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BACKGROUND AND PURPOSE: More than 85% of brain traumas are classified as “mild”; MR imaging
findings are minimal if any and do not correspond to clinical symptoms. Our goal, therefore, was to
quantify the global decline of the neuronal marker N-acetylaspartate (NAA), as well as gray (GM) and
white matter (WM) atrophy after mild traumatic brain injury (mTBI).

MATERIALS AND METHODS: Twenty patients (11 male, 9 female; age range, 19�57 years; median, 35
years) with mTBI (Glasgow Coma Scale score 13�15 with loss of consciousness for at least 30
seconds) and 19 age- and sex-matched control subjects were studied. Seven patients were studied
within 9 days of TBI; the other 13 ranged from 1.2 months to 31.5 years (average and median of 4.6
and 1.7 years, respectively) after injury. Whole-brain NAA (WBNAA) concentration was obtained in all
subjects with nonlocalizing proton MR spectroscopy. Brain volume and GM and WM fractions were
segmented from T1-weighted MR imaging and normalized to the total intracranial volume, suitable for
intersubject comparisons. The data were analyzed with least squares regression.

RESULTS: Patients with mTBI exhibited, on average, a 12% WBNAA deficit that increased with age,
compared with the control subjects (p � .05). Adjusted for age effects, patients also suffered both
global atrophy (�1.09%/year; P � .029) and GM atrophy (�0.89%/year; P � .042). Patients with and
without visible MR imaging pathology, typically punctate foci of suspected shearing injury, were
indistinguishable in both atrophy and WBNAA.

CONCLUSION: WBNAA detected neuronal/axonal injury beyond the minimal focal MR-visible lesions in
mTBI. Combined with GM atrophy, the findings may provide further, noninvasive insight into the
nature and progression of mTBI.

Each year, nearly 2 million traumatic brain injuries (TBIs),
the leading cause of death and disability in children and

young adults, occur in the United States.1 Its survivors incur
an annual cost, beyond long-term disability, pain, and per-
sonal hardship, including direct expenses and lost income, of
more than $40 billion, �0.5% of the GNP.2 TBI is most com-
mon in 15–24-year-olds, peaking in 20 –24-year-old men by
an order of magnitude over any other age or sex group. Over-
all, men are more than twice as likely to sustain TBI.3-5 While
neurocognitive deficits are thought to persist in �100% of
severe, 67% of moderate, and 10% of mild injury victims,3

studies have suggested that these figures may significantly un-
derestimate the long-term sequelae of mild and moderate
TBI,6,7 which together account for more than 90% of cases.8

Neuronal/axonal injury has been implicated as the leading
pathologic lesion of TBI, with secondary damage resulting
from numerous neurodegenerative cascades.9 Indeed, diffuse
axonal injury, attributed to shearing stresses from accelera-
tion/deceleration, typically occurs in the white matter (WM)
of the cerebral hemispheres, corpus callosum, and brain stem,
especially in severe TBI.10,11 Such injury is also supported by
animal models of mild and moderate TBI,12 where cortical
contusions and axonal damage have followed the well charac-
terized fluid-percussion injury13-15 with subcortical cell loss
continuing for at least a year.16 Furthermore, evidence of ap-
optosis at sites distal to the primary injury continued for sev-

eral weeks after experimental TBI.17,18 Inflammation may also
play a role in progressive neuronal degeneration.19

A striking and unpredictable discordance is often observed
between the minimal findings on conventional MR imaging
and the extent of neurocognitive deficits exhibited by patients
with mild TBI (mTBI). To explain this, several advanced,
quantitative MR techniques (eg, localized proton MR spec-
troscopy [1H-MR spectroscopy] and magnetization transfer
imaging20-23) have been used to gauge the injury. Without MR
imaging guidance to a specific pathologic condition, however,
these methods are limited to sampling only a few suspected
regions, which, as a result of lipid contamination (in 1H-MR
spectroscopy) and poor contrast (for MR imaging), avoid
most of the cortical gray matter (GM).

