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ABSTRACT

BACKGROUND AND PURPOSE: Although drowning is a leading cause of mortality and morbidity in young children, the neuropathologic
consequences have not been fully determined. The purpose of this article was to quantitatively characterize white matter microstructural
abnormalities in pediatric anoxic brain injury from nonfatal drowning and investigate the correlation with motor function.

MATERIALS AND METHODS: Whole-brain TI-weighted and diffusion-weighted MR imaging datasets were acquired in 11 children with
chronic anoxic brain injury and 11 age- and sex-matched neurotypical controls (412 years of age). A systematic evaluation form and
scoring system were created to assess motor function. Tract-Based Spatial Statistics was used to quantify between-group altera-
tions in the diffusion tensor imaging indices of fractional anisotropy and mean diffusivity and to correlate with per-subject
functional motor scores.

RESULTS: Group-wise Tract-Based Spatial Statistics analyses demonstrated reduced fractional anisotropy in the bilateral posterior limbs
of the internal capsule and the splenium of the corpus callosum (P < .001). Mean diffusivity was more diffusely increased, affecting the
bilateral superior corona radiata, anterior and posterior limbs of the internal capsule, and external capsules (P < .001). Individual-subject
fractional anisotropy and mean diffusivity values derived from the ROIs of the bilateral posterior limbs of the internal capsule strongly
correlated with motor scores and demonstrated more potent between-group effects than with ROIs of the entire corticospinal tract.

CONCLUSIONS: These data particularly implicate the deep white matter, predominantly the posterior limbs of the internal capsule, as
targets of damage in pediatric anoxic brain injury with drowning. The substantial involvement of motor-system tracts with relative sparing
elsewhere is notable. These results localize white matter pathology and inform future diagnostic and prognostic markers.

ABBREVIATIONS: ABI = anoxic brain injury; CST = corticospinal tract; FA = fractional anisotropy; MD = mean diffusivity; PLIC = posterior limb of the internal

capsule; TBSS = Tract-Based Spatial Statistics

rowning is a leading global cause of unintentional injury and
death and the most important cause in children younger
than 4 years of age." Drowning followed by successful cardiopul-
monary resuscitation (nonfatal drowning) is also most important
in young children, with an estimated 2 of 3 surviving.>’ In these
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patients, anoxic brain injury (ABI) ensues from the particular
dependence of the brain on a continuous oxygen supply, thereby
leading to varying levels of neurologic morbidity and, typically,
substantial motor dysfunction.'

Although the full extent of neuropathologic consequences
from ABI in drowning remains to be established, the resultant
injury has been characterized as predominantly affecting gray
matter (over white matter), largely on the basis of the metabolic
demand profiles of the tissues.”” In our recent voxel-based mor-
phometric analyses of T1-weighted MR imaging data in children
with drowning-related ABI, however, we observed central subcorti-
cal tissue loss (in the lenticulostriate arterial distribution) affecting
both gray and white matter.® We now aim to specifically assess white
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Table 1: Participant information

Age at Time since
Sex Injury Age at Scan Injury
Group (M/F)  (yr) (Mean) (yr) (Mean) (yr) (Mean)
AlLABI (n = T1) 8/3 25£11 77*29 52 %3]
All controls (n =) 8/3 - 72+22 -
Incl. ABI (n = 5) 3/2 24*08 6728 43 %22
Incl. controls (n = 8) 6/2 - 69+24 -

Note:—All indicates all participants scanned for our investigation; Incl., participants
included in the present study.

matter microstructural integrity in this population by using an im-
aging technique and analysis method more robust for this purpose.
DTI allows in vivo assessment of white matter microstructure
by measuring water diffusion properties. Tract-Based Spatial Sta-
tistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) is an op-
timized DTI method that mediates group-wise, voxelwise, quan-
titative white matter analysis.7 Here, we used TBSS to measure
whole-brain white matter abnormalities and assess motor function
correlates in pediatric patients who sustained ABI from drowning.
To our knowledge, this is the first study to quantitatively char-
acterize white matter microstructural damage in drowning.

