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Abstract

Traumatic Brain Injury (TBI) continues to be one of the leading causes of death and disability in
the pediatric population. Although the literature on neurocognitive outcomes is relatively rich,
studies vary significantly in the methods used to group subjects on several moderating variables,
including age at injury, injury severity, and time since injury, making it difficult to combine and
summarize the data for comparison. Further complicating this effort is the wide range of measures
used to document functional outcomes in key neurocognitive domains. In this meta-analytic
review, 28 publications (1988 to 2007) that met inclusion criteria were summarized based on three
distinct injury severity and time post injury groups for 14 key neurocognitive domains. Effect
sizes were calculated to reflect the extent to which the above groups differed in case-control and
case-case studies, as well as address recovery based on longitudinal studies. To the best of our
knowledge, this is the first published quantitative summary of the literature on neurocognitive
outcomes after pediatric TBI. Limitations of the current state of the literature as well as
recommendations for future studies are discussed.
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Traumatic Brain Injury (TBI) is the single most common cause of death and disability in
children and adolescents (CDC, 2000). A major cause of the significant disability frequently
associated with pediatric TBI is acquired neurocognitive impairments that adversely affect
academic, behavioral, and interpersonal functioning. Numerous studies have examined the
neurocognitive sequelae after a brain injury in childhood. There are often striking
inconsistencies among studies about the nature and extent of neurocognitive impairment and
recovery following TBI. These inconsistencies in part result from several intrinsic
characteristics of TBI, including the heterogeneity of injuries (e.g., location of lesion,
mechanism of injury) and the influence of social and developmental processes (e.g., age at
injury, premorbid status, and family resources) on the injured brain’s capacity to recover
neurocognitive functioning. The variability in reported neurocognitive outcomes among
studies also reflects methodological differences among studies (e.g., sample characteristics
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Method

such as injury severity, age at injury and time since injury, as well within subject over time
vs. cross-sectional study designs). For example, some studies of mild TBI have reported
significant functional impairments (Boll, 1983) whereas others have reported minimal
functional morbidity once premorbid status has been accounted for (Asarnow et al., 1995).
Further complicating attempts at integrating the extant data are the wide range of measures
used to assess key domains of neurocognitive outcome. Such methodological differences
among studies and the heterogeneity of injuries need to be systematically taken into account
when summarizing the available data on neurocognitive outcomes after pediatric TBI.

We conducted a meta-analytic review of studies that examined the effects of injury severity
and time since injury on neurocognitive outcomes and recovery after pediatric TBI using
crosssectional and longitudinal reports. By definition, a meta-analysis uses effect size as the
metric to delineate the magnitude of the difference between groups. In this report, the
analyses were designed to answer the following three separate, but related, questions
regarding outcomes and recovery of key neurocognitive domains after a pediatric TBI:

1. What is the magnitude of the effect of injury severity over the course of three time
bands following injury? (Case-control studies)

2. What is the magnitude of the difference among severity groups over the course of
three time bands following injury? (Case-case studies)

3. What is the magnitude of change over time (i.e., recovery) in key neurocognitive
domains across severity groups? (Longitudinal studies)

There have been a number of excellent reviews on neurocognitive outcomes after pediatric
TBI. They have, however, focused on a subsample of this population (e.g., mild injuries
[Satz et al., 1997]) or on a specific cognitive domain (e.g., executive function [Levin &
Hanten, 2005]). Further, to the best of our knowledge, there has not been a systematic meta-
analytic review of neurocognitive outcomes across domains, accounting for time post injury,
injury severity, and age at injury. In this review, we attempted to provide a systematic,
quantitative summary of the literature.

We attempted to identify all studies that reported neurocognitive outcomes subsequent to
pediatric TBI. Studies were included that either directly reported neurocognitive outcomes
as a primary objective or reported data on neurocognitive outcomes for a related objective
(e.g., imaging study). Studies published in English reporting neurocognitive outcomes after
a TBI were identified using the PubMed database. Search terms included combinations of
neuropsychology/cognition/neurocognition, head injury/TBI, child/pediatric. Studies of
inflicted injuries on infants and children were not included, because nonaccidental head
trauma patients are unique in their presentation and their prognoses, tend to be younger
(Gilles, 1999), and the neuropathology and neurophysiology of nonaccidental trauma is
different from accidental brain injury (Geddes, Hackshaw, Vowles, Nickols, & Whitwell,
2001). The search yielded 115 publications. To calculate effect sizes, only studies that
reported descriptive group statistics or group difference statistics were included, thereby
excluding 25 studies, many of them pivotal. These studies described growth curve analyses
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or statistical associations between neurocognitive variables and other factors (e.g., imaging
correlates). Of the remaining studies, an additional 25 were excluded because injury severity
was unclear (N = 7) or severity groups were combined (N = 18), leaving 65 studies. There
were only a few studies using other injury controls instead of healthy controls and because
these comparisons were different in nature and few in number, they were not included in the
analyses. An effort was also made to identify and exclude studies using duplicate subject
pools (e.g., same lab and same recruitment period), except when the reported outcomes were
different, thereby excluding an additional eight studies. Despite our best efforts, there may
be some subject overlap, which we were unable to identify from the study descriptions
provided. An additional 29 were excluded because they did not include data on the discrete
neurocognitive domains we were interested in for this meta analysis. The resulting final
database included a total of 28 publications, dating from 1988 to 2007.