Based on the involvement of complex neurocognitive
pathways and the paucity of clinical MR imaging findings, we
hypothesize that mTBI is a diffuse disorder affecting the integ-
rity of neurons and their axonal processes. Therefore, we fur-
ther hypothesize that it may be assessed via 1) the global de-
cline of the neuronal marker N-acetylaspartate (NAA), an
amino acid that also yields the largest peak in the brain’s
1H-MR spectrum,24-27 and 2) global GM and WM atrophy.
This will be examined by comparing the whole-brain NAA
(WBNAA) concentration and atrophy in patients with mTBI
with age- and sex-matched healthy control subjects.

Materials and Methods

Human Subjects
Twenty patients (11 male, 9 female; median age, 35 years; range,

19�57 years) with mTBI (Glasgow Coma Scale [GCS] scores of

13�15 at emergency department admission and loss of consciousness

for at least 30 seconds) and 19 age- and sex-matched healthy control
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subjects (age range, 21�61; median age, 39 years) were recruited.

Seven patients were scanned within 9 days of injury and the other 13

after an average of 4.6 years (median, 1.7 years; range, 0.1�31.5

years). Enrollment was consecutive for patients with recent trauma

and random from an author’s database (R.I.G.) for remote trauma.

The following exclusion criteria were used: medically unstable, con-

traindications for MR imaging (eg, intracranial clips, metal implants,

external metallic devices/objects/clips within 10 cm of the head, sus-

pected or confirmed metal in eyes, claustrophobia, cardiac pace-

maker), pregnancy, other neurologic disorders, and alcoholism or

drug dependency. Their relevant statistics are compiled in Table 1 for

the patients and Table 2 for control subjects. All subjects were briefed

on the procedure and gave Institutional Review Board-approved

written consent.

MR Imaging Segmentation—Brain Volumetry
Brain Volume. Each subject’s whole-brain volume, VB, was ob-

tained from T1-weighted sagittal magnetization-prepared rapid ac-

quisition of gradient echo (MPRAGE), TE, 7.0 ms; TR,14.7 ms; TI,

300 ms; 128 sections; 1.5-mm section thickness; 256 � 256 matrix;

FOV, 210 � 210-mm2; MR imaging performed using the MIDAS

package.28 Specifically, a “seed” region was placed in periventricular

WM followed by selection of all pixels at or above GM signal intensity

(SI) and brain mask construction by 1) morphologic erosion, 2) re-

cursive region growth, which retains pixels connected to the “seed”

region, and 3) morphologic inflation to reverse the effect of erosion.

Next, the masks were truncated at the foramen magnum to incorpo-

rate the brain stem and cerebellum but not the cord. VB was the

product of the number of pixels in the mask and their volume. An

example of the brain mask is shown in Fig 1.

GM and WM Volumes. Each subject’s whole-brain mask was fur-

ther segmented into GM and WM (VGM and VWM) using a partial

volume technique to facilitate subpixel precision.29 First, the signal

intensities of cortical GM (SGM) and periventricular WM (SWM) were

measured. Then, each pixel in the brain mask was classified as GM

only (SI � 0.8 � SGM � 0.2 � SWM), WM only (SI � 0.2 � SGM �

0.8 � SWM), or their admixture (0.8 � SGM � 0.2 � SWM � SI �

0.2 � SGM � 0.8 � SWM). Each mixed pixel was then subdivided into

GM and WM fractions based on its relative SI in the GM-WM con-

tinuum: GM fraction � (SWM � SI)/(SWM � SGM) and WM frac-

tion � (SI � SGM)/(SWM � SGM). Last, VGM was the product of the

pixel volume and sum of “GM only” pixels plus “partial GM frac-

tions.” VWM was calculated similarly. An example of the performance

of this process is given in Fig 1.

