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Abstract

Objectives: To examine the effects of pediatric traumatic brain injury (TBI) on verbal IQ by severity and over time.
Methods: A systematic review and subsequent meta-analysis of verbal IQ by TBI severity were conducted using a
random effects model. Subgroup analysis included two epochs of time (e.g., <12 months postinjury and >12 months
postinjury). Results: Nineteen articles met inclusion criteria after an extensive literature search in MEDLINE, PsycInfo,
Embase, and CINAHL. Meta-analysis revealed negative effects of injury across severities for verbal 1Q and at both time
epochs except for mild TBI < 12 months postinjury. Statistical heterogeneity (i.e., between-study variability) stemmed
from studies with inconsistent classification of mild TBI, small sample sizes, and in studies of mixed TBI severities,
although not significant. Risk of bias on estimated effects was generally low (k= 15) except for studies with
confounding bias (e.g., lack of group matching by socio-demographics; k =2) and measurement bias (e.g., outdated
measure at time of original study, translated measure; k =2). Conclusions: Children with TBI demonstrate long-term
impairment in verbal IQ, regardless of severity. Future studies are encouraged to include scores from subtests within
verbal IQ (e.g., vocabulary, similarities, comprehension) in addition to functional language measures (e.g., narrative
discourse, reading comprehension, verbal reasoning) to elucidate higher-level language difficulties experienced in this

population.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of acquired dis-
ability in children (Dewan et al., 2019), with long-term outcomes
influenced by demographic, pre-injury, and injury-related fac-
tors. The most established factor impacting long-term outcomes
in pediatric TBI is severity of injury; children with severe TBI
demonstrate poorer neuropsychological outcomes than children
with mild to moderate TBI (Anderson, Catroppa, Morse,
Haritou, & Rosenfeld, 2005; Ewing-Cobbs, Fletcher, Levin,
Iovino, & Miner, 1998; Ewing-Cobbs et al., 2006; Jaffe,
Polissar, Fay, & Liao, 1995; Taylor et al., 2002). The second
factor contributing to long-term outcomes is age at injury;
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children injured younger demonstrate poorer performance on
neuropsychological assessment than children injured older
(Anderson et al., 2005; Anderson, Spencer-Smith, et al.,
2009; Ewing-Cobbs et al., 2004; Levin et al., 1993, 1996;
Slomine et al., 2002; Verger et al., 2000), likely due to imma-
turity of the frontal lobes (Gogtay et al., 2004) and less consoli-
dated skills at the time of injury (Anderson et al., 2005; Ewing-
Cobbs & Barnes, 2002; Taylor & Alden, 1997). In addition to
severity of TBI and age at injury, pre-injury adaptive behavior
(Anderson, Morse, Catroppa, Haritou, & Rosenfeld, 2004;
Catroppa, Godfrey, Rosenfeld, Hearps, & Anderson, 2012;
Chapman, Levin, Matejka, Harward, & Kufera, 1995), family
functioning such as conflict, intimacy, and parenting style
(Anderson, Godfrey, Rosenfeld, & Catroppa, 2012; Max
et al., 1999), and socio-economic status (Aguilar et al., 2019;
Anderson et al., 1997; Donders & Kim, 2019) have also been
found to contribute to long-term outcomes.
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Neuropsychological assessment of language in pediatric
TBI reveal relatively spared expressive lexicons (e.g., nam-
ing) across severities for children injured older (i.e., >8 years;
Catroppa & Anderson, 2004) and for mild and moderate TBI
in children injured younger (i.e., <8 years; Anderson et al.,
2004; Haarbauer-Krupa et al., 2018). Age-appropriate perfor-
mance on expressive naming in the long-term stage of
pediatric TBI recovery suggests that most children with
TBI continue to acquire new vocabulary after injury.
However, applying acquired knowledge does not show the
same sparing in children with TBI, as evidenced in long-term
outcomes of verbal IQ (Anderson, Catroppa, Morse, Haritou,
& Rosenfeld, 2009; Catroppa & Anderson, 2004). Verbal IQ
demonstrates relatively “flat” recovery trajectories in com-
parison to positive slopes of performance 1Q, despite notice-
ably less impairment than performance IQ in the initial stage
of injury (Anderson et al., 2012; Babikian & Asarnow,
2009). Flat recovery trajectories of verbal IQ suggest contin-
ued difficulties on tasks that require children to apply
acquired word knowledge (e.g., verbal concept formation,
reasoning, and expression), higher-level language skills that
are needed for scholastic success (Allen, Thaler, Donohue, &
Mayfield, 2010; Hanten et al., 2009). Thus, a closer exami-
nation of verbal IQ may bring awareness to impairments in
language tasks requiring executive functions, tasks that have
been identified as vulnerable to pediatric TBI across sever-
ities (Cermak, Scratch, Kakonge, & Beal, 2021; Cermak
et al., 2019).

To date, verbal IQ in pediatric TBI has been examined in
two meta-analytic studies with limitations (Babikian &
Asarnow, 2009; Konigs, Engenhorst, & Oosterlaan, 2016).
In the first meta-analytic review of neurocognitive outcomes
in pediatric TBI (Babikian & Asarnow, 2009), effects of
injury on verbal IQ were present in all severities in the
long-term stage of recovery (i.e., >24 months postinjury);
small sample size of studies within each TBI severity (e.g.,
k=1) precluded meta-analysis in the short-term stage of
recovery (i.e., < six months postinjury). In a larger meta-ana-
Iytic review of intelligence outcomes in child TBI (Konigs
et al., 2016), effects of injury on verbal IQ were present in
moderate and severe TBI in the subacute stage of recovery
(i.e., < six months postinjury) and in all severities in the
chronic stage of recovery (i.e., > six months postinjury).
However, normative data were used to calculate effect sizes
for uncontrolled studies potentially resulting in conservative
effect sizes as identified by the original authors (Konigs et al.,
2016). Therefore, it was timely to address the limitation iden-
tified by Konigs et al. (2016) and complete a meta-analysis of
verbal IQ using controlled studies only. Further, it was nec-
essary to complete a quality appraisal of the included studies
to evaluate if any risk of bias (e.g., selection, confounding,
measurement) contributed to overall estimated effects of
injury on verbal IQ performance.

