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SUMMARY: Proton MR spectroscopy (1H-MR spectroscopy) is a quantitative MR imaging technique
often used to complement the sensitivity of conventional MR imaging with specific metabolic infor-
mation. A key metabolite is the amino acid derivative N-acetylaspartate (NAA), which is almost
exclusive to neurons and their processes and is, therefore, an accepted marker of their health and
attenuation. Unfortunately, most 1H-MR spectroscopy studies only account for small 1- to 200-cm
volumes of interest (VOI), representing less than 20% of the total brain volume. These VOIs have at
least 5 additional restrictions: 1) To avoid contamination from subcutaneous and bone marrow lipids,
they must be placed away from the skull, thereby missing most of the cortex. 2) They must be
image-guided onto MR imaging–visible pathology, subjecting them to the implicit assumption that
metabolic changes occur only there. 3) They encounter misregistration errors in serial studies. 4) The
time needed to accumulate sufficient signal-intensity quality is often restrictive, and 5) they incur
(unknown) T1- and T2-weighting. All these issues are avoided (at the cost of specific localization) by
measuring the nonlocalized average NAA concentration over the entire brain. Indeed, whole-brain NAA
quantification has been applied to several diffuse neurodegenerative diseases (where specific local-
ization is less important than the total load of the pathology), and the results are presented in this
review.

Although conventional MR imaging is exquisitely sensitive
to morphologic soft-tissue changes, it is limited in its

pathologic specificity and sensitivity to microscopic injury in
normal-appearing brain tissue.1-3 Consequently, proton MR
spectroscopy (1H-MR spectroscopy) is often used to provide
specific biochemical information via the levels of several de-
tectable neurometabolites and mobile lipids.4,5 Of these, the
amino acid derivative N-acetylaspartate (NAA), first de-
scribed by Tallan et al in 1956,6 is almost exclusive to neurons
and their processes (though trace amounts are also found in
liver, kidney, muscle, and oligodendrocyte progenitor cells).
Consequently, NAA is considered a marker for neuronal
health and attenuation.7-9 Indeed, with the exception of Cana-
van disease,10 its concentration has been reported to decline in
all central nervous system (CNS) disorders.11,12 In addition to
MR spectroscopy evidence, NAA loss has also been described
in transected rat optic nerve axons13 and postmortem biopsies
of multiple sclerosis (MS) lesions.14

NAA is synthesized in the brain through the acetylization
by acetyl coenzyme A of free aspartate by the enzyme L-aspar-
tate N-acetyltransferase, as shown in Fig 1,15 and catabolized
by the enzyme aspartoacylase. Yet, despite more than 50 years
of research, its role in the brain remains controversial, and
hypotheses include (but are not limited to) the following: 1) an
osmolite to remove water from neurons,16 2) an acetate con-
tributor in myelin sheath synthesis,17 3) a mitochondrial en-
ergy source,18 4) a precursor for N-acetylaspartyl glutamate,

and 5) a ligand for certain metabotropic glutamate
receptors.19

Because it is the second most abundant amino acid in the
human CNS after glutamate (NAA comprises up to 0.1% wet
weight of the brain 11,20-23), its singlet peak at 2.02 ppm, shown
in Fig 1, is the most intense in 1H-MR spectroscopy of a
healthy brain. Unfortunately, most of the many 1H-MR spec-
troscopy studies to date used either small (1– 8 cm) single vox-
els or larger (up to �200 cm) 2D volumes of interest (VOIs),
as shown in Fig 2.24-26 These VOIs must be placed away from
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Fig 1. Schematic description of the structures and acetylization of aspartate into NAA in
the mitochondria (top). The 3 protons of the methyl group of NAA provide the most
prominent peak on the neurometabolite proton spectrum (bottom).
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the skull to avoid contamination from subcutaneous lipid and
bone marrow signals, thereby missing most of the cortex.27

Due to their size, such VOIs also must be image-guided to MR
imaging–visible pathologies, subjecting them to the implicit
assumption that metabolic abnormalities occur only there.
Furthermore, because many CNS disorders are diffuse, miss-
ing 80%–99% of the brain renders estimates of the true extent
of their load susceptible to extrapolation errors.28