Table 1: Demographics of patients with mTBI and MR imaging findings suggestive of axonal injury (AI)

No. Age/Sex Injury
Elapsed
Time* PBV† PGM† PWM†

WBNAA
(mmol/L) MRI Findings

1 19/F MVA 3.8 years 93.3 56.0 37.4 10.7 Normal
2 21/M Assault 1.2 years 91.8 58.5 33.2 13.1 Punctate AI foci
3 22/M MVA 1 year 94.4 60.0 34.4 13.1 Normal
4 25/M Assault 2.4 months 94.8 56.8 37.9 12.1 Punctate AI foci
5 25/F MVA 8 days 92.0 57.3 34.7 14.6 Normal
6 28/M Assault 1.2 months 90.1 58.2 31.9 11.5 Normal
7 30/F Assault 7 months 92.8 56.5 36.3 14.8 Normal
8 30/M MVA 3 years 78.0 45.1 32.9 12.5 Old contusion, volume loss, AI foci
9 31/F Fall 1 day 93.6 52.2 41.3 6.2 Normal
10 35/F BA 3 days 84.7 54.8 29.9 10.5 Normal
11 35/F MVA 31.5 years 86.1 55.3 30.8 10.4 Old contusion, AI foci
12 36/F Assault 9 days 89.7 50.2 39.5 13.2 Normal
13 37/M BA 3 days 89.6 59.2 30.4 15.0 Normal
14 39/M MVA 6.3 months 89.4 51.0 38.3 9.5 Normal
15 41/M Other† 2 days 89.8 51.0 38.8 9.1 Normal
16 43/M MVA 4.3 years 91.6 53.6 37.9 11.9 Normal
17 47/M Fall 7.9 years 83.0 48.5 34.4 9.6 AI focus
18 47/F MVA 1.7 years 90.3 51.3 39.0 9.2 Normal
19 49/F Fall 4.6 years 79.6 49.6 30.0 14.0 Normal
20 57/M Fall 9 days 91.8 57.4 34.4 6.1 Right frontal hemorrhage
Avg � SD 35 � 10 89.3 � 4.7 54.1 � 4.1 35.2 � 3.5 11.3 � 2.6

Note:—mTBI indicates mild traumatic brain injury; PBV, percentage brain volume; PGM, percentage gray matter; PWM, percentage white matter; WBNAA, whole-brain N-acetylaspartate;
MVA, motor vehicle crash; BA, bicycle accident. All patients had a GCS score of 15.
* Time from injury to examination.
† Injury involving a power tool.

Table 2: Demographic information and data for control subjects

No. Age/Sex
PBV
(%)

PGM
(%)

PWM
(%)

WBNAA
(mmol/L)

1 21/M 89.1 55.4 33.7 17.87
2 21/F 87.0 59.0 28.1 12.21
3 23/M 89.4 55.3 34.0 10.60
4 27/M 89.3 51.6 37.8 9.18
5 27/F 89.1 55.5 33.7 16.46
6 27/F 94.6 56.4 38.3 11.49
7 28/M 91.9 51.7 40.2 10.13
8 29/F 87.4 51.4 36.0 9.57
9 31/M 92.4 51.2 41.2 13.87
10 39/F 90.9 55.0 35.9 12.01
11 39/M 85.1 51.2 33.9 13.50
12 39/F 94.8 60.6 34.1 14.40
13 39/M 87.9 56.2 31.6 12.29
14 40/F 92.1 59.0 33.0 10.71
15 41/M 88.5 52.5 36.1 11.86
16 43/M 86.3 53.4 32.9 16.07
17 44/M 87.0 54.5 32.7 16.48
18 50/F 89.6 56.4 33.2 12.60
19 61/M 82.6 52.1 30.5 13.24
Avg � SD 35 � 11 89.2 � 3.1 54.7 � 2.9 34.6 � 3.2 12.87 � 2.49

