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Abstract

The aims of this study were to evaluate longitudinal metabolite changes in traumatic brain injury (TBI) subjects and
determine whether early magnetic resonance spectroscopic imaging (MRSI) changes in discrete brain regions predict 1-
year neuropsychological outcomes. Three-dimensional (3D) proton MRSI was performed in pediatric subjects with
complicated mild (cMild), moderate, and severe injury, acutely (6—17 days) and 1-year post-injury along with neurological
and cognitive testing. Longitudinal analysis found that in the cMild/Moderate group, all MRSI ratios from 12 regions
returned to control levels at 1 year. In the severe group, only cortical gray matter regions fully recovered to control levels
whereas N-acetylaspartate (NAA) ratios from the hemispheric white matter and subcortical regions remained statistically
different from controls. A factor analysis reduced the data to two loading factors that significantly differentiated between
TBI groups; one included acute regional NAA variables and another consisted of clinically observed variables (e.g., days
in coma). Using scores calculated from the two loading factors in a logistic regression model, we found that the percent
accuracy for classification of TBI groups was greatest for the dichotomized attention measure (93%), followed by Full
Scale Intelligence Quotient at 91%, and the combined memory Z-score measure (90%). Using the acute basal ganglia
NAA/creatine (Cr) ratio alone achieved a higher percent accuracy of 94.7% for the attention measure whereas the acute
thalamic NAA/Cr ratio alone achieved a higher percent accuracy of 91.9% for the memory measure. These results support
the conclusions that reduced NAA is an early indicator of tissue injury and that measurements from subcortical brain
regions are more predictive of long-term cognitive outcome.
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Introduction imaging (MRI) techniques are now being used to detect injury not

observed with computed tomography (CT) or conventional MRI

AFTER TRAUMATIC BRAIN INJURY (TBI), there is often a dis-
crepancy between functional deficits and imaging findings.
The milder the injury, the more difficult it is to radiologically detect
injury and to answer the question, ““Is ‘normal appearing brain’
normal?”” TBI is often a diffuse multi-focal injury that can produce
a cascade of cellular and metabolic alterations."* The location and
severity of injury greatly affects the degree of metabolic and
structural alterations; therefore, a technique that simultaneously
can sample multiple brain regions is optimum for fully evaluating
the heterogeneity, distribution, and severity of injury. Whether the
injury is mild or severe, tools are needed to reliably predict patient
outcomes and direct immediate clinical decision-making and long-
term rehabilitation efforts. Advanced magnetic resonance (MR)

and predict long-term outcome. Using one of these techniques,
proton MR spectroscopy (MRS), studies have demonstrated that
changes in key brain metabolites, such as N-acetylaspartate (NAA),
a measure of neuronal loss or dysfunction, and choline (Cho), a
measure of membrane synthesis or disruption and inflammation,
can detect brain injury that may be remote from TBI lesions and
that appears normal on structural MRL.*~

Although a number of studies have correlated single-voxel MRS
findings with neuropsychological deficits in adults®'® and chil-
dren,'"™" only a few have used multi-voxel MR spectroscopic
imaging (MRSI) to evaluate TBI in children and correlate these
findings with neuropsychological outcomes. One two-dimensional
(2D)/MRSI study through the supraventricular white matter showed
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that elevated creatine (Cr; a marker of cell energy metabolism), was
predictive of changes in executive function'* whereas another study
through the same area showed that a reduction of NAA/Cr and
elevation of Cho/Cr in injured brain during the subacute phase
predicted neuropsychological performance.'> Our previous 2D-
MRSI study through the level of the corpus callosum (CC) showed
that reduced NAA/Cr measured within 16 days after injury in
normal-appearing brain predicted long-term outcome more accu-
rately than ratios arising from visibly injured brain.'® A few lon-
gitudinal studies have been carried out in children. One 2D-MRSI
study in children showed that elevated Cho and reduced NAA at 5
months post-injury in the splenium correlated with neurocognitive
performance, and that NAA partially normalized whereas Cho fully
normalized at a chronic (14.7 months) time point.17

Because TBI is often diffuse and multi-focal, techniques such as
three-dimensional (3D)/MRSI and whole-brain MRSI have been
developed to allow greater brain coverage. A recent longitudinal
whole-brain MRSI study in moderate/severe pediatric TBI patients
showed elevated Cho in all four brain lobes and the CC as well as
decreased NAA in the CC at 3 months after injury in all patients.'®
Further, at 16 months after injury, low Cho and NAA were not
significant predictors of cognition in a subgroup of patients with
slow interhemispheric transfer time (IHTT), but chronically ele-
vated Cho and NAA in the normal IHTT subgroup correlated with
cognitive performance.'® In another whole-brain study in adults,
widespread elevation of Cho and Cho/NAA and a reduction of
NAA and NAA/Cr with mild-to-moderate injury showed correla-
tion of neuropsychological (NP) tests with frontal lobe Cho/-
NAA." In a similar population, the same group found increased
Cho throughout the cerebrum and cerebellum with highest levels in
patients with the worst cognitive performance.

