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This study meta-analyzed research examining Diffusion Tensor Imaging following pediatric non-pen-
etrating traumatic brain injury to identify the location and extent of white matter changes. Fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) data from 20 studies were analyzed.
FA increased and ADC decreased in most white matter tracts in the short-term (moderate-to-large
effects), and FA decreased and ADC increased in the medium- to long-term (moderate-to-very-large
effects). Whole brain (short-term), cerebellum and corpus callosum (medium- to long-term) FA
values have diagnostic potential, but the impact of age/developmental stage and injury severity on
FA/ADC, and the predictive value, is unclear.

Traumatic brain injuries (TBIs) are a leading cause of disability in children and adolescents, and
are associated with a variety of cognitive and neurological impairments (Babikian & Asarnow,
2009; Beauchamp et al., 2013; Taylor, 2010). Pediatric TBIs are particularly significant because
they are sustained at a time when the brain is still developing and, as such, can alter a child’s
developmental trajectory. Consequently, the effects can be more severe and have a greater impact
than an equivalent injury sustained during adulthood (Hessen, 2010). Indeed, adults who sus-
tained their TBIs during childhood are at greater risk of experiencing a range of negative
outcomes, including social, educational, and employment problems, as well as a lower quality
of life (Anderson, Brown, Newitt, & Hoile, 2011; Cattelani, Lombardi, Brianti, & Mazzucchi,
1998). Hence, it is particularly important that we understand the impact of pediatric TBIs in
order to ensure that optimal treatment and rehabilitation is provided, with the view to improving
life-long outcomes.
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Terms relating to the severity of TBI are not used consistently. In this article we use mild TBI
(mTBI) to refer to a traumatically induced disruption in brain functioning, as manifested by a
Glasgow Coma Scale score of 13–15 and at least one of the following: loss of consciousness that
does not exceed 30 minutes, loss of memory for events immediately before or after the accident
that results in posttraumatic amnesia not greater than 24 hours, alteration in mental state at the
time of the accident (e.g., feeling dazed, disorientated, or confused), and focal neurological
deficit(s) that may or may not be transient (Mild Traumatic Brain Injury Committee of the
Head Injury Interdisciplinary Special Interest Group of the American Congress of Rehabilitation
Medicine, 1993).

Penetrating brain injuries are very rare in children (Koestler & Keshavarz, 2001) and have very
different mechanisms of injury and medical outcomes than blunt trauma (Fleisher & Ludwig,
2010); thus the current analysis focuses on non-penetrating TBI. Non-penetrating TBIs, result-
ing from falls, sporting injuries and traffic accidents, frequently cause both focal and diffuse
brain damage (Lee & Newberg, 2005). Diffuse axonal injury is particularly common follow-
ing TBI due to the traumatic shearing forces that occur when the head is rapidly accelerated or
decelerated (Wilde et al., 2010). This damage is thought to be a major contributor to functional
outcomes following TBI (Niogi & Mukherjee, 2010). Conventional neuroimaging techniques,
such as computerized tomography (CT) and magnetic resonance imaging (MRI), are often used
to assess brain damage following a TBI and are highly effective in identifying focal lesions; how-
ever these techniques tend to underestimate the amount of white matter damage (Duckworth &
Stevens, 2010; Mayer et al., 2010). Thus, standard neuroimaging has failed to adequately detect
the full extent of the damage that occurs after a TBI, thereby limiting its usefulness for diagnostic,
treatment/management, and prognostic purposes (Niogi & Mukherjee, 2010).

Recent developments in MRI technology have improved our understanding of the impact of
TBI on the brain using diffusion tensor imaging (DTI), which assesses changes in the microstruc-
ture of white matter and, consequently, is better able to detect diffuse axonal injury following TBI
(Caeyenberghs et al., 2010b; Wozniak et al., 2007; Xu, Mukherjee, & Barkovich, 2013). It may
therefore also prove to be more useful in predicting functional outcomes.

DTI is a non-invasive MRI technique that measures the three-dimensional diffusion of water
molecules within the white matter of the brain (Assaf & Pasternak, 2008; Duckworth & Stevens,
2010) and is based on the principal that this diffusion is normally greater in a direction that is
parallel to nerve fibers, than it is perpendicular to them. The diffusion profile of water can be
described in terms of its anisotropy; that is, the extent to which there is a uniform direction to
the diffusion of the water molecules (Niogi & Mukherjee, 2010). Anisotropy is reduced both
by damage that affects the orientation of axonal fibers and damage to the myelin sheaths that
surround axons. This damage not only increases the amount of water diffusion, as there are fewer
intact structures constraining the water molecules, but it also increases the amount of diffusion
that occurs in the direction orthogonal (at right angles) to the white matter tracts because there
are fewer longitudinally oriented structures to hinder diffusion. This then leads to a decrease in
anisotropy (Mori, 2007; Niogi & Mukherjee, 2010).