Our first aim was to examine verbal IQ performance by
severity of TBI. We expected our results to show the largest
estimated effect for severe TBI, based on predictors of
outcome in childhood TBI literature (Anderson et al., 2005;
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Ewing-Cobbs et al., 2004; Verger et al., 2000). Our second
aim was to explore the estimated effect of pediatric TBI on ver-
bal IQ performance over time. We expected our results to dem-
onstrate a long-term effect of injury on verbal IQ performance
based on literature describing recovery trends of verbal I1Q in
children with TBI (Anderson et al., 2005; Anderson, Catroppa,
Morse, Haritou, & Rosenfeld, 2000; Ewing-Cobbs et al.,
1997). In turn, we hypothesized that the estimated effects of
injury on verbal IQ performance would demonstrate the degree
of potential impairment in the accessibility and application of
lexical knowledge in childhood TBIL

METHODS

Our systematic review and meta-analysis process was guided
by the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA; Moher, Liberati, Tetzlaff, &
Altman, 2009); this review was not registered.

Search Strategy

We searched four electronic databases: Ovid MEDLINE,
Embase + Classic Embase, CINAHL Plus, and APA
PsycInfo using subject headings and key terms for the sub-
jects (1) brain injury, (2) child, and (3) intelligence. We
expressed our search in Boolean logic using the terms
“OR” to connect each subject together followed by “AND”
to combine all three terms as seen in Table 1. There were
no limits placed on the year of publication, with the most
updated search completed on November 1, 2020.

Eligibility Criteria

Studies selected met the following inclusion criteria:
(1) included participants with TBI and no previous brain
injury, (2) results reported verbal IQ performance data
(e.g., standardized scores) from a standardized measure,
(3) included a non-brain injured control group, (4) partici-
pants’ age at initial injury was between 3 months and 18
years, (5) was a cross-sectional or longitudinal study design,
and (6) was published in English. Studies were excluded if
verbal 1Q data (e.g., scores) were not reported, if there was
no control group, and if results included adult TBI data with
no separation of age at injury (e.g., child, adult). Additionally,
studies were excluded if they were clinical opinion pieces,
case studies, or reliability testing (e.g., tool development)
of a verbal IQ measure. Lastly, if there were studies from
the same research group with participant overlap, the study
that reported verbal IQ by TBI severity (e.g., mild, moderate,
and/or severe) was included and the study that reported TBI
as a group (i.e., mixed TBI severities) was excluded. Search
results were uploaded into Covidence (“Covidence system-
atic review software,” n.d.). Articles were screened by two
reviewers (C.C. and L.K) in two stages (i.e., title and abstract
screen, and full text) based on the inclusion and exclusion
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Search terms for brain injury

Search terms for children

Search terms for outcome measure

1 brain injuries, traumatic/ 7 child, preschool/ 14 neuropsychological tests/
2 head injuries, closed/ 8 child/ 15 intelligence/
3 traumatic adj4 injur*.tw kf 9 child*.tw kf 16 neuropsychol*.tw,kf
4 closed adj4 injur*.tw,kf 10 infan*.tw,kf 17 neurobehav*.tw kf
5 diffuse adj4 injur®.tw,kf 11 toddler* 18 intell*.tw,kf
6 lor2or3or4orS 12 p?ediatric.tw kf 19 language.tw,kf.

13 7or8or9orl0orll 20 verbal.tw kf

or 12 21 NQ.tw,kf
22 14 or 15 0r 16 or 17

or 18 or 19 or 20 or 21

criteria listed above. A third reviewer (D.B.) resolved any
discrepancies.

Data Collection

Study characteristics were extracted by the first author (C.C.)
into an abstraction form based on similar reviews conducted
on verbal fluency outcomes (Cermak et al., 2021) and cogni-
tive communication impairments (Cermak et al., 2019) in
pediatric TBI. Characteristics that were extracted from each
study included: (1) the article’s author(s), (2) year of publica-
tion, (3) location of study, (4) population (e.g., sample size,
sex, and severity of TBI), (5) age at injury, (6) time since
injury, (7) age at assessment, and (8) verbal IQ measure used.
Data extracted from each verbal 1Q score included the stan-
dard score means and standard deviations from each group
(e.g., TBI and controls). Abstracted data were reviewed for
accuracy by the last author (D.B.)

Assessment of Study Quality and Risk of Bias

Assessment of study quality was guided by the Joanna Briggs
Institute critical appraisal checklist for cross-sectional studies
(Moola et al., 2017). Eight questions in the quality appraisal
tool were divided into the following domains of bias: (1)
selection bias, (2) confounding bias, and (3) measurement
bias. Each question was given a descriptive rating: yes, no,
unclear, or not applicable. Descriptive ratings of each domain
were used to inform risk of biases. In turn, an overall influ-
ence of bias on estimated effect sizes was determined based
on the descriptive ratings from each of the three domains. All
risks of biases were rated as “low,” “moderate,” or “high.”
Study quality and risk of bias were rated independently by
two reviewers (C.C. and L.K.). Any disagreement between
the two reviewers was resolved via discussion with a third
reviewer (D.B.).

Statistical Analysis

Studies were statistically summarized using RevMan 5.3
meta-analysis software to (1) calculate the effect sizes of
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childhood TBI on verbal IQ performance in comparison
to controls, and (2) calculate statistical heterogeneity
(Tau?). Potential sources of clinical heterogeneity included
TBI severity and time since injury. We addressed TBI
severity by completing a separate meta-analysis for studies
that reported verbal IQ data by TBI severity (e.g., mild,
moderate, severe) and for studies that reported verbal 1Q
data as a TBI group (i.e., mixed TBI severities). We
addressed time since injury by completing a subgroup
analysis at two epochs of time: <12 months postinjury
(i.e., short-term) and >12 months postinjury (i.e., long-term,
or chronic stage of recovery). These time epochs were
selected based on pediatric TBI literature identifying
12 months postinjury as the time of plateau in neuropsycho-
logical recovery (Anderson, Catroppa, Morse, et al., 2000;
Yeates et al., 2002).

