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Longitudinal Whole-Brain N-Acetylaspartate

ORIGINAL
researcH | Concentration in Healthy Adults
D.J. Rigotti BACKGROUND AND PURPOSE: Although NAA is often used as a marker of neural integrity and health
I.I. Kirov in different neurologic disorders, the temporal behavior of WBNAA is not well characterized. Our goal
. . therefore was to establish its normal variations in a cohort of healthy adults over typical clinical trial
B. Djavadi i
periods.
N. Perry
MATERIALS AND METHODS: Baseline amount of brain NAA, Quaa, Was obtained with nonlocalizing
J.S. Babb .
proton MR spectroscopy from 9 subjects (7 women, 2 men; 31.2 = 5.6 years old). Quaa Was converted
O. Gonen into absolute millimole amount by using phantom-replacement. The WBNAA concentration was
derived by dividing Quaa With the brain parenchyma volume, V5 segmented from MR imaging.
EDITOR'S Temporal variations were determined with 4 annual scans of each participant.

CHOICES

RESULTS: The distribution of WBNAA levels was not different among time points with respect to the
mean, 12.1 £ 1.5 mmol/L (P > .6), nor was its intrasubject change (coefficient of variation = 8.6%)
significant between any 2 scans (P > .5). There was a small (0.2 mL) but significant (P = .05) annual
Vg decline.

CONCLUSIONS: WBNAA is stable over a 3-year period in healthy adults. It qualifies therefore as a
biomarker for global neuronal loss and dysfunction in diffuse neurologic disorders that may be well
worth considering as a secondary outcome measure candidate for clinical trials.

ABBREVIATIONS: CV = coefficient of variation; GM = gray matter; '"H-MRS = proton MR spec-
troscopy; MPRAGE = magnetization-prepared rapid acquisition of gradient echo; NAA = N-
acetylaspartate; Quan = absolute amount of NAA (millimoles); SNR = signal intensity—to-noise
ratio; Sg = reference NAA peak area; Sg = subject NAA peak area; VOI = volume of interest;

V8% = reference transmitter voltage; Vg

180°= subject transmitter voltage; VWWBNAA = whole-brain

NAA concentration; WM = white matter

he biochemical information obtained from "H-MR spec-

troscopy is often being combined with the anatomic infor-
mation from conventional MR imaging to provide a more
accurate snapshot of a variety of neurologic disorders.'”® This
is done via the levels of several "H-MR spectroscopy—detect-
able brain metabolites used as surrogate markers,* key
among which is NAA, the second most abundant amino acid
derivative in the mammalian brain.®® Due to its near-exclu-
sive localization to neurons and their processes, NAA is re-
garded as a marker for their health and density,” and its level
has been reported to decline in all neurodegenerative central
nervous system disorders in adults.'®"!

Due to the chronic nature of these diseases, they are often
studied serially.'*""* The cost and complexity of such studies in
humans, however, frequently limit their duration to a few
years, with many months between samples.'” Because the
NAA level in healthy subjects is the implicit reference for the
"H-MR spectroscopy component of such studies, it is impor-
tant to establish its temporal course in that population. This is
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typically done, out of convenience, by cross-sectional averag-
ing, with the assumption of neurologic stability.'®'”

Small single-voxel, or 2D multivoxel VOIs located over the
MR imaging—visible pathology are suited for "H-MR spectros-
copy studies of focal diseases.'®*° Even the 3D MR spectro-
scopic imaging methods that are recently becoming more
prevalent, especially for diffuse or multifocal disorders, rarely
cover >50% of the brain. Due to their restricted coverage,
these techniques require image guidance that subjects them to
several intrinsic limitations, albeit less so than smaller VOI
studies: 1) they must assume that changes occur only at MR
imaging—visible pathologies; 2) although registration pro-
grams are available, misregistration errors can still confound
serial studies; and 3) to eliminate lipid contamination from
bone marrow and subcutaneous adipose tissue, cortical areas
must be avoided or examined separately and with smaller
VOIs, which can be time- and labor-intensive.”' Fortunately,
WBNAA quantification, a short, simple, and easily imple-
mented sequence, addresses all of these issues by providing
global concentration (at a cost of localization). It has been
shown to decrease cross-sectionally in several diffuse brain
disorders while remaining stable in controls, as reviewed
recently.*

Although cross-sectional reproducibility is a necessary
condition for WBNAA to be used as a surrogate marker for
widespread neural loss in diffuse neurologic diseases, it is by
itself insufficient. To attain that utility, the normal temporal
variations in the healthy brain also must be established. Thus,
here we report on the WBNAA concentrations obtained both
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cross-sectionally and serially with annual scans in a cohort of
healthy individuals over 3 years from baseline.