In this study, we present our findings using 3D proton MRSI in
pediatric patients with complicated mild, moderate, and severe in-
jury, acutely (6-17 days) and at 1 year post-injury. The aims of our
study were to evaluate longitudinal metabolite changes in TBI sub-
jects and determine whether early MRS changes in discrete regions
of the brain predict NP outcome 1 year after injury. Because of the
large number of variables, we used factor analysis as a data reduc-
tion method to identify in vivo metabolite patterns in many regions
after injury and their association with neurocognitive outcome.

Methods
Study population

This study was approved by our institutional review board.
Written consent was obtained from all subjects’ parents or legal
guardian. In addition, consent was obtained from the subject if >11
years of age and assent was obtained from subjects between ages 7
and 11 years. TBI subjects were enrolled consecutively subsequent
to hospital admission if consent was obtained and if they met the
following criteria: 1) age between 4 and 18 years at the time of
injury; 2) absence of previous brain injury, neurological disorders,
drug or alcohol abuse, or MRI contraindications, including dental
braces; 3) moderate-to-severe TBI with Glasgow Coma Scale
(GCS) scores between 3 and 12 or complicated mild (cMild) TBI
(GCS 13-15) if hemorrhage was detected on an acute brain imaging
(CT) exam. Justification for including subjects with cMild TBI is
based on the Mayo TBI Severity Classification System, which re-
classifies subjects into the moderate-severe injury category in the
presence of known brain injury such as intracerebral, subdural or
epidural hematomas, subarachnoid hemorrhage, or contusion
confirmed by radiological imaging.>' Control subjects who met
criteria 1 and 2 were recruited from our pediatric clinics and were
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scanned without sedation. We took time to familiarize nonsedated
children with the scanner environment to ensure that they were
comfortable before scanning in order to decrease the failure rate.
Images and spectra were checked for motion and repeated when
necessary and as allowed by the subject.

Data acquisition methods

TBI subjects were scanned acutely, within 6-17 days and at
1 year after injury. Controls were scanned twice, 1 year apart using
the same protocol. Whole-brain MRI scans were acquired on a 3T
whole-body imager (Trio/Tim; Siemens Medical Solutions, Er-
langen, Germany) using a 12-channel receive-only head array coil.
Imaging included an isotropic 3D sagittal T1-weighted inversion
prepared fast spoiled gradient echo sequence (repetition time [TR]/
echo time [TE]=1950/2.26 ms, number of excitations [NEX] =1,
voxel size 1.0x 1.0x 1.0mm?) and a 3D sagittal T2-weighted fast
spin echo sequence with variable flip angles (TR/TE=3200/
415ms, NEX =1, voxel size 1.0x 1.0x 1.0 mm3). In addition, fluid-
attenuated inversion recovery (FLAIR), susceptibility-weighted
imaging and diffusion tensor-weighted images were acquired.

3D proton MRSI was acquired using a volume-selective, water-
suppressed, point-resolved spectroscopy sequence (PRESS) with
a TR=1700msec, TE=144msec, NEX=1, elliptical k-space
weighting, 1024 data points sampled with a dwell time of 1 ms for
an acquisition time of 17.1 min. Images from three orthogonal
planes acquired during the imaging portion of the study were used
for slab placement to match positioning along the anterior
commissure-posterior commissure line. Manual shimming was
performed to obtain signal line widths or a full width half maximum
of <20 Hz and 3D-MRSI using phase encoding in the z-direction to
obtain four or five 10-mm-thick slices, a 160 x 160 x 80 mm field-
of-view, and 16 x 16 X 8 phase encoding arrays in the x-y-z direc-
tion for an individual voxel volume of 1 cc. The number of slices in
the z direction and the volume of interest (VOI) size in the x-y
directions within each slice varied and depended on the size of the
brain. The slice thickness within the VOI was kept at 10 mm for all
subjects. For example, in younger children, an 8 x8 VOI (64 vox-
els) in each of four 10-mm-thick slices for a total of 256 voxels
(Fig. 1) was typically acquired compared to older children in which
an 8x9 VOI (72 voxels) in each of five 10-mm-thick slices for a
total of 410 voxels was acquired. The slabs for each subject were
positioned to cover from the level of the mid-CC through the su-
perior brainstem (BS), including portions of the gray and white
matter in the frontal (FG; FW), parietal (PG; PW), temporal (TG;
TW), occipital gray matter (OG), cerebellum (CB), basal ganglia
(BG), and thalami (TH). Saturation bands were used to suppress
chemical shift artifacts arising from lipids outside the VOI. MRSI
spectra were post-processed using LCModel (LCModel Version
6.0; Stephen Provencher Inc., Oakville, Ontario, Canada). For each
MRSI voxel, individual metabolite concentrations were reported
with a Cramer Rao estimation of the lower bounds of measure-
ment error, CRLB percentage (CRLB%), reflecting maximum-
likelihood estimates and their uncertainties. Peak concentrations
for NAA (2.02 ppm), total Cr (3.02 ppm), total Cho (3.20 ppm), and
lactate (Lac), if present (identified as an inverted doublet at
1.33 ppm and 7-Hz splitting), were measured and recorded for each
individual MRSI voxel in a spreadsheet for further analysis. Me-
tabolite ratios were then calculated (NAA/Cr, NAA/Cho, Cho/Cr,
and Lac/Cr) for each voxel. Brain segmentation and 3D registration
techniques were used to calculate the percentage of gray, white, and
cerebrospinal fluid in each voxel and make region assignments as
described previously.?? For statistical analyses, the following lim-
iting criteria were applied to ensure that the data chosen were based
on quality spectra. As a start, metabolite concentrations with a
CRLB% of 20 or less for TBI and 10% or less for control subjects
for at least one of the three main metabolites (NAA, Cr, or Cho)
were included. This resulted in the inclusion of approximately 90%



