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Proton MR Spectroscopic Imaging Depicts
Diffuse Axonal Injury in Children with
Traumatic Brain Injury

Barbara A. Holshouser, Karen A. Tong, and Stephen Ashwal

BACKGROUND AND PURPOSE: Diffuse axonal injury (DAI) after traumatic brain injury
(TBI) is important in patient assessment and prognosis, yet they are underestimated with
conventional imaging techniques. We used MR spectroscopic imaging (MRSI) to detect DAI
and determine whether metabolite ratios are accurate in predicting long-term outcomes and to
examine regional differences in injury between children with TBI and control subjects.

METHODS: Forty children with TBI underwent transverse proton MRSI through the level of
the corpus callosum within 1-16 days after injury. T2-weighted, fluid-attenuated inversion
recovery, and susceptibility-weighted MR imaging was used to identify voxels as normal-
appearing or as nonhemorrhagic or hemorrhagic injury. Neurologic outcome was evaluated at
6-12 months after injury. Metabolite ratios for total (all voxels), normal-appearing, and
hemorrhagic brain were compared and used in a logistic regression model to predict long-term
outcome. Total and regional metabolite ratios were compared with control data.

RESULTS: A significant decrease in N-acetylaspartate (NAA)/creatine (Cr) and increase in
choline (Cho)/Cr (evidence of DAI) was observed in normal-appearing (P < .05) and visibly
injured (hemorrhagic) brain (P < .001) compared with controls. In normal-appearing brain
NAA/Cr decreased more in patients with poor outcomes (1.32 * 0.54) than in those with good
outcomes (1.61 = 0.50, P = .01) or control subjects (1.86 = 0.1, P = .00). In visibly injured
brains, ratios were similarly altered in all patients. In predicting outcomes, ratios from

normal-appearing and visibly-injured brain were 85% and 67% accurate, respectively.
CONCLUSION: MRSI can depict injury in brain that appears normal on imaging and is

useful for predicting long-term outcomes.

Diffuse axonal injury (DAI) is universally recognized as
a consequence of most forms of traumatic brain injury
(TBI). The pathology of DAI is histologically character-
ized by widespread damage to axons in several brain
regions, including the brainstem and parasagittal white
matter; hallmark hemorrhagic lesions in the corpus cal-
losum (CC); and the gray matter-white matter junctions
of the cerebral cortex (1-4). In their immunohistochem-
ical study, Gorrie et al (5) concluded that the extent and
distribution of axonal injury resulting from TBI appears
similar in children and in adults.

Because of the widespread consequences of DAI,
its detection is important for evaluating and treating
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patients with TBI and for determining their progno-
sis. Fortunately, MR imaging has substantially im-
proved our ability to detect hemorrhagic and non-
hemorrhagic lesions (6-8). Newer gradient-echo
methods have further improved the detection of sus-
ceptibility-related effects of hemorrhagic shearing in-
jury (9-13).

Another method, proton MR spectroscopy (MRS)
with use of metabolite information from various brain
regions enables sensitive, noninvasive assessment of
neurochemical alterations after brain injury and can
potentially provide early prognostic information re-
garding clinical outcomes in children with head injury
(14-16). MRS studies have shown its use in detecting
DAI (17, 18). Ross et al (17) suggested that elevated
choline (Cho) levels in white matter may be due to
breakdown products appearing after the shearing of
myelin and cellular membranes and that reduced N-
acetylaspartate (NAA) values result from axonal in-
jury. Investigators specifically looking at the splenium
of the CC in patients with brain injury found de-
creased NAA levels (18, 19).
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Two-dimensional (2D) MRS imaging (MRSI) or
chemical-shift imaging is a technique that allows the
simultaneous acquisition of multiple spectra through
a defined plane in the brain. Preliminary studies of
this technique in TBI show that NAA-derived ratios
averaged from all voxels are significantly decreased in
children with poor outcomes and that voxels contain-
ing hemorrhage, as seen on 2D gradient-echo images,
have NAA/creatine (Cr) ratios lower than ratios in
voxels that did not (20). Other investigators have used
chemical-shift imaging to study brain injury. Macmil-
lan et al (21) studied normal and abnormal areas of
brain, as seen on T2-weighted images, in patients with
TBI with or without subarachnoid hemorrhage and
found low NAA levels in both areas, as compared
with control subjects. They also found increased Cho
and Cr levels in patients with subarachnoid hemor-
rhage but no lactate (Lac) to indicate ischemic neu-
rochemical changes. Another study demonstrated a
uniform, global reduction of NAA in patients with
head injury that returned to normal in those who
made a good recovery (22). One study of volumetric
proton spectroscopic imaging in 14 subjects with mild
TBI showed significant reductions in NAA/Cr and
NAA/Cho ratios and increases in Cho/Cr ratios, com-
pared with control subjects, in regions in which brain
appeared normal on conventional MR images; how-
ever, pooled metabolite ratios were not correlated
with 6-month neurologic outcomes (23).

