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ARTICLE INFO ABSTRACT

Keywords: Childhood traumatic brain injury (TBI) is one of the most common causes of acquired disability and has sig-

Head injury nificant implications for executive functions (EF), such as impaired attention, planning, and initiation that are

Childr.e" . predictive of everyday functioning. Evidence has suggested attentional features of executive functioning require

1:;:;:‘::3;:1 behavioral flexibility that is dependent on frontostriatial circuitry. The purpose of this study was to evaluate

Caudate surface-based deformation of a specific frontostriatial circuit in pediatric TBI and its role in EF. Regions of in-
terest included: the dorsolateral prefrontal cortex (DLPFC), caudate nucleus, globus pallidus, and the medi-
odorsal nucleus of the thalamus (MD). T1-weighted magnetic resonance images were obtained in a sample of
children ages 8-13 with complicated mild, moderate, or severe TBI (n = 32) and a group of comparison children
with orthopedic injury (OI; n = 30). Brain regions were characterized using high-dimensional surface-based
brain mapping procedures. Aspects of EF were assessed using select subtests from the Test of Everyday Attention
for Children (TEA-Ch). General linear models tested group and hemisphere differences in DLPFC cortical
thickness and subcortical shape of deep-brain regions; Pearson correlations tested relationships with EF. Main
effects for group were found in both cortical thickness of the DLPFC (Fq 69 = 4.30, p = 0.042) and MD mean
deformation (F; 60 = 6.50, p = 0.01) all with lower values in the TBI group. Statistical surface maps revealed
significant inward deformation on ventral-medial aspects of the caudate in TBI relative to OI, but null results in
the globus pallidus. No significant relationships between EF and any region of interest were observed. Overall,
findings revealed abnormalities in multiple aspects of a frontostriatial circuit in pediatric TBI, which may reflect
broader pathophysiological mechanisms. Increased consideration for the role of deep-brain structures in pedi-
atric TBI can aid in the clinical characterization of anticipated long-term developmental effects of these
individuals.

1. Introduction disability in young children ages 5-14 (Araki et al., 2017; Dennis et al.,
2017). Among children who have survived a severe TBI, the majority
Traumatic brain injury (TBI) is the leading cause of death and experience  long-term  disability = (Lindsey et al, 2019).
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Neuropathologically, TBI is associated with neuronal loss and diffuse
axonal injury in multiple brain regions, most commonly in frontal and
temporal areas (Marco et al., 2011).

Cognitive impairment is a common feature in pediatric TBI, with the
type and severity dependent upon the magnitude of injury. Children
who sustain a TBI often experience deficits in a range of neuropsycho-
logical domains, including memory, attention, spatial reasoning,
speeded perceptual motor skills, and executive functioning (Ewing-
Cobbs et al., 2004; Taylor et al., 2008). In particular, executive
dysfunction has significant implications for everyday activities (Slomine
et al., 2009), and is typically associated with lesions in the prefrontal
cortex (Bigler, 2001; Stuss, 2011). In pediatric TBI populations, diffi-
culties in various aspects of executive functioning, including behavioral
control and regulation, may be evident up to 6 months postinjury
(Dennis et al., 2001; Levin and Hanten, 2005). Levin and colleagues
(2001) also observed that orbitofrontal cortical lesions strongly related
to errors and rule-breaks on tasks of executive functioning, while
dorsolateral frontal lesions were closely associated with deficits in
problem solving ability (Taylor, 2004).

Multiple lines of evidence indicate that the broad features of exec-
utive functioning are dependent upon dense frontostriatial circuitry that
involves interactions between frontal lobes, basal ganglia, and specific
thalamic nuclei (Leunissen et al., 2014). One specific frontostriatial loop
involving reciprocal connections between the dorsolateral prefrontal
cortex, caudate nucleus, globus pallidus, and mediodorsal nucleus of the
thalamus is the dorsolateral prefrontal circuit (Bonelli and Cummings,
2007). The dorsolateral prefrontal (DLPF) circuit is thought to mediate
various aspects of executive functioning, including goal selection,
planning, monitoring, and the ability to incorporate feedback during
task performance (Alvarez and Emory, 2006). Research in adults with
severe TBI has observed impairment in executive functioning tasks when
lesions involve the DLPF circuit (Zappala et al., 2012). In studies of
pediatric TBI, focal lesions and disruption to the development of these
frontally guided and distributed networks may also be key in under-
standing cognitive deficits related to injury mechanisms (Levin and
Hanten, 2005).

