1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Pediatr Rehabil Med. Author manuscript; available in PMC 2017 May 25.

Published in final edited form as:
J Pediatr Rehabil Med. 2015 ; 8(4): 285-296. doi:10.3233/PRM-150347.

-, HHS Public Access
«

White matter alterations in youth with acute mild traumatic brain
injury

Lynn Babcock?", Weihong YuanP, James LeachP, Tiffany NashP, and Shari Wade®

aDivision of Pediatric Emergency Medicine, Department of Pediatrics, Cincinnati Children's
Hospital Medical Center, University of Cincinnati, Cincinnati, OH, USA

bDivision of Radiology, Department of Pediatrics, Cincinnati Children's Hospital Medical Center,
University of Cincinnati, Cincinnati, OH, USA

Division of Physical Medicine and Rehabilitation, Department of Pediatrics, Cincinnati Children's
Hospital Medical Center, University of Cincinnati, Cincinnati, OH, USA

Abstract

Purpose—To examine acute alterations in white matter (WM) diffusion based on diffusion
tensor imaging (DTI) in youth with mild traumatic brain injury (mTBI) relative to orthopedic
injury (OI) controls.

Methods—A prospective cohort study of 23 patients with mTBI and 20 Ol controls ages 11-16
years were recruited from the emergency department (ED). DTI was performed within 96 hours.
Voxel based analysis quantified group differences for DTI indices: fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). The Post Concussion
Symptom Scale assessed symptom burden.

Results—Youth with mTBI had significantly higher symptom burdens in the ED and at scanning
than controls. The mTBI group had significantly higher levels of FA and AD in several WM
regions including the middle temporal gyrus WM, superior temporal gyrus WM, anterior corona
radiata, and superior longitudinal fasciculus. The mTBI group had significantly lower levels of
MD and/or RD in a few WM regions including the middle frontal gyrus WM and anterior corona
radiata. Diffusion alterations correlated poorly with acute symptom burden.

Conclusions—Alterations of diffusivity were detected in spatially heterogeneous WM regions
shortly after mTBI in youth. The pattern of alterations may reflect restrictive water diffusion in
WM early post-injury.
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1. Introduction

The diagnosis of mild traumatic brain injury (mTBI) can be difficult to establish in acute
medical settings since it is based on historical details of the injury and nonspecific physical
findings [1]. Disruption of axonal integrity caused by tensile forces within the brain is
hypothesized to constitute the primary neuropathology of mTBI [2]. This pattern of injury is
rarely detected on cranial computed tomography (CT), unless severe. Surrogate measures of
axonal injury may help to objectively quantify injury associated with mTBI. The magnetic
resonance imaging (MRI) technique of diffusion tensor imaging (DTI) can quantify
anisotropic (directionally dependent) water diffusion properties of white matter (WM),
which in part reflect axonal integrity. Diffusion follows an ellipsoid pattern with the
direction of diffusion commonly measured by three mutually perpendicular eigenvectors and
given corresponding eigenvalues. DTI indices derived from these 3 eigenvalues commonly
include: (i) fractional anisotropy (FA) — summary measure of the linearity of water with
values ranging from 0 (disorganized) to 1 (straight/anisotropic), that depicts the shape of the
ellipsoid; (ii) mean diffusivity (MD) — the average magnitude of the three eigenvalues
reflective of molecular displacement by diffusion, i.e. the size of the ellipsoid, with larger
values reflecting higher degree of diffusion; (iii) radial diffusivity (RD) — the diffusion of
water perpendicular to WM fibers, commonly ascribed to cell membrane and myelin
properties, and (iv) axial diffusivity (AD) — the diffusion of water parallel to the WM fiber's
direction, typically related to axonal changes [3-5]. These are generalized interpretations
and the overall pattern of diffusion changes needs to also be taken into account when
deriving conclusions. Generally, in healthy myelinated WM tracts, water diffusion tend to
parallel the axons corresponding to higher FA values and lower MD values, in contrast to
less organized diffusion (i.e. lower FA and higher MD) that occurs in damaged or poorly
developed tracts [5]. Higher FA values in WM are associated with an increase in the
intracellular to extracellular space (i.e. increased axonal diameter, axonal edema), increased
fiber density, and homogeneity of WM fiber direction [5,6].