We performed MRSI in patients with mild-to-se-
vere TBI to simultaneously acquire spectra from nor-
mal-appearing brain (i.e., brain with no evidence of
injury on MR images) and in brain that appears
visibly injured on a transverse section through the
level of the CC. This area of the brain is where
postmortem examination often shows evidence of mi-
croscopic evidence of DAI. Voxels in visibly injured
brain were determined on the basis of hemorrhagic
lesions detected with a new 3D high-resolution sus-
ceptibility-weighted imaging (SWI) sequence (9, 10).
This sequence can depict a larger number and volume
of hemorrhagic lesions than conventional 2D gradi-
ent-echo images in children and adolescents with
posttraumatic DAI (9).

The main purpose of this study was threefold: (1)
to compare differences in the degree of injury in
visibly injured and in normal-appearing brain, as
manifested by altered levels of spectral metabolites
(i.e., reduced NAA/Cr and increased Cho/Cr); (2) to
determine whether metabolite ratios from visibly in-
jured brain are more accurate than those in normal-
appearing brain in predicting outcomes 6—12 months
after injury; and (3) to determine how these ratios
differ from control values. We also examined data
from five brain regions to determine if spectral data
reveal regional differences in the severity of injury
among patients with good outcomes, those with poor
outcomes, and the control group and whether specific
regions had patterns of injury that improved the pre-
diction of long-term outcomes.
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Methods

Patient Selection and Data Collection

We examined 40 children and adolescents (mean age, 11.2 =
5.4 years; age range, 1.6-18.4) with TBI admitted to the pedi-
atric or adult intensive care units at Loma Linda University
Medical Center, California, between March 2001 and Septem-
ber 2002. The population was a nonconsecutive series of pa-
tients with a well-documented clinical history of TBI. Patients
were injured as a result of motor vehicle accidents (n = 18),
pedestrian-versus-automobile accidents (n = 14), accidents in-
volving all-terrain vehicles (n = 5), assault (n = 2<), or falling
off a bicycle (n = 1). We excluded children with a history of
CNS malformation, developmental disability, previous brain
injury and those younger than 18 months. This young popula-
tion was excluded because metabolite levels rapidly change
during brain maturation and reach adult levels at approxi-
mately 18 months of age (16, 24, 25). Cases of nonaccidental
trauma and child abuse were also excluded; in these cases, most
of the children were younger than the age of inclusion, and
their pattern of injury may be different from those observed in
accidental TBI, as evidenced in our own work (14, 15) and that
of others (17, 26).

A neurosurgeon or neurologist (S.A.) examined all patients
before MR imaging. The children were also part of a larger,
ongoing study of the role of MRS for outcome prediction in
children and adolescents with various acute CNS insults that
our institutional review board had approved. Informed consent
was obtained from parents or legal guardians.

We recorded these clinical variables: patient age; initial
Glasgow Coma Scale (GCS) score; first determined mean ar-
terial blood pressure; heart rate; arterial blood pH; hematocrit;
serum glucose and sodium levels; occurrence of cardiac arrest
or fixed and dilated pupils; initial intracranial pressure level if
monitored; occurrence of seizures; and number of days in a
coma, being ventilated, and in the hospital. We determined
discharge outcomes and outcomes at 6—12 months after injury
by using the Pediatric Cerebral Performance Category (PCPC)
scale (27). The PCPC scale is a 6-point outcome scoring system
modified from the Glasgow Outcome Scale (GOS). It is used to
quantify overall functional morbidity and cognitive impairment
of infants and children. The PCPC was validated in pediatric
patients after acute CNS injury, and its results are correlated
with other measures of psychometric function (28). The score
includes the following outcomes: (1) normal, or the patient can
perform all age-appropriate activities; (2) mild disability, or the
patient is conscious, alert, and able to interact at most age-
appropriate activities, and he or she may have mild neurologic
deficit; (3) moderate disability, or conscious, sufficient cerebral
function for age-appropriate activities of daily life, but the
patient has significant cognitive impairment; (4) severe disabil-
ity, or the patient is conscious but dependent on others for daily
support because of impaired brain function; (5) vegetative
state; and (6) death. For analysis, the six PCPCS scores were
dichotomized as (1) normal or mild disability or (2) moderate
or severe disability or a vegetative state. No patients died.