Note:—PBV indicates percentage brain volume; PGM, percentage gray matter; PWM,
percentage white matter; WBNAA, whole-brain N-acetylaspartate.
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CSF Volume. Each subject’s CSF volume (VCSF) was obtained

from T2-weighted axial fast spin-echo (TE, 119 ms; TR, 7900 ms; 50

sections; 3-mm section thickness; matrix, 256 � 256; FOV, 210 � 210

mm2) MR imaging. This sequence was selected over MPRAGE for

superior contrast/noise between CSF and brain. The MPRAGE also

does not facilitate good differentiation of CSF from the dura and

air-filled sinuses. First, parenchymal (GM-WM junction) and ven-

tricular CSF (avoiding choroid plexus) SIs were averaged. All pixels

above this average were highlighted, and those outside the CSF (eg,

paranasal sinusitis and vitreous and aqueous humor, which were in-

appropriately included) were manually deleted. The resultant CSF

mask was truncated at the foramen magnum, and VCSF was calculated

as the product of the number of pixels in the mask by their volume. An

example of the outcome of this process is shown in Fig 1.

MR Spectroscopy—WBNAA Quantification
The amount of whole-brain NAA, QNAA, was measured in a 1.5T

imager (Siemens, Erlangen, Germany) using a standard quadrature

head coil. Shimming to a 15 � 4-Hz whole-head water linewidth was

followed by nonlocalizing 1H-MR spectroscopy (TE, 0 ms; TI, 940 ms;

TR, 10,000 ms).26 Quantification was done against a reference 3-L

sphere of 1.5 � 10�2 moles of NAA in water. Subject and reference

NAA peaks, SS and SR, were integrated, as shown in Fig 2, and QNAA

was obtained as,

QNAA � 1.5 � 10�2 �
SS

SR
�

VS
180�

VR
180� moles.

VR
180° and VS

180° are the transmitter voltages for nonselective
1-ms 180° inversion pulses on the reference and subject, re-
flecting relative coil loading and, by reciprocity, sensitivity.

Normalizations
To normalize for differences in head size among subjects, VB, VGM,

and VWM were divided by total intracranial volume (VB � VCSF) and

multiplied by 100, yielding the volume percentage of these compart-

ments: PBV, PGM, and PWM. Cross-sectional comparison of these

metrics can detect global brain atrophy as well as GM and WM loss-

es.30 For the same reason, QNAA was expressed as the specific, brain

size-independent, whole-brain concentration, WBNAA � QNAA/VB

mmol/L. Intersubject variability of WBNAA in control subjects was

shown to be better than � 6%.26

Statistical Analyses
Least-squares regression was used to compare patients with mTBI and

control subjects with respect to WBNAA, PBV, PGM, and PWM with

and without adjusting for the effects of age and sex. A separate uni-

variate analysis was conducted for WBNAA and each of the volumet-

ric assessments. In each case, the MR imaging/MR spectroscopy met-

rics constituted the dependent variable, whereas the model included

subject group (mTBI versus control) as a classification factor and

considered subject age and sex as covariates. The model examined the

interactions of subject group with each covariate to assess whether

differences between patients and control subjects were dependent on

age or sex. Least-squares regression was also used to determine

whether WBNAA, PBV, PGM, and PWM are associated with age or

sex in the study group as a whole (patients with mTBI and control

subjects combined) or with elapsed time since injury among the

patients.

Finally, the association of PBV, PGM, PWM, and WBNAA with

MR imaging findings was evaluated using logistic regression. The bi-

nary variable identifying patients with visible MR imaging lesions

constituted the dependent variable, and subject sex, age at imaging,

and elapsed time from injury to imaging were considered covariates.

The association of each volumetric and spectroscopic assessment with

MR imaging findings was assessed both with and without adjustment

for the covariates. A Mann-Whitney test and least-squares regression

were used to compare subjects with and without visible MR imaging

findings in terms of PBV, PGM, PWM, and WBNAA with and without

adjustment for the covariates, respectively.

Fig 1. Segmentation performance. T1-weighted sagittal images were used to construct a
whole-brain (WB) mask, subdivided here into GM and WM masks, using a threshold
halfway between their respective signal intensities. Our partial volume technique enables
better, subpixel, precision. CSF masks were created from T2-weighted MR imaging.

