et al. 2010), despite both meta-analyses including
entirely separate groups of studies. Another meta-analysis
evaluated exposure to head injury among athletes by evaluating the relationship between cognitive performance and head
impact frequencies in sports (e.g., heading the ball in soccer;
Belanger and Vanderploeg 2005). These authors similarly
identified executive functions and delayed memory as the
second and third most adversely impacted cognitive abilities,
respectively (language presented the highest effect size).
Including the current findings, three discrete meta-analyses
evaluating separate populations and exclusive sets of studies
all found specific deficits in executive functions and delayed
memory following repeated mTBI or an analogous variable
(i.e., head injury exposure).
Moving forward from these past meta-analyses, executive
functions were investigated as both a unitary and diverse
construct in the meta-analysis, which sub-divided executive
functions into three constructs: inhibition, set-shifting and
working memory (Miyake et al. 2000). Interestingly, setshifting presented as the only construct with strong evidence
for chronic impairment following mTBI, which matches past
findings of a post-acute effect of concussion on executive
attention tasks in athletes (Halterman et al. 2006; Karr et al.
2014b; Sosnoff, Broglio, Hillman, and Ferrara 2007).
Altogether, the construct analyses support the original claim
by Bogdanova and Verfaellie (2012), where executive functions, complex attention and delayed memory show impairment following blast-related mTBI. Adding to this conceptualization, the current meta-analysis identified processing
speed as an additional construct susceptible to blast-related
mTBI.
Brain-Behavior Relationships
Based on the current findings, the cognitive sequelae of mTBI
correspond well to the neurological sequelae of mTBI observed in past neuroimaging findings (Eierud et al. 2014).
The three constructs presenting evidence of impairment following mTBI (i.e., processing speed, delayed memory and
executive functions) have also presented attenuated performances in the presence of white matter abnormalities
(Gunning-Dixon and Raz 2000). In terms of white matter
damage, traumatic axonal injury stands as the characteristic
injury of concussion (Hurley et al. 2004; Shenton et al. 2012)
and may even serve as a potential diagnostic feature of the
injury (Lee and Huang 2014). In turn, it appears that cognitive
impairments following blast-related mTBI match that of common cognitive impairments associated with general white
matter damage.
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This conclusion corresponds with previous DTI research
evaluating associations between axonal damage and cognitive
deficits following mTBI, linking post-mTBI global, prefrontal
and uncinate white matter damage to processing speed, executive function and memory deficits, respectively (Niogi and
Mukherjee 2010). For example, the reduction in attentional
control (a construct closely related to set-shifting; Packwood,
Hodgetts, and Tremblay 2011) corresponds with localized
white matter damage in the anterior corona radiata (Niogi
et al. 2008), the most commonly damaged white matter area
in cases of mTBI (Eierud et al. 2014). In relation to specifically blast-related mTBI, one study (Jorge et al. 2012) correlated DTI data with executive function and memory measures,
finding a correlation between corpus callosum damage and
executive performance. Although these authors did not subdivide the corpus callosum in their analysis, they attributed
this correlation to anterior components of this commissure, as
per past research linking blast-related mTBI to frontal dysfunction and anterior callosal damage (Sponheim et al. 2011).
Similarly, a recent DTI study on soldiers with blast and nonblast TBIs of mixed severity (Yeh et al. 2014) found frontostriatal and fronto-limbic white matter injury, while another
study on veterans with blast and non-blast mTBI (Sorg et al.
2014) linked executive performance deficits to damage in the
prefrontal white matter, the corpus callosum, and the cingulum bundle (Sorg et al. 2014).
Aside from white matter damage, the cognitive abilities
most sensitive to mTBI also match the functional deficits
common to the injury, as the frontal processes that underlie
delayed memory and set-shifting may also be impaired
(Eierud et al. 2014). Past neuroimaging studies have linked
verbal information retrieval to predominantly frontal areas,
while visual information retrieval relies on more diffuse areas
of the brain (Cabeza and Nyberg 2000). As well, set-shifting
relies heavily on the anterior cingulate cortex (Posner and
Rothbart 2007; Posner, Rothbart, Sheese, and Tang 2007),
which has shown functional impairment following mTBI
(Mayer, Mannell, Ling, Gasparovic, and Yeo 2011; Witt,
Lovejoy, Pearlson, and Stevens 2010). Altogether, the neurobehavioral findings of the current meta-analysis correspond to
the neurological findings of past imaging studies, providing
quantitative evidence for blast-related mTBI as a largely anterior injury with executive-cognitive sequelae.