A group of nine control patients (mean age, 9.6 = 5.9 years;
age range, 2.3-17.7 years) examined during the same time
period were also enrolled to enable comparisons with results in
patients and with normative data. Three control subjects were
healthy volunteers who did not require sedation. The other
control subjects were patients with no history of TBI who
underwent neuroimaging for an evaluation of clinical neuro-
logic or craniofacial disorders (e.g., headaches, facial heman-
giomas, isolated seizure); on examination, their findings were
neurologically normal.

MR Imaging
When medically stable, children were transported to the MR
imaging suite and were monitored during these studies by
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intensive care unit and radiology personnel. All studies were
performed by using a circularly polarized head coil with a
conventional 1.5-T whole-body imaging system (Magnetom Vi-
sion; Siemens Medical Systems, Iselin, NJ).

Routine MR imaging included the following acquisitions:
axial dual spin-echo (TR/TE1/TE2/NEX = 2500/22/80/1,
5-mm-thick sections), sagittal T1-weighted spin-echo (TR/TE/
NEX = 550/22/4, 5-mm-thick sections), and axial fluid-attenu-
ated inversion recovery (FLAIR, TR/TE/NEX = 9000/110/1,
S-mm-thick sections). SWI was performed and consisted of a
strongly susceptibility-weighted, low-bandwidth (78 Hz per
pixel) 3D fast low-angle shot sequence (TR/TE = 57/40, flip
angle = 20°). First-order flow was compensated in all three
orthogonal directions. Sixty-four 2-mm partitions were ac-
quired by using a rectangular FOV (5/8 of 256 mm) and a
matrix size of 160 X 512, resulting in a voxel of 1 X 0.5 X 2
mm?, The SWI sequence included most the cerebral hemi-
spheres and the posterior fossa, with an acquisition time of
approximately 9.5 minutes. SWIs were created by using the
magnitude and phase images, as previously explained (29). The
underlying contrast mechanism is associated with the differ-
ence in magnetic susceptibility between oxygenated and deox-
ygenated hemoglobin that leads to a phase difference between
regions containing deoxygenated blood and surrounding tissues
and concomitantly to a cancellation of signal intensity. In our
setting, SWI was primarily focused on the phase dispersion
caused by extravascular deoxyhemoglobin and methemoglobin
rather than intravenous deoxyhemoglobin.

A neuroradiologist (K.A.T.) and a pediatric neurologist
(S.A.) reviewed the MR images on a workstation routinely used
to view images (DS3000; Impax, Agfa Inc., Teterboro, NJ).
Hemorrhagic lesions were defined as hypointense foci that
were not compatible with vascular, bony, or artifactual struc-
tures on SWI. If the etiology of any focus was in doubt, the
lesions were not included as hemorrhagic lesions. The total
number and volume of hemorrhagic shearing lesions were
recorded from the SWIs for the entire brain. In addition, each
voxel of the MRSI was examined to determine whether hem-
orrhagic lesions were visible.

MR Spectroscopy

2D MRSI was performed with a water-suppressed point-
resolved spectroscopic sequence with a TR/TE of 3000/144.
The multivoxel acquisition was acquired by using a 10-mm-
thick section through the level of the CC and by covering
portions of the frontal white matter (FWM) and frontal gray
matter (FGM) and parieto-occipital white matter (POWM)
and parieto-occipital gray matter (POGM) (2-3 mL per voxel).
MRSI spectra were subject to postprocessing, which included
zero filling to 32k, 1-Hz exponential multiplication, Fourier
transformation, zero-order phase correction, and baseline cor-
rection (Luise, Numaris VB33D; Siemens) to obtain peak areas
for NAA, Cr, Cho, and Lac, if present (identified as an inverted
doublet at 1.33 ppm). Peak areas were transferred by means of
DICOM to an automatic processing program developed in our
laboratory to calculate metabolite ratios (NAA/Cr, NAA/Cho,
Cho/Cr, and Lac/Cr). Values were also transferred to a statis-
tical spreadsheet for further analysis. Each spectrum was visu-
ally inspected (by B.A.H.) for adequate spectral quality, and
metabolite ratios from accepted voxels (up to 64) within a slab
were averaged to obtain a pooled mean metabolite ratio (total)
for each patient and control subject. Metabolite ratios from
voxels containing blood products, as identified on SWI, were
averaged and compared with ratios from normal-appearing
brain to determine the affect of metabolite ratios from visibly
injured brain on assessing long-term outcomes. Voxels contain-
ing nonhemorrhagic DAI, as identified on FLAIR images,
were not included in the average for normal-appearing brain.
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TABLE 1: Clinical variables in dichotomized outcome groups