MATERIALS AND METHODS

Participants

Data were acquired from 22 subjects: 11 children with chronic
ABI from nonfatal drowning and 11 age- and sex-matched neu-
rotypical controls. Inclusion criteria for patients with ABI were
the following: 1) a medically stable state, 2) at least 6 months
postinjury, 3) no contraindications to MR imaging, and 4) nor-
mal sleep-wake cycles (because children were imaged during
sleep). Participant information is shown in Table 1.

All participants’ parents provided written consent to the pro-
tocol of the study, approved by the institutional review board of
the University of Texas Health Science Center at San Antonio. All
participants received a stipend.

Image Acquisition

MR imaging data were obtained on a 3T Tim Trio scanner (Sie-
mens, Erlangen, Germany) with a standard 12-channel head coil
as a radiofrequency receiver and the integrated circularly polar-
ized body coil as the radiofrequency transmitter. T1-weighted im-
ages were acquired during mildly sedated sleep (1-2 mg/kg of
diphenhydramine HCI) with the MPRAGE pulse sequence (TR/
TE = 2200/2.72 ms, flip angle = 13°, TI = 766 ms, volumes =
208, and 0.8-mm isotropic voxel size). A single-shot, single refo-
cusing spin-echo, EPI sequence was used to acquire diffusion-
weighted data with a spatial resolution of 1.7 X 1.7 X 3 mm. The
sequence parameters were the following: TR/TE = 7800/88 ms,
FOV = 220 mm, 55 isotropically distributed diffusion-weighted
directions, 2 diffusion-weighting values (b=0 and 700 s/mm?),
and 3 b=0 (non-diffusion-weighted) images.

DTI Preprocessing and Tract-Based Spatial Statistics

Diffusion-weighted data were preprocessed by using the FMRIB
Diffusion Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT)
part of FSL (http://www.fmrib.ox.ac.uk/fsl).* Raw diffusion MR
imaging data were corrected for eddy currents and head motion
by using the Eddy Current Correction tool. Voxelwise statistical
analyses of fractional anisotropy (FA) and mean diffusivity (MD)

FIG 1. TBSS results. A, TBSS-derived t-map of decreased fractional
anisotropy in the anoxic brain injury group relative to the neurotypi-
cal control group is shown in red-yellow (P < .001, corrected for
multiple comparisons). B, TBSS-derived t-map of increased mean diffu-
sivity in the ABI group relative to the neurotypical control group is shown
in blue-light blue (P < .001, corrected for multiple comparisons). Results
were thickened with tbss_fill and are overlaid onto the study-specific
white matter skeleton (green) and the Montreal Neurological Institute—
152 template. Section position (given by y or z location) corresponds to
Montreal Neurological Institute—152 template space.

