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Reproducibility of Three Whole-Brain
N-Acetylaspartate Decline Cohorts

ORIGINAL ) ) . ] .
researcH | IN Relapsing-Remitting Multiple Sclerosis
0. Gonen BACKGROUND AND PURPOSE: The cross-sectional rate of whole-brain N-acetylaspartate (NAA, a neu-
T.A. Oberndorfer ronal cell marker) loss in clinically similar relapsing-remitting multiple sclerosis (RRMS) patients has
M. Inglese recently been shown to fall into 3 distinct decline rate strata. Our goal was to test the reproducibility
-9 of this observation in a new cohort of RRMS patients.
J.S. Babb
J. Herbert MATERIALS AND METHODS: Sixteen serial patients (12 women, 4 men, median age 38 [27-55] years)

with clinically definite RRMS for an average of 5 (0.3-18) years' disease duration and a mean Expanded
Disability Status Score of 2.0 (0—-6) were studied, once each. Their whole-brain NAA (WBNAA)
amounts, obtained with proton MR spectroscopy, were divided by brain volumes (segmented from
MR imaging) to yield concentrations suitable for cross-sectional comparisons.

R.l. Grossman

RESULTS: Three distinct strata of cross-sectional NAA decline rates were found: —0.031, —0.32, and
—1.71 mmol/L/y when disease duration was estimated from confirmed diagnosis, or —0.057, —0.20,
and —1.38 mmol/L/y when measured from the first clinical symptom. These rates and their corre-
sponding fractions of the study population were indistinguishable from those reported previously in a
different group of 49 clinically similar (mean Expanded Disability Status Score also 2.0) RRMS patients.

CONCLUSION: Reproducing the previous cohort’s cross-sectional WWBNAA decline characteristics in
this new group of clinically similar RRMS patients indicates that 3 WBNAA loss strata may be a general
attribute of MS. Consequently, WBNAA could serve as a surrogate marker for the global load of

M ultiple sclerosis (MS), the most prevalent demyelinating
neurologic disorder, is the primary cause of nontrau-
matic disability in young and middle-aged adults, affecting
more than 350,000 Americans. Although MS is incurable at
present, several disease-modifying drugs are now available for
its treatment.? Given the cost and side effects of these drugs, as
well as the widely variable course of this disease, an ability to
predict the outcome of MS from factors accessible early in its
course could influence therapeutic decisions, the planning
and interpretation of clinical trials.

Studies on the natural history of MS have focused on identi-
fying early clinical indicators of relative risk for rapid progres-
sion.”” Based on some parameters (eg, frequency of relapses in
the first 2 years; interval between the first and the second relapses;
and time to reach moderate, level 3 on the Kurtzke Disability
Status Scale), it has been possible, to some extent, to distinguish
patients with “benign” disease from those with “moderate” or
“rapidly progressive” disease. For example, Confavreux et al
found that the mean duration between the first and second re-
lapse among 349 patients was about 6 years in benign and inter-
mediate disease versus 0.9 yearsin “hyper acute” MS and 2.4 years
in “acute” MS.* However, extensive interindividual variations in
disability accumulation rates and the fact that exacerbations most
often do not result in permanent disability preclude accurate pre-
diction of the clinical course of MS.°
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neuronal and axonal dysfunction and damage in this disease.

Because the irreversible neurologic deficits of MS are thought
to be caused by neuronal cell loss,”"" surrogate markers specific
for the degeneration and dysfunction of these cells correlate bet-
ter with clinical disability'? and might better predict outcome."?
Key among these markers is N-acetylaspartate (NAA), the second
most abundant amino acid in the mammalian brain."*'® Being
almost exclusive to neurons and their processes, NAA is widely
considered a specific marker for their health and concentra-
tion,'”"'® and its noninvasive acquisition renders it the most fre-
quently examined brain metabolite.** With the sole known ex-
ception of Canavan disease,”’ NAA concentration has been
reported to decline in all neurodegenerative disorders.'***