Good- Poor-
Outcome Outcome
Group* Group® P
Variable (n = 30) (n = 10) Value
Age (y) 11.7 £ 59 9.7+33 .20
GCS score 7+4 4+1 .03*
Duration (d)
In coma 5+6 11+9 .02%
Ventilated 6+6 12+6 01*
Hospitalized 27+ 25 50 =30 .03*
Unconsciousness before 4+4 7+3 01%
MRS
To MRS 7+4 8+4 .20
Hemorrhagic Lesions
Total number 116 = 146 302 = 199 .002%

Total volume (mm?) 11271 = 15730 36007 = 31936 .002*

* Normal or mild disability.

T Moderate or severe disability or vegetative state, as based on the
Pediatric Cerebral Performance Category Scaled score.

*P = .05, 2-tailed Mann-Whitney test.

For comparison, mean total ratios were obtained for five re-
gions: FWM, FGM, CC, POWM, and POGM.

Statistical Analysis

Nonparametric Mann-Whitney tests or x> analyses were
used to determine significant differences between dichotomous
outcome groups for all clinical variables. An analysis of vari-
ance (ANOVA), with Bonferroni post hoc tests, was used to
determine significant differences among hemorrhagic, normal-
appearing, and control groups for all metabolite variables.
Multiple variable logistic regression was used to determine the
value of clinical parameters and metabolite ratios from total,
normal-appearing, or visibly injured brain (independent con-
tinuous variables) in predicting neurologic dichotomous out-
comes. We report these findings from the logistic analyses:
accuracy, false-positive results, false-negative results, and Hos-
mer-Lemeshow goodness-of-fit x> values, and associated sig-
nificance levels. A P value of = .05 was considered significant.

Results

Clinical Data

The patients’” PCPC scores at 6-12 months after
injury were as follows: normal (n = 14); mild (n =
16), moderate (n = 7), or severe (n = 2) disability; or
vegetative state (n = 1). The mean age of the control
subjects was not significantly different from that of
the patients (P = .43, independent ¢ test). After we
dichotomized the PCPC scores, 30 patients were con-
sidered to have a good outcome, and 10 were consid-
ered to have a poor outcome. Table 1 summarizes the
clinical variables in the dichotomized outcome
groups. Severity of injury, determined by using the
GCS score, ranged from 3 to 15 and was significantly
different between outcome groups (P = .03). Clinical
variables related to the length of recovery after injury
differed between outcome groups and included the
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number of days the patients remained in a coma (P =
.02), the number of days they received ventilator sup-
port (P = .01), the number of days the patients re-
mained in the hospital (P = .03), and the number of
days the patients were unconscious before MRS (P =
.01). The interval between injury and MRS was 1-16
days and not significantly different between outcome
groups (P = .20). However, the number and volume of
hemorrhagic lesions on 3D SWI varied widely for each
group and differences were significant (P < .002).

MRSI Findings

MRSI datasets were collected from all patients,
and spectra from each voxel for each patient was
inspected, localized by region, compared with SWI at
the same transverse level to determine whether the
voxel contained hemorrhagic lesions, and compared
with FLAIR images to determine if the voxel con-
tained nonhemorrhagic DAI lesions. An average of
33 spectra per patient were included in the analyses.
Spectra were excluded if they contained chemical-
shift artifact or inadequate spectral quality because of
poor shimming. In two patients, spectra from regions
containing excessive hemorrhage could not be evalu-
ated because of spectral distortion and loss of signal
intensity. These regions, though abnormal, are not
included in this analysis. In patients with good out-
comes, an average of 8.2% of the voxels contained
hemorrhagic lesions, and 1.6% contained nonhemor-
rhagic DAL lesions. In patients with poor outcomes,
27.6% contained hemorrhage, and 2.2% contained
nonhemorrhagic lesions. Because the number of non-
hemorrhagic DAI lesions observed in the region cov-
ered with MRSI were so few (< three per patient)
and because they were observed in only 16 of the
patients, ratios from these voxels could not be used
for statistical comparisons; however, they were in-
cluded in the total calculations described next.