After traumatic brain injury, water diffusion along and into WM fibers change; however the
pattern and timing of these fluctuations are not fully understood. DTI results are influenced
by the severity of injury and the timing of image acquisition leading to varying
interpretations of results amongst different studies [4]. In the chronic phases of recovery
after moderate/severe traumatic brain injury (TBI), investigators have consistently
demonstrated regions with reduced directionality of extracellular diffusion (e.g. decreased
FA), relative to controls, which has been interpreted as disorganized diffusion due to
degenerative changes, axonal degradation, myelin disruption and va-sogenic edema [4,5,7].
As detailed in a recent review, there are contrasting results about the direction of diffusion
changes in the “acute” time period (1 day to about 1 week) following mTBI in adults [5].
Some have reported an increased directionality of water diffusion corresponding to increased
FA in select regions, suggestive of restricted extracellular diffusion hypothesized to be from
cytotoxic edema and resultant axonal swelling [8-10]. This pattern corresponds with the
peak in cytotoxic edema suggested by human models within the first 24-48 hours after
injury [11]. However, others have failed to find changes [12], or have reported decreased FA
[13-18]. For children and adolescents imaged during the “acute” time period post-mTBI,
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four studies showed an increase in FA in various regions of interest including the corpus
callosum, the cingulate bundle, and the fornix [19-22]; however, these were all extracted
from the same patient group. Conversely, two studies had null findings [23,24] and there
were no reports of decreased FA. Homogeneous patient populations, narrow imaging time
frames, larger sample sizes and serial imaging to capture changes in diffusion over time may
reconcile disparate results. Improved early diagnostic stratification would facilitate patient
selection in future longitudinal observational and interventional studies, and potentially
assist in individualized diagnosis and therapy in conjunction with other markers of injury.

The primary objective of this study was to determine if previously healthy uninjured youth
with first-time mTBI have identifiable WM alterations as defined by disruption of water
diffusion in normal appearing WM acutely after injury. We hypothesized that youth with
mTBI would have increased directionality of water flow in normal appearing WM during the
initial 24-96 hours following injury as evidenced by higher values of FA compared to youth
with orthopedic injuries (Ol controls). We postulated that during this acute phase of injury,
the mechanistic forces associated with mTBI would more likely trigger cytotoxic,
intracellular edema within axons with increased directionality of extracellular water
diffusion and resultant increase in FA, as opposed to axotomy, axonal degradation and
myelin disruptions that are associated with a decrease in FA on DTI. The secondary
objective was to examine the association between acute symptom burden and diffusion
parameters in regions that were found to differ between groups on DTI indices.

2. Methods

This was a prospective observational case control study involving youth ages 11-16 years
old who presented within 6 hours of an injury to the emergency department (ED) affiliated
with a large children's hospital between December 2010 and August 2012. Patients with
mTBI were eligible if they had either /. a witnessed blow to the head, /. injury with
acceleration/ deceleration movement of the head, or /. self-reported injury with evidence of
head trauma; a Glasgow Coma Scale (GCS) score of 13 to 15 on presentation; and any one
of the following: /. loss of consciousness < 30 minutes, /7. amnesia, or ///, any alteration in
mental state at the time of the injury (e.g. agitation, irritability, sleepiness, lethargy, slow to
respond, or asking repetitive questions) [25]. Patients with mTBI were excluded if they had
more than one minor extracranial injury as defined by an Abbreviated Injury Severity Scale
(AIS) < 1 to that region [26]. Youth with Ol were recruited as controls to equate the groups
for premorbid individual and family characteristics that may predispose a child to injury as
well as the acute stresses of emergency treatment [27]. Controls were eligible if they
presented with an isolated extremity trauma requiring radiography and an AlS of < 3.
Controls were excluded if they had an abnormal neurologic examination, symptoms of
concussion, or required immediate surgical care. Additional exclusionary criteria for both
groups included an inability to understand English, prior history of concussion, prior
traumatic brain injury requiring an ED visit or hospitalization, pre-existing neurologic
impairment (stroke, CSF shunt, brain tumor, pre-existing cognitive disorders (seizure
disorder, mental retardation), psychological problems, attention deficit disorders,
developmental delay, conditions that precluded undergoing MRI or use of a computer, or
prescription of a drug that impaired cognition (e.g. narcotic analgesics) that could not be
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skipped 4 hours prior to follow-up visits. History of exclusionary criteria was based on self-
report and medical chart review. Patients who received a T-score of 65 or greater on the
Child Behavior Checklist (CBCL) [28] were excluded due to probable preexisting
neurocognitive or behavioral impairment.