To answer the questions posed by this review, one would ideally include only longitudinal
studies with clearly defined injury severity, age at injury, and narrow time since injury
bands. Unfortunately, many studies were not organized in this manner. Consequently, we
attempted to verify the results from the relatively few longitudinal studies of children with
TBI by examining the same neurocognitive domains at similar times post injury in
crosssectional reports. To group the studies, we set cut points for each of the following key
moderating variables: (1) injury severity, (2) time since injury, and (3) age at injury.

In a majority of the studies, acute injury severity was based on Glasgow Coma Scale (GCS)
score and frequently confirmed by clinical findings (e.g., presence/length of loss of
consciousness and posttraumatic amnesia, and/or positive neuroimaging findings).
Consistent with convention, most studies used the following GCS score ranges to group
samples based on injury severity: mild (GCS 13-15), moderate (GCS 9-12), and severe
(GCS 3-8). We used the severity groups published in the studies to designate the injury
severity groups used in our analyses.

Three mean time post injury intervals were defined using the following cutoffs: Time 1: 0-5
months post injury; Time 2: 623 months post injury, and Time 3: 24+ months post injury.
In general, Time 1 represents the postacute period, where the greatest functional
impairments are observed. Time 2 represents the period when the greatest recovery is
observed. Time 3 is the chronic stage, when most of the recovery has already taken place
and relatively little change is expected thereafter. We used the mean time post injury for a
study when assigning it to one of the three time post injury categories. We are fully aware
that there were several studies that included patients with time post injury spanning across
these three time bands. We attempted to minimize the overlap as much as possible by
carefully selecting our cutoffs.

Finally, the following two age at injury groupings were created based on the group means
reported in studies: Injury age 1: 0-5 years and Injury age 2: 6-16 years. This cutpoint was
chosen for several related reasons: (1) in general, different types of neurocognitive measures
are used for these two age groupings, (2) by 6 years, most children have begun formal
education, significantly affecting their development, and (3) by about 6 years, children begin
to show a greater functional utilization of language and metacognitive skills, which
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separates them from their younger counterparts. There were several studies that included
patients with age at injury ranges spanning across our two age at injury groupings. Again,
we chose our cutoff to minimize this overlap as much as possible.

The statistics extracted from publications included the minimal descriptive data necessary to
calculate effect sizes. These included: (1) mean and standard deviation (when standard
deviation was not reported, it was calculated using confidence intervals or standard errors of
the means), (2) sample size and t-value, (3) difference in means and common standard
deviation, or (4) sample size and p value. Rosenthal and DiMatteo (2001) review the
mathematical calculations used to derive effect sizes from the above descriptive data
(Rosenthal & DiMatteo, 2001). The extracted descriptive and group difference statistics
were entered into a database in the software program Comprehensive Meta Analysis
(Borenstein, Hedges, Higgins, & Rothstein, 2005). Hedge’s g was used as the estimate of
effect because it is adjusted for sample size (McCartney & Rosenthal, 2000). Random
instead of fixed effects models were chosen because effect sizes were expected to vary
across studies depending on the sample characteristics and the neurocognitive measures
used, and the weights assigned to each study were balanced based on study sample size
(Borenstein, Hedges, & Rothstein, 2007). A general interpretive guide to effect sizes
includes: large effects (.8), moderate effects (.5), and small effects (.2) (Cohen, 1988). We
calculated effect sizes for subgroups based on injury severity and time since injury.
Although separate statistics were not calculated for the age at injury variable (because
relatively few studies were identified that fit the lower age at injury band), studies were
tracked on this variable to make it possible to identify effect sizes that were driven by study
samples including younger groups for post hoc discussion.