Materials and Methods

Human Subjects

Nine healthy subjects (7 women, 2 men; 31.2 * 5.6 years old [range,
24—43 years]) were recruited for this study. Their “healthy” status was
based on negative answers to a questionnaire listing 28 neurologic
disorders before the examination and an MR imaging deemed “unre-
markable” by a neuroradiologist afterward. MR imaging and WB-
NAA were performed on each subject at enrollment and 12, 24, and 36
months afterward. All gave Institutional Review Board—approved
written informed consent, and the study was Health Insurance Por-
tability and Accountability Act compliant.

MR Imaging: Brain Volumetry

All experiments were done in a 3T whole-body MR scanner (Trio;
Siemens, Erlangen, Germany) by using a TEM3000 circularly polar-
ized transmit-receive head-coil (MRInstruments, Minneapolis, Min-
nesota). After each subject’s placement head-first supine into the
magnet, we used a chemical shift imaging—based automatic shim pro-
cedure to adjust the scanner’s first and second order shims to a con-
sistent 27 = 3 Hz full width at half maximum whole-head water line
width in 3—5 minutes.*’ Sagittal T1-weighted MPRAGE: TE/TR/TT =
2.6/1360/800 ms; 160 sections, 1.0 mm thick each, over a 256 X 256-
mm? FOV with a 256 X 256 matrix, followed for brain tissue volume,
Vg, estimation. GM, WM, and CSF were segmented from the
MPRAGE images by using SPM2 segmentation (Wellcome Depart-
ment of Cognitive Neurology, Institute of Neurology, London,
United Kingdom).>*** The resultant probabilistic GM and WM
“masks” for each section were summed on a pixel-by-pixel basis by
using our in-house software to yield V.

MR Spectroscopy: WBNAA Quantification

The whole-head 'H spectrum was obtained by using a nonlocalizing
TE/TI/TR = 0/0.94/10-second sequence,”® where the role of the long
TR >> TI and short TE = 0 is to ensure insensitivity to possible
regional T1 and T2 variations, which are typically unknown, espe-
cially in pathologies. The subject’s whole-head 'H spectrum was
phased manually by using an in-house IDL software (RSI, Boulder,
Colorado), and the edges of the Lorentzian shape of the NAA peak
were visually identified over the broad baseline of the macromole-
cules and other N-acetyl-bearing species that also resonate at 2.02
ppm.?” The identified NAA peak area, S, was then integrated by the
program, as shown in Fig 1. Six operators performed this task, each
blinded to the other 5 operators. An operator’s result more than twice
the SD from the group mean for that subject was rejected. If more than
2 were rejected, that set was deemed to be of insufficient quality and
excluded. Otherwise, the 4—6 “good” results are averaged into S and
converted into absolute amounts, Quaa, by phantom replacement
against a reference 3-L sphere of 1.5 X 10~ moles of NAA in water by
using subject and reference NAA peaks, Sg and Sy, as follows:*®

S 180°
1) Quar = 1.5 X 10*2-5—;xﬁ moles,

where V'8 and V'8 are the transmitter voltages into 50 () for
nonselective 1-ms 180° inversion pulses on the reference and subject,
respectively, reflecting their relative coil loading.

It is noteworthy that although several brain metabolites are visible
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Fig 1. Left, Sample annual serial T1-weighted MPRAGE images from the same subject
overlaid with their brain parenchyma mask (green) obtained by using SPM2 segmentation.
Note the mask correspondence with the underlying anatomy. Right, Serial whole-head
"H-MR spectroscopy spectra from the same subject at baseline and 12, 24, and 36 months
later. Note the high SNR in this spectrum, despite a short 2.6-minute acquisition (due to
the large volume) and the similarities among the 4 serial spectra, despite minor shimming
differences; more importantly, note that the peak areas, Ss, are all within =7%. Also note
that although other brain metabolites are also visible in the spectra, eg, choline (Cho),
glutamate (Glu), and creatine (Cr), only the NAA is implicitly localized to the brain by its
biochemistry due to the nonlocalizing sequence used.

in the whole-head spectrum (Fig 1), only the NAA is implicitly local-
ized by its biochemistry exclusively to neuronal cells, ie, to just the
brain.?®?° The presence of other metabolites (eg, creatine, choline,
glutamate) in all other tissue types precludes determining the brain’s
contribution to their signal intensity.