1354

Ml Sk

Al

hola L) .
RN AR
IO O O T

J'Liui'- .Ul’LrJ
L A
4N Nyw

Sever & TBI

FIG. 1. Positioning of the 3D-MRSI VOI on (A) sagittal T1-
weighted and (B) axial T2-weighted FLAIR MRI illustrating a
16x 16 x4 cm® FOV and 8 x 8 x4 cm® VOI. Phase encoding along
the z-axis was used to acquire four 10-mm-thick slices. The FOV
size, voxel size (1 cm?), and slice thickness remained the same for
all subjects. The VOI in the x-y direction and number of slices in
the z direction varied by age to accommodate brain size. (C) 'H
spectra from the central portion of the VOI on a T2-weighted axial
image at the level of the basal ganglia from a 10-year-old female
control subject showing normal levels of NAA, Cr, and Choline.
(D) 'H spectra from the central portion of the VOI on a T2-
weighted axial image at the level of the basal ganglia from a 10-
year-old female TBI subject involved in a motor vehicle accident
(GCS 3) with an area of T2 lengthening (arrow) in the right basal
ganglia/thalamus. 'H spectra within the ellipsoid show decreased
NAA levels compared to the contralateral side and the control
subject. Note: sagittal (A) and axial (B) images are from the same
TBI subject. 3D, three-dimensional; Cr, creatine; FOV, field of
view; GCS, Glasgow Coma Scale; MRSI, magnetic resonance
spectroscopic imaging; NAA, N-acetylaspartate; TBI, traumatic
brain injury; VOI, volume of interest.

of spectra for most subjects. Of particular concern was to avoid
excluding too much data from TBI subjects with injury resulting in
low metabolite levels, thus higher CRLB% and lower signal-to-
noise ratio. Therefore, all spectra were visually inspected and ex-
cluded only if they showed excessive distortion, artifacts, and/or
lipid contamination. For example, spectra near hemorrhagic lesions
in TBI subjects tended to have major distortion artifacts or were
missing peaks and could not be included. In addition, CB, BS, and
OG measurements were prone to spectral distortions attributed to
location; therefore, these data are missing in 29% of our control
subjects and in up to 50% of our TBI subjects. Next, a fractional
tissue volume criterion was applied to only include voxels with
underlying tissue volume of 80% or more. Finally, an outlier ex-
clusion criterion was applied to exclude voxels with metabolite
values greater than 3 times the standard deviation (SD) of the
corresponding metabolite value over all the voxels within a par-
ticular region which excluded approximately 1% or less of voxels.
For each subject, data from included voxels were then used to
calculate mean metabolite ratios for each region.

NP assessments were conducted at 3 months and 1 year after
injury for TBI subjects and twice, 1 year apart, for controls at the
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outpatient LLU Pediatric NeuroAssessment Program (PNAP clin-
ic). Only the 1-year NP testing results were used in this report. The
NP battery included measures of general intelligence (Wechsler
Abbreviated Scales of Intelligence [6—18 years] or Wechsler Pre-
school Primary Scale of Intelligence [4-5 years]), attention (Sky
Search subtest from the Test of Everyday Attention for Children
(TEA-Ch-G; 6-16 years]), and memory (Children’s Memory Scale
[5-17 years] or Wechsler Memory Scale [17-18 years]). The Full
Scale Intelligence Quotient (FSIQ) was used as an NP outcome.
Memory scores were converted to z-scores for ease of statistical
comparison across measures.

A Pediatric Cerebral Performance Category Scale score
(PCPCS) was assigned by a pediatric neurologist to assess neuro-
logical outcome. Serial neurological examinations were performed
in TBI patients at six time points (study entry, acute MRI, hospital
discharge, and 3, 6, and 12 months) and twice for controls, 1 year
apart. Clinical data collected during hospital stay on TBI subjects
were also recorded in the database.

Statistical analysis

Subjects were grouped as controls, cMild/Moderate TBI
(GCS=9-15), or Severe TBI (GCS =3-8). This grouping was used
in an analysis of covariance (ANCOVA) to test for significant
group differences for metabolite ratios and 1-year NP testing scores
using age as a covariate. Bonferroni post-hoc tests were used as
appropriate to control for multiple comparisons. Paired #-tests were
used to test for significant longitudinal metabolite ratio changes
within each group at an alpha level of 0.001 to adjust for multiple
comparisons. Spearman correlations were calculated to determine
associations between MRSI metabolite ratios, clinical variables,
and neurological and NP outcomes. All statistical analyses were
performed in SPSS software (version 22; SPSS, Inc., Chicago, IL).