There were very few longitudinal studies, which would ideally be used to describe recovery
of functions over time. For this reason, when possible, scores from the same measure but
using a different cohort of patients were matched to form comparable “within-subject” data.
These analyses were used to compliment the true within subject analyses and not replace
them. Statistics using this combination approach are reported separately and clearly
identified in the tables. (These statistics are always presented on the right side of “/”” in the
tables). Further, for the “within-subject” longitudinal studies, we only included studies
reporting standard scores in the analyses and excluded all reported data using raw scores.
We decided to do so because we could not account for normal developmental changes that
may, in part or in full, explain changes in raw scores. Further, we are aware that in cases
where more than one measure of a function (e.g., attention) were reported, we did not
observe the independent observations prerequisite for inclusion in the effect size
calculations. We decided to include multiple measures of the same neurocognitive domain
within the same study because we believe that each measure contributes uniquely to the
study of a given neurocognitive domain (e.g., sustained vs. divided attention) and that
eliminating measures may bias the results. We also had no basis of eliminating one subskill
wihin a given domain in favor of another.

The following neurocognitive domains were included in the analyses: General Intellectual
Functioning (FSIQ or its equivalent; Verbal 1Q; and Performance 1Q); Attention/Executive
Functions (working memory, processing speed/reaction time, attention, fluency, inhibition,
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Results

and problem solving); Memory (verbal/visual immediate/delayed); and Visual Perceptual/
Motor skills. Although there were several pivotal studies of language functions, academic
skills, and motor skills, we focused on more traditional neurocognitive domains to simplify
our analyses. Global measures of functioning were also excluded (e.g., combined visual and
verbal memory composites) because they provided redundant information and potentially
erroneously combined skill areas that are uniquely affected after injury.

Twenty-three of the 28 studies included in the meta-analysis used exclusion criteria that
were similar across studies and included, in large part, prior neurological (including
previous head injury), developmental, learning/attention, and psychiatric diagnoses,
penetrating injuries, injuries secondary to abuse, and in some cases, nonfluent English
speaking patients and/or parents. Three of the studies did not indicate whether exclusion
criteria were used. The remaining two explicitly stated that all patients who met inclusion
criteria were recruited. Interestingly, one of the latter two studies of severe TBI outcomes
showed the largest case-control effects across many neurocognitive domains (Parry et al.,
2004).

In Table 1, effect sizes, an estimate of the associated standard error (SE), the statistical
significance of the associated statistic (p), and the number of individual studies or individual
reports from a given study (N) are reported. The specific studies from which descriptive
statistics are extracted from are also identified as references. Of note, in a few domains,
there are more observations than studies because more than one measure of a given
neurocognitive domain was included. The three sets of analyses for each neurocognitive
domain correspond to the three questions posed in this meta-analysis, addressing magnitude
of (a) the effect of injury severity over the course of three time bands post injury, (b) the
difference among severity groups over the course of three time bands post injury, and (c)
change over time (recovery) in key neurocognitive domains across severity groups. The first
two sets of questions are addressed by the cross-sectional case-control and cross-sectional
case-case reports, respectively. Corresponding to these analyses, the first two sets of effect
sizes presented in Table 1 (sections 1a-14a and 1b-14b) reflect the magnitude of effects
listed separately by injury severity and by time post injury. The third question is addressed
using longitudinal within group data reflecting the magnitude of change over time, also
listed separately by injury severity and time post injury. The effect sizes derived from the
three sets of analyses provide complimentary findings and a unique perspective on
neurocognitive outcomes and recovery after pediatric TBI that none of the analyses can do
independently.

In subsequent paragraphs, the findings for each severity group is reviewed with references
made to the corresponding summary statistic tables. The tables include three sets of
statistics. Crosssectional studies summarizing case-control and case-case (more severe
compared to less severe) studies are presented in the “a” and “b” rows of Table 1,
respectively. In these analyses, a negative case-control effect size indicates that the cases
performed more poorly than the controls. Similarly, a negative case-case effect size
indicates that the more severe groups performed more poorly than the less severe group. The
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magnitude of these differences is reflected in the respective weighted mean effect sizes
listed in corresponding sections in Table 1. Further, summaries from longitudinal studies
addressing recovery over time are presented in the corresponding “c” rows of Table 1, and
compare the more proximal evaluation to a later evaluation. For example, a negative effect
size comparing the Time 1 and Time 2 data points from longitudinal analyses indicate that
the Time 2 scores are comparatively higher. The magnitude of the effect sizes provides a
standardized measure of the degree of the differences, which we have interpreted as
recovery. Table 2 lists all of the neurocognitive measures contributing to the effect sizes
tabulated by domain.