A random effects model (Hedges & Vevea, 1998) was
applied to calculate effect sizes based on standardized mean
differences of verbal fluency scores using a 95% confidence
interval. Effect sizes were characterized using Cohen’s
(1988) categorization of small (0.2), medium (0.5),
and large (0.8). A positive effect size (g > 0) indicated better
performance of the TBI group compared to controls whereas
anegative effect size (g < 0) indicated worse performance of
the TBI group compared to controls. Statistical hetero-
geneity (Tau®) was calculated to reflect the amount of
variance of effect sizes between studies within each
time epoch.

RESULTS

Study Selection

The electronic database search of MEDLINE, Embase,
CINAHL, and PsyclInfo yielded 4961 articles. All articles
were imported to Covidence. After removal of duplicate
articles, 3000 remained. Screening of titles and abstracts of
the identified references resulted in 185 articles for full-text
review. Full-text review of articles resulted in 19 studies
(k) meeting inclusion criteria for this systematic review.
See Figure 1.
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Records identified through
database searching
(k = 4961)

Duplicates removed
(k=1961)

v

v

Records screened Records excluded

(k =3000) > (k= 2814)
Full-text articles excluded (k = 168)
A, ® no control group (k = 63)
Full-text articles assessed for * novia da.ta (k=53)
o e not an article (k = 17)
eligibility 7| e article inaccessible (k = 11)
(k=187)

* mixed or wrong etiology (k = 5)
e review article (k = 4)

e included adults (k = 3)

® repeat sample (k=5)

® notin English (k = 2)

o duplicate missed (k = 2)

e multiple TBIs in sample (k= 1)

o tool development (k = 1)

® VIQ used to match groups (k = 1)

Studies included in quantitative
synthesis (meta-analysis)
(k=19)

[ Included ][ Eligibility N Screening ][ Identification ]

Fig. 1. PRISMA flow diagram of study selection.

Description of Studies

The 19 studies that met inclusion criteria for this review origi-
nated from the United States of America (k=9; Donders &
Kim, 2019; Haarbauer-Krupa et al., 2018; Jaffe et al., 1993;
Levin, Song, Ewing-Cobbs, Chapman, & Mendelsohn,
2001; Massagli et al., 1996; Max et al., 1998; Tremont,
Mittenberg, & Miller, 1999; Warschausky, Kewman, &
Selim, 1996; Wozniak et al., 2007), Australia (k=6; V.
Anderson et al., 2012; V. Anderson, Catroppa, et al., 2009;
V. Anderson, Catroppa, Rosenfeld, et al., 2000; Crowe
et al., 2012; Didus et al., 1999; Garth & Anderson, 1997),
United Kingdom (k = 2; Chadwick, Rutter, Brown, Shaffer,
& Traub, 1981; Hawley et al., 2004), Spain (k= 1; Verger
et al., 2000), and South Africa (k= 1; Schrieff-Elson et al.,
2015). The year of publication ranged from 1981 to 2019.
Control groups included orthopedic injury (k = 4) and healthy
controls (k= 15). Eleven studies examined verbal 1Q perfor-
mance by TBI severity (Table 2), and eight studies examined
verbal IQ performance by TBI group (i.e., mixed TBI sever-
ities; Table 3).

For studies that examined verbal IQ by TBI severity
(k=11), average age at injury ranged from preschoolers
(e.g., <6 years of age; k=4) to school-age children
(e.g., age 6-18 years; k=7). Most studies were cross-
sectional (k = 8) compared to longitudinal (k = 3). Time since
injury for cross-sectional studies ranged from days postinjury
(i.e., acute) to 10 years postinjury. Time since injury for the
longitudinal studies included acute (e.g., within 1 month) and
1-year postinjury.

For studies that examined verbal IQ by TBI group
(i.e., mixed TBI severities; k=38), one study separated
groups by age at injury, dividing age groups by “young”
(e.g., <7 years of age) and “old” (e.g., >7 years of age)
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TBI (Garth & Anderson, 1997). The remaining studies of
mixed TBI had preschoolers (e.g., <6 years of age k=1),
school-age children (e.g., age 6—18 years; k = 6), and a blend
of preschoolers and school-age children (k= 1). All studies
of mixed TBI were cross-sectional (k = 8). Time since injury
for cross-sectional studies ranged from days postinjury
(i.e., acute) to 9 years postinjury.

Outcome Measures

Eighteen of 19 studies used an intelligence test developed
by Wechsler to assess verbal IQ. These included the
Wechsler Preschool Primary Scale of Intelligence (Wechsler,
1989, 2002), the Wechsler Intelligence Scale for Children
(Wechsler, 1949, 1974, 1991a, 1991b, 2003, 2014), and
the Wechsler Adult Intelligence Scale (Wechsler, 1955,
1997). One study used a translated version of the Wechsler
Abbreviated Scale of Intelligence (WASI; Wechsler,
1999) from English to Afrikaans and one study used the
Kaufman Brief Test of Intelligence (Kaufman & Kaufman,
1990). All studies reported verbal 1Q performance as a stan-
dard score (M =100, SD = 15).

Estimated Effect of TBI on Verbal 1Q
Performance

The negative effects of TBI on verbal IQ performance
were present in moderate and severe TBI at <12 months post-
injury (i.e., short-term) and in mild, moderate, severe TBI
at >12 months postinjury (i.e., long-term). A summary of
the estimated effects of injury with subgroup analysis and
statistical heterogeneity can be seen in Table 4.

Specifically, the estimated effect of injury was small in
mild TBI (g =—-0.29,95% CI[-0.45, —0.13], k = 9), medium
in moderate TBI (g = —0.55, 95% CI [-0.73, —0.36], k= 6)
and approaching large in severe TBI (g = —0.77, 95% CI
[-0.93, —0.60], k = 10). Subgroup analysis of time postinjury
in mild TBI revealed no effect in the short-term stage of
recovery (i.e., <12 months postinjury; g = —0.21, 95% CI
[-0.43, 0.01], k=4). as confidence intervals crossed zero.
Effect sizes in mild TBI approached medium in the long-term
stage of recovery (i.e., >12 months postinjury; g = —0.40,
95% CI[-0.64, —0.16], k = 7). For moderate TBI, effect sizes
were medium at short-term (g = —0.55, 95% CI [-0.95,
—0.14], k=2) and long-term (g = —0.52, 95% CI [-0.78,
—0.26], k=5) time epochs. For severe TBI, effect sizes were
large at short-term (g = —0.71,95% CI[-0.91, -0.51], k=5)
and long-term (g = —0.84, 95% CI [-1.14, —0.53], k=38)
time epochs. Statistical heterogeneity, or the between-study
variance of effect sizes within each time epoch, was not sig-
nificant. See Figures 2, 3, and 4 for forest plots of effect sizes
by TBI severity and at both epochs of time.