Although frontal and temporal regions are considered most suscep-
tible to injury following TBI, deep brain structures are also known to be
vulnerable (Wilde et al., 2007). Traumatic deep gray matter lesions in
components of frontostriatal circuitry, such as the caudate, thalamus,
globus pallidus, and putamen, are frequently observed in adults with
severe TBI (Clarencon et al., 2017). In a volumetric study of pediatric
TBI, Wilde and colleagues (2007) found volumetric decreases of the
hippocampus, amygdala, and globus pallidus in children with TBI that
were relatively symmetric, providing support for a more diffuse and
global, rather than a focal, injury process (Bigler et al., 2013a; Wilde
et al., 2007). In additional pediatric TBI volumetric studies, reductions
in the caudate and putamen have also been found as a result of early TBI
(Serra-Grabulosa et al., 2005), suggesting these structures may exhibit
similar degrees of developmental vulnerability to different injury pro-
cesses given they all originate from a common pool of immature neurons
(Wilde et al., 2007). Previous work has also found that reciprocal white
matter connections between the thalamus and cortex are highly sus-
ceptible to injury in pediatric TBI, likely due to injury-related atrophy
resulting in transneuronal degeneration (Tasker, 2006), a form of
neuronal degeneration that may spread to involve other connected
nerve cells. Despite its relatively protected position, the thalamus in
particular may be susceptible to TBI-related pathological change due to
transneuronal cell death processes, given its extensive network of
interconnectedness with the cerebral cortex (Fearing et al., 2008; Rosen
et al., 2006). Previous studies have implemented shape analysis to
examine subcortical changes in adult TBI, for example, Leunissen and
colleagues (2014) utilized this approach to characterize the thalamus,
putamen, and caudate and found localized atrophy of executive and
rostral-motor zones of the basal ganglia, as well as the thalamus. As
observed in the adult TBI literature, focused investigation of the
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collective frontostriatal circuitry involving both cortical and deep brain
structures may assist in providing additional insight into the brain
sequalae and cognitive features of pediatric TBI.

The overarching goal of this project was to examine structures of the
DLFP circuit in a sample of children with TBI relative to age-matched
children with orthopedic injury (OI) and to determine if changes to
the circuit were related to various aspects of executive functioning.
Currently, no research has taken a focused approach to investigating
structural abnormalities of frontostriatal circuitry in pediatric TBI and
examining whether these changes relate to behavioral performance. The
first aim of the study was to characterize the structure of DLFP circuitry
components, namely the dorsolateral prefrontal cortex (DLPFC),
caudate nucleus, globus pallidus, and mediodorsal nucleus of the thal-
amus, using high-dimensional brain mapping procedures, which are
capable of detecting submillimeter alterations in the morphology of gray
matter structures (Csernansky et al., 2004). We hypothesized that the
TBI group would demonstrate abnormalities in all structures of this
circuit (thinner cortex and localized volume loss of deep brain nuclei)
relative to the OI group. The second aim was to evaluate whether
structural abnormalities in these regions would relate to impairments in
executive functioning in the TBI group. We hypothesized that abnor-
malities in the caudate nucleus and globus pallidus would demonstrate
the strongest association with executive dysfunction in this group.

2. Material and methods

This study utilized a subset of participants from a multi-site NIH-
funded study of brain injury in children: Social Outcomes of Brain Injury
in Kids (SOBIK; R0O1 HD048946, PI: Yeates) (Bigler et al., 2013a; Yeates
et al., 2007). The subset was derived from two of the data collection sites
that utilized GE-branded magnetic resonance imaging (MRI) scanners
(the third used Siemens) to maintain consistency in image acquisition
parameters and avoid spurious differences due to scanner type. Data
were collected according to established ethical guidelines as outlined by
the Declaration of Helsinki and the methods and procedures were
approved by Institutional Review Board at each data collection site.
Participants contributed imaging data, as well as measures of cognition,
social information processing and adjustment, measures of environ-
mental variables including family functioning, and direct observations
of interactions with familiar and unfamiliar peers. Informed parental
consent and child assent were obtained before participation, and the
dataset was anonymized prior to utilization for this study.