Factor analysis, a method previously used by Mohamed and
colleagues,? was performed using the principal components of 27
MRSI variables and five clinically observed variables to generate
eigenvectors. Ratios from the BS, CB, and OG regions were
omitted because of data sparsity. Only eigenvectors with eigen-
values greater than 1 were kept. Varimax rotation with Kaiser
normalization was applied to produce five factors that explained
81.5% of the variance. Only strong factor loadings over 0.6 were
accepted. Each subject was assigned a score for each of the five
rotated factors on the basis of the loadings. ¢-tests determined that
two of the five scores could differentiate cMild/Moderate TBI
versus Severe TBI.

Scores that differed significantly between TBI groups were
subsequently used in a binary logistic regression to predict 1-year
neurological and NP outcomes. To do this, the 1-year NP outcomes
(memory Z-score, attention, and FSIQ) were dichotomized by
utilizing a cutoff at 1.50 SDs below the normative mean, which
yielded the following groupings: scores above the cutoff (scaled
scores >5 and standard scores >78; >—1.50 SDs) comprised Group 1
(Not Impaired) and scores below the cutoff (scaled scores <6 and
<79; <—1.49 SDs) comprised Group 2 (Impaired). The PCPCS was
dichotomized into Not Impaired (PCPCS=1-3) or Impaired
(PCPS =4-6). Each dichotomized NP outcome (memory, attention,
and FSIQ) or dichotomized PCPCS was separately input as the
dependent variable in a binary logistic regression to determine how
well the independent variables (i.e., scores from the factor analysis
or individual MRS parameters such as BG NAA/Cr) could accu-
rately predict whether the patient was impaired or not impaired.

Results
Clinical demographics

Data reported in this study are from a total of 64 TBI and 63
control subjects who were enrolled in the study and completed
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follow-up imaging and NP assessments. Table 1 compares the
distribution of age, sex, timing of MRI exams, GCS score, type of
accident, significant clinical data for each TBI group, and 12-month
outcomes for all study groups. There were significantly more males
in the TBI groups compared to controls (p=0.002). In the
cMild/Moderate TBI group, 25 of 32 were assigned an admission
GCS between 13 and 15, but qualified for the study after findings of
hemorrhage or hematoma were detected on their admission CT
exam. Their admission GCS scores were used for calculations in
Table 1. In addition to the subjects enrolled in the study, a total of
32 TBI and 18 control subjects did not complete testing for the
following reasons; 5 TBI and 7 control subjects dropped out of the
study before MRI occurred, 16 TBI and 3 control subjects moved
out of the area or refused to return for follow-up, 7 TBI and 4
control subjects refused to continue during the first MRI, 2 control
subjects were dropped after NP assessments, and 4 TBI and 2
control subjects refused to return for the final NP assessment.
Severely injured TBI subjects were in coma, on a ventilator, and
in the hospital significantly longer than subjects in the cMild/Mo-
derate group (Table 1). Loss of consciousness (LOC), categorized
into three groups (no LOC, LOC <24 h, and LOC >24h), was also
significantly different between groups with all subjects in the se-
vere group experiencing LOC. Neurological outcome measured as
mean PCPCS score at 12 months was significantly higher in the
severe group, with 19 subjects categorized as normal, 8 subjects
with mild disabilities, 4 subjects with moderate disabilities, 1
subject with severe disabilities, and no subjects in a vegetative state
or who died. In the cMild/Moderate group, most subjects recovered
to normal PCPCS at 12 months with only 1 subject categorized as

having mild deficits. Measures of NP outcome at 12 months varied
from no significant differences between groups in terms of FSIQ to
significant differences between groups on measures of attention
(TEA-Ch-G) and memory (combined memory Z-score; p=0.003
and p=0.001, respectively; Table 1).

Analysis of longitudinal magnetic resonance
spectroscopic imaging factors

Regional MRSI ratios between study groups for the acute and
12-month (12-Mo) time points with results of statistical analysis are
listed in Supplementary Table 1. (see online supplementary mate-
rial at http://www liebertpub.com) Longitudinal MRSI data for the
controls were compared using paired z-tests at an alpha level of
0.001 to adjust for multiple comparisons. No statistically signifi-
cant differences in MRS ratios for controls between the two time
points were observed, indicating no significant age-related me-
tabolite changes. Although several regional comparisons reached
lower levels of significance (0.03-0.05) in controls, the actual
differences were not considered clinically significant (difference
>2 SDs). Metabolite recovery, as indicated by increases in NAA
ratios and decreases in Cho/Cr ratios, was observed in all regions in
both TBI groups, some of which were significant at p<0.001
(Supplementary Table 1). (see online supplementary material at
http://www liebertpub.com) Using an ANCOVA to evaluate dif-
ferences between groups at each time point, we found that in the
cMild/Moderate group, all MRSI ratios returned to control levels
even in regions such as the BG, TH, FG, and OG in which the
NAA/Cr ratios were reduced at the acute time point (p <0.001). In