Fig 2. Whole-head 1H spectra, left patient 9, right (matched) control subject 5 in Tables 1
and 2. The hatched regions indicate the peak-areas used to obtain QNAA of Eq 1. Note the
excellent lipid suppression. Also note that localization relies on knowledge that NAA,
unlike the other metabolites (eg, choline, creatine, etc), is exclusive to neuronal cells.
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Results from the statistical tests to compare patients with control

subjects and to assess age-related changes in each metric were de-

clared significant at the 1-sided 5% significance level because patients

were hypothesized to exhibit parenchymal and WBNAA losses as well

as age-related decline. All other statistical tests were conducted at the

2-sided 5% significance level.

Results
The WBNAA and volumetric measures for patients with mTBI
and control subjects are shown in Fig 3 and compiled in Tables
1 and 2. WBNAA (mean � SD) among patients was 11.34 �
2.59 mmol/L whereas PBV, PGM, and PWM were 89.3 �
4.7%, 54.1 � 4.1%, and 35.2 � 3.5%, respectively. For the
control subjects, WBNAA was 12.87 � 2.49 mmol/L, and
PBV, PGM, and PWM measured 89.2 � 3.1%, 54.7 � 2.9%,
and 34.6 � 3.2%, respectively. All patients with mTBI, who
each had a GCS score of 15, suffered blunt head trauma (eg,
motor vehicle crash, bicycle accident, fall, assault) as described
in Table 1. Some of these patients experienced residual head-
aches, neck stiffness, nausea, dizziness, poor balance, photo-
phobia, as well as memory and sleep disturbances. MR imag-
ing-visible lesions were seen in 30% of patients, also
summarized in Table 1. These lesions were most commonly
punctate foci of suspected axonal injury, seen as hemorrhage
in the acute/subacute setting and gliosis for distant trauma in
regions known to be susceptible to shearing. All MR imaging
examinations were normal for the control subjects.

Patients exhibited significant WBNAA deficits relative to
control subjects both with (P � .037) and without (P � .034)
adjusting for age and sex (Fig 3). These deficits increased with
age, a trend that approached significance (P � .052), as shown

in Fig 4. Considered alone, patients showed significant age-
related WBNAA decline (P � .035), whereas the control sub-
jects did not (P � .307). This analysis was repeated, excluding
patient 20 from Table 1 because of 1) potential susceptibility
effects on the WBNAA measurement introduced by the right
frontal hemorrhage and 2) as the oldest patient, any age-re-
lated statistical analysis would possibly be influenced. WB-
NAA deficits relative to control subjects showed trends toward
significance both with (P � .067) and without (P � .059)
adjusting for age and sex. These deficits, however, did not
increase with age (P � .164) as patients did not demonstrate
age-related WBNAA decline (P � .175).

On the other hand, patients and control subjects were in-
distinguishable (p 	 0.292) with respect to each of the 3 volu-
metric measures (Fig 3), with 95% confidence intervals for the
mean difference between the 2 cohorts ranging from �2.1% to
2.0% for PBV, �1.3% to 2.5% for PGM, and �2.4% to 1.2%
for PWM. In addition, there was no significant interaction
between subject group (mTBI versus control) and subject age
in terms of their effect on each MR imaging metric.

Across all subjects, a significant age-related effect was noted
in PBV (P � .013) along with a trend approaching significance
for PGM (P � .053), which was observed neither in PWM nor
WBNAA (p 	 0.174). In contrast, sex exhibited no significant
effects (p 	 0.323).

Adjusted for the effects of age above, PBV and PGM exhib-
ited significant cross-sectional declines with time elapsed since
TBI (P � .029 and P � .042), as shown in Fig 5. PWM and
WBNAA remained stable over time (p 	 0.292). One patient,
11 in Table 1, was excluded from this analysis because the time
elapsed since her injury was extremely long relative to the oth-
ers (31.5 years) and would potentially exert disproportionate
influence.