Outcomes After Mild TBI

Case-control studies (Table 1, rows 1-14a) showed negligible or small differences between
the Mild and Control groups at all time points for FSIQ, PIQ, working memory, problem
solving, visual immediate memory, and visual perceptual functioning. Negligible differences
were also noted for VIQ and attention through Time 2, but small effects were noted at Time
3. The apparent effect size increase in VIQ was present even if only the single study
contributing to all three time points was considered. The small effect noted for attention at
Time 3, on the other hand, was due largely to a study of a younger age at injury cohort (not
in earlier analyses). Small group differences were apparent up to 2 years post injury in
verbal immediate and delayed memory, which resolved by Time 3. Small to moderate
effects were noted for processing speed at all time points. Finally, generally negligible
differences in fluency were noted at Time 1. This difference, however, appeared to get larger
over time and was in the moderate range by Time 3. (The single study contributing to this
statistic was also based on data from a younger age at injury cohort).

Case-case studies (Table 1, rows 1-14b) showed no differences between the Mild and
Moderate groups at any time point in verbal immediate memory and fluency, and at Time 3
for visual delayed memory. Although no meaningful group differences in problem solving
were apparent at Time 1, the groups are better differentiated over time, with a large effect
size noted by Time 3. Across all three time points, small (and frequently negligible) effects
were apparent for attention, working memory, and verbal delayed memory whereas small to
moderate effects were noted for VIQ (resolved by Time 3), PIQ, processing speed, and
visual perceptual functioning. For visual immediate memory, a moderate effect size
(although inconsistent across studies) was apparent at Time 1, with groups less differentiated
over time.

Longitudinal studies (Table 1, rows 1-14c) did not show changes in VIQ, FSIQ, attention,
working memory, or visual perceptual functioning. There were no longitudinal studies
addressing fluency, memory, or inhibition that met study inclusion criteria. However, in
both verbal immediate and delayed memory, combining cross-sectional data from studies
that used the same measure at Time 1 and Time 3 suggested unremarkable change over time.
Small changes for processing speed were noted, with considerable improvements in problem
by Time 3.

Figure 1 summarizes the effect sizes for three key findings (case-control postacute and
chronic studies, and longitudinal studies) from the analyses discussed above. Effect sizes
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from casecontrol studies show that postacutely (Time 1), the majority of the neurocognitive
domains reviewed were either not affected or were minimally affected (see Figure 1A). By
Time 3 (chronic phase), some of the impairments apparent at earlier time points had
resolved. In several cases, however, increasing case-control differences were apparent by
Time 3 (chronic phase) (see Figure 1B). With the exception of VIQ, however, many of the
effects were not statistically significant because of relatively large standard errors indicating
inconsistency across study results. Of note, large effects in some domains (e.g., fluency)
were apparent in studies of a younger age at injury cohort (2—7 at injury) (Anderson, Morsg,
Catroppa, Haritou, & Rosenfeld, 2004). With few impairments noted postacutely, little, if
any, recovery was observed in longitudinal studies by Time 3, with some noteworthy
exceptions, including problem solving, P1Q, and processing speed (see Figure 1C).

Of all the measures administered, problem solving may be one of the more likely domains to
be affected by practice effects. Assuming so, the Mild group appears to gain substantially
from these effects while the Moderate and Severe groups gain comparably less. Also of
interest, the Mild group appears to make notable gains in PI1Q and processing speed
(factored into the P1Q on Wechsler Scales). Because all scores used in the meta-analysis
were standard scores (accounting for age related development), significant changes in
performance from Time 1 to Time 3 suggest that the groups made improvements above and
beyond that expected during normal development. This finding is somewhat surprising
because PIQ and processing speed are typically not prone to practice effects. Also of note,
the Mild and Moderate groups, particularly with regard to measures of intelligence,
processing speed, attention, and working memory, appear to show the same pattern of
“recovery,” despite the Mild group’s smaller discrepancy from Controls. In summary, the
Mild TBI group showed generally few, if any, impairments in aspects of general
intelligence, attention/executive skills, and memory, as well as some recovery in these areas
at around two years post injury.

Outcomes After Moderate TBI

Case-control studies (Table 1, rows 1-14a) showed negligible overall differences between
the Moderate and Control groups in visual perceptual functioning, working memory, and
verbal immediate memory (with significant inconsistency across studies) at any time point.
Generally negligible differences were noted for fluency by Time 2, with a larger discrepancy
apparent by Time 3. Small but consistent effects were noted for attention and problem
solving at all time points. Small to moderate effects for verbal delayed memory and
moderate to large effects for visual immediate memory were apparent through Time 2, with
this difference significantly decreasing by Time 3. Finally, large effects for FSIQ, VIQ, and
P1Q were present at Time 1, which decreased some by later time points. Large effects for
were noted for processing speed and inhibition at Time 3.

Case-case studies (Table 1, rows 1-14b) show negligible differences between the Moderate
and Severe groups in working memory at all three time points, as well as inhibition and
fluency at Time 3 (no earlier studies were available). Small, and in some cases, negligible,
effects were noted at all three time points for verbal and visual immediate memory, problem
solving, and fluency. Small to moderate differences were noted for VIQ and processing
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speed (all three time points), and verbal and visual delayed memory at Time 3. Moderate to
large effects were apparent for FSIQ, P1Q, visual perceptual functioning, and attention,
initially, with this difference decreasing in magnitude over time.