2.1. Study design

The study was approved by the local Institutional Review Board and registered with
ClinicalTrial.gov (NCT01922531). Trained study staff recruited and assented/consented
eligible patients/guardians in the ED, usually between 8 am to midnight. They collected
demographic and historical information pertaining to the patient, family and injury. The
treating ED clinician assigned the AIS for each body region and completed a standard data
collection form comprised of variables characterizing the nature of the mTBI that had been
previously used in the development of the Pediatric Emergency Care Applied Research
Network (PECARN) neuroimaging decision rules for detecting clinically important TBI
(ciTBI) in children [1]. Parents completed the following measures: /. CBCL, a 120-item
questionnaire measuring child behavior problems and competencies on 3-point Likert scale;
and /7. Family Assessment Device-General Function scale (FAD-GF) [29,30], a 12-item
questionnaire assessing aspects of family functioning on a 4-level response statement scale.
Patients completed the Post Concussion Symptom Survey (PCSS), a 22-item inventory of
symptoms associated with concussion graded on 7-point Likert scale (0 none to 6 severe)
[31]. All patients underwent routine clinical care. All radiographic images (plain radiographs
and CTs) were acquired at the discretion of the treating physician and were not influenced
by data acquired by the research team.

Median family income was determined after enrollment to estimate socioeconomic status.
This was extracted from the 2011 US census using the patient's principal address and
dichotomized at a median income of $50,000 to differentiate middle to higher income
families from others. The risk of ciTBI was determined by the research team post-hoc based
on physician responses at the time of evaluation to the following 7 variables that constitute
the PECARN neuroimaging rule for children ages 2 to 18 years: GCS at the time of
evaluation, signs of altered mental status, signs of basilar skull fracture, history of loss of
consciousness, vomiting, severity of mechanism of injury, and current headache. The risk of
ciTBI based on the rule was used as a proxy measure of severity of injury. As outlined in the
rule, mTBI participants without any of the 7 signs or symptoms are considered to be at low
risk for ciTBI (< 0.05%). Those with other signs of altered mental status, GCS of 14, or
signs of basilar skull fracture are categorized in the high risk category for whom a CT is
recommended. Those participants with 1 or more of the above signs or symptoms not
including the high risk features comprise the middle risk category for whom a period of
observation or a CT are cited as acceptable management options.

MRI data were acquired within 96 hours post injury on Philips Achieva 3T scanner (Philips
Medical Systems, Best, The Netherland). At this time, patients completed the PCSS again.
The diffusion weighted single shot spin-echo EPI sequence used had the following
specifications: TR/TE = 9000/84 ms; FOV = 256 mm x 256 mm; matrix = 128 x 128, in-
plane resolution = 2 x 2 mm; slice thickness = 2 mm; 72 slices; SENSE factor = 2. In
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addition, anatomical T1- and T2- weighted images and susceptibility sensitive (venous
BOLD) sequences were acquired. 3D T1-weighted anatomical images were acquired using a
MPRAGE sequence with the following specifications: TR/TE = 8.1/3.7 msec; FOV = 256
mm x 256 mm; acquisition matrix = 256 x 256; sagittal in-plane resolution: 1 mm x 1 mm;
slice thickness = 1 mm; number of slices = 180. The T2-weighted images were acquired
with a TSE sequence with the following specifications: TR/TE = 3000/100 msec; FOV =
240 x 240 mm, acquisition matrix = 240 x 240; axial in-plane resolution: 1 mm x 1 mm;
slice thickness = 3 mm; number of slices = 48; 2 averages. Susceptibility sensitive (venous
BOLD) sequences were obtained using a three-dimensional FFE sequence with the
following parameters: TR/TE = 15/20 msec, FOV = 220 mm x 180 mm; acquisition matrix
=220 x 182; 68 slices; SENSE factor = 2; reconstructed resolution =1 x 1 x 1 mm, 1
number of signal averages. A total of 3 patients (2 mTBI and 1 OI) were excluded prior to
analysis due to mechanical and technical issues with scanner and image acquisition.

Anatomical T1- and T2- weighted images were reviewed for structural abnormalities by two
board-certified pediatric neuroradiologists, independent of each other, both of whom were
naive to subject group and clinical presentation. The post-processed susceptibility sensitive
images (source maps and 10 mm multi-planar reconstructions) were visually assessed and
any abnormal hemorrhagic foci noted.