Localized 1H-MR spectroscopy is also confounded by 3
additional factors: First, it is susceptible to VOI repositioning
errors in serial studies. For example, in a 1.5-cm VOI, com-
mon in single-voxel experiments, misregistration of just 1 mm
(1 guiding MR imaging pixel) in each plane leads to �80%
common volume (worse for smaller voxels) as shown in Fig 2.
Second, it requires long acquisitions, �7 minutes for 3- to
8-cm and 20 –30 minutes for 1-cm voxels to achieve sufficient
signal intensity-to-noise ratio (SNR). Finally, an assumption
must be made that the relaxation times, T1 and T2, are either
known or the same in patients and controls in all regions
studied.29

These concerns can be addressed by a nonecho, not T1-

weighted, nonlocalizing 1H-MR spectroscopy sequence ac-
quiring the 1H-MR spectroscopy signal intensity from the en-
tire head, as shown in Fig 2.30 Because NAA is restricted to
neuronal cells, its signal intensity is implicitly localized to the
brain, and the lack of explicit localization removes issues of
VOI guidance, serial misregistration, or SNR. These factors
make the technique attractive to quantify global neuroaxonal
injury and to monitor neuroprotection, either in response to
the treatments in clinical routine or in response to experimen-
tal treatments in clinical trials of neurologic and neuropsychi-
atric diseases. This article reviews the method, its implemen-
tation, and the findings from several diffuse neurologic
disorders.

The Method

The Whole-Brain NAA 1H-MR Spectroscopy Sequence
The amount of whole-brain NAA (WBNAA), QNAA, can be
obtained by using the nonlocalizing 1H-MR spectroscopy se-
quence (TE/TI/TR � 0/940/10,000 ms) shown in Fig 3A.30

Unlike the previous lipid-nulling inversion-recovery ap-
proaches used in 1H-MR spectroscopy near the skull, this se-
quence relies on the much shorter, T1 � 220 ms, of the lipids
compared with the T1 � 1.4 seconds of the NAA to null the
latter every second acquisition.30 The long ln2 � T1 nulling
delay of the NAA, which is greater than 4 � T1 of the lipids,
ensures that the latter lipids are at thermal equilibrium in each
acquisition, as shown in Fig 3B, whereas the NAA is thermal
only in odd and null in every even acquisition.

Subtracting even from odd acquisitions, therefore, leads to
destructive interference of the lipids but not the signals of the
long T1 metabolites (Fig 3C). Because NAA is the only one of
these exclusive to neurons, it is implicitly localized to the
brain. All the others (eg, creatine, choline, myo-inositol, glu-
tamate, and so forth) are in all tissues, and their brain contri-
bution cannot be estimated.

Quantification is against a reference 3-L sphere of 1.5 �
10�2 mol NAA in water. Subject and phantom NAA peaks, SS

and SR, are integrated, as shown in Figs 1 and 3C, and QNAA

obtained as,

1) QNAA � 1.5 � 10 � 2 �
SS

SR
�

VS
180�

VR
180� mol.

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.

Normalization of WBNAA concentration
To normalize for differences in head size among subjects, we
divided QNAA by total brain parenchyma volume, VB, to yield
the WBNAA concentration.

2) WBNAA �
QNAA

VB
mmol/L.

This is a specific brain size independent metric, and its inter-
subject variability in controls was shown to be better than
�6%.30 VB can be obtained with any validated automated or
semiautomated brain-segmentation software, and several dif-
ferent ones have been used successfully (eg, 3DVIEWNIX,31

MIDAS,32 SPM,33 SIENA,34,35 and SIENAX.36).

Fig 2. Top: Schematic comparison of relative VOI size and coverage between single-voxel,
2D or 3D multivoxel, and WBNAA in the human brain. Note that the single- and multivoxel
VOIs cover only small fractions of the brain volume and must be kept away from the skull,
missing most of the cortex, whereas WBNAA accounts for the entire brain. Bottom: The
consequence of a 1-mm (1 guiding-image pixel) placemat error in each direction, x, y, and
z, on a 1-cm voxel in a serial study. This 10% error leads to only 70% of the VOI common
to both measurements. Note that though this error is technically unavoidable in localized
spectroscopy, it is not an issue for WBNAA, as shown in the top portion of the lower panel.
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Accuracy
Due to severe magnetic field inhomogeneities from air-tissue
susceptibility differences at such interfaces (eg, at the air-filled
sinuses and near the auditory canals), some of the NAA signal
intensity may have been broadened or shifted outside the in-
tegration window shown in Fig 3C. The extent of the signal
intensity (lost) outside this integration window was estimated
by using high-spatial-resolution chemical-shift imaging of the
water of the brain. Due to the high SNR of water, it is easy to
measure how much of their signal intensity lies outside this
interval. The measurement has shown that the brain water
losses from susceptibility effects are �10%, suggesting that by
analogy, the integrated SS in Fig 3C captures more than 90% of
the NAA signal intensity of the brain.37