2.1. Participants

Participants were identified from hospital medical records and
trauma registries at metropolitan children’s hospitals as part of the
larger SOBIK project and recruited by phone (Yeates et al., 2013). All
participants were 8 to 13 years of age and had experienced a TBI or Ol.
Participants were excluded if they had a: (a) history of more than one
serious injury requiring medical treatment; (b) premorbid neurological
disorders; (c) injury determined to be a result of child abuse or assault;
(d) history of severe psychiatric disorder requiring hospitalization; (e)
sensory or motor impairments that would prevent valid administration
of study measures; (f) primary language other than English; (g) any
medical contraindication to MRI; and (f) need for full-time special ed-
ucation. Participants in the OI group were excluded if a structural lesion
was displayed in an MRI scan or if they had any injury to the head.
Children with a history of premorbid learning or attentional problems
were not excluded from the study; groups did not significantly differ on
the distribution of these concerns.

Both groups experienced a mechanical injury and hospitalization,
but only those in the TBI group sustained a brain injury based on
Glasgow Coma Scale scores (GCS) (Teasdale and Jennett, 1974). The
total TBI subset sample (n = 32) was stratified by injury severity based
upon GCS scores, and included individuals with complicated mild (n =
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13, GSC score of 13-15 with intracranial lesion), moderate (n = 5, GCS
score of 9-12), and severe (n = 14, GCS score of < 8) TBI. Detailed in-
formation regarding brain lesion severity and location can be found in
work by Bigler and colleagues (2013b). In brief, 68 % of the TBI par-
ticipants demonstrated as least one quantitative MRI abnormality — the
frontal region contained 73.5 % of all white-matter hyperintensities
(WMH), 74.1 % of all hemorrhagic lesions and 72.3 % of all focal
encephalomalacia; the temporal region contained 15 % of all WMH,
19.4 % of all hemorrhagic lesions and 26.6 % of all focal encephalo-
malacia; the parietal-occipital regions contained 11.5 % of all WMH, 6.4
% of all hemorrhagic lesions and 1.4 % of all focal encephalomalacia;
and 15.3 % of the TBI sample had abnormalities of the corpus callosum
(Bigler et al., 2013b). The OI subset comparison group consisted of 30
participants who sustained bone fractures that were not skull or facial
and experienced no loss of consciousness or any other indications of
brain injury. Inclusion criteria for the OI control group included no
known head injury or loss of consciousness, and a GCS of 15. De-
mographic data are available in Table 1. Additionally, TBI and OI groups
from the site utilizing the Siemens-branded MRI scanner were compared
to TBI and OI groups from the subset used in the analyses.

2.2. Measures

The Wechsler Abbreviated Scale of Intelligence (WASI) was admin-
istered, with the FSIQ score used to characterize general intellectual
functioning (Wechsler, 2011). Parental socioeconomical status (SES)
was measured using a standardized composite score based on Likert-
scaled questions of parental education, parent occupation status, and
mean family outcome collected on a self-report questionnaire. The Test
of Everyday Attention for Children (TEA-Ch; Manly et al., 2001) was
administered and a composite score that represented executive aspects
of cognition (EF) was constructed using three subtests: Creature
Counting Timing, Walk/Don’t Walk, and Code Transmission using a
previously described approach (Robinson et al., 2014). The TEA-Ch is a
cognitive battery that measures selective attention, sustained attention,
and the switching of attentional processes based on Petersen and Pos-
ner’s (2012) theory of attention. It is ideal for children based on its
likeness to a game and allows children to feel more comfortable during
testing (Chan et al., 2008). The Creature Counting subtest requires
participants to utilize switching attentional processes by counting
“creatures” from the top of the page down, but to use the arrows on the
page as a cue to switch the direction of their counting (Manly et al.,
2001). The Walk/Don’t Walk subtest is a measure of effortful inhibition,
which requires participants to mark footprints on a paper path using a
pen after the presentation of a “go” tone, but inhibit marking after they
hear a different “stop” tone (Robinson et al., 2014; Treble-Barna et al.,
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2017). The Code Transmission task is a measure of sustained auditory
attention that requires participants to monitor a stream of monotonous
digits for the occurrence of a particular target sequence and then to
report the digit that occurred immediately before (Manly et al., 2001).