For studies of mixed TBI severities (i.e., verbal IQ data
were reported in the original study as one TBI group), the esti-
mated effect of TBI was medium (g = —0.66, 95% CI [-0.93,
—0.39], k = 8). Subgroup analysis of time postinjury revealed
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Table 2. Study characteristics for studies separating TBI severities

Age at injury®  Age at Ax*  Time since injury®

Author, Year, Location Sample size Sex (male) M, SD) M, SD) M, SD) Outcome measure
Anderson et al. (2000) 19 Mild 12 4.7 (1.6) 52(1.4) Acute and WPPSI-R
AUSTRALIA 46 Moderate 30 4.5 2.2) 4.7 (2.2) 1 year or WISC-III

31 Severe 17 4.7 (2.0) 49 (2.1)

35 Control 18 - 5.0 (1.9)
Anderson et al. (2009) 12 Mild 6 4.3 (1.5) 9.6 (1.4) 5 years WPPSI-R
AUSTRALIA 24 Moderate 17 4.8 (1.8) 10.4 (2.0) or WISC-III

18 Severe 12 4.6 (2.1) 9.8 (2.3)

16 Control 9 - 10.1 (1.9)
Anderson et al., (2012) 7 Mild 3 4.68 (1.60)  14.39 (1.28) 10 years WISC-III
AUSTRALIA 20 Moderate 13 5.07 (2.04)  15.45 (3.36) or WAIS-III

13 Severe 9 447 (1.94) 15.27 (2.96)

16 Control 10 - 14.53 (2.35)
Chadwick et al. (1981) 29 Mild 22 9.6 (2.5) 5to 14 Acute and WISC
UNITED KINGDOM 25 Severe 16 10.12 (2.6) 5to 14 1 year

25 Ol 16 10.03 (2.0) 5to 14
Crowe et al. (2012) 20 Mild 11 1.48 (0.89) 5.38 (0.47) 3.90 (0.81) WPPSI-
AUSTRALIA 33 Moderate-Severe® 17 1.79 (1.01) 5.03 (0.55) 3.27 (0.80) I

27 Control 11 - 5.15 (0.56) -
Hawley et al. (2004) 35 Mild 21 8.89 (2.99) 11.69 (2.89) 2.03 (1.47) WISC-III
UNITED KINGDOM 13 Moderate 11 8.31(298) 11.85(3.34) 2.85(1.77) UK

19 Severe 8 9.79 2.35)  12.79 (2.49) 1.95 (1.39)

14 Control 6 - 11.93 (2.79)
Jaffe et al. (1993) 53 Mild NR 6to 15 6to 15 24 days WISC-R
UNITED STATES 25 Moderate NR 6to 15 6to 15 31 days

20 Severe NR 6to 15 6to 15 63 days

98 Control NR - 6to 15
Levin et al. (2001) 44 Mild 23 9.8 (2.8) 10.1 (2.8) 3 months WISC-R
UNITED STATES 68 Severe 40 9.5 (3.2) 9.9 (3.2)

104 Control 63 - 10.4 (3.2)
Max et al. (1998) 24 Mild 18 8.76 (2.93) 11.18 (3.41) 1.95(0.93) WISC-R
UNITED STATES 24 Severe 18 8.71 (3.28)  10.70 (3.58) 2.39 (1.10)

24 OI 18 8.81 (3.29) 1092 (3.37) 2.07 (1.10)
Massagli et al. (1996) 30 Severe 21 6to 15 10.5 (NR) Acute and WISC-R
UNITED STATES 30 Control 21 10.7 (NR) 1 year
Schrieff-Elson et al. (2015) 11 Severe 16 6to 16 10.37 (2.62)° At least 1 year WASI
SOUTH AFRICA 11 Control

M = mean; SD = standard deviation; Ax = assessment; NR = not reported; OI = orthopedic injury.

%age and time in years unless otherwise reported.

bverbal IQ data categorized as moderate TBI in meta-analysis based on mean GCS score of moderate-severe group.
“age of the study sample.

a medium effect size at <12 months postinjury (g = —0.46,
95% CI [-0.74, —0.18], k=4) and a large effect size at
>12 months postinjury (g = —0.85, 95% CI [-1.28,
—0.41], k=4). Statistical heterogeneity was larger for studies
of mixed TBI severities than in studies that separated its ver-
bal 1Q results into mild, moderate, and severe TBI, although
not significant (p =0.05). See Figure 5 for forest plots of
effect sizes for studies of mixed TBI severities at both time
epochs.

Assessment of Study Quality

Selection bias was rated “low” for 17 studies and “moderate”
for two studies due to insufficient information on how TBI
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was reliably measured (Donders & Kim, 2019) and misclas-
sification of mild TBI (Chadwick et al., 1981). Confounding
bias was rated “low” in 17 studies and “moderate” in two
studies due to insufficient matching of TBI and control
groups on social-economic status (Warschausky et al.,
1996; Wozniak et al., 2007), a factor significantly associated
with verbal IQ outcomes (Anderson et al., 2004; Crowe et al.,
2012; Donders & Kim, 2019; Donders & Nesbit-Greene,
2004). Measurement bias was generally low except for two
studies (Chadwick et al., 1981; Schrieff-Elson et al., 2015).
First, Chadwick et al. (1981) used an outdated measure at
the time of study (e.g., WISC vs WISC-R), potentially lead-
ing to ceiling effects as time since injury progressed (Flynn,
1984). Second, Schrieff-Elson et al. (2015) used a translated
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Table 3. Study characteristics for studies of mixed TBI severities