In a previous study we have shown 3 differential strata of
whole-brain NAA (WBNAA) decline rates,*® which probably
reflect axonal dysfunction, in 49 clinically similar relapsing-
remitting (RR) MS patients. Based on their cross-sectional
rates of NAA decline—which comprised one WBNAA mea-
surement per patient combined with the assumption that
when they were diagnosed, their WBNAA levels were at the
“normal” level—these strata were “stable” (exhibiting level
WBNAA), “moderate” (sustaining 2.7% annual NAA loss),
and “rapid” (suffering a 10-fold faster decline).>> The goal of
the present study was to examine whether these findings are
reproducible (ie, constitute a general characteristic of the dis-
ease) in another cohort of clinically similar RR MS patients.
This was done by analyzing their WBNAA concentrations in
patients with the same protocol as in the original study.>

Methods

Patients
Sixteen RRMS patients (12 women, 4 men, median age 38 [27-55]
years) were recruited serially based on 4 criteria: 1) clinically definite
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Table 1: Cohort details

Patient No./Age (y)/Sex EDSS AY, AY, WBNAA Concentration (mM) Group* Medications
1/27.6/F 25 0.53 2.78 714 R Avonex
2/28.1/F 1 0.26 1.68 14.52 S Copaxone
3/29.8/F 0 332 3.83 12.87 M Avonex
4/31.3/F 1.5 8.19 8.94 9.96 M Avonex
5/33.1/M 1 2.7 3.2 12.69 M Avonex
6/34.5/F 15 6.47 6.47 13.87 S Avonex
7/34.7/F 2 0.15 3.62 9.65 R/M' Copaxone
8/37.2/F 3 2.55 2.72 7.85 R Avonex
9/37.9/F 3 0.32 0.32 9.37 R N/A
10/38.4/M 1.5 0.95 18.29 13.55 S Avonex
11/41.5/F 2 0.65 1.07 10.91 R Avonex
12/42.8/F 1 1.16 1.24 13.9 S Avonex
13/44.3/F 2 737 753 10.28 M N/A
14/45.1/M 0 3.05 11.06 10.98 M N/A
15/45.7/M 25 2.24 224 10.82 M Avonex
16/54.9/F 6 2.3 4.55 16.01 S Bestaseron
Average 2.1 2.64 4.97 11.39 =25

Note:—EDSS indicates Expanded Disability Status Scale; A Y;, disease duration since clinically definite diagnosis (years); A Y,, disease duration from first clinical event (years); WBNAA,

whole-brain N-acetylaspartate. The average age of patients studied was 37.9 = 7.7.
* Subgroup notations are S, stable; M, moderate; R, rapid.

1 Assignment changed from rapid (based on A V;, to moderate when estimated from A Y, disease duration.

(CD) disease,** 2) MS of less than 12 years’ duration, 3) no relapse
experienced in the last 3 months, and 4) no contraindications to MR
imaging. Their age, sex, disease duration, Expanded Disability Status
Scale (EDSS) scores, and medications are shown in Table 1. All pa-
tients were briefed on the procedure they were to undertake and gave
their Institutional Review Board—approved written consent.

Because months and even years may elapse between the 2 clinical
events that confirm MS dialgnosis,24 we defined 2 disease durations:
AY, the time from the second (confirming) event:

1) AY, = (Scan date) — (CD date),

and AY,, the time from the first symptom (FS), which better ap-
proximates true disease duration:

2) AY, = (Scan date) — (FS date).

MR Imaging and Brain Volume

Patients’ brain volumes (V}) were segmented from their T1-weighted
sagittal magnetization-prepared rapid acquisition of gradient-echo
images (TE/TR/TI of 7.0/14.7/300 ms, 128 sections 1.5 mm thick,
2567 matrix, 210 X 210 mm? FOV) by using the MIDAS package.*
Specifically, a “seed” region was placed in periventricular white mat-
ter. Following selection of all pixels at or above the gray matter inten-
sity, a brain mask was constructed in 3 steps: 1) morphologic erosion,
2) recursive region growth-retaining pixels connected to the seed re-
gion, and 3) morphologic inflation to reverse the erosion. The masks
were truncated at the foramen magnum to incorporate the brain stem
and cerebellum but not the cord, and V}; was obtained by multiplying
the number of pixels in the mask by their volume.