Implications for Clinical Practice
Neuropsychologists rely on brain-behavior relationships to
appreciate the clinical presentations of brain injury, understanding how lesions in brain areas impact both cognition
and behavior. To effectively evaluate head injured soldiers,
military neuropsychologists require a comprehensive understanding of both the neurological and cognitive detriments
that could be expected after an mTBI in the warzone. With
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the current results in mind, a clinician working with military
personnel can predict the specific domains (i.e., executive
functions, delayed memory, and processing speed) in which
long-term deficits may occur following blast-related mTBI.
Past clinical recommendations emphasize the assessment of
processing speed and memory in the chronic phases of mTBI
among those individuals that do not present a timely recovery
(Prigatano and Borgaro 2006) and the current findings support
the addition of set-shifting as an domain requiring assessment.
In addition to assessment, the U.S. military has established
differential treatment algorithms for neuropsychologists evaluating cases of mTBI, with different assessment and treatment
plans depending on available resources. One such algorithm
(i.e., Initial Management of Concussion in the Deployed
Setting; Barth, Isler, Helmick, Wingler, and Jaffee 2010) has
the clinician assess symptoms every 3 days and evaluate a
differential diagnosis of depression or acute stress if symptoms do not subside by 7 days. To benefit recovery, this
algorithm emphasizes psycho-education of the client regarding expected recovery trajectories to facilitate recovery and
prompt return-to-duty. With the current findings, neuropsychologists will know which cognitive domains likely remain
impaired among soldiers that remain symptomatic in the postacute phase despite receiving psycho-education, allowing
them to identify any cognitive deficits and appropriately
structure any supports to ensure safe and timely return-toduty for injured soldiers.
In addition to acute concussion management, neuropsychologists may have a role at identifying those soldiers chronically impaired by repeated blast-related mTBIs. A history of
multiple mTBIs appears as a risk factor for many cognitive
concerns among military personnel long after returning home
from war, including Alzheimer’s disease, CTE, and other
neurodegenerative diseases and dementias (Chapman and
Diaz-Arrastia 2014; Goldstein et al. 2012; Khachaturian and
Khachaturian 2014; McKee et al. 2013). Considering the high
cost of dementia care among veterans (Sibener et al., 2014),
the early identification of cognitive impairment among brain
injured soldiers may eventually serve to predict those at risk
for later cognitive declines, although the exact linkage between mTBI and neurodegenerative diseases remains poorly
understood to date (Karantzoulis and Randolph 2013).
Neuropsychologists have historical roles in the evaluation
and management of both brain injuries and dementias, making
their understanding of both phenomena invaluable for the care
of active-duty and veteran populations.
Limitations and Future Directions
Although the discussed results support a chronic effect of
blast-related mTBI, some study design elements (i.e., selection context) and participant characteristics (i.e., PTSD) may
have impacted the magnitude of these effects. In regards to
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selection context, the majority of participants came from
health care systems and/or brain injury clinics (e.g., Nelson
et al. 2010, 2012; Peskind et al. 2011; Shandera-Ochsner et al.
2013; Scheibel et al. 2012; Vakhtin et al. 2013), which have
historically yielded more significant effect sizes among civilian samples (Belanger et al. 2005). In turn, this selection
context may inflate the observed effect sizes in the chronic
phase of mTBI recovery, due potentially to a selection bias of
symptomatic participants that present at such clinics long after
injury. Further, those soldiers involved in the medical system
may have a unique form of mTBI compared to head-injured
soldiers either uninvolved with the medical system or living
with an undetected injury.
Aside from selection context, symptom validity remains an
ever-present concern in the cognitive assessment of military
personnel (Greiffenstein 2010), and minor injuries, such as
mTBI, have a higher likelihood of symptom feigning
(Greiffenstein and Baker 2008). Nearly all studies reported
excluding participants based on evidence of poor effort, but
two included studies (i.e., Scheibel et al. 2012; Vakhtin et al.
2013) did not report any assessment of participant effort or
symptom validity. Notably, these studies occurred in a research context with no clear incentives for the poor effort or
symptom feigning, and non-forensic military samples have
presented good effort on average (Nelson et al. 2010). Further,
their removal from the meta-analysis resulted in a negligible
change in the overall posterior mean effect size. However,
without effort testing, the validity of cognitive performances
within these studies remains unknown, which may have
slightly impacted the effect sizes described within this metaanalysis.
The presence of trauma history within the population may
have also influenced the observed effects of mTBI on cognition. Concussed soldiers with long-term cognitive complaints
may suffer from trauma in addition to their mTBI; however,
the current meta-analysis provided limited insight into the
effects of PTSD on cognitive outcomes in cases of mTBI.