Total and Regional Mean Metabolite Ratios

Metabolite ratios from every acceptable spectrum
collected for the entire transverse section (which in-
cluded both visibly injured and normal-appearing
brain) were averaged to obtain mean total ratios for
each patient. As shown in Figure 1, mean total
NAA/Cr ratios decreased with the severity of out-
come, and Cho/Cr ratios increased for all patients
compared with control subjects. Figure 2 shows all
three mean total ratios by dichotomized outcomes,
demonstrating that NAA-derived ratios were signifi-
cantly decreased in both outcome groups compared
with control subjects (P < .01). Furthermore,
NAA/Cr was decreased significantly more in patients
with poor outcomes than patients with good out-
comes (P < .01). The Cho/Cr ratios from both out-
come groups were significantly increased compared
with control subjects (P < .01) but not each other
(P = 1.0). A similar distribution of metabolite ratios
was seen for regional data (Figure 3). In general,
differences in CC and white matter regions were
more pronounced than those in gray matter. In pa-
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Mean Total Ratios by PCPCS Score

NAA/CY
B Cho/Cr

cTL NL MID MOD  SEV VS
("9 =14 (=18 (=N (=2 (=1

Fic 1. Mean NAA/Cr and Cho/Cr ratios from all voxels plotted
as a function of the neurologic outcome assigned by a pediatric
neurologist based on the PCPC score 6-12 months after injury.
CTL indicates control; MOD, moderate disability; NL, normal;
SEV, severe disability; and VS, vegetative state.

Total Mean Metabolite Ratios
(Includes all Regions)

OCNTL(n=9)
Good(n=30)
B Poor (n=10)

NAA/Cho ChoiCr

NAAICr

Fic 2. Total mean metabolite ratios plotted by neurologic out-
comes or control (CNTL). Ratios were calculated from all voxels
including those containing hemorrhagic and nonhemorrhagic
DAl lesions for patients with TBI. Asterisk indicates P = .01;
double asterisk, P = .000.

tients, NAA/Cr and NAA/Cho metabolite ratios in
the CC, FWM, and POWM were significantly de-
creased compared with those in control subjects (data
not shown). NAA/Cr ratios in the CC (P = .02) and
POWM (P = .001) were the only ratios that distin-
guished patient outcome groups. Cho/Cr increased in
all regions in patients and was significantly increased
in the CC (P < .02) and FWM (P < .02) compared
with values in control subjects. We found no signifi-
cant differences in regional NAA/Cho or Cho/Cr ra-
tios between good- and poor-outcome groups.

Visibly Injured versus Normal-Appearing Brain

Figure 4 shows images and spectral data from a
patient with a good outcome (normal) at 12 months
after injury. The data illustrate a loss of signal inten-
sity in voxels containing small hemorrhagic lesions
and decreased NAA in normal-appearing brain. Im-
ages and spectra shown in Figure 5 are from a patient
with a poor outcome (severe disabilities) at 12 months
after injury. These images illustrate distortion and
loss of signal intensity from a large hemorrhagic le-
sion affecting multiple spectra, as well as a diffuse loss
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Fic 3. Regional mean metabolite ratios
from MRSI data collected in a transverse
plane through the level of the CC plotted
by neurologic outcomes compared with
control (CNTL); * indicates P = .00-.05; +,

Regional Mean Metabolite Ratios by Outcome

P < .02.
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Fic 4.

15-year-old female adolescent ejected from a car. Patient had a good outcome (GOS score = 1, normal) at 12 months after

injury. Total mean metabolite ratios are 1.63 (normal) for NAA/Cr, and 1.67 for NAA/Cho, and 1.06 (increased) for Cho/Cr.
A and B, T2-weighted MR image (A) corresponding SWI (B) show hemorrhagic lesions in the body of the CC and bifrontal extra-axial
collections. A with grid overlay shows the 160-mm FOV and 54 (6 X 9)-voxel volume of interest (rectangle). Boxes indicate correspond-

ing voxels in C.

C, Spectral map from 54 voxels in the volume of interest shows a (1) spectrum from normal-appearing brain in the anterior CC with
decreased NAA (2.0 ppm), (2) a spectrum with reduced metabolite signal intensity due to a small hemorrhagic lesion in the mid CC, and
(8) a spectrum from parietal white matter with normal metabolite ratios.

of NAA and increased Cho levels in the remaining
spectra, with some areas of normal-appearing brain
(left frontal and parietal) affected more than others.

Table 2 shows metabolite ratios from all patients,
from visibly injured brain (i.e., ratios from voxels in
which hemorrhagic lesions were seen on SWI), nor-
mal-appearing brain (nonhemorrhagic DAI lesions
excluded), and control data. Metabolite ratios from
all patients combined were significantly different
from those in control subjects (P = .001). NAA/Cr
from visibly injured and normal-appearing brain was
significantly decreased compared with the control ra-
tio (P < .01), but it was not significantly lower in
voxels containing hemorrhage than in those contain-
ing normal-appearing brain (P = .46). NAA/Cho was
significantly decreased between all groups (P < .001).
As expected, Cho/Cr increased in hemorrhagic brain
compared with controls and normal-appearing brain
(P = .00), and it was also significantly increased in

normal-appearing brain compared with control brain
(P = .05) (Table 2). Lac was detected in visibly-
injured areas near large hemorrhagic lesions in four
patients.