data were successively performed by using Tract-Based Spatial
Statistics” within FSL. FA/MD images were created by fitting a
tensor model to the raw diffusion data with DTIFIT and then
brain-extracted with the FSL Brain Extraction Tool (http:/fsl.
fmrib.ox.ac.uk/fsl/fslwiki/BET).” All subjects’ FA/MD data were
aligned into a common space (Montreal Neurological Institute)
first with linear registration in the FMRIB Linear Image Registra-
tion Tool (FLIRT; http://www.fmrib.ox.ac.uk/)'>'" external to
the TBSS environment, and then by using the FMRIB Nonlinear
Registration Tool (ENIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FNIRT).">"? FNIRT uses a b-spline representation of the regis-
tration warp field."* The mean FA/MD images were created and
thinned to create mean FA/MD skeletons, which represent the cen-
ters of all tracts common to the group. Each subject’s aligned FA/MD
data were projected onto this skeleton, and the resulting data were fed
into voxelwise cross-subject statistics. The MELODIC mixture mod-
eling tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC)'* was ap-
plied to raw Tstat images to produce false discovery rate—corrected,
thresholded statistical images (Fig 1). For visual purposes, skele-
tonized results were thickened by using the tbss_fill tool in FSL (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide#Displaying_
TBSS_Results). Maxima locations were derived from the Johns
Hopkins University ICBM-DTI-81 atlas (http://neuro.debian.
net/pkgs/fsl-jhu-dti-whitematter-atlas.html).'®
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was created, with 1 denoting the lowest
function and 5 denoting normal func-
tion. Data on the functional abilities of
the children with ABI were collected
through initial assessments by a neurol-
ogist (P.T.F.) at the time of imaging and
subsequently through extensive inter-
views with the children’s family mem-
bers, nurses, teachers, therapists, and so
forth. In the present study, motor func-
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FIG 2. Motor function scores versus diffusion indices. Scatterplots of per-subject motor func-
tion scores versus per-subject mean fractional anisotropy and mean diffusivity values from ROI
analyses of the right and left posterior limbs of the internal capsule (A, red) and the right and left
corticospinal tracts (B, blue) are shown. Motor scores are derived from our functional assessment
forms, PLIC ROIs were derived from clusters in our TBSS analysis of FA data, and CST ROIs were
derived from the Johns Hopkins University white matter tractography atlas. ABI patient data are
color-coded per subject for bilateral PLICs and CSTs: Blue indicates patient A; green, patient B;
yellow, patient C; orange, patient D; red, patient E. C, Motor function scores versus FA, right and
left PLICs. D, Motor function scores versus FA, right and left CSTs. E, Motor function scores versus
MD, right and left PLICs. F, Motor function scores versus MD, right and left CSTs. Analysis of FA
data in the bilateral PLICs demonstrates the strongest between-group effects (at the individual
subject level), fully differentiating control (CON) and subjects with anoxic brain injury.

Table 2: Motor function correlation with diffusion indices®

Spearman p
ROI FA MD
Right PLIC 0.807 (P <.001) —0.827 (P <.001)
Left PLIC 0.814 (P < .001) —0.827 (P <.001)
Right CST 0.845 (P <.005) —0776 (P < .005)
Left CST 0.807 (P < .005) —0.777 (P <.005)

 Spearman rank correlation coefficients (p) between per-subject motor scores and
FA or MD values from ROl analyses of the right and left posterior limbs of the internal
capsule (P <.001) and corticospinal tracts (P < .005) are reported.

The final sample consisted of 8 neurotypical and 5 children
with ABI after exclusion of datasets with excessive motion and/or
inadequate registration to the standard template. See Table 1 for
participant data.

Functional Assessment
A systematic assessment form with a Likert-type (1-5) scoring
system probing motor, sensory, and cognitive aspects of behavior
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Correlation Analysis

Two sets of ROI analyses were con-
ducted to study motor tract integrity.
The first focused on the right and left
posterior limbs of the internal capsule
(PLICs), with regions derived from our
TBSS analysis of FA data (Fig 2A). The
second focused on the right and left cor-
ticospinal tracts (CSTs) within the
brain, with regions derived from the
Johns Hopkins University white matter
tractography atlas'® and restricted to the
white matter skeleton (Fig 2B). Because the corticospinal tracts
carry motor information from the cortex to the spinal cord, they
traverse and form a large part of the PLICs. Thus, both sets of
ROIs query motor pathway integrity. Individual subjects’ mean
FA and MD values were extracted from the respective right and
left portions of each ROI by using the fslstats tool (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/Fslutils). Correlations of these values
with motor functional scores were measured as Spearman rank
correlation coefficients in the R statistical and computing soft-
ware environment (http://www.r-project.org). Individual subject
motor function scores and DTTindices for the PLICs and CSTs are
depicted in Fig 2; correlation coefficients are reported in Table 2.