When axons are damaged following TBI, the diffusion of water within the nerve fibers is
altered, enabling white matter damage to be detected and quantified using a variety of mea-
sures that assess these changes (Hanten et al., 2008; Le Bihan et al., 2001; Levin et al., 2008).
Several DTI indices have been developed; some focus on anisotropy, the most common of which
is fractional anisotropy (FA), and others on diffusivity, including the apparent diffusion coefficient
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(ADC) and mean diffusivity (MD). FA provides a measure of the degree of uniformity in the
direction of the diffusion, with values ranging between 0 and 1. An FA of 0 indicates that there
is a complete lack of uniformity in the direction of the movement of water molecules in fibers
within a given voxel, and 1 indicates that diffusion occurs in only one direction (parallel to the
axon) and is completely restricted in all other directions. ADC, on the other hand, provides a
measure of the rate of diffusion of water molecules, which is usually averaged over all directions
(Niogi & Mukherjee, 2010). MD is very similar to the ADC and, importantly, ADC and MD
values are similar when obtained from the same scanner. Indeed, the terms ADC and MD are
often used interchangeably in the literature and were, therefore, necessarily combined for present
purposes. Whereas high FA and low ADC or MD values indicate that the cortical white matter
tracts are intact and myelinated, low FA and high ADC/MD values indicate that a nerve fiber
is injured or poorly developed (Niogi & Mukherjee, 2010). Thus, high FA and low ADC/MD
values indicate white matter integrity (Salmond et al., 2006; Tasker et al., 2010; Wu et al.,
2010b).

Recent reviews of DTI research examining child, adult, and mixed samples with mild, mod-
erate, and severe TBI have demonstrated its potential to further our understanding of TBI and
provide a valuable clinical tool. Specifically, Aoki, Inokuchi, Gunshin, Yahagi, and Suwa, (2012)
meta-analyzed research that has examined DTI in mild TBI samples and concluded that it is
able to detect changes to white matter microstructure in adults. Similarly, Gardner et al. (2012)
conducted a systematic review of DTI findings from adolescents and adults with sports-related
mild TBI and concluded that DTI is more sensitive to white matter changes than other imaging
techniques. Both studies noted that large white matter tracts—such as the corpus callosum, inter-
nal capsule, and longitudinal fasciculus—are most frequently researched because they are often
damaged as a result of the shearing forces associated with TBIs (Aoki et al., 2012; Gardner et al.,
2012). Moreover, Gardner et al. (2012) proposed that, if DTI can be shown to detect changes in
brain structure that is not detected by conventional imaging, it may play a key role in improving
the diagnosis and management of TBI, particularly mild TBI.

Many fewer studies have used DTI with pediatric TBI samples. As with adults, much of this
research has focused on the corpus callosum, and results have ranged from large increases to FA
in the cingulum bundle (Wu et al., 2010b) to large decreases to FA in the same region (McCauley
et al., 2011). Other studies have found only minimal changes in some brain regions, for exam-
ple, Juranek et al. (2012) found minimal decreases to FA in the right hippocampus. Moreover,
there is evidence to suggest that DTI findings may vary depending on whether the assessment
is conducted in the acute stage after a TBI—when axonal swelling or cytotoxic edema may be
associated with an increase in FA and decrease in ADC—or the chronic stage when these effects
have reversed and, consequently, FA decreases and ADC increases (Bigler & Bazarian, 2010;
Gardner et al., 2012; Wu et al., 2010a). This suggests that it is important to not only consider
regional differences, but also time post-injury, when interpreting DTI findings.

AIMS

Thus far, the DTI findings for pediatric TBI samples have yet to be compiled and synthesized,
limiting our ability to determine which regions of the brain are most affected and by how much,
and the extent to which these changes vary between the acute and post-acute/chronic stages.
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Existing meta-analyses and systematic reviews have yet to examine pediatric samples in their
own right. Given the greater vulnerability of the developing brain to the structural and functional
effects of a TBI, it is possible that the findings for pediatric and adult samples may differ.

The current study therefore meta-analyzed existing research that has performed DTI with pedi-
atric TBI samples, together with their healthy peers, in order to provide a clearer understanding
of the location and extent of white matter changes, and their evolution over time, following pedi-
atric TBI. In doing so, it provides a basis for assessing whether the measures of damage (FA,
MD/ADC) to those regions that are most affected by pediatric TBI accurately predict current and
future functioning in order to systematically evaluate their diagnostic and prognostic utility. All
levels of injury were examined, including mild, moderate, and severe TBI. The key DTI indices
were FA and ADC or MD, and findings for the acute and chronic stages of injury were analyzed
separately.

METHODS

Literature Search

A comprehensive search of the literature was conducted in order to identify all research— pub-
lished before December 2013—that used DTI to examine white matter damage in children and
adolescents who had sustained a TBI, compared to that of a non-injured control group. Seven
electronic databases (PubMed, PsychINFO, CINAHL, Scopus, Embase, Informit, and Web of
Science) were searched using a large number of terms in order to capture all relevant articles.
The search strategy included a combination of terms covering brain injury/TBI/brain trauma,
child/adolescent/pediatric samples, and DTI/diffusion MRI (see Online Resource A for the logic
grids that were used to search each database).

A study was deemed eligible for inclusion in the current meta-analysis if it met the following
criteria: (1) participants were children and/or adolescents (mean or median age, or age range
<18), (2) it examined a sample that had sustained a non-penetrating TBI caused by an external
force, which resulted in at least a brief loss of consciousness, transient amnesia, or confusion
(includes mild, moderate, and/or severe TBI, but excludes blows to the head that had no observ-
able consequences), (3) it recruited a non-injured control group, (4) DTI was used to assess white
matter damage caused by the TBI, (5) FA and/or ADC/MD data for both the TBI and control
samples were reported (e.g., means and SDs, exact p or t values, raw data), and (6) it was an
original piece of research (excludes reviews) that was published in English. Case studies were
excluded from the present analysis.