2.2. Image processing

For the diffusion weighted images, the sequence was applied along 61 non-colinear
directions with b-value = 1000 s/mm? and one non-diffusion weighted volume was acquired
as reference b0. Data were corrected for eddy-current and head-motion by aligning all DWI
images in the series to the b0 image using rigid body affine registration using FSL Software
(FMRIB, Oxford, UK) [32]. To address the concerns about the potential confounding effect
of head motion on diffusion measures, the frame-by-frame translational motion (the sudden
motion) in the x-, y-, and z- directions and three Euler angles in the frame-by-frame
rotational motion were calculated based on the affine registration. No translational motion
exceeded 1 voxel in any direction (mTBI: 0.13 + 0.03 mm, 0.24 + 0.04 mm, 0.15 + 0.04 mm
in x-, y-, and z-direction, respectively; Ol: 0.11 + 0.06 mm, 0.23 + 0.06 mm, 0.15 + 0.07
mm for x-, y- and z-direction, respectively). No rotational motion exceeded 1 degree in any
of the three Euler angles (mTBI: 0.13 + 0.08 degree, 0.15 + 0.06 degree, and 0.15 £+ 0.05
degree for the three angles, respectively; Ol control: 0.13 + 0.11 degree, 0.14 + 0.06 degree,
0.15 + 0.06 degree for the three angles, respectively). No statistically significant difference
was found in any of the head motion values between the control group and mTBI group.
Diffusion tensor was calculated on a voxel-by-voxel basis, and used to derive maps for DTI
measures including FA, Mean Diffusivity (MD), Axial and Radial Diffusivity (AD and RD).
T1-weighted images were normalized to Montreal Neurologic Institute space using affine
transformation without resampling. The Statistical Parametric Mapping analysis package
(SPM8; Wellcome Department of Cognitive Neurology, London, UK) was used to segment
the whole brain into gray matter, WM and cerebrospinal fluid using the normalized T1-
weighed images. The WM segment was used as the mask needed for subsequent group
analysis.
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2.3. Data analysis

To address the primary aim, it was estimated that a minimum of 20 subjects per group were
required to detect a difference in mean FA similar to that found by Wilde and Wu [19,33]
using an averaged standard deviation of 0.02 with a a = 0.05 and 85% power. Wilde
demonstrated a significant (0 < 0.0001) difference in FA values in the corpus callosum in
youth with mTBI (mean = 0.464, SD 0.023) versus youth with Ol (mean = 0.425, SD 0.031).

Comparisons between patients with mTBI and controls were made using Fishers exact test
for categorical variables (sex, race, ethnicity, census tract income, and mechanism of injury)
and t-tests for continuous variables (age, weight, body mass index, CBCL, FAD, time from
injury to scan, and PCSS). An a priori alpha level of 0.05 was used to evaluate significance
for all statistical tests.

A voxel based analysis (VBA) approach was used to quantify the group differences for each
DTI measure (FA, MD, AD, and RD) using the Analysis of Functional Neurolmages
program [34]. T-tests were used to test differences in diffusion properties between the
groups, voxel by voxel. Age and time to scan were used as covariates in the VBA analysis.
All significant ROl were generated using the same thresholds: a ¢=2.98 score of 2.83, a
cluster of nine voxels and voxel-wise p < 0.005. These parameters lead to the desired two-
tailed threshold of corrected p < 0.05 using the Monte Carlo simulation based on the method
performed by Ledberg et al. The Monte Carlo simulation is commonly used in the second
level neuroimaging analysis to estimate statistical significance using cluster statistics and
simulation of the characteristics of random noise in the data to minimize false positive
findings as a result of multiple comparisons in VBA [35-38].

To explore the association between DTI measures and symptoms, regions of interest (ROI)
were constructed for each brain region that showed statistically significant DTI group
differences. DTI values (FA, MD, AD, or RD) were calculated for each ROI by averaging
the values across the voxels in that corresponding ROI. Using these DTI values, Pearson
correlation coefficients were calculated to quantify the association between DTI values and
total PCSS in the ED and at the time of scan. This limited ROl approach was used in an
effort to reduce the number of comparisons by limiting the area and number of voxels in an
effort to show a correlation between areas with diffusion differences and symptom burden.
Similarly, student's t-test was used to assess the association between measures of diffusion in
the ROIs and the risk of ciTBI. The risk was divided into 2 groups using the risk of ciTBI of
> 3.9% that determined the need of a CT in the ED as delineated in the prediction tree in the
publication by Kuppermann et al. [1].