There were no longitudinal studies of memory, fluency, or inhibition. However, in both
verbal delayed and visual immediate memory, combining cross-sectional data from studies
using the same measures at Time 2 and Time 3 suggested moderate changes over time.
Longitudinal studies of FSIQ, PIQ, processing speed, attention, problem solving, and visual
perceptual functioning showed some improvement (small to moderate) in the first 2 years
post injury, with no observable changes thereafter. Further, no improvements in VIQ or
working memory were apparent. These results are presented in Table 1 (rows 1-14c).

The summary graphs show significant case-control effects postacutely, although in some
cases inconsistent across studies, in several neurocognitive domains, including general
intellectual functioning, processing speed, attention, problem solving, as well as visual
immediate and verbal delayed memory. No impairments in verbal immediate memory and
visual perceptual functioning were observed (see Figure 1A). By the chronic phase (Time 3),
deficits in intellectual functioning persisted, although considered smaller in magnitude
compared to postacute studies (see Figure 1B). There were also significant impairments in
executive skills, including processing speed, attention, fluency, inhibition, and problem
solving. In contrast, working memory, memory, and visual perceptual skills appeared largely
commensurate with the Controls (see Figure 1B). Although few longitudinal studies were
available for review, substantial improvement in intellectual functioning (specifically PIQ)
and processing speed were apparent, with no changes in VIQ, attention, working memory,
problem solving, or visual perceptual functioning noted (see Figure 1C).

Outcomes After Severe TBI

Case-control studies (Table 1, rows 1-14a) showed small group differences at Time 1 for
fluency and problem solving, with this difference appearing substantially larger over time
(in the very large range by Time 3). Small to moderate effects were noted for working
memory and visual immediate memory, with the largest difference noted for working
memory at Time 3 and visual immediate memory at Time 2. Small but statistically
significant effects were apparent for inhibition at Time 3. Moderate effects were apparent
for VIQ at Time 1, with the effect size almost doubling by Time 3, suggesting that the gap
between the groups expands over time. Moderate to large effects were observed for
attention, verbal immediate and delayed memory, and visual perceptual functioning. The
latter differences persisted even at Time 3 and, in some cases (e.g., verbal delayed memory),
increased over time. Large effects were noted for FSIQ, PI1Q, and processing speed across all
three time points, with significant increases in group differences by Time 2 for FSIQ. Large
effects were also evident for visual delayed memory at Time 3.

Case-case analyses are presented in Table 1 (rows 1-14b). There were no meaningful
differences between the Moderate and Severe groups for working memory at any time point
or inhibition at Time 3. There were, however, moderate differences in working memory and
fluency between the Severe and Mild groups at Time 1, which diminished over time. Small
to moderate differences were noted at all time points for verbal and visual immediate
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memory. Moderate to large effects between the Severe and both the Mild and Moderate
groups were also apparent for FSIQ, VIQ, attention, problem solving, and visual perceptual
functioning (all of which decreased over time), verbal delayed memory (consistent over
time), and visual delayed memory at Time 3. Large to very large differences were noted for
P1Q and processing speed, with both effect sizes decreasing over time. In all analyses, the
Severe group was better differentiated from the Mild than the Moderate group.

There were no longitudinal studies of memory, inhibition, or fluency. However, combining
cross-sectional data from various studies using the same measures from different time points
suggested a small amount of improvement in verbal immediate memory, with no such
improvements observed for verbal delayed memory. No improvements in problem solving
were noted. Small changes in VIQ, working memory, attention, and visual perceptual
functioning were noted over time. In contrast, moderate to large improvements were
apparent in FSIQ, P1Q, processing speed, and visual perceptual functioning by Time 2, with
no changes observed thereafter. Longitudinal study results are presented in Table 1 (rows 1-
14c).