These searches identified 1,580 potentially relevant articles. An initial application of the inclu-
sion criteria to the titles and abstracts of these papers, reduced the number to 270 (see Figure 1),
168 of which were duplicates and removed. The full-text versions of the remaining 102 articles
were then examined in detail using the same inclusion criteria and a further 70 excluded. Three
of the remaining studies did not provide the requisite data (Ewing-Cobbs et al., 2008; Liégois,
Tournier, Pigdon, Connelly, & Morgan, 2013; Wilde et al., 2012). The corresponding authors of
these studies were therefore contacted by e-mail to request this data: one author replied, but did
not have the necessary data, and the other two did not reply. This left a total of 29 studies that
were suitable for analysis.
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N = 20 studies included in final analysis 

N = 1,310 articles excluded based on title and abstract 

• Off topic = 115 

• Used another patient group (e.g., adults, or 

non-traumatic brain injuries) = 970 

• Ineligible due to design (e.g., reviews, case 

studies) = 225 

N = 102 full-text articles assessed for eligibility 

• 70 articles excluded (case studies, adult patient group, 

reviews, no control group, etc.) 

• 3 authors e-mailed for relevant information 

• 15 studies were combined to make 6 independent 

studies 

N = 1,580 articles identified as potentially relevant. 

• PubMed: 200 

• PsychINFO: 40 

• CINAHL: 22 

• Scopus: 632 

• Embase: 500 

• Informit: 13 

• Web of Science: 173 

N = 168 articles removed as duplicates

FIGURE 1 Flow of included studies.
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Meta-analytic procedures assume that all samples are independent of one another (Rosenthal,
1995), therefore all studies were checked for independence. Two studies by Borich et al. (Borich,
Makan, Boyd, & Virji-Babul, 2013; Virji-Babul et al., 2013), two studies by Yuan et al. (Kurowski
et al., 2009; Yuan et al., 2007), three studies by Caeyenberghs et al. (Caeyenberghs et al., 2010a,
2010b, 2011), two sets of two studies by Wilde et al. (Wilde et al., 2006a, 2006b; Oni et al.,
2010; Wilde et al., 2010), and another four studies by Wilde et al. (Chu et al., 2010; Wilde et al.,
2008; Wu et al., 2010b; Yallampalli et al., 2013) reported data for non-independent samples.
The data for the studies within each of these sets were therefore combined and treated as one
(i.e., the aforementioned 15 publications equated to 6 independent studies), leaving a total of
20 independent studies in the final analyses.

Data Collection and Preparation

Demographic details (age, gender, handedness), injury details (Glasgow Coma Scale score or
category, time post-injury), MRI/DTI information (MRI magnet strength [Tesla: 1.5T or 3T],
scanner specifications [brand, model], DTI method of acquisition, DTI metrics [FA, ADC, MD]),
region-of-interest (e.g., corpus callosum), and the data required for the calculation of the effect
sizes (means and SDs, exact p value, t-statistic or one-way ANOVA, raw data) were extracted
from each study. Participants in a study by Wu et al. (2010a) underwent repeated testing at 3 and
18 months in order to evaluate changes in DTI metrics over time. Only the data from the first
assessment were used for present purposes because this was more comparable to the intervals
used by the other studies. FA data was analyzed separately, and ADC and MD data were analyzed
together because the terms were often used interchangeably. All data extraction was undertaken
by a trained research assistant working under the close supervision of the first and second authors.

Effect Size Calculation and Interpretation

Cohen’s d (Cohen, 1992), which provides a measure of the standardized mean difference between
two groups, was used to assess group differences in the white matter integrity of the TBI and con-
trol groups, as measured by FA and ADC/MD. Mean (and SD) FA or ADC/MD measures were
recorded for both the TBI and control groups for each region-of-interest that was examined by
a study, and used to calculate d. If means and standard deviations were not available, t-tests,
F-ratios (one-way) or exact p values were used to calculate d (Lipsey & Wilson, 2001). Effect
sizes were calculated even where authors reported an effect size in order to ensure that a consis-
tent formula was used. All effect sizes were calculated using the Comprehensive Meta-analysis
program checked by a researcher with expertise in meta-analyses, and all discrepancies were
double checked and corrected if necessary.

All Cohen’s d statistics were calculated in such a way that a negative d indicated poorer white
matter integrity in the TBI sample, relative to controls; which equates to lower FA values and
higher ADC/MD values in the TBI sample. Cohen’s d values of .3, .5 and .8 equate to small,
medium, and large effects, respectively (Cohen, 1992).

Mean effect sizes were calculated for each region-of-interest when more than one study exam-
ined the same region. Before doing so, the effect sizes from individual studies were weighted
by their inverse variance in order to take into account variation in the reliability of an effect
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size caused by differences in sample sizes (small samples yield less reliable estimates and have
greater variance) (Lipsey & Wilson, 2001). A mean weighted effect size was then calculated for
each brain region by dividing the sum of the individually weighted effect sizes by the sum of
the weights (Lipsey & Wilson, 2001). Four studies performed DTI in the early stages (1-, 2- and
4-weeks post-injury). The remaining studies performed DTI in the medium- to long-term after
a TBI; namely 3 or more months post-injury (N = 16; range 3 to 45 months)—these data are
reported separately.