A comparison of outcome groups by using metab-
olite ratios in voxels containing hemorrhagic lesions
(Fig 6) showed significant differences for all three
ratios compared with those in control subjects (P <
.02). However, we found no significant differences
between the good- and poor-outcome groups. A com-
parison of ratios of spectra from normal-appearing
brain (Fig 6) showed that NAA/Cr decreased most in
patients with poor outcomes compared with those
with good outcomes (P < .01), and NAA/Cr in both
of these groups was significantly lower than that of
control subjects (P < .02). NAA/Cho decreased and
Cho/Cr increased in normal-appearing brain regard-
less of the patient’s outcome. Therefore, the NAA/Cr
ratio from normal-appearing brain was the only ratio
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Fic 5. 12-year-old boy hit by a car. Pa-
tient had a poor outcome (GOS score = 4,
severe disabilities) at 12-month follow-up.
Total mean metabolite ratios from MRSI
were 1.14 (decreased) for NAA/Cr, 1.13 for
NAA/Cho, and 1.11 (increased) Cho/Cr.

A and B, Contiguous SWI images show
a moderately large hemorrhagic lesion in
the deep right frontal lobe.

C, Corresponding T2-weighted MR im-
age shows the lesion (circle) with an over-
lay of the volume of interest (rectangle).
Boxes indicate corresponding voxels in D.

D, Spectral map shows loss of metab-
olite signal intensity in area of the lesion
(circle) and (2) a spectrum from normal-
appearing left FWM with markedly de-
creased NAA/Cr and increased Cho/Cr, as
compared with (3) a spectrum from nor-
mal-appearing parietal white matter with
decreased NAA/Cr and normal Cho/Cr.

TABLE 2: Mean metabolite ratios

Control TBI Normal-Appearing Brain Visible Hemorrhage
MRSI Ratio (n=29) (n = 40) (n = 40) (n = 33) P Value*
NAA/Cr 1.86 = 0.11 1.50 = 0.297 1.55 = 0.52% 1.33 £ 0.56" 46
NAA/Cho 2.10 £ 0.19 1.44 * 0.347 1.52 = 0.58° 1.16 = 0.507 0017
Cho/Cr 0.93 = 0.07 1.12 * 0.13° 1.10 = 0.39* 1.24 = 0.517 .007

Note.—Ratios are average of mean ratios from each patient. Seven patients did not have voxels containing hemorrhage in the brain section sampled

with MRSIL.
* Normal versus hemorrhage.

T P = .001 compared with controls, one-way ANOVA and post-hoc Bonferroni test.
#P = 0.05 level compared to controls, one-way ANOVA and post-hoc Bonferroni test.

that helped to differentiate between good- and poor-
outcome groups.

Outcome Prediction

Table 3 shows the results of logistic regression
analyses to predict outcomes. Although several MRS
ratios alone or in combination correctly predicted a
high percentage of outcomes, only a few approached
significance on X’ testing. Metabohte ratios from nor-
mal-appearing brain resulted in 85% predictive accu-
racy, with one false-positive case, as compared with
ratios from brain containing hemorrhage, which had
67% accuracy, with three false-positive cases. Use of

mean total ratios, which included ratios from all vox-
els, resulted in the same predictive accuracies as those
of ratios from normal-appearing brain, with less sig-
nificance. Predictive accuracy with regional metabo-
lite ratios showed that, in general, ratios from white
matter regions (POWM = 85%, FWM = 83%, ante-
rior CC = 82%) were more predictive of outcome
than ratios from gray matter (FGM = 83%,
POGM = 78%). However, none of the predictions
reached significance.

Predictive accuracies ranged from 75% for GCS
alone to 80% for a combination of clinical variables
(days of unconsciousness before MR imaging, days in
coma and days receiving ventilator support). The
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Fic 6. Mean metabolite ratios from visibly
injured (hemorrhagic, Hem) brain and nor-
mal-appearing (Nrm) brain were significantly
different from those in control subjects
(CNTL). Asterisk indicates P < .02. NAA/Cr
from normal-appearing brain was the only
ratio that differentiates between good- and
poor- outcome groups; + indicates P = .01.