Sex Age at injury?® Age at Ax*  Time since injury® Outcome
Author, Year, Location Sample size (male) M, SD) M, SD) M, SD) measure
Didus et al. (1999)° 30 TBI 24 7.11 (NR) 10.49 (NR) 3.38 (NR) WISC-1II
AUSTRALIA GCS: 9.0 (NR)
19 Control 14 - 10.16 (NR) -
Donders and Kim (2019) 60 TBI
UNITED STATES 39 Mild 20 61to 16 13.72 (2.35) 152.51 WISC-V
(77.75) days
21 Moderate- 15 6to 16 12.54 (6.48) 116.76 (77.89)  (VCI)
Severe days
60 Control 35 - 13.30 (2.62) -
Garth and Anderson 12 Young TBI 10 4.4 (1.4) 10.2 (1.8) 5.5 (2.0) WISC-III
(1997)°
AUSTRALIA group (verbal GCS: 4.4 (1.6) 8.0 (1.0) 10.9 (1.3) 3.0 (1.6)
1Q reported by age at 10 Old TBI 8
injury) GCS: 4.9 (2.3)
12 Y/Controls 10 - 10.0 (1.5) -
10 O/Controls 8 - 10.8 (1.3) -
Haarbauer-Krupa et al. 39 TBI 21 2.28 (NR) 7.65 (1.27) 5.32 (1.55) K-BIT
(2018)
UNITED STATES 24 Mild
7 c. Mild
5 Moderate
2 Severe
1 Unknown
41 OI 22 4.23 (NR) 8.44 (1.18) 4.17 (1.32)
Tremont et al. (1999) 30 TBI 21 6to 16 10.93 (3.04) 6.03 (4.89) days WISC-III
UNITED STATES 22 Mild
5 Moderate
3 Severe
30 OI 19 NR 10.37 (3.01) 3.50 (5.54) days
Verger et al. (2000)° 29 TBI 24 8.21 (4.20) 17.34 (3.88) 9.07 (1.85) WISC-R or
SPAIN GCS 6.78 (3.11) WAIS
29 Control 24 - NR -
Warschausky et al. 20 TBI 14 7to 15 11.13 (2.56) 3 months WISC-R
(1996)
UNITED STATES 12 Mild-Moderate
8 Severe
19 Control 15 - 11.03 (1.98) -
Wozniak et al. (2007) 14 TBI 5 10 to 18 15.1 (2.3) 8.2 (2.2) months  WISC-1V
UNITED STATES 6 Mild or WAIS-
8 Moderate I
14 Control 6 - 15.8 (2.3) -

M = mean; SD = standard deviation; Ax = assessment; NR = not reported; VCI = verbal comprehension index; ¥ = young; O = old, c¢. Mild = complicated mild
(i.e., GCS of 13 to 15 with positive neuroimaging findings), Ol = orthopedic injury.
“age and time in years unless otherwise reported.
YGCS (Glasgow Coma Scale) score (M, SD) provided when sample size of severity was not reported.

version of the WASI, contributing to potential validity
concerns. See Table 5 for individual study ratings.
Together, the overall influence of methodological bias
on estimated effect sizes was rated “low” for 15 studies,
“moderate” for three studies, and ‘“high” for one study.
Inter-rater reliability for risk of bias evaluation was 85%
and included disagreements in selection bias and confounding
bias. These disagreements were resolved by discussion with
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the last author (D.B.) to reach a consensus on overall bias rating
(e.g., low, moderate, high) on estimated effect sizes.

DISCUSSION

Our systematic review and meta-analysis examined the esti-
mated effects of pediatric TBI on verbal 1Q performance at
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Table 4. Summary of the estimated effects of TBI at two epochs of time with statistical heterogeneity

k nl n2 g 95% CI )4 Tau? P
Mild 9 284 419 -0.29 —0.45, -0.13 0.0003 0.00 2%
<12 months 4 145 262 -0.21 —-0.43, 0.01 0.06 0.01 10%
>12 months 7 139 157 —-0.40 —-0.64, -0.16 0.001 0.00 0%
Moderate 6 233 241 —0.55 —-0.73, —0.36 <0.00001 0.00 0%
<12 months 2 99 133 —-0.55 —-0.95, -0.14 0.008 0.05 53%
>12 months 5 134 108 -0.52 —-0.78, —0.26 <0.0001 0.00 0%
Severe 10 343 461 -0.77 —0.93, —0.60 <0.00001 0.02 16%
<12 months 5 174 292 -0.71 —-0.91, -0.51 <0.00001 0.00 0%
>12 months 8 169 169 -0.84 —1.14, —0.53 <0.00001 0.08 43%
Mixed TBI severities 8 244 234 —0.66 —-0.93, —0.39 <0.00001 0.08 48 %
<12 months 4 124 123 -0.46 —-0.74, —0.18 0.001 0.01 12%
>12 months 4 120 111 —-0.85 —1.28, —0.41 0.0001 0.13 56%

k = number of studies; n/ = number of participants in TBI group; n2 = number of participants in control group; g = Hedge’s g, 95% CI = range of effect size
based on 95% confidence interval; p = p-value of significance of effect size from zero; Tau? = an estimate of between-study variance (heterogeneity);

PP = percentage of variability in estimated effects that is due to heterogeneity.

Mild TBI Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Mild TBI (< 12 mo)
Anderson 2000 96.1 101 19 101 15 35 7.7% -0.36 [-0.92, 0.21] —
Chadwick 1981 973 158 29 1064 132 25 8.1% -062[-1.17,-0.07]
Jaffe 1993 106.1 165 53 1081 139 98 21.3% -0.13[-0.47,0.20] T
Levin 2001 106 20 44 107 18 104 19.3% -0.05[-0.41, 0.30] —
Subtotal (95% Cl) 145 262 56.5%  —0.21[-0.43,0.01] L 2
Heterogeneity: Tau®= 0.01; Chi*= 3.33, df= 3 (P = 0.34); F= 10%
Test for overall effect: Z=1.89 (P = 0.06)
2.1.2 Mild TBI (12 + mo)
Anderson 2000 101.2 108 19 101.9 148 35 7.8% -0.05 [-0.61, 0.91] D
Anderson 2009 1044 138 12 109 202 16 4.4% -0.25[-1.00, 0.50] — T
Anderson 2012 9547 13.48 71125 134 16 26% -1.24[2.21,-0.26]
Chadwick 1981 1008 152 29 1094 139 25 B82% -058[-1.13,-003] e
Crowe 2012 98.4 1085 20 101.37 9.58 27 7.3% -0.29 [-0.87,0.29] I
Hawley 2004 8996 182 28 10021 159 14  A7% -0.58[-1.23,0.08] EE—
Max 1998 1033 143 24 1076 11 24 T5% -0.33[-0.90, 0.24) EE——
Subtotal (95% CI) 139 157 43.5% -0.40 [-0.64, -0.16] ‘
Heterogeneity: Tau®= 0.00; Chi*= 5.38, df= 6 (P = 0.50); F= 0%
Test for overall effect: Z=3.29 (P =0.001)
Total (95% CI) 284 419 100.0%  -0.29 [-0.45, -0.13] L 2
Heterogeneity: Tau®= 0.00; Chi#= 1017, di=10 (P = 0.43); = 2% -Iz _11 3 1 ?