A number of additional statistics were calculated to assist in interpreting the results. First,
95% confidence intervals (95% CIs) were calculated to provide a measure of the statistical sig-
nificance of the effect sizes (Lipsey & Wilson, 2001). CIs that do not span zero indicate that
DTI data from the TBI and Control groups differed significantly (p = .05). Second, percentage
overlap scores (%OL) were calculated to provide a measure of the extent to which distribution
of scores for the TBI and Control groups overlapped (Zakzanis, Leach, & Kaplan, 1999). Third,
fail-safe N statistics (Nfs) were calculated to address the potential for publication bias, which
refers to the tendency for journals to publish studies that report significant findings (Lipsey &
Wilson, 2001). The Nfs statistic provides a hypothetical measure of the number of unpublished
studies with non-significant results would need to exist in order to call the current findings into
question (Zakzanis et al., 1999). The larger the Nfs, relative to the number of published studies
that have examined a particular region, the less likely it is that this number of unpublished studies
with null findings would exist. Lastly, a measure of heterogeneity (Q) was calculated in order
to determine whether the between-study variability in effect sizes was due to normal sampling
error—indicating that a fixed-effects model is appropriate for the effect size calculations—or
caused by more systematic differences between studies, potentially due to methodological differ-
ences, suggesting that a random-effects model should be used. A significant Q statistic indicates
a heterogeneous distribution of effects, which suggests that the variability in the effect sizes is
larger than would be expected due to normal sampling error. Notably, however, the Q-test has
low statistical power when based on a small number of effect sizes, particularly when the sample
sizes are small (Lipsey & Wilson, 2001). A fixed-effects model was therefore used to calculate
Cohen’s d, except where the Q statistic was significant.

The inferences made throughout this meta-analysis are based on the combined information
from the Cohen’s d statistics, 95% CIs, and Nfs. Specifically, we argue that we can be more
confident that FA is lower (i.e., direction of diffusion of water molecules along a nerve fibre
is less uniform), and ADC or MD are higher (i.e., the rate of diffusion is higher), in children
following a TBI if there are significant (95% CI �= 0) moderate to large negative differences in
these DTI metrics (Cohen’s d ≤ –.5), together with acceptable Nfs statistics (Nfs > Nstudies).

As the studies included findings from different scanner strengths and brands, we also calcu-
lated the mean effect size for studies using 1.5 and 3T strength scanners as well as for studies
using Siemens and Phillips machines.

RESULTS

Participant Characteristics

Altogether, the data from 20 independent studies were analyzed, which included a total of
491 children who had sustained a TBI and 465 healthy controls. Summary demographic data
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are provided in Table 1, where it can be seen that, on average, participants were aged in their
early teens (range: 7–17 years). The majority of participants in both groups were right-handed
(TBI: 93%, Controls: 88%) boys (TBI: 66%, Controls: 63%). There were no significant dif-
ferences between the TBI and Control groups in terms of their age (t (38) = 1.16, p = .25),
gender (χ2(1, 926) = .19. p = .66) or handedness (χ2(1, 446) = 2.81, p = .09), indicating
that they were well matched. Control participants were healthy children recruited from the local
community (Nstudies = 7) or children with orthopaedic injuries (Nstudies = 11). An additional two
studies reported that control participants were healthy children, but did not report where they were
recruited. The TBI group largely sustained moderate (GCS = 9–12) to severe (GCS = 3–8) TBIs
(Nstudies = 11) and, on average, were scanned approximately one year after their injury (mean =
14.4 months, SD = 18 months). Five studies examined injuries that ranged from complicated–
mild (GCS = 13–15 plus visible brain lesions) to severe, three investigated mild TBIs (GCS =
13–15) (one reported in multiple papers: Borich et al., 2013; Mayer et al,. 2012; Yallampalli et al.,
2010) and another examined mild to severe TBI (Wozniak et al., 2007).

Four studies performed scans on children with mild TBI at 1-, 2-, or 4-weeks post-TBI and
were labeled ‘short-term’. The other 16 studies performed scans 3 or more months post-TBI,
and included children with all levels of TBI; these were grouped into a ‘medium to long-term’
category. The majority of studies (n = 12) used a 3T MRI scanner, with the remaining eight using
a 1.5T scanner (see Online Resource B for study-specific imaging details, including the scanner
strength and brand, image acquisition details, and regions of interest).

Short-Term DTI Changes

FA. As indicated, relatively few studies performed DTI scans in the early stages after an
injury (Nstudies = 4) and all examined mild TBI samples. The associated effect sizes for the FA
and ADC data (no MD data were reported) are provided in Tables 2 and 3, respectively. FA
data was reported for 18 different regions, most of which were only examined by one study; the
exceptions being the whole brain (composite white matter score), fornix, and the right and left
anterior corona radiata, which were each investigated by two studies (see Table 2). Notably, there
were large and significant positive differences in the FA values of 16 regions (89%): composite
whole brain, corpus callosum, anterior corona radiata (left and right), cerebral peduncle, fornix,
superior corona radiata, left cingulum bundle, anterior thalamic radiation (left and right), right
forceps minor, right inferior longitudinal fasciculus, inferior fronto-occipital fasciculus (left and
right), subcallosal cortex, right thalamus, and left white matter. Paradoxically, mean FA values
were higher than those seen in healthy individuals in almost all regions that have been assessed
in the first few weeks after a mild TBI. Although all of these findings had adequate Nfs statistics,
they should be treated cautiously as they were based on a maximum of two studies, with a narrow
range of injuries (mild TBI), and generally involved small samples. Moreover, the %OL statistics
indicate that, with the exception of the composite whole brain score (12%), there was considerable
overlap in the distribution of FA scores for the TBI and control groups (≥ 31%).