MR Spectroscopy and WBNAA Quantification

The amount of WBNAA, Qx> Was obtained in the same session.
Following auto-shimming that yielded consistent 15 * 3-Hz full-
width-at-half-maximum head water linewidth, a nonlocalizing, non-
echo (TR/TE of 10.0/0.0 seconds) 'H-MR spectroscopy sequence
yielded the whole-head NAA signal intensity.’**® Absolute quantifi-
cation was done against a reference 3-L sphere of 1.5 X 10~ moles
NAA in water. Patient and reference NAA peak areas, S, and Sy, were
integrated and Qu, was estimated:
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180°

3) Quapr = 1.5 X 1072+ moles,

s
where V" and Vi%° are the voltages into 50 ) of radiofrequency
power needed for nonselective 1-millisecond, 180° inversion on the
reference and patient, reflecting their relative receive sensitivities.

Finally, to account for natural variations in brain size, Qu, 4 from
Equation (3) was divided by the patient’s V; to obtain the WBNAA
concentration:

4) WBNAA =

which is independent of brain size and is therefore suitable for cross-
sectional comparison. The intra- and interpatient variability of such
concentrations in healthy adults have been shown to be approxi-

mately +0.6 mmol/L.2>%°

WBNAA Decline Rate Estimates and Group Partitioning
The original study estimated individual WBNAA decline rates with
only one measurement by using 3 assumptions: 1) The second time
point can be obtained by assuming each patient’s WBNAA to be the
average of healthy controls (13.2 mmol/L)**?° before disease onset. 2)
NAA loss begun at either CD or FS (ie, its duration, AY; or AY,) is
known. 3) WBNAA changes during AY; or AY, were linear. Conse-
quently, the decline rate for the ith patient from either CD (R,;) or FS
(R,;) was>

5a) R,; = (13.2 — WBNAA,)/AY,; mmol/y
or
5b) R,; = (13.2 — WBNAA,)/AY,; mmol/y.

Patients were classified as stable if their R was less than 0 mmol/
L/y, moderate if between 0 and 1.7 mmol/L/y, and rapid if greater
than 1.7 mmol/L/y, as shown in Figs 1 and 2.%

Statistical Analyses

Constrained least-squares regression was used to construct a model to
predict WBNAA as a linear function of elapsed time from either CD
or FS, subject to the first assumption above; that is, that at either time
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Fig 1. Dot-plot distribution of individual patients as a function of average rate of WBNAA
decline per year of CD disease duration (R,), as defined by Equations (1) and (5a). The
vertical dotted lines at A, = 0 and 1.7 mmol/L/y partition the cohort into stable (O),
moderate ((J), and rapid (V) according to criteria defined in the text.2®
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Fig 2. Same as Fig 1, except that the average individual rates of WBNAA decline per year,
R,, were estimated for disease duration from FS, AY,, as defined by Equations (2) and (5b).
The vertical dotted lines at A, = 0 and 1.7 mmol/L/y partition the cohort into stable (O),
moderate (CJ), and rapid (V) decline rates according to criteria defined in the text.”

point of CD or FS, the WBNAA level was within the normal range of
13.2 + 3 SD, 3 X 0.6 mmol/L.>®?3° This cutoff was chosen to ascer-
tain 99% likelihood that a given patient was outside the normal WB-
NAA range. Comparison of 2 independent binomial proportions was
used to calculate the similarity of group distributions between the
current and previous datasets.

Results
Individual WBNAA decline rates were derived according to
Equation (5). Based on the previous group assignment rules
outlined above,** for disease duration from CD, AY,, 5 of the
16 patients were classified as stable, 7 as moderate, and 4 as
rapid, as shown in Fig 1. For AY,, 5 patients were classified as
stable, 6 as moderate, and 5 as rapid, as shown in Fig 2.
Cross-sectional rates of WBNAA decline derived from con-
strained linear regression in each of these subgroups (stable,
moderate, and rapid, respectively) were —0.031, —0.32, and
—1.71 mmol/L/y when based on AY; and —0.057, —0.20, and
—1.38 mmol/L/y when based on AY,. The individual WBNAA
values versus AY, and AY, are plotted in Figs 2 and 4, respec-
tively, which are overlaid with the current regression (solid)
lines and the 95% confidence intervals for the regressions of
these subgroups in the original study.*® The slopes of the cur-
rent regression lines were not different from those in the orig-
inal study (P > .05). Summary statistics of the previous and
current cohorts are compared in Table 2.