RESULTS

Voxelwise TBSS Analyses

Significant regions with decreased FA in the ABI group relative to
the neurotypical control group were localized to bilateral PLICs


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils

Table 3: TBSS results® often manifests as decreased directional-
MNI Coordinates ity of diffusion or decreased fractional
of Global Maxima anisotropy, and increased water mobil-

Anatomic Location Hemisphere X Y z ity or increased mean diffusivity.'® Al-
Fractional anisotropy, control > ABI though a single DTTindex (ie, FA) canbe
PLIC L —22 —12 7 a sensitive biomarker for neuropathol-
PLIC ) R 20 —8 8 ogy, the use of multiple diffusion indices
Corpus callosum, splenium R 20 —38 31 . .
e T, AR = @sie] and knolwledge'o'f the u.nderlyu.lg disease
Superior corona radiata R 97 -8 44 mechanism mitigate its relatively low
Superior corona radiata L —21 —24 43 specificity.'®"?
Internal capsule R 25 2 20 In pediatric drowning, there is lim-
Internal capsule L —26 -2 22 jted knowledge of the extent of brain in-
Bl czipauls R 29 —6 18 jury from anoxia, especially in white
External capsule L —32 el 9

Note:—MNI indicates Montreal Neurological Institute; L, left; R, right.

? Location and coordinates of peaks of significant white matter abnormalities in FA and MD are reported (P < .001;
clusters, >100 mm?). White matter tissue labels derived from the Johns Hopkins University ICBM-DTI-8 atlas.

and the splenium of the corpus callosum (right hemisphere) (P <
.001; Fig 1A and Table 3). Significant regions with increased MD
in the ABI group relative to the neurotypical control group were
localized to the bilateral superior corona radiata, posterior and
anterior limbs of the internal capsules, and external capsules (P <
.001; Fig 1B and Table 3). When the statistical threshold was re-
laxed (P < .01), the output FA and MD differences remained
predominately localized to the aforementioned anatomic regions
(On-line Figure). There were no significant regions of increased
FA or decreased MD in the ABI group relative to the neurotypical
control group.

ROI Analyses and Correlations

With both sets of PLIC and CST ROIs, high correlations were
observed with individual subject FA and MD values and motor
function (Table 3). Higher FA and lower MD in the bilateral
PLICs and CSTs notably correlated with higher motor function
scores. The strongest correlation with motor function (p = 0.845)
was measured by using FA values in the right CST. The weakest
correlations with motor function were measured by using MD
values in the right (p = —0.776) and left (p = —0.777) CSTs. The
test most effective in dissociating patient and control groups was
FA analysis of the right and left PLICs, with discrete clusters cor-
responding to each respective group (Fig 2C).

DISCUSSION
White matter microstructural abnormalities in children with ABI
from drowning were found to largely implicate deep, central
white matter regions. Focal differences in fractional anisotropy
were detected in the bilateral PLICs and the splenium of the cor-
pus callosum. Focal differences in mean diffusivity were detected in
the bilateral superior corona radiata, internal capsules, and external
capsules. Regions of the white matter skeleton demonstrating signif-
icant abnormalities in both diffusion metrics were thus within the
internal capsules and specifically in the posterior limbs. In individual
subjects, FA and MD values from both the PLICs and CSTs highly
correlated with corresponding motor function scores, but the PLICs
were generally more robust as ROIs.

DTl is a powerful, highly clinically relevant, and readily avail-
able method for detecting microscopic changes in tissue architec-
ture. Disruption or loss of white matter structural integrity most

matter. ABI or hypoxic-ischemic brain
injury is most often thought to selec-
tively target gray matter due to its in-
creased metabolic demands and higher
concentrations of excitatory neurotransmitter receptors.”*’
White matter involvement has been much more variable in most
anoxic etiologies.”® Despite the important role of structural neu-
roimaging in the clinical management of children with ABI, its
utility in exposing consistent damage across patients and identi-
fying potential prognostic markers has been stunted by heavy re-
liance on visual inspection (of usually subtle/nonspecific pathol-
ogy) and a lack of quantitative, group-wise analyses. Diffusion
MR imaging is the most sensitive of the structural imaging mo-
dalities for detection of ABI. It could especially benefit from more
rigorous analysis to better localize injury and ascertain prognostic
and therapeutic correlates.*