TABLE 1. DEMOGRAPHICS, NEUROLOGICAL, AND COGNITIVE ASSESSMENT SCORES FOR GROUPS

Control group cMild/moderate TBI Severe TBI P
(n=63) (n=32) (n=32) value*
Age at initial study (years) 12.6+3.3 122+3.3 12.0+3.8 0.65
Range, median (years) 5.5-17.4,13.3 4.4-17.2, 13.3 4.9-18.0, 12.6
Sex 33M/30 F 26 M/6 F 21M/11 F 0.014
Time to MRI after injury (days) NA 11.7+£32 11.5+£3.7 0.774
Range, median (days) 6-17, 12.0 6-20, 10.7
Time to follow-up MRI (months) 127x1.1 12.2+0.96 12.1£0.63 0.002
Range, median (months) 11.0-16.7, 12.6 10.7-14.5, 11.9 10.8-13.3, 12.1
Average GCS score NA 13.6+£2.0 44+1.8 NA
Median 14 4
Accident type NA 11 falls, 6 MVA, 3 falls, 10 MVA,
6 hit by MV, 15 hit by MV,
6 sports, 2 ATV, 3 ATV, 1 boating
1 fight
Days in coma NA 0.63£0.55 5.53+£5.81 <0.001
Days on ventilator NA 0.03£0.18 5.47+4.54 <0.001
Days in hospital NA 5.88+3.01 17.4£10.1 <0.001
Seizures (epilepsy) NA 4 8 (2) 0.081
Loss of consciousness (none, <24 h, >24 h) NA (12,19, 1) 0, 13, 19) <0.001
PCPCS @ 12 months 1.0+£0.0 1.03+£0.18 1.59+0.84 <0.001
Test of Everyday Attention — TEA-Ch-G @ 12 10.88+3.4 11.86+3.09 9.04£3.81 <0.001
months (n=48) (n=29) (n=28)
Combined Memory Z Score @ 12 months 1.14+£1.03 0.829+1.080 -0.3796£1.5900 <0.001
FSIQ @ 12 months 108.0+14.6 96.56+13.90 92.03+13.10 0.230

Values denote means * standard deviation.

. . 2 . .
*p values for sex, presence of seizures, and loss of consciosness represent Pearson X~ test; all others represent non-parametric Kruskal-Wallis or

analysis of covariance between-groups significance.

MRI, magnetic resonance imaging; GCS, Glasgow Coma Scale; PCPCS, Pediatric Cerebral Performance Category Scale score; TEA-Ch-G, Test of
Everyday Attention for Children; FSIQ, Full Scale IQ; TBI, traumatic brain injury; cMild, complicated mild; ATV, all-terrain vehicle; MVA, motor

vehicle accident; MV, motor vehicle; ED, emergency department; NA, not applicable.
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the severe group, all cortical gray matter regions (except TG) fully
recovered to control levels at 12 months whereas other regions
remained statistically different from controls (Supplementary
Table 1). (see online supplementary material at http://www
Jiebertpub.com) NAA/Cr and NAA/Cho ratios were significantly
reduced in multiple regions at 12 months (Fig. 2, Supplementary
Table 1). Figure 3A and 3B plot longitudinal recovery of NAA/Cr
ratios from the BG and TH in TBI groups compared to controls.
Similar plots for NAA/Cho ratios are presented in supplementary
material (Supplementary Fig. 1) (see online supplementary mate-
rial at http://www liebertpub.com). Also, in the severe group, the
Cho/Cr ratio was significantly elevated acutely in the TG and TW;
however, at 1 year, the BG, CC, FW, PW, and TG regions showed
significant Cho/Cr elevations (Supplementary Table 1). (see online
supplementary material at http://www.liebertpub.com)

Metabolite ratios and correlation with clinical variables
and outcomes

Strong significant (p<0.001) correlations (Spearman; —0.5 to
—0.8) were observed between early NAA ratios (from the BG, BS,
CC, PG, PW, TG, TW, and TH regions) and clinical variables (days in
coma, days on ventilator, days in hospital, and LOC), but not the
presence of seizures. Correlations between early regional Cho/Cr
ratios and clinical variables were weak and nonsignificant. Early
NAA ratios from the BG, BS, CC, FG, FW, PG, PW, TG, TW, and TH
showed strong significant (p <0.001) correlations (Spearman; —0.5 to
—0.8) with the PCPCS score assessed at 12 months. None of the early
regional Cho/Cr ratios correlated with 12-month PCPCS scores.

A few of the early regional NAA/Cr ratios showed strong cor-
relations with 12-month NP memory and attention, but not FSIQ.
For the composite memory Z score, we saw strong associations
(0.5-0.6) with the BS and CC (p<0.001), and for the attention
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measure, we observed strong associations with the BG, TW, and
TH (p <0.001). None of the early regional Cho/Cr ratios correlated
with the cognitive assessments.

Factor analysis of acute magnetic resonance
spectroscopic imaging regional and clinical variables
to predict outcome

Factor analysis was utilized to determine associations between
metabolite ratios across regions and other clinically observed data.
The associations or factor loadings and percentage of variance
explained are listed in Supplementary Table 2. (see online sup-
plementary material at http://www.liebertpub.com) Scores for each
factor were calculated for each patient and tested to determine
whether the scores could distinguish between TBI groups
(cMild/Moderate vs. Severe). Testing showed that two factors were
significant (z-test; p<0.001). Factor 1, “NAA factor” (Supple-
mentary Table 2), (see online supplementary material at http:/
www.liebertpub.com) showed major contributions from one or
both NAA metabolite ratios from seven regions (BG, CC, FG, FW,
PW, TW, and TH). Factor 3, “Clinical factor,” showed major
contributions from four of the five clinically observed variables
included (days in coma, days on ventilator, days in hospital, and
LOC). Factor 2, ““Cho factor,” showed major contributions from
Cho/Cr ratios from nine regions, but could not distinguish between
TBI groups when tested (p=0.693). Factors 4 and 5 showed few
contributions and could not distinguish between TBI groups.
Scores for factors 1 (NAA factor) and 3 (clinical factor) were used
as independent variables in a binary logistic regression analysis to
predict either dichotomized memory, FSIQ, or attention outcomes
(dependent variables).