Intra- and Interindividual Precision
The individual variations reported in the first WBNAA study
were small, �5% intraindividual and 6% interindividual in a
group of 5 healthy women.30 The interindividual variations in

much larger cohorts of several score of healthy subjects, each,
reported since then, have been consistent with coefficients of
variations in the 6%– 8% range.27,38,39

Multisite, Instrument, and Field Precision
In multicenter trials, the different instrumentation that each
site may use could potentially confound the results at the final
data-consolidation stage. To test the effectiveness of the abso-
lute quantification strategy used by equation 1, we compared
the WBNAA concentrations in healthy subjects across 6 MR
imaging instruments from 2 manufacturers (GE Healthcare,
Milwaukee, Wis; Siemens, Erlangen, Germany) operating at 3
different magnetic field strengths (1.5, 3, and 4T) at 5 different
sites. Overall more than 120 subjects were enrolled, and the
results are summarized in Fig 4.39

These results demonstrate that the WBNAA distribution
is statistically indistinguishable (P 	 .237) regardless of
site, manufacturer, field strength, or scanner model.39 They
indicate that the absolute global WBNAA concentration is
12.2 � 1.2 mmol/L. There were no age or sex WBNAA
differences found in this cohort, comprising approximately
an equal number of men and women, ranging in age from
late teens to late 50s. This indicates that absolute quantifi-
cation against a phantom in each instrument combined
with the simplicity of the sequence render the technique
hardware-insensitive and, consequently, a robust marker in
multicenter trials.39

Longitudinal WBNAA in Healthy Adults
Longitudinal WBNAA levels in healthy adults have been re-
ported during a several-day period30 and, more recently, an-
nually in 14 subjects during periods of 2–3 years, common in
most treatment clinical trials. No significant change (adjusted
for both sex and age) was found either inter- or intrapersonally
during the entire duration of the study in the 25- to 50-years-

Fig 3. Top: A, Schematic representation of the 2-step WBNAA sequence. It comprises an
alternating inversion pulse (applied every odd acquisition) followed by a TI designed to null
the NAA signal. It ends with a chemical-shift-selective (CHESS) and a 13̄31̄ water-
suppression pulse (4-ms interpulse delay at 1.5T). The latter also serves as the 90° readout
pulse. Acquisition commences immediately (TE � 0), and every even acquisition is
subtracted from every odd one. Because the TR is long, 10 seconds, no T1- or T2-weighting
is incurred. Note that all the radio-frequency (RF) pulses are (spatially) nonselective and the
gradient “blips” are just crushers. Center: B, The result of a 90° 13̄31̄ on a human head,
demonstrating the problem of the immense metabolite-obscuring lipid signal from the bone
marrow and adipose tissue. Bottom: C, The resulting spectrum from the WBNAA sequence
on the same head as in B, demonstrating almost complete lipid suppression. Note that the
NAA is implicitly localized to the brain, whereas with the other metabolites whose peaks
are distinct and nonlocalized, it is impossible to ascertain where their signals come from.
Also note the excellent SNR from this 2.5-minute acquisition.

Fig 4. Box plot showing the 25%, 50% (median), and 75% quartiles (box) and �95%
(whiskers) of the distributions of the subjects’ WBNAA concentrations in each of the 5
institutions, 6 scanners, 3 field strengths, and 2 manufacturers used in this study. Note that
the differences among the distributions, 12.2 � 1.2 mmol/L (means and SDs), for more than
120 healthy individuals are statistically insignificant, independent of these subjects’ ages
or sex, indicating that the methodology is robust to instrumentation differences. HSR
indicates Hospital San Rafael (Italy); FCCC, Fox Chase Cancer Center (USA); NYU, New York
University (USA); Basel, Basel (Switzerland); U.PENN, University of Pennsylvania (USA).
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of-age group studied.40 Little data, however, have been pub-
lished chronicling the levels or temporal changes in elderly
controls as a result of the normal aging processes.41 Although
the normal rate of change in parenchymal volume has been
reported to be approximately 0.25% per year during the life
span of most healthy humans,42 WBNAA is hypothesized to
remain relatively stable even in later years. Because it is nor-
malized to the brain volume (equation 2), it should be rela-
tively insensitive to this normal atrophy, reflecting only the
health of neurons in the remaining tissue.