The summary graphs indicate significant impairments in general intellectual functioning (in
P1Q more so than in VV1Q), aspects of executive functioning (especially processing speed and
attention), as well as verbal memory (immediate and delayed) in the Severe TBI group
compared to Controls (see Figure 1A). Deficits in working memory, fluency, and visual
perceptual skills were also apparent, but studies did not report impairments in these domains
on a consistent basis (see Figure 1A). In contrast, by the chronic phase (Time 3), significant
impairments in almost all neurocognitive domains were noted, with effect sizes that were
significantly larger than the effect sizes derived from comparable postacute studies (see
Figure 1B). Specifically, substantial deficits were apparent in general intellectual
functioning (large to very large effects), verbal memory (moderate to large effects), and
visual perceptual skills (small effects). Impairments were also noted for all aspects of
executive skills, with the most impacted domains (large to very large effect sizes) observed
for fluency, processing speed, attention, and problem solving. The effect sizes for working
memory and inhibition were in the small to moderate range, but consistent enough across
studies to achieve statistical significance (see Figure 1B). Longitudinal studies of severe TBI
indicated substantial recovery in intellectual functioning, which was especially true for PIQ
relative to VIQ. Small to moderate recovery in several aspects of executive functioning,
processing speed, and working memory, were also observed. There was moderate
improvement in visual perceptual skills, but due to considerable variability in reported
outcomes, statistical significance was not reached. (see Figure 1C). Of interest, one of the
largest case-control effect sizes in the Severe TBI analyses across several domains was in
one of two studies where reportedly no exclusion criteria were implemented (Parry et al.,
2004). Although this may have resulted in larger effects than the remaining studies, it is
unlikely that premorbid neurocognitive status explained the full extent of the case-control
differences observed.

Figure 2 indicates a theoretical summary model of recovery after pediatric TBI by severity
group generalized across all neurocognitive domains reviewed. Although recovery trends are
based on patterns emerging from this meta analysis, the slopes are only a summary model
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and not based on raw data. The emerging pattern of recovery suggests that the little
impairment, if any, observed in the Mild TBI group resolves over time so that this group
ultimately resembles the Controls. In contrast, there are notable deficits in the Moderate
group and although this group shows recovery relative to their acute functioning, they do not
catch up to the Control group. The Severe TBI group, however, despite some improvements
relative to functioning in the acute stage, shows a slower rate of development so that the gap
between the Severe and Control groups expands over time.

Discussion

One of the striking findings from this review is that despite the relatively large volume of
studies addressing functional outcomes and recovery following pediatric TBI, there are
remarkably few studies with well defined and discrete severity groups, time points post
injury, and age bands at the time of injury. This, in addition to the necessity for having
descriptive statistical data to conduct a meta-analytic review, substantially reduced the
number of studies that could be summarized. Nonetheless, data from available studies that
met inclusion criteria were systematically summarized and reviewed in this paper, yielding
empirically and clinically useful information regarding injury outcomes by neurocognitive
domain at various defined time points post injury (cross-sectional studies), as well as the
time course of recovery (longitudinal studies).

Studies of mild TBI included in the analyses showed few, if any, impairments in the
neurocognitive domains reviewed at any time point, including postacute outcomes. This is
consistent with previous literature (Bijur, Haslum, & Golding, 1990; Satz et al., 1997). Of
note, however, there were some studies reporting substantial impairments in the mild TBI
group, even at Time 3. For example, data from one study of a relatively younger TBI sample
(2-7 years at injury and 5 years post injury) contributed effect sizes in the moderate to large
range (with one exception) on four different paper and pencil measures of attention
(Catroppa, Anderson, Morse, Haritou, & Rosenfeld, 2007). Conversely, a study of
comparatively older children (6-15 years at injury and 3 years post injury) resulted in no
notable differences between cases and controls (Fay et al., 1994). Further, a large British
cohort of mild head injury in children found no differences between cases and healthy
controls or other nonhead injury orthopedic controls in any aspect of neurocognitive ability
or behavioral functioning (Bijur et al., 1990). Although most studies found no statistically
significant effects of mild TBI on neurocognitive functioning as a group, some suggested
that there may be a subset of children with mild TBI who show adverse outcomes in some
domains. The inconsistencies across studies in the outcomes of mild TBI may be due to
several factors.