Our previous voxel-based morphometric analyses in this co-
hort demonstrated gray and white matter loss in children with
ABI that was highly convergent on central subcortical regions,
chiefly comprising the basal ganglia nuclei and the PLICs and
extending to the thalamus, superior corona radiata, and external
capsules.® This topography implicates the distribution of the per-
forating lenticulostriate arteries, an end-arterial system, and thus
suggests an important vascular component to the pathophysiology of
pediatric drowning.

The present analysis of TBSS in diffusion MR imaging data
entirely supports our white matter voxel-based morphometry
findings. In children with ABI, the most affected regions—with
reduced FA, increased MD, and the highest average ¢-statistic val-
ues—were within the bilateral PLICs. This data-driven analysis
independently confirms the pathology of the PLICs by using the
imaging technique/pulse sequence (DTI) and analytic tool (TBSS)
most suited and standardized for the study of white matter struc-
tures.” Infarct of the lenticulostriate arteries, from cardiovascular
dysfunction and systemic hypotension, thus needs to be seriously
considered as a factor in the pathophysiology of pediatric drowning
due to the corresponding distribution of tissue damage. Alter-
natively, however, the white matter tissue loss and microstruc-
tural disturbances we have observed could be secondary de-
generation to predominant injury in the basal ganglia (ie, gray
matter) from the hypoxic-ischemic insult. Primary-versus-
secondary axonal damage could be differentiated with acute
and longitudinal imaging. Primary white matter injury would
be appreciated with DWT acutely. Secondary white matter in-
jury would be appreciable after a delay period, likely in the
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subacute phase, following the process of gray matter damage.
This distinction is not possible in the present cohort with
chronic hypoxic-ischemic brain injury.

Regardless of the causality of the observed tissue-pathology
distribution, the involvement of motor-system components is
distinctly striking. The basal ganglia nuclei are integral in motor-
information transmission and voluntary movement, and the
PLICs largely comprise corticospinal tract fibers carrying motor
information from the primary motor cortex to the spinal cord.”*'
Most important, the prevalent insult to cerebral motor networks
reported here is concordant with motor impairment characteris-
tically observed both in the pediatric drowning patient popula-
tion and in our patient cohort. The ages of children at highest risk
for drowning (1-4 years; 2.4-year average in our cohort) may
explain these observations to some extent. The maturation of ar-
eas serving motor (and sensory) functions is thought to precede
that of brain regions underlying higher cognitive functions.*
Thus, younger children (ie, as in this population) may sustain less
direct injury to higher order cerebral networks, which remain
relatively immature, and greater damage to the more “primitive”
and developed motor networks. Nonetheless, the relative sparing
of other cerebral networks raises the possibility that these children
retain substantial cognitive, perceptual, and emotional capabili-
ties and that they are unable to effectively convey this functional
integrity due to motor-system damage. Further examination of
this hypothesis with functional neuroimaging methods is strongly
indicated.

In addition to localizing the most consistent pathology in
drowning-related pediatric ABI and characterizing the functional
correlates group-wise, we report extremely high correlations of
imaging metrics with motor function at the individual-subject
level. Furthermore, with FA and MD values from right and left
PLIC ROIs (derived from FA TBSS analysis) and subjects’ motor
function scores, complete dissociation of subjects in the patient
and control groups was possible. This was most effectively con-
ducted in FA data (Fig 2). Evaluation of FA and/or MD values by
using PLIC ROIs may help prognosticate and monitor therapeu-
tic effects in children recovering from drowning. This would be
especially powerful because each subject could serve as his or her
own baseline reference, and longitudinal changes in white matter
microstructure could be evaluated for response with time and to
interventions. In a perinatal anoxia study, TBSS and diffusion
metrics in internal capsule ROIs were indeed able to detect the
therapeutic efficacy of hypothermia in infants with neonatal en-
cephalopathy.” In another study of patients with chronic stroke,
FA measurements in the corticospinal tracts correlated with the
potential for motor functional recovery.>* Such analyses would
also be feasible and potentially quite useful in the patient popula-
tion herein described.