Finally, the spectroscopic and volumetric assessments were
not associated with the presence of MR imaging-visible le-
sions, both with (p 	 0.169) and without (p 	 0.265) adjusting
for the effects of age, sex, and elapsed time from injury to
imaging.

Fig 3. Box plots of 1st, 2nd (median), 3rd quartiles (box), � 95% (whiskers) and outliers
(*) for WBNAA, PBV, PGM, and PWM in patients (hatched) and control subjects. Note the
significant WBNAA deficit in patients (arrow), reflecting diffuse neuronal injury. Although
PBV and PGM did not significantly differ between patients and control subjects, the wide
range of the lower half of the patient distributions suggests a subset suffered global and
GM atrophy.

Fig 4. Scatter plot of WBNAA versus age for mild TBI patients and their matched control
subjects. Note that WBNAA deficits increased with age, indicating greater neuronal injury
after mild trauma, which may help explain part of their generally worse prognosis.
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Discussion
The patients with mTBI in this study experienced a significant,
�12%, average WBNAA reduction relative to their control
subjects (Figure 3). This deficit is consistent with diffuse neu-
ronal and axonal damage because these patients were not
known to have suffered any other neurologic insult; focal MR
imaging-visible lesions were seen in only 6 of 20 patients. Any
NAA loss within or susceptibility effects introduced by these
lesions, which are typically punctate foci of suspected shearing
injuries, would be far too small to account for the global de-
cline across all patients. Furthermore, there was no significant
difference in either atrophy or WBNAA loss between the 6
patients who had MR imaging visible pathology and the 14
who did not. This finding indicates that 1) the damage is dif-
fuse throughout the brain and not restricted to the foci of
evident MR imaging pathology, and 2) detectable WBNAA
deficits exist even in patients with mTBI and no MR imaging
findings. When comparing atrophy, however, no significant
differences were found between patients and control subjects
(Fig 3). Therefore, WBNAA seems to be more sensitive to the
consequences of mTBI � widespread neuronal injury.

Despite similar trauma severity in this cohort (the mildest,
GCS � 15, for all patients), larger WBNAA deficits were found
in older patients than in their younger counterparts (Fig 4)
when including patient 20 from Table 1, suggesting that ad-
vanced age increases vulnerability to TBI. Prior studies have
shown that elderly patients have worse functional outcome

scores, increased mortality, and greater need for inpatient re-
habilitation after isolated TBI that is often less severe than in
younger persons.31-33 Although none of the patients in this
cohort were elderly per se, WBNAA analysis suggests that their
poorer prognosis may be due to more extensive neuronal in-
jury. Perhaps neuronal accumulation of �-amyloid precursor
protein after TBI has a synergistic effect with age and disease
(eg, Alzheimer) related deposition.34-36 Thus, the interaction
between the noninvasive WBNAA measurement and age may
provide an early window into this phenomenon. However,
when excluding patient 20, whose WBNAA measurement may
have been influenced by susceptibility effects from parenchy-
mal hemorrhage, there was no age-related WBNAA effect. As
the oldest patient in the study, patient 20 also heavily influ-
ences any age-related statistical analysis. Therefore, additional
older patients with mTBI need to be analyzed to further assess
any possible age-related phenomenon.

Volumetric measures of atrophy, specifically PBV and
PGM, were more informative in patients at longer time inter-
vals after injury (Fig 5). Whereas the WBNAA deficits re-
mained constant after TBI, the patients experienced progres-
sive cross-sectional global atrophy (�1.09% per year),
reflected mostly in GM loss (�0.89% per year), after adjusting
for age. Whole-brain atrophy after TBI has previously been
reported,37,38 but to our knowledge, this is the first time the
relative contributions of the GM and WM have been quanti-
fied. Not coincidentally, GM loss and NAA deficits are com-
plementary findings because NAA is more concentrated in
GM than in WM.39 Stable post-TBI WBNAA, normalized to a
gradually decreasing brain volume, indicates that QNAA (ie,
neuronal loss [WBNAA � QNAA/VB mmol/L]) progresses at
the same pace as atrophy well after the initial insult. This find-
ing is consistent with animal models, which have shown con-
tinued neuronal loss extending over several months to a
year.16,18