2.3. Image acquisition parameters

Magnetic resonance images of the brain were collected within one-
year post-injury for all participants at two SOBIK collection sites using
a GE Signa Excite 1.5 T machine. Imaging protocols included: a thin slice
(~1mm?>) volume acquisition T1-weighted ultrafast 3D Gradient Echo
SPGR; dual-echo proton density (PD)/T2 weighted sequence; fluid
attenuated inversion recovery (FLAIR); and a gradient recalled echo
(GRE) (Bigler et al., 2013b).

2.4. Image processing

Raw T1-weighted images were processed using the FreeSurfer (FS)
(https://surfer.nmr.mgh.harvard.edu/) version 6.0 toolkit (Dale et al.,
1999; Fischl et al., 1999) and manually edited according to established
guidelines (Segonne et al., 2007); any processing or topological errors
were corrected to ensure accuracy of the cortical mantle. Definition of
the DLPFC region of interest (ROI) involved a combination of labels
derived from a standard FreeSurfer parcellation scheme (Destrieux et al.,
2010) and was based on published neuroanatomical regions (Hoshi,
2006; Mylius et al., 2013), which included: middle frontal gyrus, inferior
frontal sulcus, and middle frontal sulcus (see Supplementary Fig. 1).

Subcortical surface features of the caudate, globus pallidus, and the
thalamus were derived through the application of large deformation
high dimensional brain mapping procedures (Csernansky et al., 2004).
Specifically, large deformation diffeomorphic metric mapping
(LDDMM) was used, which is an atlas-based transformation technique
that aligns a template image of each structure with the target regions in
each subject through diffeomorphic mapping of voxel intensities, then
generates surfaces by superimposing a tessellated graph over each
subject image (Khan et al., 2008). The diffeomorphic transformation
allows the individual surface points to be independently matched, pre-
serving any unique surface features. Resulting images of each deep-brain
structure were manually inspected by trained raters and corrected/
reprocessed if needed to ensure accuracy of each surface map. Delin-
eation of the mediodorsal nucleus of the thalamus (MD) was accom-
plished using a manual landmarking procedure guided by an expert
neuroanatomist on a template surface as outlined in Cobia et al. (2017).
Surface displacement (in mm) from a common template was averaged
across all vertices in each subject and was representative of localized
volume loss.

Table 1
Demographic Characteristics of Study Sample.
TBI (o)1 Statistic
(n =32) (n = 30)
Mean (SD) Mean (SD) t-test df P
Age (at injury) 7.67 (2.0) 7.75 (1.86) 0.17 60 0.86
Parental SES 0.06 (0.78) 0.42 (0.96) -1.75 5.89 0.13
Maternal Education (years) 14 (2.16) 15.26 (2.23) —-2.27 59.42 0.03*
Scan Time from Injury (years) 2.64 (1.33) 2.81 (1.15) —0.50 60 0.30
Mean (SD) Mean (SD) F-test df p
WASI FSIQ 101.03 (13.14) 112.53 (13.06) 11.76 1 0.001%*
EF Composite 8.41 2.3) 9.50 2.2) 3.63 1 0.06
N (%) N (%) x? df p
Sex (% male) 28 (66 %) 27 (90 %) 3.76 2 0.15
Race (% White) 21 (88 %) 18 (60 %) 0.04 1 0.85
Injury Mechanism: MVA/Sports/Fall 15/6/11 (47 %/19 %/34 %) 2/23/5 (7 %/76 %/17 %) —-1.21 60 0.001%*
Learning Disability (% Yes) 1 (6.5 %) 3 (10 %) 1.21 1 0.27
Premorbid ADHD (% Yes) 1 (3.1 %) 1 (3.4 %) 0.005 1 0.94
*p < 0.05.