ADC. ADC data on the other hand, was only available for four brain regions (refer to
Table 3); only one of which—composite whole brain—was investigated by multiple studies
(Nstudies = 2), albeit with a small sample. There were large and significant positive differences,
with very good Nfs statistics, in the ADC values of three regions (75%): the total corpus callosum,
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and the left and right cingulum. These regions were only examined by single studies and the find-
ings indicate that the ADC values were, somewhat surprisingly, lower in the early stages after a
mild TBI than they were in healthy controls.

Medium- to Long-Term DTI Changes

FA. FA values were reported for 52 different regions-of-interest; 25 of which were examined
by multiple studies. As seen in Table 4 the most commonly explored areas were: the genu of
the corpus callosum (Nstudies = 7), followed by the splenium, body and total corpus callosum
(Nstudies = 6), the uncinate fasciculus (left and right) (Nstudies = 5), and the anterior and posterior
limb of the internal capsule (Nstudies = 4). Fewer studies calculated DTI metrics for the whole
brain and other brain regions (Nstudies = 1–3).

Overall, there were moderate to large and significant negative differences between the FA
values of the TBI and control groups in 36 of the 52 (69%) brain regions that have been exam-
ined (see Table 4), indicating that a large number of regions were negatively impacted by a TBI
(anisotropy decreased). Indeed, regardless of statistical significance, all effect sizes were negative,
indicating a clear pattern to these changes.

Of the regions that were assessed by multiple studies, there were large to very large and sig-
nificant decreases in FA values in the: total corpus callosum; splenium, genu and body of the
corpus callosum; anterior and posterior limbs of the internal capsule; right temporal lobe; left and
right frontal lobes; left and right uncinate fasciculus; and the left and right dorsolateral regions.
In addition, moderate and significant decreases in FA values were reported in the left temporal
lobe and left and right cingulate. The Nfs statistics for all of these findings exceeded—and often
well-exceeded—the number of studies that examined the specific region of interest, suggesting
that publication bias is unlikely to impact on these findings. Also of interest is the finding that
the FA values for the cerebellum and total corpus callosum are associated with very low %OL
statistics (≤7%), indicating that there was minimal overlap between the FA scores of children in
the TBI and Control groups.

ADC and MD. ADC or MD data for the medium- to long-term were reported for a total of
30 different regions, 17 of which were examined by multiple studies (see Table 5). Overall, there
were large and significant increases (indicating reduced white matter integrity) in ADC/MD in
10 regions (33%), and moderate and significant increases in a further 16 areas (53%). Of the
regions that were assessed by multiple studies, there were large and significant increases in
ADC/MD values in the: anterior limb of the internal capsule, genu and total corpus callosum,
right frontal white matter, and the left inferior longitudinal fasciculus. In addition, there were
moderate and significant increases in the body and splenium of the corpus callosum, left frontal
white matter, left dorsolateral region, temporal lobe (left and right), and the right inferior longi-
tudinal fasciculus and the uncinate fasciculus (left and right). Once again, the Nfs statistics for
these findings indicate that publication bias is unlikely to be a threat to the validity of these find-
ings. Although there were many moderate to large and significant differences between the mean
ADC/MD scores of the two groups, none of them were associated with very low %OL statistics
(all ≥37%).

Additional analyses of the mean effect size for studies using 1.5T versus 3T strength scanners,
as well as for studies using Siemens and Phillips machines, showed broadly similar effect sizes
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regardless of scanner strength or brand (see Appendices C to J). Thus, the magnet strength and
brand did not appear to impact on the difference in DTI metrics between ABI and control groups,
suggesting that the findings from these studies could be analyzed together.

DISCUSSION

The current research analysed data from a total of 20 independent studies that have used DTI to
investigate changes to the white matter integrity of children who had sustained a TBI. Data was
available for 491 participants with TBI (321 males, 153 females) and 465 controls. The mean
age for the TBI group was 14.1 years (SD = 2.1) and the injuries ranged in severity from mild
to severe, although most were in the moderate to severe range. The average post-injury interval
was 1.2 years, with very few studies examining white matter integrity in the early stages after an
injury (Nstudies = 4).

As would be expected, most research has focused on the largest white matter tracts, including
the corpus callosum, internal capsule, uncinate fasciculus, and inferior longitudinal fasciculus.
Although numerous other regions have been investigated, many were only examined by single
small-scale studies, therefore limiting the conclusions that can be drawn regarding these other
regions.