Discussion

This study reproduced the 3 key findings of the original re-
port.>* Specifically, 1) both clinically similar (ie, mean EDSS
score of 2.0) patient cohorts were readily subdivided into 3
distinct groups of cross-sectional WBNAA decline rates, 2)
these decline rates were statistically similar to their respective
counterparts, and 3) each subgroup’s percentage of the entire
cohort population was statistically indistinguishable from that
of the original study.

Number of Decline Subgroups. Because any uncon-
strained number of data points can be divided into separate
groups, no statistical methodology can objectively determine
an optimal number of subgroups. Visual inspection of indi-
vidual WBNAA levels plotted against disease duration for ei-
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Fig 3. Individual WBNAA levels as a function of AY; (from clinical diagnosis) of Equation
(1) (labeled according to Fig 1). Solid lines are the regressions calculated for each subgroup.
The dashed lines are the +=95% confidence intervals calculated for the subgroups of the
previous cohort.?> Note how well the current regressions fit into the previous cohort’s
confidence intervals.?®
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Fig 4. Individual WBNAA levels as a function of AY, (from fist symptom) of Equation (2)
(labeled according to Fig 2). Solid lines are regressions for each subgroup. The dashed lines
are the +95% confidence intervals calculated for the subgroups of the previous cohort.?
Note how well the regression lines for the current patients fit into the previous cohort's
confidence intervals.?®

ther AY, or AY, in Figs 3 and 4, however, readily reveals 3 such
subgroups. This determination is bolstered by the resulting
regression lines that so closely match the respective ones from
the original study on a different patient cohort.

Subgroup Cross-Sectional Decline Rates. For each sub-
group, the linear prediction models derived from the current
data fall within the 95% confidence intervals of the previous
patients’ data (Figs 3 and 4). Accordingly, a test of 2 binomial
proportions determined that the group WBNAA decline rates
were not different from those in the original study (P > .05).

Subgroup Populations as Fraction of Total Cohort. A test
of 2 binomial proportions determined that the group size per-
centages of the current and previous cohorts, shown in Table
2, are indistinguishable, despite the smaller sample size in this
study. In the CD groups, most patients are defined as moder-
ate, with fewer being found in the stable and rapid groups.

AJINR Am J Neuroradiol 28:267-71 | Feb 2007 | www.ajnrorg 269



Table 2: Comparison between present and previous cohorts

Present Previous
CD decline rate® Stable —0.031 0.02
Moderate -0.32 -0.34
Rapid —-1.71 —3.39
CD group size Stable 5(31%) 10 (20%)
Moderate 7 (44%) 27 (55%)
Rapid 4(25%) 12 (25%)
EDSS® Stable 2.0(1.0-6.0) 2.0(1.5-3.5)
Moderate 1.0(0.0-2.5) 2.0(0.0-6.0)
Rapid 2.5(2.0-3.0) 2.0(0.0-3.5)
FS decline rate® Stable —0.057 0.02
Moderate -0.20 -0.13
Rapid —1.38 —2.24
FS group size Stable 5(31%) 10 (20%)
Moderate 6 (38%) 32 (65%)
Rapid 5(32%) 7(14%)
EDSS® Stable 2.0(1.0-6.0) 2.0(1.5-3.5)
Moderate 1.5(0.0-2.5) 2.0(0.0-6.0)
Rapid 2.5(2.0-3.0) 2.0(0.0-3.5)

Note:—Group rates of WBNAA decline mM/year; PEDSS score (range). Abbreviations:
CD—clinical diagnosis, EDSS—Expanded Disability Status Score, FS—first symptom.

Although the partitioning from FS is more uniform, its simi-
larity to the group distribution percentage of the original data
is nonetheless statistically significant.