GM atrophy suggests that the eventual pathologic end
point of mTBI is loss of cortical neuronal somata. Two possi-
ble mechanisms can be responsible. First, the injury could af-
fect cortical structures as the brain impacts the cranial vault in
a coup-contrecoup manner.40 Second, diffuse shearing inju-
ries could cause axonal damage, leading to retrograde degen-
eration and neuronal somatic loss. Postsynaptive cortical at-
rophy may also result from diminished anterograde
transmission. Singleton et al41 has shown in a rat TBI model
that neuronal cell bodies continuous with traumatized axons
do not show acute degenerative changes. However, these ani-
mals were only followed for 7 days. In other animal studies,
cortical neuronal loss has been seen up to a year after TBI,16

with chromatolysis and somatic accumulation of �-amyloid
precursor protein soon after injury.34-36,42 The underlying
mechanisms that lead to neuronal loss are complex, more than
simple axonal crush or transection, and determining which is
predominant in humans is difficult because of the nonfatal
nature of mTBI, precluding immediate postmortem analysis.
However, based on the relative preservation of PWM, there
likely is gliotic replacement of any WM tissue destruction.

The 3 metrics that exhibited significant reduction between
patients and control subjects (WBNAA) or with time elapsed
since mTBI (PBV, PGM) showed considerable overlap of the
middle half of their distributions (Fig 3). This is not surprising

Fig 5. Scatter plots of WBNAA, PBV, and PGM versus time from TBI. Although WBNAA
remained statistically stable, volumetric measures revealed global atrophy, localized mostly
to GM, suggesting that the eventual pathologic outcome of mild TBI is loss of cortical
neurons. Stable WBNAA suggests that this loss, measured by QNAA, continued well after
the initial traumatic insult but at the same pace as global atrophy.
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considering the mild nature of their trauma, which could be
insufficient for detectable neuronal injury by either WBNAA
or volumetric imaging. The power of these global measures,
however, is in detecting and quantifying diffuse neuronal in-
jury across a population of mildly affected persons.

The main limitation of our WBNAA and volumetric ap-
proach is its lack of spatial specificity. Atrophy after TBI has
already been reported in specific structures (eg, the hippocam-
pus, thalamus, fornix, corpus callosum, and cingulate gy-
rus),43-47 and local NAA deficits have been shown in the sple-
nium of the corpus callosum, basal ganglia, medial temporal
lobe, and thalamus.20,23,48,49 With growing evidence that TBI
is a diffuse disorder, however, such analyses may provide only
a partial picture of the true extent of the pathology. Further-
more, most of the patients examined in the previous studies
suffered moderate-to-severe TBI, not the much more com-
mon mild injury, which accounts for more than 85% of trau-
mas.50 Conventional MR imaging, in contrast, is too often
unremarkable after mTBI, despite residual neurocognitive
deficits.51,52 Sacrificing localization for sensitivity and cover-
age, therefore, may be a reasonable trade-off. Other limita-
tions of this study are the relatively small sample size and lack
of follow-up spectroscopic and volumetric data. As more data
are collected, these measures will be compared longitudinally
and correlated with neurocognitive testing to determine their
predictive value.

In summary, WBNAA seems to be sensitive enough for
detecting the neuronal/axonal injury of mTBI. Greater neuro-
nal injury in the older patients, reflected by larger WBNAA
deficits, could perhaps explain their generally worse outcome.
MR imaging volumetry, on the other hand, may be useful to
monitor subsequent atrophy, which seems to be localized
mostly to GM. By quantifying microstructural disruption of
WM tracts, diffusion tensor imaging may also yield valuable
diagnostic information.53,54 In the future, these techniques
may be used to grade TBI severity in patients with similar
clinical and mental status and monitor the efficacy of prospec-
tive pharmaceuticals designed to slow or even stop the neuro-
degenerative cascades.9
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