Using both the NAA and clinical factor scores as covariates in
the logistic regression, the percent accuracy for classification was

Group Comparison of 12 Month Regional Mean NAA/Cr Ratios
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FIG. 2. A plot of the mean NAA/Cr ratios for each region measured at 12 months after injury in TBI groups compared to age-matched
control values. ANCOVA was used corrected for age. **Indicates a significant difference between Controls versus Severe and Mod
versus Severe (p<0.004) or # p<0.02). *Indicates a significant difference between Controls versus Severe (p=0.001). ANCOVA,
analysis of covariance; cMild, complicated mild; Cr, creatine; NAA, N-acetylaspartate; TBI, traumatic brain injury.


http://www.liebertpub.com
http://www.liebertpub.com
http://www.liebertpub.com
http://www.liebertpub.com
http://www.liebertpub.com
http://www.liebertpub.com
http://www.liebertpub.com

LONGITUDINAL METABOLITE CHANGES AFTER PEDIATRIC TBI 1357
A Longitudinal NAA/Cr in Basal Ganglia B Longitudinal NAA/Cr in Thalami
3.0 B Acute NAAICT | 3.0 [ Acute NAAICT
‘&‘ 12 Mo. NAAICT " 12 Mo. NAAICF
— 00 I’V| g0 0
257 ‘/‘ T T T L/}
2.5 T
2.0 l . .
o .
157 o
157 L
1.0 e
0.57 1.07

Ll 1 Ll
Control cMildiModerate Severe

Ll Ll Ll
Control cMildiModerate Severe

FIG. 3. Box plots displaying mean NAA/Cr ratios, 95% confidence intervals (whiskers), and outliers (°) from the (A) basal ganglia
and (B) thalami for control subjects measured at enrollment and at 1 year and for TBI groups measured acutely (6—17 days) and 12
months after injury. cMild, complicated mild; Cr, creatine; NAA, N-acetylaspartate; TBI, traumatic brain injury.

greatest for the dichotomized attention measure, Tea-Ch-G (93%),
followed by FSIQ (90.6%), combined memory Z-score measure
(90.3%), and PCPCS (87.5%; Table 2). Acute NAA/Cr ratios from
two regions, BG and TH, showed the highest loading factors and
highest correlations with outcome measures and were input indi-
vidually as covariates into the logistic regression to compare pre-
dictive accuracy with the factors model. Thalamic NAA/Cr ratios
achieved a higher percent accuracy for classification and accounted
for a higher percentage of the variance for the memory Z-score and
the FSIQ measures compared to the factors model or BG NAA/Cr.
BG NAA/Cr ratios achieved a higher percent accuracy for classi-
fication for the PCPCS outcome score and the attention measure
than the factors model or TH NAA/Cr. In addition, the TH NAA/Cr

ratio combined with the days in hospital clinical factor achieved the
highest overall accuracy of 93.8% for FSIQ, and the BG NAA/Cr
ratio combined with days in hospital achieved the highest overall
accuracy of 90.6% for PCPCS with the highest sensitivity (71.4%),
and accounted for the most variance. In general, specificities in the
range of 96-100% were achieved compared to sensitivities in the
range of 16-71%, indicating better ability to predict recovery rather
than impairments with these models.

Discussion

The key findings of the current study are that early NAA me-
tabolite reductions in several subcortical regions are primary

TABLE 2. RESULTS OF BINARY LOGISTIC REGRESSION TO PREDICT 12-MONTH NEUROLOGICAL
AND NEUROPSYCHOLOGICAL OUTCOMES

12-month dichotomized outcomes % Sensitivity % Specificity

Overall % accuracy p value for model % variance explained®

Combined Memory Z Score

Factors 1+3 44 4 98.1
BG NAA/Cr 33 100
TH NAA/Cr 44.4 100
TEA-Ch-G Attention Measure
Factors 1+3 40 98.1
BG NAA/Cr 40 100
TH NAA/Cr 40 98.1
Full Scale 1Q
Factors 1+3 0 100
BG NAA/Cr 0 100
TH NAA/Cr 16.7 100
TH NAA/CR + Days in Hosp 333 100
PCPCS
Factors 1+3 50 98
BG NAA/Cr 50 98
TH NAA/Cr 35.7 96
BG NAA/CR + Days In Hosp 71.4 96

90.3 0.003 30.6
90.3 0.001 28.1
91.9 0.000 322
93 0.010 333
94.7 0.007 26.8
93 0.000 429
90.6 0.049 19.4
90.6 0.022 16.9
92.2 0.003 27.7
93.8 0.009 29.2
87.5 0.000 46.1
87.5 0.000 332
82.8 0.000 314
90.6 0.000 47.6