First, differences in outcome may be because of the age at injury ranges included in studies.
Although we could not statistically capture the effects of age at injury in this meta-analysis
because of the small number of studies on the younger age at injury group, prior studies
have shown poorer outcome in younger age at injury groups, despite greater plasticity
(Anderson & Moore, 1995; Anderson et al., 2004; Dennis, 2000). Second, there were
marked methodological differences in the studies reviewed, which may have contributed to
the relatively wide range of outcomes. These differences included how severity groups were
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defined and the source of patient referrals (prospective vs. convenience/clinic samples).
Methodological differences in outcome studies of mild TBI in children have been previously
reviewed (Lee, 2007; Satz et al., 1997). Further, perhaps children with mild TBI showing
adverse outcomes were misdiagnosed. Third, effect sizes for most of the domains where
some case-control differences were observed were quite small, generally ranging between .2
and .3, with one exception (.57 for fluency at Time 3). Consequently, the Mild TBI group
did not show a level of impairment post-TBI where it would be implausible that their
functioning changed from premorbid levels. Indeed, preinjury AD/HD and behavioral
problems are present at higher rates (13-22%) in children with TBI, albeit in more severe
injury groups (Bloom et al., 2001; Max et al., 1998) than in the general pediatric population
(APA, 1994). Further, these premorbid symptoms help predict post injury neurobehavioral
outcomes (Schachar, Levin, Max, Purvis, & Chen, 2004). Hyperactivity and attentional
deficits may result in children’s behavior being a risk factor for their injury (Max et al.,
2004). In addition, some studies have reported a high rate of premorbid learning disabilities
or poor academic performance in individuals who suffer a mild TBI, with rates as high as
50% (Dicker, 1992). Therefore, although many of the studies excluded children with known
premorbid neurological problems or prior head injuries, the rate of premorbid
neurocognitive and neurobehavioral deficits, albeit subtle, may potentially have contributed
to adverse post injury outcomes. Because of the relatively high prevalence of preinjury
neurocognitive and neurobehavioral problems, the extent to which the presence of these
factors are excluded from analyses is of concern when studying the mild TBI population.
When evaluating the effect of mild TBI on neurocognitive functioning, it is critically
important to control for the preinjury levels of cognitive functioning (Asarnow, Satz, Light,
Lewis, & Neumann, 1991). Alternatively, a subgroup of the mild TBI population, the
“miserable few,” may experience neurocognitive impairments chronically post mild TBI, in
the absence of premorbid difficulties. Differentiating between these two groups is critical,
especially in any efforts to elucidate the underlying pathological processes, frequently
opaque on conventional neuroimaging studies, that explain morbidity in a select group.

In general, the Moderate TBI group performed more poorly than the Mild group and better
than the Severe group, consistent with a dose-response relationship between severity of
injury and outcome. The Moderate group was more similar to the Severe than the Mild
injury group, especially on measures of intellectual functioning and processing speed at
Time 1. In general, memory skills and visual perceptual skills were similar to Controls by
Time 3. Despite modest recovery in intellectual functioning and attention, the deficits in
children with Moderate TBI persist even after 2 years post injury compared to controls,
suggesting that they do not fully catch up to their demographically matched peers.

Studies of the neurocognitive outcomes and recovery after a severe TBI revealed robust and
significant impairments, with moderate to very large effects noted for intellectual
functioning (primarily P1Q), executive functioning (processing speed and attention), as well
as verbal immediate and delayed memory at Time 1. By Time 3, however, impairments in
all of the neurocognitive domains reviewed emerged. Small effects were noted for visual
perceptual functioning, visual immediate memory, and inhibition; moderate effects were
noted for verbal immediate memory; and large to very large effects were noted for general
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intellectual functioning (V1Q and PIQ), executive functions (processing speed, attention,
fluency, problem solving), and verbal delayed memory. Although it is not surprising that the
Severe group showed large effects overall (i.e., was most discrepant from control groups),
the comparatively larger effects observed at Time 3 relative to the Time 1 period are
particularly noteworthy. It appears that there are significant and persistent neurocognitive
impairments in a subset of children with severe TBI. Despite some recovery over the course
of the first 2 years post injury, the Severe TBI group, across most neurocognitive domains,
not only fails to catch up to its peers, but also appears to fall farther behind over time.
Because this finding was somewhat unexpected and intriguing, we looked across studies to
see if the effect sizes increased with longer post injury interval in the severe TBI group.
Consistent with our initial analyses, with few exceptions, there were relatively larger effect
sizes noted for studies with longer mean post injury intervals. This finding, however, was
somewhat confounded by age at injury, with younger age at injury groups showing larger
discrepancies compared to controls versus older groups. Children with severe TBI may not
make developmentally appropriate gains. This reduced rate of normal developmental
progress has been described as a “double hazard” injury model (i.e., severe TBI and younger
age at injury) (Anderson, Catroppa, Morse, Haritou, & Rosenfeld, 2005; Kriel, Krach, &
Panser, 1989). Similar findings have been reported in academic outcomes after severe TBI
(Anderson et al., 2006; Ewing-Cobbs et al., 2004). This interference in normal development
may be due to injury consequences, which disrupt existing neural networks and impede the
process of learning (Hebb, 1942). In addition, other factors may, in part, account for the
decline in the rate of development in this group, including lack of exposure to learning
opportunities (e.g., missing school because of hospitalizations and treatments) as well as
medical treatments/procedures (including physical rehabilitation). Regardless, the findings
from this review on the outcomes of severe TBI highlight the importance of focused and
specific interventions to mitigate this problem in children with severe TBI.