WBNAA in MS
MS is the most common autoimmune, demyelinating, neuro-
degenerative disease in young adults. It strikes nearly 2.5 mil-
lion people worldwide at a cost of approximately $23 billion
for treatment and management in the United States alone
(http://www.nationalmssociety.org). It is of unknown etiol-
ogy, though 2 of every 3 new patients are women in their late
20s. Its prevalence among men or of all people of African or
Asian descent is less than half that of women.43

Most (85%–90%) new patients with MS follow a relapsing
remitting (RR) course characterized by relapses of variable
severity followed by remissions of varying duration.43 Nearly
20% will remain clinically stable for at least 2 decades, a phe-
notype referred to as benign MS.44 Within 25 years, however,
most untreated patients with RRMS will evolve into a second-
ary-progressive (SP) phase of a steady increase in chronic dis-
ability. Some 10%–15% of new patients with MS follow a pri-
mary-progressive (PP) course, characterized by late onset and
steady increase in disability.45

Although still without cure, 6 drugs are currently approved
by the US Food and Drug Administration as disease-modify-
ing agents that alter the natural history of MS. These include
the following: intramuscular beta-interferon-la (Avonex),
subcutaneous beta-interferon-1a (Rebif), subcutaneous beta-
interferon-1b (Betaseron), glatiramer acetate (Copaxone),
and natalizumab (Tysabri), a laboratory-produced monoclo-
nal antibody given by intravenous infusion. For SPMS, the
most convincing data favors mitoxantrone (Novantrone) as
most likely to retard progression and delay disability.46-48

Extensive 1H-MR spectroscopy studies to characterize the
metabolic profiles of MS lesions as well as the normal-appear-
ing white and gray matter (NAGM) revealed loss of NAA in all
tissue types, confirming the diffuse nature of the pathologic
processes underlying the disease.49 This was confirmed by the
first WBNAA study, which demonstrated age-dependent def-
icits in patients compared with matched controls in both
RR-50 and PPMS.51 This dependence is probably due to the
similar age of onset, transforming patients’ “age” to
“disease-duration.”

Although lesions and atrophy, shown in Fig 5, the hall-
marks of MS, represent end points of its complex pathologic
processes, lesions do not identify these processes. Comparing
WBNAA levels with atrophy (reflected by the fraction of pa-
renchymal brain volume) as functions of disease duration in a
cohort of 42 patients with RRMS has found the former to
decrease nearly 3.5 times faster than the latter.52 This suggests
that neuronal cell injury precedes atrophy and that that degen-
erating axons may leave behind their empty myelin sheaths,

suggesting that WBNAA is a more sensitive indicator of dis-
ease progression than either lesion load or atrophy.52

For more than a century, MS was considered a white matter
(WM) disease. Although evidence that gray matter (GM) is
also affected has been available for more than 30 years, only
recently has postmortem pathology shown many cortical and
subcortical lesions that are usually missed by T2-weighted MR
imaging.53 In addition, quantitative MR imaging techniques
(eg, magnetization transfer and diffusion tensor imaging) re-
vealed abnormal physical properties of otherwise NAGM. Be-
cause the WM:GM volume fractions of the brain are approx-
imately 40:60 and the concentration of NAA in the former is
approximately two thirds of the latter, WBNAA deficits ex-
ceeding 20% must reflect GM involvement. Indeed, of 71 pa-
tients with RRMS, 13 had 40% less WBNAA than controls, a
loss that cannot be explained in terms of WM involvement
alone, leading to a conclusion of extensive GM involvement,
even in a relatively early RR stage of the disease.27

The paucity of reliable clinical prognostic metrics in MS
confounds treatment choices, making laboratory tools to pre-
dict and monitor an individual’s disease course crucial. To
investigate the potential role of WBNAA, we quantified its rate
of decline in 49 patients with RRMS by dividing their differ-
ence from the average of controls by their disease duration.54

We found 3 distinct subgroups of cross-sectional decline rates:
�15% of the patients were considered “stable” (annual loss
�0%), 65% were considered “moderate” (annual loss of