Test for overall effect: Z= 3.61 (F = 0.0003)
Test for subaroup differences: Chi*=1.27, df=1 (P=0.26), F= 21.3%

Fig. 2. Forest plots of estimated effect sizes for mild TBI.

two epochs of time: <12 months postinjury and >12 months
postinjury. In general, verbal IQ was found to be vulnerable
in children with TBI as demonstrated by negative effect sizes
and corresponding negative confidence intervals. Negative
effect sizes were demonstrated across all severities and at
each epoch of time, except for mild TBI within one-year after
injury. Meta-analyses were consistent with our initial expect-
ations: the estimated effect of pediatric TBI was largest in
severe TBI and smallest in mild TBI and the estimated effects
of injury were present long-term in all severities. In general,
our findings support the meta-analysis of intelligence
outcomes by Konigs et al. (2016); specifically, that the
effects of injury on verbal IQ performance were present in
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the short-term stage of pediatric TBI in moderate and severe
TBI and that the effects of injury were present in the long-
term stage of pediatric TBI across all severities. One minor
difference between our meta-analysis and the meta-analysis
of Konigs et al. (2016) was the size of estimated effects;
our meta-analysis revealed slightly larger effect sizes in the
chronic stage of TBI (i.e., >12 months postinjury) in com-
parison to the chronic stage of TBI in Konigs et al. (2016).
This may be due to the inclusion of controlled studies in
our meta-analysis, resulting in more precise effects when
compared to the use of normative data in Konigs et al.
(2016). Greater effects of injury in our meta-analysis com-
pared to Konigs et al. (2016) may also be due to differences
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Moderate TBI Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Moderate TBI (< 12 mo)
Anderson 2000 96.7 124 46 101 15 35 18.0% -0.31 [-0.76,0.13] —
Jaffe 1983 954 118 53 106 157 98 29.7% -0.73[-1.07,-0.38] ——
Subtotal (95% CI) 99 133 47.7% —-0.55 [-0.95, -0.14] B
Heterogeneity: Tau®= 0.05, Chi*=2.11,df=1 (F=0.18), F= 53%
Test for overall effect Z= 2.64 (P = 0.008)
3.1.2 Moderate TBI (12 + mo)
Anderson 2000 97.3 12 46 101.9 1438 35 18.0% -0.34 [-0.79,0.10] — T
Anderson 2009 6.7 131 24 108 202 16 8.2% -0.74 [-1.40,-0.09]
Anderson 2012 1033 14.58 20 1125 131 16 7.7% =065 [-1.32,0.03] E—
Crowe 2012 945 a7 33 101.37 958 27 12.8% -0.70[-1.23,-0.18) —_—
Hawley 2004 9709 179 11 10021 159 14 5.6% -0.18 [-0.97, 0.61] I E—
Subtotal (95% CI) 134 108 52.3% -0.52 [-0.78, -0.26] <D
Heterogeneity: Tau®= 0.00; Chi*= 2.36, df= 4 (P = 0.67), F= 0%
Test for overall effect Z=3.93 (P = 0.0001)
Total (95% CI) 233 241 100.0% -0.55 [-0.73, -0.36] &
Heterogeneity: Tau?= 0.00; Chi*= 4.54, df= 6 (P = 0.60); F= 0% 712 711 b ,i 12

Test for overall effect: 2= 5.69 (P = 0.00001)
Test for subgroup diferences: Chif=0.01,df=1 (P=092),F=0%

Fig. 3. Forest plots of estimated effect sizes for moderate TBIL.

Severe TBI Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
4.1.1 Severe TBI (< 12 mo)
Anderson 2000 g86.1 168 ) 101 1481 34 89% -092[-1.43,-041]
Chadwick 1981 96.1 16 25 1064 132 25 7.3% -069[-1.26,-0.12] —_—
Jaffe 19493 89.3 il 20 102 238 98 96% -054[-1.03, -008] —_—
Levin 2001 94 22 B& 107 18 104 180%  -0.66[-097 -0.34] —
Massagli 1996 829 23 30 1026 247 30 8.4%  -0.81[-1.34,-0.29)
Subtotal (95% Cl) 174 292 521% -0.71[-0.91,-0.51] &
Heterogeneity: Tau®=0.00; Chi*=1.41, df=4 (P=0.84), F=0%
Test for averall effect Z= 690 (P <= 0.00001}
4.1.2 Severe TBI (12 + mo)
Anderson 2000 83 196 31119 1418 35 86%  -1.08 [-1.60,-0.57] I
Anderson 2009 83 182 18 108 202 16 45% -1.32[-2.08, -057] —
Anderson 2012 9492 1611 13 1125 131 16 40% —-118[-1488,-038]
Chadwick 1981 1074 127 25 1094 139 25 T7% -015[-0.70, 0.41] —_—T
Hawley 2004 8914 179 19 10021 1549 14 A.0% —0.63 [-1.34, 0.08] r
Massagl 1996 ga.2 212 28 102 232 28 81% -061[-1.15, -0.08]
Max 1998 90 155 24 1076 11 24 6.3% -1.29[-1.91,-0.66] EEE—
Schrief-Elson 2015 77.82 1268 11 8645 1528 11 6% -0.59[-1.45,0.27] -1
Subtotal (95% CI) 169 169 47.9% -0.84[-1.14, -0.53] -
Heterogeneity. Tau®= 0.08, Chi®*=12.38,df=7 (P = 0.09), F= 43%
Testfor overall effect: Z=5.37 (P = 0.00001)
Total (95% CI) 343 461 100.0% -0.77[-0.93, -0.60] L
Heterogeneity Tau*=0.02; Chi*=14.36, df=12(P=0.28); F=16% t

v
a4

Testfor overall effect: Z= 8.93 (P < 0.00001) - - ’