Across severity groups and post injury time points, meta-analytic findings suggest that the
neurocognitive domain most resistant to the impact of injury is visual perceptual
functioning, and to some degree visual immediate memory. At Time 1, the least affected
domains across severity groups included aspects of executive skills (fluency, problem
solving, and to some degree working memory). Although the effect sizes for these domains
at Time 3 were relatively larger compared to Time 1, the effects for working memory, visual
immediate memory, and visual perception were among the smallest across severity groups.
In contrast, domains that appeared most sensitive to TBI across severity groups, including
both Time 1 and Time 3 evaluations, were intellectual functioning (PIQ more than VIQ in
most cases), processing speed, attention, and, to a lesser degree, verbal memory. At Time 3
only, fluency and problem solving also appeared sensitive to TBI (especially for the Severe
group). Finally, the longitudinal analyses suggested that the domains showing the most
recovery include intellectual functioning (primarily PIQ) and processing speed (frequently
factored into P1Q). It is important, however, to consider the psychometric properties of the
measures used to evaluate the neurocognitive domains reviewed in this study. It is possible
that the apparent differential sensitivity of neurocognitive domains to the effects of TBI
partially reflects the relative psychometric properties of the tests used to assess the domain.
The fact that some domains appear to be minimally affected by TBI while others are
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significantly affected may be because of poor measurement and not necessarily reflective of
impairment or lack thereof in a given skill set (Strauss & Allred, 1987).

Limitations and Future Directions

A significant limitation of this meta-analysis was that many published studies could not be
included because they did not have discrete intervals post injury and severity ratings for
which effect sizes could be derived. Also excluded were studies that did not report scores in
a form from which effect sizes could be calculated. The unfortunate consequence was that
there were, at times, a small number or single studies used to derive the statistics in certain
domains. In some instances, it was difficult to know precisely how to assign a value for a
moderating variable (e.g., injury severity and/or time post injury) in a given study. This may
have introduced error when examining the effects of those moderator variables.

There are few studies that report on injury severity outcomes separately within well-defined
time spans. There are even a smaller number that report on longitudinal outcomes. For a
better understanding of the course of recovery, we need more longitudinal studies with well-
defined severity indicators and discrete time points post injury. In addition, longitudinal
studies with smaller and better defined age at injury time bands are necessary so that the
effects of normal development and its interruption because of a head injury can be
adequately evaluated. Finally, in an attempt to control for premorbid variables contributing
to outcome, the control group for comparison should be carefully chosen. There were only a
handful of studies that used an other injury control group instead of healthy control groups.
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Figure 1.
Summary of effects between TBI and control groups for each neurocognitive domain in the

postacute (Time 1) and chronic (Time 3) phases, and recovery trends. (A) Time 1 (acute/
post-acute) versus Control effect sizes by injury severity and domain in cross-sectional
studies. (B) Time 3 (chronic) versus Control effect sizes by injury severity and domain in
cross-sectional studies. (C) Time 3 versus Time 1 (Recovery) effect sizes by injury severity
and domain in longitudinal studies.
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Table 2

List of Measures Used in Meta-Analysisfor Each Neurocognitive Domain

Domain

Measures

Intelligence

Processing speed/reaction time

Attention

Working memory

Fluency
Inhibition

Problem solving

Memory

Visual spatial

Editions of the the Wechsler Scales of Intelligence (Preschool, Child, Adult), Stanford-Binet Intelligence
Scales,
and the respective composite scores derived from these measures (e.g., FSIQ, VIQ, PIQ).

Tests of reaction time (e.g., CANTAB) or the Processing Speed Index (PSI) of the Wechsler Scales (or
subtest
scores comprising the PSI when PSI not reported).

Paper/pencil measures: Trails A and B, Letter Cancellation Test, subtests of the TEA-Ch, and contingency
naming tests.

Computerized measures: versions of the Continuous Performance Tests.

Versions of verbal and visual span tests and n-back tests, Wechsler Scales Working Memory (WMI) or
Freedom from Distractibility (FDI) Indices (or subtest scores comprising the latter when WMT or FDI not
reported).

Timed verbal fluency tests (category or letter).
Versions of the Go-No Go test and the Interference subtest of the Stroop.

Measures of planning and problem solving, including WCST, the Category Test, Stockings of Cambridge
(CANTAB), delayed alternation tasks, Tower of London Test, and the 20 Questions Test.

Subtests and composites from various batteries of verbal/nonverbal, immediate/delayed memory, including
CMS, CVLT, TOMAL, WRAML, Rivermead Behavioral Memory Test, Rey-O, RAVLT, and several
nonpublished/experimental list learning tasks.

Measures of visual motor and visual perceptual processing, including the Perceptual Organization Index from
Wechsler Scales, Tactual Performance Location trial, copy trial of the Rey-Osterrieth Complex Figure,
Benton’s Line Orientation Test, and various versions of the Mazes test (Kiel Locomotor Maze, Austin

Maze,

Porteus Maze).
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