3. Results

A total of 106 patients with mTBI and 174 Ol controls were approached to participate in the
study and 24.5% and 12.6% assented/consented, respectively. Details of patient enrollment
are displayed in Fig. 1. The final study sample consisted of 23 patients with mTBI and 20 Ol
controls. There were no statistical differences between mTBI and Ol groups with respect to
age or gender in the following comparisons: /. those consented/eligible and those excluded/
declined; and /7. those in the final sample and those omitted/lost to follow-up. Consented/
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eligible participants with Ol differed significantly from those who were excluded/declined
on race (32% white youth excluded/declined versus 69% of nonwhite youth, p < 0.0001).
Participants with mTBI omitted/lost to follow-up from final analysis were significantly more
likely to be nonwhite than those in the final sample (0% white versus 12% non-white
omitted, p=0.03).

The clinical features of the mTBI and Ol groups are reported in Table 1. On arrival to the
ED, most patients with mTBI had a normal GCS score of 15, two had a GCS score of 14 that
returned to a score of 15 within 2 hours of ED presentation, and none had a GCS of 13. The
most common location of impact was the occiput and there was no lateral predilection.
Following the PECARN neuroimaging decision rule, 22 of the patients with mTBI received
the recommendation to either undergo a CT or a period of observation in the ED for
neurological deterioration, with clinicians performing CT scans for five of these patients, all
of which were normal. Seven patients with mTBI (30.4%) had one other minor injury (AIS <
1). Two patients with mTBI were admitted to the hospital.

As shown in Table 2, patients with mTBI did not differ significantly from controls with
respect to age, gender and most other demographics with the exceptions that patients with
mTBI were more likely to be white and to have higher median incomes. The most frequent
mechanism of injury for both groups was sports and neither group was injured in motor
vehicle collisions. Symptom burden on presentation to the ED and at the time of scan are
also summarized in Table 2. Due to computer difficulties, one patient with mTBI included in
group DTI analysis did not complete the PCSS in the ED and was excluded from
corresponding comparative and correlation analyses. The mTBI group had significantly
higher symptom burden than the OI group at both time points (p = 0.0009 at ED, p= 0.005
at scan). Both groups had similar pre-morbid behavioral competency (as measured by
CBCL) and family functioning (as measured by FAD-GF).

The MRI scan was acquired on average two days post-injury in both groups (mTBI: mean
45.0 hours, SD 17.6; Ol: mean 48.2 hours, SD 21.1) as displayed in Table 2. On review of
the T1- and T2- weighted images from the MRI scans, the neuroradiologists found
abnormalities in 5 patients with mTBI and 4 Ol controls, none of which necessitated
immediate intervention. Findings included punctate WM signal foci (1 patient with mTBI, 1
control), non-punctate signal abnormalities (3 patients with mTBI, 1 control), and small
arachnoid cyst (1 control). The etiology of the non-punctate signal abnormalities is
unknown, but are similar to those seen in up to 13% of normal children when imaged with
high resolution T2 FLAIR sequences [39]. Participants with these findings were included in
the subsequent analyses since these findings are presumed to represent small areas of gliosis
and not consistent with non-hemorrhagic contusions. Two subjects had Arnold Chiari Type 1
malformations (1 patient with mTBI, 1 control). Due to the possible concern of anatomical
heterogeneity introduced by Arnold Chiari Type 1 malformations, subsequent VBA analysis
was performed with and without the affected participants. On review of the susceptibility
weighted images, there were no hemorrhagic or abnormal susceptibility foci in either the
patients with mTBI or controls.
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All scans from 23 patients with mTBI and 20 Ol controls were used in the group
comparison. Significant group differences between the mTBI and the Ol groups were found
in all four DTI indices as outlined in Fig. 2. Significantly higher levels of FA in the mTBI
group relative to Ol controls were found in 8 WM regions (p < 0.05, corrected). These
included left middle temporal gyrus WM, left superior temporal gyrus WM, left and right
anterior corona radiata, right superior longitudinal fasciculus, as well as 3 other WM
regions. Significantly higher AD values in the mTBI group relative to the Ol controls were
found in 4 regions; however, there was one small region in the right superior parietal lobe
that had lower AD values. Significantly lower levels of MD were found in 3 regions
including the right lateral orbital, left anterior corona radiata and the right middle frontal
gyrus in mTBI group relative to Ol controls (p < 0.05, corrected). Lower RD values in the
mTBI group relative to the Ol controls were seen in 11 regions; however, there was one
small area in the left corpus callosum that had an increased value. Repeat analysis with the
omission of the two children with Arnold Chiari Type 1 malformation revealed no
differences.