Mean Metabolite Ratios from Normal-Appearing
and Visibly-Injured (Hemorrhagic) Brain
Comparing Outcome Groups to Controls

OCNTL(n=9)

Nrm-Good(n=30})
B Nrm- Poor(n=10)

Hem-Good(n=23)

Hem-Poor (n=10)

TABLE 3: Results of logistic regression analyses to predict dichotomized GOS outcomes at 6—12 mo

Predictions
Accuracy
Variables (%) False-Positive (%)  False-Negative Rate (%) X P Value

GCS score 75 0 100 52 40
Days unconscious before MRS and days ventilated 78 3 80 4.5 81
Days in coma, unconscious before MRS, and ventilated 80 7 60 8.4 .39
MRS ratios*

Normal-appearing brain 85 3 50 10.7 22

Hemorrhagic brain 67 13 80 7.3 .50

Total brain 85 3 50 5.4 72
Total NAA/Cr, days unconscious before MRS and 88 3 40 11.2 19

ventilated

* Total mean NAA/Cr, NAA/Cho, and Cho/Cr.

highest predictive accuracy was achieved by combin-
ing the total mean NAA/Cr ratio with the days of
unconsciousness before MR imaging (88%, three
false-positive cases), although the result was not
significant.

Discussion

Brain trauma produces a diverse spectrum of inju-
ries in which DAI is a well-recognized major contrib-
uting factor to long-term disability. MR imaging and
CT have long been thought to cause underestimation
of the extent of DAI because of their lack of sensi-
tivity; therefore, newer and more sensitive imaging
techniques have been developed. Using these tech-
niques with MRSI, we found that MRS is sensitive for
DALI in injured areas and normal-appearing areas, as
it demonstrated reduced NAA and increased Cho levels
in this series of 40 children with-mild to-severe TBI.

The metabolite peak commonly described as Cho
or total Cho is actually composed of several Cho
compounds, including phosphorylcholine and glyc-
erophosphorylcholine. Acceleration/deceleration and
rotational forces incurred during TBI are pathologi-
cally important factors in axonal shearing injury (30).
Cho is thought to be one of the breakdown products
of membrane disruption; therefore, increased Cho

levels seen after TBI have been attributed to DAL In
this study, Cho significantly increased in all patients
compared with control subjects but not in patients
with poor outcomes versus those with good outcomes.
This observation may have occurred because the area
of the brain assessed (through the level of the CC) is
particularly vulnerable to DAI and often where le-
sions are detected on imaging. Cho/Cr ratios were
increased in areas of visibly injured brain, and we also
found that Cho levels increased in areas that ap-
peared normal on imaging, illustrating the increased
sensitivity of MRS over MR imaging in detecting
axonal injury. This finding agrees with another report
that also showed increased Cho/Cr in normal-appear-
ing white matter that was not correlated with out-
come and stayed elevated in a subgroup of patients
examined after 6.2 months (31). Other studies in
adults with TBI have shown that Cho values recover
to control levels 6-12 months after injury, even in
patients with poor outcomes, whereas NAA did not
(18, 32, 33). The early elevation in Cho values appears
to show the extent of injury, and it may give clinicians
additional information with which to explain the pa-
tient’s status soon after injury; however, because
these values are elevated in all patients with TBI, they
do not help in predicting long-term outcomes.
Changes in Cho detected in specific regions may help
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in explaining neurologic deficits in patients with mild
injury in whom images are normal.

Axonal injury can also produce a decrease in levels
of NAA, a neuronal and axonal marker. Decreased
NAA values represent either neuronal loss or neuro-
nal dysfunction, because they recover after the reso-
lution of energy failure (34, 35). A temporary drop in
NAA after brain injury may be caused by accelerated
lipid synthesis involved in myelin repair, or it may
result because NAA provides a temporary source of
local cellular energy at the site of axonal injury; this
temporary drop could precede any loss of NAA as a
result of axonal death (18). In the current study, ratios
from MRSI voxels containing normal-appearing brain
showed significant decreases in NAA/Cr in all pa-
tients compared with control subjects; this agreed
with previous reports (21, 36). In addition, NAA/Cr
ratios were significantly lower in patients with poor
outcomes than in those with good outcomes (i.e.,
evidence of more severe injury). When ratios from
voxels containing hemorrhage were compared, none
of the ratios was significantly different between these
groups. This finding suggests that MRS measure-
ments from visibly injured brain represent focal
rather than global assessment of injury and that they
tend to cause overestimation of the severity of injury.
A study of a small group of patients in whom MRS
was performed in areas of contusion illustrates this
point. The investigators found metabolite changes
and Lac; however, the findings were not correlated
with long-term outcomes (37). We also found Lac in
a few spectra, though only in voxels from contused
areas near large hemorrhagic lesions; this finding
occurred in four patients, two of whom had a good
outcome.