“Estimated with Nagelberke R square; factor 1 represents acute NAA ratios from seven regions; factor 3 represents clinically observed variables (days
in coma, days on ventilator, days in hospital, loss of consciousness). All metabolite ratios were measured at the acute time point.
BG, basal ganglia; PCPCS, Pediatric Cerebral Performance Category Scale score; Tea-Ch-G, Test of Everyday Attention for Children; TH, thalamus.
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factors that are associated with long-term neurological and NP
outcomes. We found that all metabolite ratios recovered to control
levels in cMild/Moderate TBI patients in all regions at 1 year,
whereas NAA ratios in TBI patients with severe injury recovered to
control levels only in the cortical gray matter (Fig. 2). Further, in
severely injured subjects, NAA ratios in subcortical gray (BG, TH)
and white matter (CC) regions remained significantly reduced
compared to controls, yet recovered to a greater extent than NAA
ratios in hemispheric WM regions (FW, PW, and TW). Cho/Cr
ratios changes were less extensive than changes in NAA ratios in
the severe TBI group, with only two regions (TG, TW) showing
significant elevations at the acute time point, which did not corre-
late with long-term cognitive outcomes. At 1 year, however, mul-
tiple regions (BG, CC, FW, PW, and TG) were significantly
elevated (Supplementary Table 1). (see online supplementary
material at http://www .liebertpub.com) This may be in response to
long-term neuroinflammation or an indication of recovery with
cellular proliferation.>*

It is hypothesized that early reductions in NAA ratios reflect
changes in neuronal and axonal density. At the time of measure-
ment, it is unknown whether these early NAA reductions represent
dysfunction attributed to reduced or altered mitochondrial activity
in which cells may recover, or whether these reductions represent
irreversible neuronal loss that will lead to long-term deficits.**>°
Studies of pediatric TBI models have demonstrated that the ability
of alternative substrates to rescue brain metabolism may be de-
velopmentally regulated, that metabolic derangements begin early
and are sustained after TBI, that neuronal oxidative metabolism of
glucose is delayed, and that mitochondria have significant alter-
ations in respiratory capacity, all of which can affect metabolic
recovery and NAA levels.>> In one MRS study, mitochondrial
impairment, measured as percent NAA/Cr reduction, decreased
soon after injury and reached a nadir at 10 days. Subsequently,
NAA/Cr recovered in patients with favorable outcome, but re-
mained impaired in patients with poor outcome.?® In the current
study, subjects with milder injury showed smaller reductions of
acute NAA ratios. In fact, most regions were not significantly
different from control values, and, as expected, all subjects except 1
recovered to normal neurological outcomes. As suggested in earlier
studies, it is possible that there is a threshold of injury below which
cells cannot recover,”’ and that NAA measurements have prog-
nostic value to assist in management and to serve as a surrogate
endpoint for clinical trials.?®

At issue is which region(s) should be sampled to yield the most
sensitive and specific data to best determine prognosis (given the
variability in injury severity and trajectory of neuronal degenera-
tion/recovery for each region) given that recovery from certain
regions may better correlate with specific neurocognitive out-
comes. In a previous study, we showed that sampling normal-
appearing brain more accurately predicts prognoses than sampling
areas with evident injury.'® In the current study, we show that early
reductions of NAA ratios, particularly from subcortical gray matter
regions, were most predictive of neurological and cognitive re-
covery. It is interesting that the NAA ratios from subcortical gray
matter regions correlated more strongly with neurological and
neurocognitive outcomes and were stronger contributors in the
factor analysis model than hemispheric white matter ratios. In fact,
the NAA/Cr ratios from the TH alone showed a higher percent
accuracy in classifying both general intellectual and memory
functions than the factor analysis model that included ratios from
nine regions (Table 2). Moreover, BG NAA/Cr alone showed
higher percent accuracy in classifying neurological outcome and
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recovery of focused attention 1 year post-injury than the factor
analysis model. These findings agree with our previous work re-
porting that NAA measurements as well as lesion number and
volume from susceptibility-weighted imaging (SWI) in deep brain
regions, such as the BG, TH, and BS, were strongly associated
(with large effect sizes observed) with almost all domains of in-
tellectual and NP functioning.!” This suggests that localization of
specific neurocognitive functions is likely mediated by subcortical
pathology, given that this region appears to serve as a primary
gateway, or relay station, for the majority of higher cortical func-
tions. The CC has consistently been correlated to severe TBI and
NP outcome because callosal fibers reflect deep pathways across
many functional modalities.’®* Others have associated injury to
deep brain structures with long-term deficits in children. In 1974,
Ommaya and Gennarelli*® published their translational research
related to the centripetal forces associated with TBI that was in-
strumental in developing the ‘““depth of lesion model.”” A neuro-
pathological scoring system originally reported by Adams®' was
used by Grados and colleagues in a cohort of 106 children (ages
4-19 years) with moderate-to-severe TBI in whom MRI was ac-
quired and found that the depth of lesion classification significantly
correlated with functional outcomes.>> More recently, a meta-
analysis of pediatric TBI studies reinforced that depth and severity
of injury was highly predictive of neurocognitive outcome.*

Whereas focused attention is a functional domain known to be
sensitive to TBI,33_35 the organization of functional neural net-
works underlying this construct has been the subject of debate for
more than half a century. Early work by Beck and colleagues™®
linked impairment in attention or alertness to frontal lobes systems;
however, Penfield and Jasper’s studies®’ of patients with absence
seizures linked attention dysfunction to networks deep within the
center of the brain (centrencephalic), which has been supported by
recent functional imaging studies that appear to implicate the as-
cending brainstem reticular activating system as the neuroana-
tomical substrate of attention and arousal. The current findings,
which link subcortical pathology with attention dysfunction and
LOC, are not surprising and may overlap diagnostically with al-
tered levels of alertness and disorders of consciousness.