**p < 0.005.
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As previously mentioned, data utilized for this study was derived
from two different collection sites and given the potential introduction
of error for these site differences neuroComBat harmonization proced-
ures as outlined by Fortin and colleagues (Fortin et al., 2018) were used
to control for this variability. We adapted the R implementation of their
freely available code (https://github.com/Jfortinl/ComBatHarm
onization) to harmonize cortical thickness values of the DLPFC and
shape deformation values of the caudate, globus pallidus, and thalamus
with site as the harmonized variable (“batch” vector) while group status
was held constant during harmonization (“mod” vector) to prevent
inadvertent harmonization of unique group features. Final harmonized
values were then used in subsequent analyses described below.

2.5. Statistical analyses

Analyses were conducted using R version 3.6.2 and SPSS version 26.
The presence of missing data and outliers was assessed and accounted
for using mean imputation and Winsorization procedures, which
included fencing outliers within 3 SD of the mean based on the outlier
function in R. Demographic comparisons for age at injury, parental SES,
maternal years of education, and years from injury to scan time utilized
t-tests for independent samples, with chi-square analyses for sex and
race variables, injury mechanism, and proportion of premorbid learning
and attention problems. Analysis of variance (ANOVA) models were
used to compare group performance on the WASI FSIQ and EF composite
score.

Repeated-measure ANOVA (RM-ANOVA) models with group as the
between-subjects effect, hemisphere as the within-subjects effect, and a
group-by-hemisphere interaction were used to evaluate differences in
cortical thickness of the DLPFC and mean displacement of the MD.
Shape deformation t-statistic contrast maps that tested group differences
for both the caudate and globus pallidus were constructed using the
composite surface at every graphical vertex and used Random Field
Theory (RFT) to correct for multiple comparisons (Worsley, 2004).
Lastly, two-tailed Pearson correlation coefficients were calculated to
determine potential associations between brain structures in the DLPF
circuit and the TEA-Ch EF composite score. Correction for multiple
comparisons for the RM-ANOVA and correlation analyses was accom-
plished using the false-discovery rate (FDR) approach (Benjamini and
Hochberg, 1995).

3. Results
3.1. Data screening

Regarding cognitive data, 6 TEA-Ch subtest scores of 186 possible
were missing from among 5 subjects in the TBI group (none from OI) and
were addressed using a linear interpolation method for imputing the
data.

3.2. Demographic and cognitive variables

The groups (see Table 1) did not differ on age at injury (tgo = 0.17, p
=0.86), sex (X% =3.76,p =0.15), race (X% =0.04, p = 0.85), or parental
SES (t5.89 = -1.75, p = 0.13); however, the OI group did demonstrate
greater maternal years of education (tsg 42 = -2.27, p = 0.03), and had a
great proportion of sports-related injuries relative to the TBI group,
while TBI had a greater ratio of MVA and fall injuries (33 = -1.21, p =
0.001). Furthermore, groups significantly differed on the WASI FSIQ
(F1,60 = 11.76, p = 0.001), but not on the TEA-Ch EF composite score
(F1,60 = 3.63, p = 0.06); however, an effect size calculation of the EF
composite revealed a small-medium effect (d = 0.48). Demographic
comparisons were also conducted between SOBIK participants that had
imaging data collected on the GE MRI scanner (this study) versus those
with the Siemens brand (not included in this study) to evaluate potential
sampling bias. The TBI groups only differed on sex (x3 = 14.52, p =
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0.002) with a greater proportion of males in the GE MRI scanner group
than in the Siemens brand, and the OI groups did not differ on any de-
mographic variable.

3.3. Analysis of the DLPFC and MD nucleus of the thalamus

Cortical thickness RM-ANOVA results of the DLPFC revealed a sig-
nificant main effect for group (F1 60 = 4.30, p = 0.042) that survived
FDR correction, with TBI demonstrating thinner cortex than OI. Neither
the main effect for hemisphere (F; g0 = 2.15, p = 0.15) nor the group-by-
hemisphere interaction (Fy,69 = 0.33, p = 0.57) was significant. RM-
ANOVA results for the MD also revealed a significant main effect for
group (Fq,60 = 6.50, p = 0.01) that survived FDR correction, with the TBI
group displaying greater inward deformation of the MD nucleus relative
to OL The effect of hemisphere (F1 9 = 1.20, p = 0.28) and the inter-
action between group and hemisphere (Fy o = 0.01, p = 0.92) were not
significant for MD.