Testfor subaroup differences: Chi*= 050, df=1 (P=048), F=0%

Fig. 4. Forest plots of estimated effect sizes for severe TBIL

in time epochs; our study used a longer length of time
postinjury (e.g., >12 months) to characterize the chronic
(i.e., long-term) stage of TBI recovery whereas Konigs
et al. (2016) used a shorter length of time postinjury
(e.g., >6 months). Using a longer length of time postinjury
to characterize “chronic” effects may have revealed slightly
larger effect sizes as the impact of injury on verbal 1Q perfor-
mance has been found to have a delayed onset in children
(Anderson et al., 2005; Anderson, Catroppa, et al., 2009).
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Statistical heterogeneity was present in our meta-analysis,
particularly in mild TBI at <12 months postinjury and severe
TBI at >12 months postinjury. The study that contributed the
most to statistical heterogeneity (i.e., between-study vari-
ance) was Chadwick et al. (1981), with removal of data from
that study reducing heterogeneity from 10% to 0% in mild
TBI at <12 months postinjury, and 43% to 0% in severe
TBI at >12 months postinjury. The medium effect size
(g = —0.62) evidenced at <12 months postinjury in mild
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Mixed TBI Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
5.1.1 Mixed TBI severities (< 12 mo)
Donders 2019 98.25 1377 60 10202 11.23 60 17.2% -0.30 [-0.66, 0.06] —
Tremont 1989 86.5 16.24 30 9697 1567 30 13.0% -065[-1.17,-013] —_—
Warschausky 1996 905 18.29 20 10589 16,49 19 101% -0.86[-1.52 -0.20] - —
wozniak 2007 108.78 2002 14 11143 1536 14 87%  -0.14[-0.89, 0.60] —_—
Subtotal (95% Cl) 124 123 48.9% -0.46 [-0.74,-0.18] e
Heterogeneity: Tau*= 0,01, Chi*=3.41, df =3 (F=033); F=12%
Testfor overall effect: Z= 3.22 (P = 0.001)
5.1.2 Mixed TBI severities (12 + mo)
Didus 1999 88.39 1234 30 106.58 11.84 19 102% -1.47[-212,-082] -
Garth 1997 (old) 959 194 10 1032 103 10 6.8% -0.45[-1.34, 0.44] — < 1
Garth 1997 {young) 86.7 145 12 106 11.3 12 6.5% -1.43[-2.35-052]
Haarbauer-Krupa 2018 10259 1537 39 108.98 11.83 41 148% -046[-0.91,-0.02] —
Verger 2000 9158 17.2 29 101.48 1236 29 127% -065[-1.18,-012] R
Subtotal (95% Cl) 120 111 51.1% -0.85[-1.28, -0.41] *"
Heterogeneity: Tau®= 0.13; Chi*=9.03, df= 4 (P = 0.06); I*= 56%
Testfor overall effect: Z= 3.83 (P = 0.0001)
Total (95% CI) 244 234 100.0% -0.66 [-0.93, -0.39] ’
Heterogeneity: Tau®= 0.08; Chi*= 15.43, df= 8 (P = 0.08); F= 48% _12 _?1 5 15 é

Test for overall effect: Z=4.75 (P = 0.00001)
Testfor subaroun differences: Chi*=2.21,df=1 (P=014), F=54.8%

Fig. 5. Forest plots of estimated effect sizes for studies of mixed TBI severities.

TBI may have been due to how “mild severity,” was charac-
terized. First, Chadwick et al. (1981) used posttraumatic
amnesia (PTA) rather than Glasgow Coma Scale (GCS)
scores to classify severity. Further, Chadwick et al. (1981)
characterized PTA of less than 7 days as “mild”; current
norms characterize PTA of 1 to 7 days as moderate and
PTA of less 24 h as mild (Ewing-Cobbs, Levin, Fletcher,
Miner, & Eisenber, 1990). Consequently, some children in
Chadwick et al.’s (1981) mild TBI sample may be classified
as moderate TBI today due to advancements in assessment
tools for severity classification. Despite differences in PTA
norms over time, the use of GCS scores may have mitigated
this classification difference. This highlights the importance
of using a multidimensional approach (e.g., GCS, PTA) to
classify TBI severity in children, particularly the use of neu-
roimaging to assist in differentiating uncomplicated (i.e., neg-
ative neuroimaging findings) from complicated (i.e., positive
neuroimaging findings) mild TBI (Adelson et al., 2012).

The small effect size in Chadwick et al. (1981) at
>12 months postinjury in severe TBI may have stemmed
from the use of an outdated measure of verbal IQ at the time
of assessment, with ceiling effects becoming more likely as
length of time since the original version of a measure was
released (Flynn, 1984). As a result, ceiling effects may have
underestimated the effects of injury, resulting in a small effect
size. Despite the contribution of Chadwick et al. (1981) to
statistical heterogeneity in both mild and severe TBI, removal
of this study’s verbal 1Q data left estimated effect sizes rela-
tively unchanged.

Statistical heterogeneity was also evidenced in studies of
mixed TBI severities, likely due to differences in group com-
position and age at injury. For example, small effect sizes
were seen in studies with predominately mild to moderate
TBI (Donders & Kim, 2019; Wozniak et al., 2007) and large
effect sizes were seen in studies with mostly severe TBI
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(Didus et al., 1999; Garth & Anderson, 1997). Further, one
study comparing age at injury found a large effect size in
young TBI compared to a medium effect size in children
injured older (Garth & Anderson, 1997), consistent with
research identifying age at injury as a significant contributor
to neurocognitive outcome (Anderson et al., 2005; Anderson,
Spencer-Smith, et al., 2009; Ewing-Cobbs et al., 2004; Levin
et al., 1993, 1996; Slomine et al., 2002; Verger et al., 2000).
Taken together, group composition and age at injury were
likely contributors to effect size differences seen across stud-
ies of mixed TBI severities, emphasizing the importance of
stratifying severity and age at injury in pediatric TBI research
when possible.