These observations are bolstered by the known epidemiol-
ogy of MS (eg, as described by Weinshenker), which supports
the notion of 3 levels of severity: “benign,” “intermediate,”
and “acute”.’! Ascertaining these levels for individual patients,
however, is currently possible only retrospectively, years after
diagnosis. This delay poses serious limitations for several rea-
sons. First, substantial WBNAA losses (exceeding 22%) were
observed in monosymptomatic patients only suspected of
having MS, indicating, together with irreversible tissue loss,
that early widespread damage occurs even before a confirmed
diagnosis of MS.****?? Second, early drug treatment after the
first clinical symptom has been shown to delay conversion to
CD MS,**** underscoring the need to triage patients for treat-
ment based on some surrogate marker, especially considering
the absence of a clinical indicator. Third, since the administra-
tion and pace of treatment (type, dose, and frequency of ad-
ministration) must be weighed versus cost and side effects, the
a priori knowledge of future disease course could identify pa-
tients who would benefit most from therapy and help deter-
mine its level. Finally, recruiting patients who exhibit the most
common form of the disease (as opposed to its mild or virulent
forms) is important in setting up clinical drug trials. Identifi-
cation of such patients could help avert errors of the kind
where an ineffective drug is assumed efficacious due to the
influence of “stable” patients (a type I statistical error) or when
an effective drug is judged to be a failure because of the undue
influence of rapidly declining patients (a much more expen-
sive type II error).

Note that although 3 assumptions were used for the anal-
yses above, we argue that these assumptions are reasonable.
First, that the WBNAA decline started from approximately the
average level of healthy controls (13.2 mmol/L)*®***° is easily
justified by the low variability in the latter (+6%-7%).>%>*°
The second assumption, that disease duration is known (ei-
ther AY, or AY,), is more equivocal; that is, because MS etiol-
ogy is unknown, so is its true time of onset. Nevertheless, since
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AY, approximates disease duration better than does AY;, the
minimal changes in subgroup traits based on either one (only
one patient [no. 7] in Table 1 switched assignment) indicate
that either is sufficient. The fact that the moderate and rapid
subgroup regression lines do not intersect the normal range at
t = 0 (ie, we take this intercept to be the “true” time of disease
onset) is just an overall indicator of the “softness” of the ap-
proximation that the disease started at CD or FS. Further-
more, the distinction between AY; and AY, continues to di-
minish as radiologic criteria to confirm MS after a single
clinical episode become ubiquitous.*®>” Finally, the assump-
tion that the WBNAA decline was linear over AY, or AY,,
though theleast robust of the 3 assumptions, is still reasonable.
Although De Stefano et al reported that NAA declines fastest
early in the course of the disease and slows down with the
transition from RR into the secondary progressive form,'? that
process may, in most patients, take many years, even decades.
A linear approximation initially, therefore, is reasonable when
patients are younger, when the future course of their disease is
least well known, and when they are more likely to benefit
from treatment.

Importantly, although this study estimates rates of decline
based on the above-mentioned assumptions, these rates can
only be validated in a longitudinal study. In such a study, each
patient would be assigned an estimated rate category based on
his or her WBNAA at entry, and his or her true individual
WBNAA decline rate would then be measured over time. Al-
though clearly important, such a study would require much
more time and a larger cohort to establish statistical power of
prediction. It would be even more interesting if the estimated
WBNAA decline rate predicted initially would not only be
validated longitudinally, but would also be correlated with the
clinical disability accumulated by these patients over time.

Conclusion

This study successfully reproduced the partitioning of a pop-
ulation of clinically similar RRMS patients into 3 separate co-
horts of cross-sectional WBNAA decline. This supports the
premise that the existence of different subgroups of NAA de-
cline rates is probably a general characteristic of RRMS. Be-
cause decreased NAA has been demonstrated in MS lesions,
and its decline is associated with neuronal dysfunction and
subsequent clinical disability, these 3 distinct rates of WBNAA
dynamics are likely to correlate with disease progres-
sion.'****If validated in a longitudinal study, WBNAA could
be used as a marker to predict each patient’s future disease
course, a forecast for which the current laboratory and clinical
markers are still inadequate.
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