Our results may have been influenced by technical
factors involved in the acquisition and processing of
MRSI data. First, for voxels labeled as normal-ap-
pearing brain, we attempted to include only those that
appeared to contain brain that was not visibly injured
on images and that did not contain mostly CSF. No
attempt was made to correct for inclusion of small
amounts of CSF because we believed it would have
little to no effect on the results, as metabolite ratios
were used rather than quantitative measurements.
Second, voxels were labeled as hemorrhagic if it in-
cluded any amount of susceptibility artifact thought
to be related to blood products. Therefore, the aver-
age metabolite ratios for hemorrhagic voxels repre-
sented spectroscopic changes due to the varying
amounts of hemorrhage they contained. Also, we
could not account for voxels with spectra that were
too distorted or that contained no measurable metab-
olites because of large amounts of blood products.
This limitation may have caused us to underestimate
the overall effect of hemorrhagic damage when we
tried to predict outcomes in a few patients. Third,
because ratios were used instead of quantitative me-
tabolite levels, changes in Cr may have affected the
ratios and may explain why the Cho/Cr ratio was
slightly lower in patients with poor outcomes in some
regions (Fig 3). Cr is considered a marker of cell
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energy metabolism and mitochondrial function. An
increased Cr level may be part of a repair mechanism
associated with increased mitochondrial function in
areas of injury (38). An MRSI study of brain trauma
showed increased Cr and Cho values only in patients
with TBI and subarachnoid hemorrhage; this finding
was attributed to cell-wall turnover (21). Other single-
voxel quantitative studies showed either no significant
change in Cr levels (17, 33, 35, 39) or decreased Cr
levels (17) compared with control subjects.

In our study, ratios from brain with hemorrhagic
lesions at the level of the CC was less accurate than
ratios from normal-appearing brain alone in predict-
ing long-term neurologic outcomes, and they falsely
predicted more poor outcomes (13% vs 3%). Adding
the number of days the patients were unconscious
before MRS to the total mean NAA/Cr ratio slightly
improved prediction accuracy from 85% to 88%;
however, none of the analyses achieved significance,
and the results should be interpreted carefully. Given
the diffuse nature of TBI, 3D MRSI, which covers the
entire brain, may be more useful than our 2D MRSI
in assessing total brain injury and predicting out-
comes. Although a previous 3D MRSI study did not
show a correlation with outcome (23), a study of
relatively few patients with mild injury showed that
3D MRSI with improved software strategies (40, 41)
is feasible in the clinical setting and shows promise for
future studies.

On the basis of neuropathologic findings, some au-
thors now consider DAI a misnomer because injury is
frequently not diffuse but multifocal, and as such, the
term fraumatic axonal injury has been suggested to be
more appropriate (4). MRSI results seem to confirm
this suggestion, as metabolite ratios from different areas
can range from normal to very abnormal in the same
patient, depending on the area sampled. MRSI also
appears to depict axonal injury better than imaging
alone because metabolite changes suggestive of DAI
were seen in areas of normal-appearing brain, even in
patients who recovered to their normal status (Fig 1).

Because none of our patients died, we could not
confirm DAI histologically. Once this is done, linking
MRS and SWI findings to the three grades of DAI in
the Adams neuropathologic classification (2) would
provide a working model of TBI. MRS metabolite
abnormalities would characterize the microscopic
changes in white matter seen in grade 1 (mild) DAI,
whereas grossly evident focal lesions on SWI would
characterize grade 2 (moderate) DAL if they are iso-
lated to the CC, and additional lesions in the dorso-
lateral rostral brainstem would define grade 3 (se-
vere) DAIL Such a neuroimaging grading system,
linked to the underlying neuropathology, might be
sufficiently sensitive and specific to be clinically useful
for determining long-term prognoses.

The potential value of combining these different
neuroimaging techniques might be of particular im-
portance as more data are collected, particularly in
reference to the regional evaluation of metabolite
changes. For example, if regional metabolite abnor-
malities (e.g., frontal or temporal lobes, CC) are cor-
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related with specific behavioral, neuropsychological,
or neurologic deficits, this information could poten-
tially lead to earlier recognition of such problems and
much earlier intervention and treatment.

Conclusion

Proton MRSI depicted metabolite changes sugges-

tive of DAI in areas of brain that appeared normal on
imaging. The changes were more accurate for predict-
ing long-term outcomes than ratios from visibly in-
jured brain.
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