Among patients with mTBI, the majority of the correlation analyses between acute symptom
burden, in the ED or at the time of the scan, and DTI values in ROIs with group differences
were not statistically significant; however, there were significant inverse correlations
between total PCSS in the ED and RD values in the right medial frontal gyrus WM and the
left corpus callosum (r=-0.46, p=0.03 and r=-0.47, p=0.03, respectively). There were
no other statistically significant correlations between DTI indices in other ROIs and total
PCSS in the ED or at the time of the scan. Lastly, there was no statistically significant
correlation found between risk of ciTBI and the measures of diffusion in any of the ROIs.

4. Discussion

The current findings support our hypothesis that WM alterations can be detected in healthy
previously un-injured youth with mTBI using DTI within an average of 2 days post-injury.
Youth with mTBI had several spatially heterogeneous regions of WM with higher levels of
FA and AD, and regions with lower levels of MD and RD, relative to youth with Ol. In total,
there were 8 regions demonstrating higher FA, 4 regions with higher AD, 3 regions with
lower MD, and 11 regions with lower RD. The findings were not entirely consistent
however, with two small regions with lower AD and higher RD. We failed to find areas of
microhemorrhages on SW1 in any of the youth with mTBI. This study adds another
independent cohort of youth to a growing body of literature that demonstrates increased
anisotropy in the acute phase [19-22]. The overall pattern of diffusion changes in the
majority of the DTI indices in this study implies restricted extracellular diffusion early post-
injury. We interpret this pattern of changes as suggestive of cytotoxic edema, (i.e. axonal
swelling) occurring at this time [6,40]. The heterogeneity of the diffusion indices altered and
the regions affected underscore the complex interplay between injury- and host-related
factors and the resultant individual pathophysiologic changes. Acute symptology correlated
poorly with diffusion changes suggesting that some aspects of the injury may not be
reflected by acute diffusion parameters or symptoms alone.
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On a cellular level, it is known that tensile forces lead to stretching and disruption of axonal
plasma membranes triggering a cascade of biochemical events including a widespread
release of numerous neurotransmitters followed by a deregulated flux of ions with an influx
of calcium into the cells [6,40]. This can result in axonal swelling, neurofilament
compaction, microtubular disassembly, axonal disconnecion and axotomy [40,41]. In milder
injuries, these changes may be fully reversible [42]. Since no microhemorrhages were
detected on SWI, we believe the changes in the DTI indices represent changes in the
diffusion of water and associated microstructures. It also suggests that our subjects were
subjected to relatively mild shear/strain forces and that changes in axonal pathology can
occur without detectable changes to the microvasculature [43].

Axonal pathology, as compared to changes in myelin, appears to play a significant role in
anisotropic diffusion during this acute phase, particularly in mTBI [44—46]. The increases in
FA in 8 regions and the increases in AD in 4 other regions during the acute time period may
be due to a more linear and more parallel flow, respectively, of the extracellular water
diffusion. The decreases in MD in 3 regions and the decreases in RD in 11 regions may be
due to a decrease in overall and perpendicular extracellular water diffusion, respectively.
This overall pattern of group differences appears to reflect restricted extracellular due to an
alteration in the ratio of intracellular relative to extracellular water. Plausibly, cytotoxic
edema and resultant axonal swelling during this acute phase may lead to more compacted
axons and less tortuous extracellular water diffusion [7]. On a cellular level, axonal
stretching may induce a disturbance in the gated ion channels resulting in intracellular
swelling and decreased extracellular water as reflected by the changes in RD [47]. Others
have reported similar variations in diffusion changes; however, regions of the brain
displaying differences have varied in part due to heterogeneous analytical techniques and
regions studied [19-22]. Two areas did not demonstrate this pattern (decreased AD in left
superior parietal lobe white matter and increased RD in left corpus callosum). Differences in
time intervals from injury to scan, force and site of impact, individual responses to injury,
and regional resilience levels may have contributed to some of the variations in the regions
injured and the directional patterns of water diffusion seen. Emerging evidence suggests that
changes in the indices of WM integrity are also dependent on time since injury [7,21,48].
Wilde et al. demonstrated the complexity of these changes in adults over the first week post-
injury after mTBI in terms of individual variations in both magnitude of DTI indices and
timing [21].