All studies that conducted DTI in the early post-injury interval (1 to 4 weeks) examined chil-
dren who had sustained a mild TBI. These studies found large and significant increases in the FA
values of the TBI group, relative to controls, in almost all regions that were assessed, namely: the
whole brain, corpus callosum, anterior corona radiata (left and right), cerebral peduncle, fornix,
superior corona radiata, left cingulum bundle, anterior thalamic radiation (left and right), right
forceps minor, right inferior longitudinal fasciculus, inferior fronto-occipital fasciculus (left and
right), subcallosal cortex, right thalamus, and left white matter. These findings indicate that there
are widespread changes in anisotropy, even after a mild TBI, such that there is greater uniformity
in the direction of diffusion. Although all of these changes were sizeable, only the whole brain
FA value showed limited overlap in the distribution of scores for the TBI and Control groups
(%OL = 12); suggesting that this measure may have the greatest diagnostic potential.

Early post-injury ADC data, on the other hand, was available for many fewer regions, with
large and significant positive changes—equating to lower ADC values—in the total corpus
callosum and cingulum (left and right) following mild TBI. This paradoxical increase in FA
and reduction in ADC has previously been attributed to axonal swelling and cytotoxic edema in
the early stages after a TBI (Bigler & Bazarian, 2010). It remains to be determined whether these
same changes occur in the early stages after moderate and severe TBIs in children, and exactly
how long they persist.

When DTI was performed in the medium to long term (3 to 45 months), there were moderate
to very large decreases in the FA values for the majority of white matter regions that have been
examined. Of the regions that were assessed by multiple studies, there were large to very large
and significant decreases in the FA values of children who sustained a TBI, affecting: the corpus
callosum (total region, splenium, genu, and body); the internal capsule (anterior and posterior);
right temporal lobe; frontal lobes (left and right); uncinate fasciculus (left and right); and the
dorsolateral regions (left and right). In addition, there were moderate and significant decreases to
the FA values in the left temporal lobe and cingulate (left and right).
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The pattern of findings for ADC/MD data collected in the medium to long term after pediatric
TBI was similar to that of the FA data. Specifically, when considering those regions that were
assessed by multiple studies, there were large and significant increases in the ADC/MD values
of the internal capsule (anterior limb), corpus callosum (genu and total region), right frontal
lobe, and the left inferior longitudinal fasciculus following pediatric TBI. Moreover, there were
moderate and significant increases to ADC/MD in the corpus callosum (body and splenium),
left frontal lobe, left dorsolateral region, temporal lobe (left and right), right inferior longitudinal
fasciculus, and uncinate fasciculus (left and right).

Reductions in FA values and increases in ADC/MD values in the medium to long term post-
TBI indicate decreased integrity of white matter microstructure (Niogi & Mukherjee, 2010).
These findings are consistent with findings from reviews of the sports-related mild TBI literature
in older adolescents and young adults, which have also shown these changes in the post-acute
period (Gardner et al., 2012). They also confirm the findings from reviews of the adult mild
TBI literature (Aoki at al., 2012), suggesting that the changes may be similar in child and adult
samples.

DTI measures have also been used to study structural changes occurring with normal develop-
ment. In a recent review, Mills and Tamnes (2014) noted that both cross-sectional and longitudinal
studies have demonstrated greater structural connectivity between childhood and adolescence,
evidenced by increases in FA and decreases in MD in most white matter regions. The rate and
timing of these changes vary between brain regions, with fronto-temporal white matter tracts
developing later and the cingulum having the most prolonged development. This indicates that
age may also be an important factor to consider, as Aoki et al. (2012) found a relationship between
age and FA in the splenium in their meta-analysis of adult mild TBI (mean age range: 27 to 42).
They suggest that, given that FA increases during childhood and adolescence, with a peak value
at around age 30 years, an early TBI may accelerate the later decrease in FA during adulthood.
Longitudinal research has yet to examine this.

This meta-analysis has demonstrated that there is a decrease in the integrity of white matter
microstructure three or more months after mild to severe pediatric TBI and supports sugges-
tions that DTI may provide a useful biomarker of injury (Bigler & Bazarian, 2010). Comparable
changes to the corpus callosum, internal capsule and longitudinal fasciculus of adults have also
been reported (Aoki et al., 2012; Gardner et al., 2012). However, more regions appear to be
affected following pediatric TBI, supporting recent work that has suggested that children’s brains
may be particularly vulnerable to TBI (Hessen, 2010).

LIMITATIONS

While the TBI and Control groups were found to be well-matched in terms of age and gender, it
was not always clear whether children were matched in other important ways. For example, some
studies recruited healthy controls from the local community (n = 7) and others used orthopaedic
controls (n = 11). The latter group is thought to better control for pre-morbid functioning and
other injury-related variables (e.g., pain, distress), as there is evidence to suggest that children
who sustain a TBI have more pre-existing behavioral and learning problems than those from
the general community (Asarnow et al., 1995). This also raises the possibility that some children
who experience a TBI may have differences in DTI metrics in comparison to normally developing
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children that pre-date the TBI. Unfortunately, there were not enough studies that examined the
same white matter tracts to examine the impact of the type of control group (orthopaedic vs.
healthy controls) on the findings, although recent work comparing community and orthopaedic
controls, who were recruited as part of a TBI study suggests these groups may be more compa-
rable than previously thought, at least in adult settings (Mathias, Dennington, Bowden, & Bigler,
2013).