Too few studies explored PTSD to effectively evaluate it as a
moderator of injury. The non-significant correlation presented
as largely underpowered and the PTSD effect sizes had a
highly non-normal distribution. Overall, the PTSD effect sizes
were quite high (see Table 1), aligning with past claims of high
co-morbidity between mTBI and PTSD (Carlson et al. 2011;
Chapman and Diaz-Arrastia 2014; French et al. 2011). As
PTSD sequelae often interact with the sequelae of mTBI
(Barth et al. 2010; Nelson et al. 2012; Shandera-Ochsner
et al. 2013), it remains unclear whether the observed cognitive
effect derives from the brain injury, the trauma associated with
blast exposure, or an interaction between PTSD symptoms
and the mTBI.
Notably, only one study identified in the systematic review
involved a sample of non-military personnel exposed to blast
injury (i.e., Baker et al. 2011). Evaluating blast-related mTBI
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outside of the warzone, these authors identified negligible
cognitive changes among Police Explosive Technicians following blast exposure through Forced Explosive Entry
Training. In turn, exposure to the warzone and its associated
traumas may have a greater impact on cognitive performances
than blast-related mTBI. Even after controlling for stress,
depression and the full spectrum of head injury, deployment
in Iraq still presented statistically significant impairments on
neuropsychological measures (Vasterling et al. 2006). The
operational stress of deployment and the trauma element of
injury in the warzone differentiate military mTBI from that of
civilian concussion, but the current meta-analysis cannot shed
light on the extent that trauma explains the chronic cognitive
sequelae of mTBI among this population.
The meta-analysis was not only hindered by limited
reporting of PTSD symptoms, but also by a small sample of
studies in general. Few studies overall have evaluated the
cognitive outcomes of blast-related mTBI and some constructs have very limited representation in the existing studies
(see Table 2). As such, although the constructs shown to be
sensitive to mTBI matched those hypothesized and proposed
by past studies, some of the constructs that did not appear
adversely affected by mTBI may simply have too few data
points to calculate a posterior mean with a reasonably sized
HDI. The current meta-analysis lacks sufficient data to make
strong claims about the cognitive impact of mTBI on constructs with limited data points across studies (e.g., attention,
motor, visuospatial skills). Moving forward, future researchers
should explore these constructs in greater detail, as more
observations may provide future meta-analysts with the power
to identify any potential impairment in these constructs.
The few studies eligible for the meta-analysis also presented
universally low study quality, as all studies drew inference
from cross-sectional designs. Despite low study quality, a
promising feature of the included studies was the standardized
criteria of mTBI used as operational definitions by multiple
authors. The majority of studies used the criteria established by
the American Congress of Rehabilitation Medicine, while
some authors provided alternative definitions. As researchers
across all studies provided operational definitions of mTBI, the
head injuries captured across studies has some level of commonality, which supports the validity of the current research
synthesis at capturing the consequences of mTBI. Overcoming
the limits of cross-sectional designs, the only study incorporating a longitudinal design to evaluate blast-related mTBI
(Luethcke et al. 2011) did not meet eligibility criteria for the
meta-analysis, as it only examined the acute effects of blast and
non-blast mTBI within 72 h of injury. Although the study
quality exceeded that of the cross-sectional designs included
in the meta-analysis, the close proximity to injury would have
biased the estimate of chronic effects of mTBI provided by the
current meta-analysis, as the acute effects of mTBI appear
much more severe (Karr et al. 2014a).
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Moving forward, researchers with available data should
enlist prospective designs with baseline testing that track
blast-related mTBI past the acute phase of injury. The U.S.
Department of Defense has already begun a program of universal baseline testing, using a specially designed computerized battery entitled the Automated Neuropsychological
Assessment Metrics (ANAM; Seegmiller and Kane 2010). A
handful of recent studies have evaluated cognitive change
from baseline using the ANAM among military personnel
suffering mTBI, but did not separately analyze blast-related
injury (Bryan and Hernandez 2012; Kelly, Coldren, Parish,
Dretsch, and Russell 2012; Roebuck-Spencer et al. 2012).
Future designs should evaluate injury mechanism to identify
if blast has a unique cognitive impact compared to blunt
injuries. Further, increased testing occasions will allow for a
clearer picture regarding cognitive change following blastrelated mTBI, moving forward from cross-sectional research
on the subtle, but chronic cognitive impairment associated
with blast-related minor head injury.
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