In total, there were a total number of 26 regions that displayed group differences in a
diffusion metric. No evidence of laterality or spatially distinct regions was detected, which is
consistent with the lack of focal predilection of the site of impact in this sample and the
diffuse nature of mTBI. It is worth noting that when the p-value was liberalized to 0.1, there
was considerable overlap in brain regions that demonstrated group differences in FA with
regions that had significant changes in the other DTI indices between the patients with mTBI
and controls. Regions that demonstrated differences in FA, such as the corona radiata, the
superior longitudinal fasciculus, the corpus callosum, and the fornix, contain axons of long-
coursing pathways in the midbrain. Disruption of these pathways have been implicated in
neurocognitive impairments associated with post-concussion syndrome including attention,
working memory and short term memory [49]; however we did not find correlations
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between changes in these regions and acute symptom burden. Regions that displayed
differences in the DTI indices often have functions that have been linked deficits following
concussion. For example, the temporal gyri are involved in language functions and verbal
memory, the superior longitudinal fasciculi and the superior parietal lobe are involved in
working memory, the fornix and the amygdala are involved in memory formation and
storage, and the frontal gyri, the anterior corona radiata and the lateral orbital gyrus are
involved in executive functioning [6]. Further connectivity analysis may shed light on
disruption of these pathways. Emerging DTI analytical techniques that account for patient-
by-patient diffusion changes will improve current VBA or traditional ROI analytical
techniques which assume that dissimilar patients have spatially overlapping abnormalities
[4-6].

Typically, symptom burden is very heavy initially following mTBI and improves with time.
Prior efforts to establish a relationship between abnormalities in the WM following TBI of
any severity and acute symptomatology or outcomes have resulted in varied success and
discordant results [50]. The results from this study only provide limited support for the
hypothesis that acute WM alterations are associated with acute symptom burden. A reduced
RD, suggestive of cyto-toxic edema, was associated with an increased symptom burden in
only two regions — the right medial frontal gyrus and the left corpus callosum. Symptoms are
only one aspect of neurocognitive impairment following mTBI. We did not acutely test for
deficits in executive functioning, verbal memory, working memory or memory formation
that are associated with injury in white matter regions that displayed changes in DTI metrics.
If DTI were to be used as a biomarker of injury, it ideally would correlate with severity of
neurocognitive impairment and severity of underlying microstructural injury. Clinical
decision rules based on common acute signs and symptoms have excellent sensitivity and
predictive value to identify children who are at low risk of a ciTBI [1] seen on traditional CT
in the ED. Our results do not support the presence of a relationship between risk of ciTBI
based on a commonly used neuroimaging decision rule and acute WM changes detected on
DTI. These findings further affirm that diffusion changes do not correlate with symptoms.
Future studies incorporating simultaneous neurocognitive tests and imaging may help to
shed light on the clinical and predictive significance of the diffusion changes found in this
study.

This study possesses a number of strengths including a homogeneous sample, a short and
narrow interval between injury and imaging, and use of whole brain VBA. The lack of gold
standard tests to accurately diagnose the disease and stratify injury severity is a limitation.
The low consent rate, primarily because of the complexity of study design, may reduce the
generalizability of the results. Despite demographic similarities between the patients with
mTBI and controls on most variables, uncontrolled differences in income and race may
contribute to variability in the findings. These differences were not controlled for due to the
small sample size. Although it is conceivable that there may be differences in cellular
structures and response to injury due to race and/or socioeconomic status, there are no
reports of such in the literature. The small sample size limits the interpretation of the impact
of variations in individual characteristics or mechanism of injury. Only one imaging time
frame precludes assessment of longitudinal pattern of changes. In addition, caution must be
taken when interpreting results from the analyses examining correlations between ROIs that
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differed significantly in the mTBI group and PCSS as these findings may be spurious and
warrant replication [51]. In DTI studies, spurious findings and inconsistent results may arise
from differences in MRI acquisition parameters (such as differences in number of diffusion
weighted directions, b-values, image resolution, and scanner field strength) and analytical
methods (such as differences in algorithms in registration, smoothing and normalization). In
addition, variations in the approach for correcting multiple comparisons may also affect the
congruency of significant findings.