Fig 5. Top: Side-by-side axial T1 MR image from two 29-year-old-female patients with MS,
both with a disease duration of 6 years and a very mild disability score (EDSS) of 1.5. Note
that one exhibits noticeably more brain atrophy, reflected by enlarged subarachnoid spaces
(1), ventricles (2), sulci (3) as well as T1-lesions (“black holes”) (4). These 2 images
demonstrate the great heterogeneity in the MS course and pathogenesis. Bottom: The
WBNAA spectrum from each of these women, normalized for brain tissue volume. Note
that the one on the left is significantly lower than the one on the right, demonstrating that
not only does she lose tissue faster but that the quality of the remaining tissue is worse
(ie, neuronal dysfunction and damage precedes atrophy). mI indicates myo-Inositol; Cho,
choline; Cr, creatine; glx, glutamine/glutamate; acq., acquisition.
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2.8%), and 20% were “rapid” with an annual loss of 28%.54

The average clinical Expanded Disability Status Scale (EDSS)
score in each one of these subgroups was the same, 2.0, repre-
senting a very slight impairment in all. These results were re-
cently replicated in a different 20-patient cohort,55 indicating
that they are probably characteristics of MS corresponding to
its known epidemiology, described, for example, by Wein-
shenker, 56 as “benign,” “intermediate,” and “acute,” rather
than a particular recruitment pattern. Although they need to
be confirmed in a longitudinal study, these findings suggest
that WBNAA might be a sensitive gauge and predictor of clin-
ical course and might help select and monitor treatment.

To ascertain how early neuroaxonal pathology does occur
in MS, Filippi et al38 obtained the WBNAA levels in patients
experiencing a clinically isolated syndrome suggestive of MS
(CIS), the first presentation of the disease. Their WBNAA was
significantly lower (mean, 20%) than that of their controls but
not different from patients with or without enhancing lesions
at baseline MR imaging or between patients with and without
lesion dissemination in time,38 nor did the WBNAA correlate
with lesion volumes. WBNAA scans were repeated at 1 year,
showing an average 7% decrease in the patients with CIS, to
assess whether such axonal damage is transient or persistent.57

These preliminary findings suggest that widespread axonal pa-
thology may occur even at the earliest stage of MS, indepen-
dent of MR imaging–visible inflammation and too extensive
to be reversible. These results also suggest that axonal pathol-
ogy may not always be the end stage of repeated inflammatory
events, arguing strongly for early neuroprotective
intervention.

WBNAA in Other Neurologic Disorders

Alzheimer Disease and Mild Cognitive Impairment
Alzheimer Disease (AD) is the leading cause of dementia af-
fecting 5 million Americans (http://www.alz.org). It is often
preceded by amnestic mild cognitive impairment (MCI) char-
acterized by relative memory performance below typical age-
related declines. Detecting the transition from MCI to AD has
become increasingly important, with the prospect of disease-
modifying therapies that may be most beneficial at the earliest
stages. In analogy with CIS, where a WBNAA decrease has
been shown at the earliest clinical symptoms, a study of 28
patients with AD, 27 with MCI, and 25 elderly controls found
significant WBNAA decrease for both AD and MCI versus the
controls, but not between them.41 The decrease in patients
with AD also correlated moderately with their Mini-Mental
State Examination score (R � 0.39, P � .001). These metabolic
findings in MCI, the intermediate stage between healthy el-
derly and AD, may indicate that neuronal damage is already
evident and widespread before the onset of clinical dementia.

Human Immunodeficiency Virus–Related Dementia
CNS involvement is a common complication of acquired im-
munodeficiency syndrome (AIDS), either as a direct effect of
the virus or as the result of a secondary infection or toxicity.
Cortical and WM lesions can be detected on conventional MR
imaging in patients with AIDS, but these are not specific to the
pathologic substrate. Because the disease is diffuse, Patel et al58

studied the relationship between global neuronal integrity, re-

flected by WBNAA and neuropsychological function in 15 pa-
tients infected with human immunodeficiency virus (HIV).
Their WBNAA levels were lower (�9%, P � .03) and moder-
ately correlated (R � �0.44, P � .05) with the processing
speed subtest score and the AIDS dementia complex stage
score. This suggests that WBNAA, reflecting both focal and
diffuse damage, may be a better correlate of cognitive func-
tions controlled by multicircuit networks.