3.4. Shape analysis of the caudate nucleus and globus pallidus

Caudate. Visual inspection of surface contrast t-maps (Fig. 1A)
revealed three significant regions of inward deformation in the TBI
group relative to the OI group, along the left medial and ventral, as well
as right ventral aspects of the caudate, that survived RFT correction.

Globus Pallidus. Visual inspection of surface contrast t-maps
(Fig. 1B) revealed subtle inward deformations along the medial aspects
of the left globus pallidus in the TBI relative to OI group, but these did
not survive RFT multiple-comparison correction.

3.5. Dorsolateral prefrontal loop relationships with executive functioning

Pearson correlation coefficients were calculated to explore associa-
tions between brain regions that were significantly different between
groups and the EF composite score for all participants. For both the
DLPFC (mean cortical thickness) and MD (mean shape deformation),
values from the right and left hemisphere were averaged into a single
measure (given no hemisphere effects in the RM-ANOVA models) for the
analysis. For the caudate, mean group-level shape deformation was
extracted from both the left medial/ventral and right ventral regions
that emerged in the significant TBI-OI surface contrasts (i.e., the “blue”
regions in Fig. 1A). No significant correlations were observed between
DLPFC, MD, or the right and left caudate ROIs with the EF composite.

4. Discussion

The overall aim of this study was to determine whether abnormal-
ities of frontal-subcortical circuitry are a prominent feature of pediatric
TBI, and if they relate to aspects of executive functioning. Results of the
study revealed partial support for our first hypothesis, with the TBI
group noted to have significant abnormalities in the DLPFC, medi-
odorsal nucleus of the thalamus, and caudate nucleus relative to the OI
group. We were unable to confirm our second hypothesis regarding re-
lationships between structural abnormalities in these regions and ex-
ecutive functioning in the TBI group. We believe detection of these
small, but meaningful, brain effects was due to our utilization of shape
analytic procedures (Csernansky et al., 2004). This approach not only
enhanced the reliability and accuracy of mapping critical brain struc-
tures across subjects (Khan et al., 2008), but also allowed estimation of
subtle brain alterations between our groups. Furthermore, this novel
method has yet to be investigated in pediatric TBI populations. Overall,
TBI appears to adversely impact components of this specific frontos-
triatal circuit in pediatric populations when characterized using surface-
based measures of brain morphology.

Regarding analysis of the DLPFC, we found that the TBI group
demonstrated greater cortical thinning of this region relative to the OI
group. Cortical thinning is commonly reported in pediatric TBI
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Fig. 1. A) Caudate nucleus and B) globus pallidus surface shape displacement maps between pediatric traumatic brain injured (TBI) and orthopedic injured control
(OD) participants. Cooler colors indicate significant regions of inward shape differences in TBI. Random field theory (RFT) corrected results are in panel A only.

populations; McCauley and colleagues (2010) observed multiple areas of
cortical thinning in a pediatric sample, particularly in frontal regions.
Mayer and colleagues (2015) also found that cortical thinning in frontal
regions tended to emerge 4 months post injury in a sample of pediatric
mild TBI. Previous work by Merkley and colleagues (2008) indicated
that changes in cortical gray matter thickness they observed in pediatric
TBI patients was likely a result of multiple etiologies, including focal
cortical injury from impact compression and contusion. These theories
are based on neuroanatomical and neuropathological investigations of
those mechanisms in individuals with TBI (Bigler, 2007). Another study
examining longitudinal changes in cortical thickness found that at 3
months post injury, pediatric TBI patients displayed decreased cortical
thickness bilaterally in many regions, including the DLPFC, compared to
controls (Wilde et al., 2012). Furthermore, fMRI work has shown
decreased activity bilaterally in the DLPFC in pediatric mild TBI, sug-
gesting a corresponding adverse functional consequence of cortical re-
ductions in this region (Huang et al., 2020). Overall, MRI-based
measures of cortical thinning appear to be a common result in pediat-
ric TBI populations, particularly in the DLPFC and is reinforced by our
findings.