Inspection of forest plots revealed wide confidence
intervals in studies with small sample sizes (e.g., n < 15),
highlighting variability in individual verbal IQ performance
(Anderson et al., 2012; Garth & Anderson, 1997; Hawley
et al., 2004; Schrieff-Elson et al., 2015; Wozniak et al.,
2007). In addition to small sample sizes, wide confidence
intervals were also evident in studies >12 months post-TBI
compared to studies <12 months post-TBI; this raises the
question if factors other than severity (e.g., home environ-
ment, educational supports) are contributing to the impact
of injury on verbal IQ performance as length of time postin-
jury increases.

LIMITATIONS & FUTURE DIRECTIONS

Four limitations accompanied our meta-analysis; first,
we did not stratify age at injury (e.g., early childhood and
middle childhood) due to the limited number of studies
after subgroup analysis of severity and time. However, age
at injury is an important consideration for future meta-
analytic reviews, particularly as children injured younger
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Table 5. Assessment of study quality and risk of bias

0011

Was TBI Were Were groups Overall
Were measured in  standard matched on Was the  Were influence of
inclusion Were a valid, criteria used important Were outcome  statistical bias on
criteria  subjects  reliable to measure Selection demographic confounds Confounding measure analysis Measurement estimated
defined? described? way? severity? bias variables? addressed? bias valid? appropriate? bias effects

Anderson et al. Y Y Y Y Low Y Y Low Y Y Low Low
(2000)

Anderson et al. Y Y Y Y Low Y Y Low Y Y Low Low
(2009)

Anderson et al., Y Y Y Y Low Y Y Low Y Y Low Low
(2012)

Chadwick et al. Y Y Un No Mod Y Un Low Un Y Mod High
(1981)

Crowe et al. (2012) Y Y Y Y Low Y Y Low Y Y Low Low

Didus et al. (1999) Y Y Y Y Low Y Y Low Y Y Low Low

Donders and Kim Y Y Un Un Mod Y Y Low Y Y Low Low
(2019)

Garth and Anderson Y Y Y Y Low Y Y Low Y Y Low Low
(1997)

Haarbauer-Krupa Y Y Y Y Low Y Y Low Y Y Low Low
et al. (2018)

Hawley et al. (2004) Y Y Un Y Low Y Y Low Y Y Low Low

Jaffe et al. (1993) Y Y Un Y Low Y Y Low Y Y Low Low

Levin et al. (2001) Y Y Un Y Low Y Y Low Y Y Low Low

Massagli et al. Y Y Un Y Low Y Y Low Y Y Low Low
(1996)

Max et al. (1999) Y Y Y Y Low Y Low Y Y Low Low

Schrieff-Elson et al. 'Y Y Y Y Low Y Y Low Un Y Mod Mod
(2015)

Tremont et al. Y Y Y Y Low Y Y Low Y Y Low Low
(1999)

Verger et al. (2000) Y Y Y Y Low Y Y Low Y Y Low Low

Warschausky et al. Y Y Un Y Low No Un Mod Y Y Low Mod
(1996)

Wozniak et al. Y Y Y Y Low No Un Mod Y Y Low Mod
(2007)

Y = yes; NA = not applicable; Un = unclear; Mod = moderate.

‘D 12 YPULIDD) VD)
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demonstrated larger effects than children injured older as seen
in Garth & Anderson (1997). Second, we included different
verbal 1Q measures, potentially contributing to lower effect
sizes for measures that were abbreviated versions of verbal
1Q (e.g., K-BIT, WASI). Third, we only included studies pub-
lished in English, therefore may have missed articles meeting
our inclusion criteria. Fourth, the small number of longi-
tudinal studies included in our meta-analysis limited the
ability to draw conclusions that pediatric TBI demonstrates
widening gaps in verbal 1Q over time.

Future studies that use verbal IQ are encouraged to include
descriptive statistics by subtest (e.g., vocabulary, similarities,
comprehension) as this is necessary to address a continuously
changing verbal IQ index (e.g., primary vs supplemental
subtests) that accompany updated editions. Additionally,
future studies are encouraged to use verbal IQ in conjunction
with functional language tasks such as narrative discourse,
reading comprehension, and verbal reasoning as this may
help elucidate higher-level language impairments experi-
enced in this population. Lastly, examination of environmen-
tal factors (e.g., home setting, school supports) and personal
factors (e.g., attitude, behavior) are necessary to determine
the contribution of contextual factors (World Health
Organization, 2002) as length of time postinjury increases.

Guidelines for conducting observational meta-analysis
have yet to be developed (Mueller et al., 2018). However,
methodological consistency across studies is imperative for
meta-analysis of observational studies. In pediatric TBI,
this includes adding neuroimaging to assist inappropriate
classification of TBI severity, matching groups on socio-
demographics (e.g., parent education, parent occupation) to
minimize confounding bias, and stratifying severity (when
sample size permits) to reduce clinical heterogeneity.
Adherence to these recommendations and recommendations
put forth by Adelson et al. (2012) and Suskauer et al. (2019)
may improve the quality of research conducting and reporting
for future meta-analyses of neuropsychological outcomes in
pediatric TBL

CONCLUSIONS

Findings from our meta-analysis demonstrate effects of TBI
on verbal IQ within the first year of injury for moderate and
severe TBI. The effects of injury were present beyond the first
year of injury in all severities, including mild TBI. It is impor-
tant to note that we only examined estimated effects by
severity and time; additional factors (e.g., preinjury function-
ing, age at injury, environment) need to be considered,
particularly as length of time postinjury increases. The evi-
dent impact of injury on verbal IQ is consistent with pediatric
TBI literature that describes difficulties with higher-level
language experienced in this population (Aguilar et al.,
2019; Catroppa & Anderson, 2004; Cermak et al., 2019;
Haarbauer-Krupa et al., 2018). However, further analysis
of verbal IQ subtests (e.g., vocabulary, similarities, compre-
hension) in addition to more functional measures of language
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(e.g., narrative discourse, reading comprehension, verbal rea-
soning) are needed to help understand the relation between
formal measures of verbal ability and higher-level language
impairments.
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