The participant numbers in many studies were relatively small and the severity of the TBIs
varied, with most studies investigating moderate and severe TBI and some also examining mild
and complicated mild TBIs. Once again, there were insufficient data to examine the impact of
injury severity on the current findings, but it is highly likely that this variable contributed to the
heterogeneity in the findings from different studies. The age range of participants also varied con-
siderably (7 to 17 years). This is particularly important because there are distinct developmental
trajectories for each of the major white matter tracts, commencing in childhood and culminat-
ing in adulthood (Imperati et al., 2011), which means that the consequences of a TBI may differ
according to the age of the child. A finer-grained analysis of the these same DTI measures and
regions is now needed, taking into account both the age of the child and the extent to which
specific white matter regions have developed at the time of injury.

There was also variation in the MR scanners used, which may also have contributed to hetero-
geneity, with 12 studies using a 3T MR scanner and eight a 1.5T scanner. While it has generally
been assumed that the stronger the MRI magnetic field (tesla units), the higher the quality of the
image and the signal to noise ratio, a recent review was unable to find any studies comparing
DTI at 1.5 and 3 T to definitively confirm this (Wardlaw et al., 2012). There is also considerable
debate regarding the optimum diffusion imaging parameters, namely the number of diffusion
encoding directions and strength, and correct image processing pipeline for DTI studies (Jones &
Cercignani, 2010). The use of a group-wise experimental design (control versus patient), to some
extent, enables comparison of results across the different studies evaluated for this meta-analysis.
In addition, there was variation in the software packages used to analyse the DTI data and in the
pre-processing of data, which may contribute to the heterogeneity of findings. However, there is
currently insufficient data to analyse the impact of these variables on the findings.

Although DTI has enabled a paradigm-shift in our ability to measure microstructural changes
to white matter, a key limitation is the inability of the diffusion tensor model to resolve cross-
ing fibers (Jones & Cercignani, 2010). Estimates from the adult brain suggest that ∼ 90% of
white matter voxels contain crossing fibres (Jeurissen, Leemans, Tournier, Jones, & Sijbers,
2013). In areas where fibres cross, diffusivity metrics obtained from the diffusion tensor (i.e.,
FA) become difficult to interpret. For instance, within regions where white matter is highly
organized, anisotropy (FA) is low, making it difficult to distinguish possible diffuse axonal
injury. Furthermore, if axonal injury occurs in only one fibre orientation within a given voxel,
a paradoxical increase in FA can occur, potentially leading to an erroneous conclusion regard-
ing the presence of inflammation or gliosis (Winston, 2012). Such constraints complicate the
interpretation of DTI studies, especially in the more acute stages of injury.

CONCLUSION

In conclusion, this meta-analysis revealed substantial increases in FA and decreases in ADC in
the short term (1–4 weeks), together with equivalent or greater decreases in FA and increases
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in ADC/MD in the medium to longer term (3–45 months), in the majority of white matter tracts
following pediatric TBI. In particular, the early FA values for composite whole brain white matter
and the medium- to long-term FA values for the cerebellum and total corpus callosum, appear
to hold the greatest diagnostic potential as they were associated with the least overlap in the
distribution of scores for the TBI and control groups (12%, 5%, and 7%, respectively). Notably,
there was often significant heterogeneity in the effect sizes reported by different studies, which
may arise from the use of small samples that include a wide range of ages (young children to
older adolescents) and injuries (mild to severe TBIs). Research is now needed to examine how
age/developmental stage and the severity of an injury impacts on these DTI metrics. It should also
examine the relationship between these DTI findings and the cognitive and behavioral outcomes
of children who have sustained a TBI in order to evaluate the extent to which DTI can contribute
to the assessment and management of pediatric TBI patients. Furthermore, for diffusion MRI to be
established as a clinical diagnosis tool for TBI, new image analysis methods have to be developed
to enable the robust detection of subtle diffuse axonal injury in individual subjects. As outlined
above, most published studies have reported differences in diffusivity measures using group-wise
analyses, which is not suitable for measuring heterogeneous brain injuries, nor does it aid clinical
decision making regarding whether an individual has sustained a TBI. Recent work employing the
tensor model has shown that it is possible to detect diffuse axonal injury in individual patients with
mTBI using Enhanced Z-score Microstructural Assessment for Pathology (EZ-MAP) (Lipton
et al., 2012). Further studies are required for the translation of this promising technology into
clinical practice.
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APPENDIX: ONLINE RESOURCES

Table A: Terms Used in Database Search

Databases:

PubMed Psycinfo
Scopus Embase
Web of Science CINAHL
Informit

Logic Grid for PUBMED

DTI TBI Child

(Diffusion tensor imaging[mh] OR
diffusion tensor imaging[tiab] OR
dti[tiab] OR diffusion magnetic
resonance imaging[mh] OR diffusion
magnetic resonance imaging[tiab] OR
diffusion weighted imaging[tiab] OR
dwi[tiab])

(Brain injuries[mh:noexp] OR Brain
hemorrhage, traumatic[mh:noexp]
OR Craniocerebral trauma[mh:noexp]
OR brain injur∗[tiab] OR tbi[tiab] OR
brain trauma[tiab])

(Child[mh] OR child∗[tw] OR
adolescent[mh] OR
adolesce∗[tw] OR teen∗[tiab]
OR paediatric[tiab] or
pediatric[tiab])

Logic Grid for PsycINFO

DTI TBI Child

TI ‘diffusion tensor imaging’ OR AB
‘diffusion tensor imaging’ OR TI dti
OR AB dti OR TI ‘diffusion magnetic
resonance imaging’ OR AB ‘diffusion
magnetic resonance imaging’ OR TI
‘diffusion weighted imaging’ OR AB
‘diffusion weighted imaging’ OR TI
dwi OR AB dwi