5. Conclusion

In summary, the acute alterations in WM diffusion in previously healthy youth with their
first mTBI detected in this study may be indicative of restricted extracellular diffusion and
appear to be consistent with acute pathophysiological changes of cytotoxic edema.
Alterations of anisotropic diffusion based on DTI may serve as an objective biomarker
augmenting current diagnostic stratification of mTBI in youth. Translational animal studies
elucidating the pathophysiology, as well as longitudinal human studies incorporating
premorbid and clinical factors with larger sample sizes of children and teenagers are needed
to clarify the role that DTI may play in the field of pediatric mTBI.
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Glasgow Coma Scale

loss of consciousness

magnetic resonance imaging

mean diffusivity

mental status

mild traumatic brain injury
orthopedic injury
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mTBI PATIENTS
Assessed for Eligibility

(n=106)

OI CONTROLS
Assessed for Eligibility
(n=174)

Excluded/Declined
» Not meeting inclusion criteria (n=15)
»  Declined to participate (n=65)
Reasons
* Time commitment (n=31)
o Study procedures (n=19)
e Lack of interest (n=9)
® Other (n=6)

Excluded/Declined
» Not meeting inclusion criteria (n=25)
»  Declined to participate (n=127)
Reasons
 Time commitment (n=59)
e Study procedures (n=36)
e Lack of interest (n=29)
 Other (n=3)

Assented/Consented and Eligible

Assented/Consented and Eligible

Omitted
» Lost to follow-up (n=1)
» Technical issues (n=2)

Fig. 1.
Study Flow.

» Lost to follow-up (n=1)
» Technical issues (n=1)

(n=26) (n=22)
Omitted
Analyzed Analyzed
(n=23) (n=20)
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Fig. 2.

White Matter Regions with Statistically Significant Differences in DTI Indices between
Patients with mTBI and Ol Controls. All regions: t = 2.98, cluster = 9, corrected p < 0.05.
Legend: ACR: anterior corona radiata.
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Table 1

Clinical Features of Patientswith mTBI and the Ol Controls

mTBI Clinical Featuresof Brain Injury % n=23 Ol ControlsClinical Featuresof Orthopedic Injury % n =20
GCS 14 8.7  Fracture 80.0
LOC 348 Lowerarm 40.0
Amnesia 52.2  Upperarm 10.0
Other MS changes 52.2 Hand 15.0
Seizure 4.3 Lower leg 15.0
Headache 82.6  Contusions 20.0
Vomiting 30.4  Injury severity

Dizziness 435 AlS1 20.0
Confusion 39.1 AIS 2 50.0
Palpable skull fracture 0.0 AIS3 30.0
Basilar skull fracture 0.0

Other neurologic deficits other than MS changes 4.3

Acting abnormal according to parent 39.1

PECARN Neuroimaging Prediction Tree Percent

< 0.05% 4.3
0.6% 43
1.1% 39.1
3.9% 52.2

Page 18

Legend: AIS, Abbreviated Injury Severity Scale; GCS, Glasgow Coma Scale; LOC, loss of consciousness; MS, mental status; PECARN, Pediatric

Emergency Care Applied Research Network.
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Table 2
Comparison of Patient Characteristics, Timeto Scan and Symptom Burden between

Patientswith mTBI and Ol Controls

Page 19

Variable mTBI Patientsn =23 Ol Controlsn=20 Significance p-value
Age (years, mean, SD) 13.2,1.8 12.7,15 0.34
Sex (% male) 91.3 75.0 0.15
Race (% white) 73.9 30.0 0.004
Ethnicity (% non-Hispanic) 95.7 100.0 0.35
Census Tract Median Income (% > $50, 000)  95.7 65.0 0.01
Weight (kg, mean, sd) 56.4, 15.7 58.0,11.3 0.70
Body Mass Index (mean, SD) 20.9,35 21.9,3.7 0.38
Mechanism of injuryf(% sports) 73.91 80.0 0.64
Total CBCL (T score, mean, SD) 45,0, 11.6 43.0,12.9 0.58
Total FAD (mean, SD) 30.0, 1.87 29.4,1.89 0.32
Time from injury to scan (hours, mean, SD) 450, 17.6 48.2,21.1 0.59
Total PCSS-ED (mean, SD) 37.84 1956 18.3,15.2 0.0009
Total PCSS-Scan (mean, SD) 255217 9.9,10.2 0.005
Legend:

A . . . .
One patient with mTBI did not complete the PCSS in the ED.

7LOther mechanisms of injury for the patients with mTBI included other non-motorized wheeled transport (n7= 1), fall to ground from standing
height (n= 3), fall from elevation (7= 1), and object struck head (7= 1). Other mechanisms of injury for the controls included fall from bike (7=
1), fall from standing height (/7= 1), and assault (7= 1); CBCL, Child Behavior Checklist; ED, Emergency Department; FAD, Family Assessment

Device; PCSS, Post Concussion Symptom Scale; SD, standard deviation.
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