To assess the specificity of injury in this cohort, ROI analyses
were also implemented in the corticospinal tracts. CST ROIs were
derived from a white matter atlas and subjected to the same anal-
ysis as the PLIC ROIs. Although high correlations with motor
function scores were also measured by using the CSTs, they were
not as effective in delineating patient and control subjects. This
finding is not surprising considering the origin of the ROIs: The
PLIC regions used in the correlation analysis represent the most
significant between-group differences in FA (and MD), while the
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CST regions encompass proximal and distal areas as well. The
presence (or relative greater quantity) of crossing fibers in the
CST ROIs may also, in part, contribute to this disparity. Injury in
pediatric ABI from drowning, nevertheless, does appear to be
most specific to the PLICs.

Several future directions are important. Probabilistic diffusion
tractography studies are indicated and quite well-informed by the
findings reported here. Probabilistic tractography can be imple-
mented at the per-subject level to obtain connectivity indices re-
flecting intact fiber organization.”® Although the typical method
entails seed-to-target connectivity measurements across a tract
(ie, the entire CST), our results suggest that it would be more
powerful to measure connectivity across the PLICs. Our findings
also prompt future clinical applications in targeted MR spectros-
copy and endovascular therapies to the lenticulostriate arteries via
the middle and/or anterior cerebral arteries, as described in
Ishaque et al.® Further testing is warranted via treatment trails in
an anoxic brain injury model in nonhuman primates.

This study has limitations. Diffusion-weighted MR imaging is
known to be extremely sensitive to subject motion, eddy currents,
and magnetic field inhomogeneities.'® Additionally, we were
rather stringent with data inclusion to ensure quantitative analy-
sis of high-quality data. This accordingly resulted in the exclusion
of 3 control and 6 ABI datasets, either due to excessive motion in
the first instance or inadequate registration within the TBSS anal-
ysis thereafter. Thus, we acknowledge that our findings are from a
small sample size. Diffusion MR imaging data acquisition would
likely benefit from increased sedation of pediatric subjects. We
emphasize, however, that substantial (and focal) between-group
differences were nevertheless observed at quite high statistical sig-
nificance levels. We are thereby confident that our findings reflect
underlying disease-specific white matter pathology. Nevertheless,
we interpret our results as specific to pediatric ABI from drowning
and recognize that they may not generalize to other anoxic etiol-
ogies or age groups. For clinical purposes, the group-wise study
design we use is also a limitation. An alternative for future explo-
ration would be per-subject probabilistic tractography, as dis-
cussed above. The most promising method as we see it would
involve tractography of the PLICs.

CONCLUSIONS

This study reports the first quantitative, whole-brain, voxelwise
characterization of white matter microstructural changes in pedi-
atric ABI from drowning. TBSS analysis of FA and MD indices
demonstrated substantial disruption of the deep, central white
matter, predominantly implicating motor tracts; these results
largely correlated with motor functional abilities at the individu-
al-subject level. Other white matter tracts were observed to be
relatively preserved. These findings support our recent gray and
white matter voxel-based morphometry analyses that localized
structural pathology to the basal ganglia and internal capsules
and, together, suggest primary motor-system damage in this pop-
ulation. The prospect of motor nuclei/motor pathway injury
masking relatively intact cognitive, perceptual, and emotional
abilities in children with ABI from drowning must be further
investigated. Additionally, our reported results motivate impor-
tant diagnostic, prognostic, and therapeutic considerations.
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