DE ‘brain damage’ OR DE
‘traumatic brain injury’ OR TI
‘brain injur∗’ OR AB ‘brain
injur∗’ OR TI tbi OR AB tbiOR
TI ‘brain trauma’ OR AB
‘brain trauma’

SU child OR TI child∗ OR AB child∗
OR SU adolescent OR TI
adolesce∗ OR AB adolesce∗ OR
TI teen∗ OR AB teen∗ OR TI
pediatric∗OR AB pediatric∗ OR TI
paediatric∗ OR AB paediatric∗

Logic Grid for SCOPUS

DTI TBI Child

TITLE-ABS-KEY(diffusion tensor
imaging) OR TITLE-ABS-KEY(dti)
OR TITLE-ABS-KEY(diffusion
magnetic resonance imaging) OR
INDEXTERMS(diffusion tensor
imaging) OR INDEXTERMS(diffusion
magnetic resonance imaging) OR
TITLE-ABS-KEY(diffusion weighted
imaging) OR TITLE-ABS-KEY(dwi)

INDEXTERMS(brain injuries) OR
TITLE-ABS-KEY(brain injur∗) OR
TITLE-ABS-KEY(tbi) OR
TITLE-ABS-KEY(traumatic brain
injury) OR INDEXTERMS
(craniocerebral trauma) OR
TITLE-ABS-KEY(brain trauma) OR
INDEXTERMS(brain hemorrhage,
traumatic)

INDEXTERMS(child) OR
TITLE-ABS-KEY(child∗) OR
INDEXTERMS(adolescent) OR
TITLE-ABS-KEY(adolesce∗) OR
TITLE-ABS-KEY(teen∗) OR
TITLE-ABS-KEY(pediatric∗) OR
TITLE-ABS-KEY(paediatric∗)
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Logic Grid for Embase

DTI TBI Child

“diffusion tensor imaging”/de OR “diffusion
weighted imaging”/de OR “diffusion
tensor imaging”:ti,abORdti:ti,ab OR
“diffusion weighted imaging”:ti,ab OR
“diffusion magnetic resonance
imaging”:ti,ab OR dwi:ti,ab

“Brain injury”/de OR “traumatic
brain injury”/de OR “traumatic
brain injury”:ti,ab OR
tbi:ti,abOR “brain injuries”:ti,ab
OR “craniocerebral trauma”:ti,ab
OR “brain trauma”:ti,ab

Child/de OR child∗:ti,ab OR
adolescent/de OR
adolesce∗:ti,ab OR teen∗:ti,ab
OR pediatric∗:ti,ab OR
paediatric∗:ti,ab

Logic Grid for Web of Science

DTI TBI Child

TS=“diffusion tensor imaging” OR
TS=dti OR TS=”diffusion magnetic
resonance imaging” OR
TI=“diffusion tensor imaging” OR
TI=dti OR TI=”diffusion magnetic
resonance imaging” OR
TI=“diffusion weighted imaging” OR
TI=dwi OR TS=”diffusion weighted
imaging” OR TS=dwi

TS=“brain injur∗” OR TS=tbi OR
TS=“traumatic brain injury” OR
TS=“brain trauma”OR
TS=”craniocerebraltrauma” OR
TI=“brain injur∗” OR TI=tbi OR
TI=“traumatic brain injury” OR
TI=“brain trauma”

TS=(child OR child∗) OR
TS=(adolescent OR adolesce∗)
OR TS=teen∗ OR TI=(child OR
child∗) OR TI=(adolescent OR
adolesce∗) OR TI=teen∗ OR
TS=(pediatric OR paediatric) OR
TI=(pediatric OR paediatric)

Logic Grid for CINAHL

DTI TBI Child

TI “diffusion tensor imaging” OR AB
“diffusion tensor imaging” OR TI
dti OR AB dti OR TI ”diffusion
magnetic resonance imaging” OR
AB “diffusion magnetic resonance
imaging” OR TI “diffusion
weighted imaging” OR AB
“diffusion weighted imaging” OR
TI dwi OR AB dwi

MH “Brain injuries” OR TI “brain
injur∗” OR AB “brain injur∗” OR TI
tbi OR AB tbiOR TI “traumatic
brain injury” OR AB “traumatic
brain injury” OR TI “craniocerebral
trauma” OR AB “craniocerebral
trauma” OR TI “brain trauma” OR
AB “brain trauma”

MH child OR TI child∗ OR
AB child∗ OR TI adolesce∗
OR AB adolesce∗ OR TI
teen∗ OR AB teen∗ OR TI
pediatric OR AB pediatric
OR TI paediatric OR AB
paediatric

Logic Grid for Informit (Health Databases)

DTI TBI Child

(SU=Diffusion tensor imaging OR
TI,AB=diffusion tensor imaging OR
TI,AB=dti OR SU=Diffusion magnetic
resonance imaging OR TI,AB=diffusion
magnetic resonance imaging)

(SU=acquired brain injuries OR
TI,AB=tbi OR TI,AB= brain
injur∗ OR SU=traumatic brain
injury)

(SU=Child OR TI,AB=child∗
OR SU=Adolescent OR
TI,AB=adolesce∗ OR
TI,AB=teen∗)
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