Traumatic Brain Injury
More than 1.5 million Americans annually have traumatic
brain injury (TBI), the leading cause of death in children and
young adults. The “moderate” and “severe” forms of TBI to-
gether account for �10% of the total, and 	85% of traumas
are classified as “mild” (mTBI, Glasgow Comma Scale scores
of 13–15). The current estimate that only 10% of patients with
mTBI have persisting neurocognitive deficits, however, is con-
sidered an underestimation. Diffuse axonal injury (DAI) in
the lobar WM, corpus callosum, and dorsolateral upper brain
stem has been reported in a significant number of patients
following severe, moderate, and even mTBI.59 Typically, DAI
is microscopic and conventional MR imaging– occult. Because
1H-MR spectroscopy can detect such abnormalities in nor-
mal-appearing brain, WBNAA has been applied to 20 patients
with mTBI.60 They exhibited an average of 12% WBNAA def-
icit (P � .05) that increased with age compared with that in
healthy controls. Combined with �1.09% annual GM atro-
phy, these findings may provide noninvasive insight into the
nature of mTBI progression and potentially identify individ-
uals “at risk” for its neurologic and neuropsychological
sequelae.

Glial Brain Tumors
High-grade (World Health Organization grades III and IV)
gliomas portend a poor prognosis of an average postdiagnosis
life expectancy of �2 years.61 They are highly vascular and
have a tendency for infiltration with extensive areas of necro-
sis, hypoxia, and a breakdown of the blood-brain barrier. They
almost always recur even after complete resection.62 One pos-
sible reason for the recurrence is cell invasion into the sur-
rounding tissue, which is difficult to image with current radio-
logic methods. Indeed, glial tumors often infiltrate well
beyond the T2 signal-intensity abnormalities on conventional
MR imaging, complicating treatment planning and removal.63

WBNAA was measured in 17 newly diagnosed untreated
patients with glioma and compared with age-matched con-
trols to test the hypothesis that tumor cell invasion can be
tracked via neuronal cell damage in its path. Patients’ WBNAA
was significantly (average, 26%) lower both pre- and postsur-
gery, but the pre- versus postdifferences were insignificant.64

These tumors (on average �3% of brain volume) alone could
not explain such NAA deficits, suggesting extensive diffuse
tumor cell infiltration into the normal-appearing brain.64 This
hypothesis is supported by the correlation found between tu-
mor grade (but not volume) and WBNAA deficit, suggesting
extensive tumor cell proliferation throughout the brain for
higher grades. This conclusion is supported by another study
reporting a strong inverse correlation (R � �0.88, P � .0008)
between WBNAA and the mean diffusivity in “tumor-free”
contralateral brain in these patients.65
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Meningiomas
Meningiomas are the most common benign brain tumors.62

Although few are malignant, most are well circumscribed with
very little infiltration into the adjacent brain. Although most
small ones are asymptomatic and are often incidental findings,
larger meningiomas can cause focal seizures and spastic weak-
ness as a result of compression, depending on their size and
location.66 Diagnosis is straightforward with MR imaging or
CT, and surgery is often the best treatment.

In a case study of 2 presurgical meningiomas, the patients
presented with neurologic symptoms and WBNAA concen-
trations significantly higher than those of matched controls
when excluding the mass from their brain volume.67 Correc-
tion to “premass” brain volume left the WBNAA levels indis-
tinguishable from those of the controls. Postoperative fol-
low-up showed no physical or cognitive disability, suggesting
that the clinical symptoms were due to brain compression (ie,
transient) and not reflecting (permanent) neuronal damage.67

Radiation Therapy
Because of a high correlation between small cell lung cancer
and brain tumors, prophylactic cranial irradiation (PCI) is
often offered even in the absence of overt brain pathology.68

Radiation is inherently cytotoxic and runs the risk of ancillary
brain damage confounding treatment cost-benefit analyses.
WBNAA was measured in a cohort of 8 patients with small cell
lung cancer immediately before and right after PCI, to quan-
tify the overall brain damage caused by PCI. A significant
WBNAA loss of approximately 10% was observed after 2
weeks of fractionated therapy, but there was no change in cog-
nitive abilities as measured by the Mini-Mental State Exami-
nation.69 This suggests that WBNAA may be a more sensitive
objective biomarker of the neurologic damage imparted by
these 3000- to 5000-cGy dose levels.

Conclusions
WBNAA has the potential to quantify neurodegeneration and
neuroaxonal dysfunction in several disorders. Due to its lack
of localization, this technique is particularly attractive for dis-
eases characterized by widespread or diffuse pathology. How-
ever, as shown in the brain tumor studies, it can also provide
significant insights into the pathophysiology of seemingly “fo-
cal” diseases. Not only is WBNAA spectroscopy able to detect
early neuroaxonal changes providing a potential prognostic
indication of clinical outcome, but it can also yield a specific
surrogate marker for monitoring neuroprotection in response
to current and experimental treatments.
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