Localized volume loss in the mediodorsal nucleus of the thalamus
was also observed in the TBI group in our analyses, indicating that the
pathophysiology of TBI can include alterations to deep brain nuclei.
Indeed, studies of pediatric (Bigler et al., 2013b) and adult (Maxwell
et al., 2006) TBI have shown some degree of atrophy in various
subcortical structures including the thalamus, but did not examine how
the degree of atrophy can impact the overall shape of these structures.
Previous work suggests neuronal loss in the thalamus may occur due to
excessive immune response of cells after TBI, Maxwell and colleagues
(2006) found that this neuronal loss is localized to MD parvocellular
thalamic layers in moderately disabled patients and more widespread

neuronal loss in MD magnocellular thalamic layers in severely disabled
patients after TBI. Salmond and colleagues (2005) examined adults with
moderate to severe TBI using voxel-based morphometry (VBM) and
found broad reductions in gray matter density in the thalamus in this
older population. In a pediatric population, the thalamus is especially
vulnerable to acute and delayed neuronal injury (Brooks et al., 2000;
Fearing et al., 2008; Natale et al., 2002) and our MRI-based method
using surface-shape features is supportive of this literature.

Regarding abnormal thalamic shape features in our study, one po-
tential explanation consistent with the findings of Wood and Bigler
(1995) is that inward deformation of the MD may be the result of me-
chanical impact from ventricular cerebral spinal fluid (CSF) due to rapid
head deceleration during injury. Previous simulation studies have sug-
gested the position of the thalamus near the base of the brain, where
space is restricted, results in higher shear strain from forces exerted
during the injury (Guberman et al., 2020a; Sabet et al., 2008). Me-
chanical processes such as these may explain related thalamic vulnera-
bility to blunt force trauma, despite being located deep within the
cerebrum. Damage to this structure may contribute to deficits in
cognitive and behavioral processing given its various integrative and
relay functions, and the cumulative evidence, along with our work,
suggests it can be routinely affected by TBIL

Results from our analysis of the caudate and globus pallidus revealed
TBI-related abnormalities in the caudate only, with no significant shape
differences between groups in the globus pallidus. Shape analysis indi-
cated this was localized in right ventral and left ventral/medial regions
via inward surface deformation. The distinct locations of the observed
shape abnormalities suggests that the caudate, like the thalamus, may be
susceptible to mechanical forces of CSF movement due to rapid head
deceleration given it forms the lateral wall of the lateral ventricles.
Other work suggests our observed shape abnormalities may be the result
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of injury to cell bodies contained in the caudate after TBI (Povlishock
and Katz, 2005), which could result in cytotoxic or apoptotic cell death
(Warner et al., 2010a,b). Our findings are consistent with previous work
where Hermans and colleagues (2017) described atrophy of both the
caudate and globus pallidus in adults with TBI also using a similar
surface-based procedure. In addition, other surface-based studies have
found abnormalities in the caudate, with changes mainly localized in
areas that are closely connected with the prefrontal cortex (Leunissen
et al., 2014). Using a network diffusion model to characterize progres-
sive deafferentation and gray matter thinning in a sample of pediatric
TBI participants, Poudel and colleagues (2020) also noted vulnerability
of cortico-striatial networks (with prominent component loadings for
the caudate) to the injury mechanisms of TBI. Overall, our findings align
with previous work that indicates abnormalities of the caudate, as
measured by computational anatomy procedures, may be a feature
common in both adult and pediatric TBI and warrant further consider-
ation of this structure in future MRI studies of the condition.