In terms of memory, the measures included in the current study
assessed declarative (explicit) memory (facts or events that can be
consciously recalled). Previous work has suggested both a
hippocampal-anterior thalamic axis and perirhinal-medial dorsal
thalamic nuclei axis,”® as well as a medial prefrontal-thalamic-
hippocampal network, as contributing to encoding and recall of
declarative memories, which may help explain why reductions in
thalamic NAA were more prognostic of memory impairment than a
factor model with ratios from seven regions.

Damage inflicted by TBI, as well as the potential outcome, de-
pends not only on the local effects of the primary insult, but also on
the secondary, delayed, nonmechanical processes consequent to
axonal damage and Wallerian degeneration.*® The subcortical nuclei
of the basal ganglia are interconnected with the cerebral cortex, TH,
BS, and several other brain regions. The thalamus is highly con-
nected to white matter axons through thalamocortical pathways and
is often described as the central relay station of the brain because it
has reciprocal projections to the entire cerebral cortex and plays a
principal role in the processing and transmission of information
between sensory, motor, and associative regions.** Some have sug-
gested that the thalami may be particularly vulnerable to secondary
injury because of their interconnectiveness with white matter pro-
jections that are highly susceptible to injury during TBL*'™ re-
sulting in volume loss*"** and disorders of consciousness.*>*®
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LONGITUDINAL METABOLITE CHANGES AFTER PEDIATRIC TBI

Recent functional MRI and positron emission tomography
studies are defining the various networks that modulate cognitive
states, and accumulating evidence indicates that communications
between these networks are adversely affected after TBI. The most
commonly identified networks that contribute to cognitive and
motor impairments include the default mode, executive control,
salience, and frontal mesocircuit networks, all of which have ex-
tensive connections to multiple cortical, subcortical, and brain stem
regions.*’° As noted above, secondary nonmechanical degener-
ative processes triggered by brain injury continue weeks to months
after injury and may target the associated networks and pathways,
resulting in not only volume loss and functional MRI abnormalities,
but also the metabolic changes observed in our study. We sampled
metabolic recovery at 1 year after injury and found that the sub-
cortical gray matter and CC regions were recovering, but had not
returned to control levels, in severely injured subjects whereas the
hemispheric WM regions showed little recovery. It is possible that
the subcortical gray matter regions by way of striatal and corti-
cothalamic pathways are particularly vulnerable to pathological
and metabolic changes attributed to transneuronal cells, the extent
of which becomes evident early after injury, making these regions
particularly useful for long-term outcome prediction.

Limitations of the MRS methods used in this study include the use
of metabolite ratios rather than quantitative measurements of me-
tabolite levels. The use of Cr in ratios adds uncertainties, given that
alterations of Cr have been reported in some brain injury studies,'*"
but not others.'*> This may have masked changes in Cho, reported
as Cho/Cr ratios, which were smaller in magnitude than NAA
changes, given that we and others using varying techniques have
previously shown significant elevations in Cho early after TBL'®"?
After visual inspection of the spectra, we are confident that detected
reductions of NAA ratios were attributed primarily to NAA reduc-
tions, rather than elevated Cr or Cho levels. Also, metabolite and
water relaxation times (T1 and T2) were not accounted for, and
therefore the reported MRSI measures include possible contributions
from altered relaxation times. This reflects the practical difficulty of
including the lengthy relaxation time measurement in the study
protocol. Although the volumetric MRSI method used in this study
sampled a much greater fraction of the brain volume (25-30%) than
single-voxel studies, the method still leaves the majority of the brain
volume unsampled, notably in frontotemporal regions, which may
reflect important executive functions. We also encountered technical
issues in brainstem and cerebellar regions and could not report
complete data from those regions. Finally, for statistical purposes,
the NP outcome data were transformed from continuous to dichot-
omized variables that likely removed some important variability and
predictive power across the sample.

Our results support the conclusions that altered metabolism is an
early indicator of tissue injury and that early NAA measurements
from deeper brain regions, which reveal cellular dysfunction, are
more predictive of long-term neurological and cognitive outcome.
The longitudinal metabolite changes reported in this study show
little metabolic recovery in hemispheric white matter regions after
severe injury. This may indicate an ongoing functional or structural
disconnect of functional networks between hemispheric white
matter and subcortical regions, resulting in the cognitive deficits
observed in our severely injured subjects. A multi-parametric ap-
proach, that includes diffusion tensor imaging (DTI) to provide
information about the integrity of white matter pathways after TBI,
would be useful. Additional data collected from this cohort using
other imaging techniques such as SWI and DTI will be discussed in
additional publications.
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