We failed to detect meaningful relationships between components of
the DLPF circuit and executive control in our TBI sample using shape
analysis. Previous fMRI work has noted that various aspects of executive
functioning, such as set shifting and cognitive control, correspond to
activation in the DLPFC (Friedman and Robbins, 2022) or caudate
(Monchi et al., 2006) in healthy and TBI populations (Xu et al., 2018),
thus there is some precedent for this line of inquiry. Our lack of a finding
may be explained by several factors, such as a relatively small sample or
incomplete characterization of executive functioning with the TEA-Ch,
however, other theoretical considerations may have affected this
outcome. Executive functioning, and its components, develop
throughout adolescence into young adulthood (Best and Miller, 2010;
Ferguson et al., 2021) and the anatomical variability of these functions
(Cieslik et al., 2013) may be greater for our participants given they are
early in this developmental trajectory, thus resulting in a more diffuse
relationship with brain structure. Furthermore, it is also important to
note the current sample was unique in that inclusion criteria required
participants to be able to attend regular public school, suggesting they
may have experienced some recovery of function (as recently noted by
Keenan et al., 2021), thus resulting in lesser variability in executive
performance. Using broader pediatric samples, including those with
greater impairments, may have likely resulted in more substantial ab-
normalities thus increasing our ability to detect meaningful effects.
Overall, the long-term consequences of pediatric TBI and the potential
for downstream developmental alterations in higher order reasoning
merits further investigation.

The most significant limitation of the current study is our relatively
small sample size, which potentially limited our power to detect smaller
effects. For example, our inability to find significant group differences in
the EF composite score may have been a function of small sample sizes
given the effect size of this contrast was small to medium (Cohen’s d =
0.48). Furthermore, the confounding effects of a TBI sample comprised
of varying severity types can only speak to general features of TBI and
not the unique impacts of those severity levels alone. Some work by
Guberman and colleagues (Guberman et al., 2020b) has also noted that
certain behavioral features in childhood, such as inatten-
tion-hyperactivity and externalizing problems, were predictive of later
TBI, and while our samples did not differ on diagnostic aspects of
learning and attention issues, it is possible premorbid subclinical
behavioral features (e.g., conduct problems) may have had some influ-
ence on the brain findings. However, the brain imaging literature in this
area primarily implicates regions associated with emotion regulation,
such as the cingulate, amygdala, insula, and orbitofrontal cortex (Brito
et al., 2009; Fairchild et al., 2011), which were not the focus of our
study. Another limitation was our executive functioning composite was
compromised of a subset of tests from the TEA-Ch, restricting our ability
to capture broader aspects of this construct. Our methods for estimating
surface-based characteristics is relatively robust and utilized in multiple
populations (e.g., Csernansky et al., 2004; Fischl, 2012), and have been
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histologically validated against characterizing tissue loss in the brain
(Cardinale et al., 2014; Hanko et al., 2019). However, population-
specific atlases would improve mapping accuracy and are still in
development (Dickie et al., 2017), which would aid in determining the
specific mechanisms involved in the pathophysiology of TBI. Lastly, we
examined a limited set of prefrontal regions in our study and future work
would benefit from the inclusion of additional prefrontal regions of in-
terest implicated in executive functioning, including orbitofrontal and
ventromedial prefrontal cortex, and their connected deep-brain cir-
cuitry. Indeed, lesions to the orbitofrontal cortex have been found to
predict errors and rule-breaks on tests of executive functioning in pe-
diatric TBI (Levin et al., 2001; Taylor, 2004).

5. Conclusions

Overall, findings from our study provide insight into the impact of
TBI on cortical-subcortical morphology and its potential relationship
with executive functioning. Previous research indicates that the basal
ganglia and prefrontal regions are associated with executive functioning
and that injury to these areas result in cognitive impairment (Hikosaka
and Isoda, 2010; Leunissen et al., 2014; Ward et al., 2013), making this a
crucial area of inquiry in children with TBI given their developmental
trajectories. In sum, characterizing features of the dorsolateral pre-
frontal circuit in pediatric TBI and their association with executive
functioning will advance our understanding of injury mechanisms, as
well as identifying specific neural targets for improving deficits in
behavioral functioning.
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Appendix A. Supplementary data

FreeSurfer atlas labels used in the bilateral definition of the dorso-
lateral prefrontal cortex (DLPFC) region of interest for calculation of
FreeSurfer-derived cortical thickness, including: middle frontal sulcus
(white), middle frontal gyrus (blue), and inferior frontal sulcus (yellow).
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nicl.2022.103136.
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