To account for natural brain size variations, the global NAA con-
centration, a specific metric independent of brain size, and therefore
suitable for cross-sectional comparison, was used:

2) WBNAA = Quuy/Vy mM.

Its intra- and intersubject variability has been shown previously at
better than +7%.212¢3°

Statistical Analyses

Mixed model analysis of variance was used to compare time points
with respect to the intersubject mean of WBNAA and V. WBNAA
and V; were used as dependent variables in separate analyses, with
time included in the model as a classification factor. The error vari-
ance was allowed to differ across time points to avoid the unnecessary
assumption of variance homogeneity. Mixed model regression was
used to estimate the rate of change in WBNAA and V; over time for
each individual subject as well as the mean rate of change for the entire
group. For all mixed model analyses, an autoregressive correlation
structure was used to account for statistical dependencies among the
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Fig 2. Boxplots showing the first, second (median), and third quartiles (box) +95%
(whiskers) of Vj (tap) and WBNAA (bottom) distributions at baseline and 12, 24, and 36
month follow-ups. Open circles (O) on each boxplot represent the individual subject’s
values for each metric at that time point. Note that all 4 WBNAA distributions are
statistically indistinguishable (P > .5), whereas the V;values exhibit a small but significant
group decline (P = .05).

longitudinal observations recorded for each subject. That is, observa-
tions were assumed correlated only when acquired from the same
subject and the strength of correlation between 2 observations was
inversely related to the time between them.

Restricted maximum likelihood estimation of variance compo-
nents in a random effects model was used to estimate the intrasubject
and intersubject variance components of WBNAA. These estimates
were used to compute the intrasubject and intersubject CV as the
square root of the relevant variance component expressed as a per-
centage of the overall mean of WBNAA.

The estimated between- and within-subject variance components
and the observed correlation between longitudinal measures on a
subject were used to compute the precision that can be expected when
the yearly rate of WBNAA change is estimated by using a linear mixed
model regression analysis over K equally spaced annual time points
over 4 or 6 years for each of N subjects. The computation was based on
the assumption that correlation between consecutive WBNAA assess-
ments is a nonincreasing function of the time between them; ie, they
are more likely to be similar when taken closer together on a given
person. This permitted a determination of the number of subjects that
would be needed to detect any specific annual rate of WBNAA change
with either 80% or 90% statistical power at the 2-sided 5% signifi-
cance level.

Results

Sample whole-head brain 'H spectra from 4 time points of one
subject: baseline and 12, 24, and 36 months are shown in Fig 1.
Boxplots of the V; and WBNAA concentrations of the entire

Table 1: Estimated sample sizes for 80% or 90% power at the
2-sided 5% significance level to detect specific yearly rates of
WBNAA change using K equally spaced annual scans

80% Power 90% Power

Yearly WBNAA Rate

of Change (%) K=4 K=156 K=4 K=26
2 207 104 276 139
4 54 28 Al 37
6 25 14 33 18
8 15 9 20 1
10 11 7 14 8

cohort are shown in Fig 2. At each time point, 1 to 3 WBNAA
datasets were excluded (not consistently of the same subjects)
due to failure of the quality criterion described above. Intra-
subject V5, shown in Fig 2, changed by an annual average of
—0.2 mL, which, though small in magnitude, represented a
significant decline (P = .05). WBNAA, shown in Fig 2, exhib-
ited similar mean NAA levels throughout, with average * SD
of12.7+ 14,129+ 1.9,11.9 = 1.8,and 12.2 = 2.1 mmol/L at
baseline and subsequent annual follow-ups. Its overall mean
was 12.1 = 1.5 mmol/L, with an intersubject CV of 9.8%,
similar to the ~10% reported previously.’!

The individual distribution of WBNAA values at baseline
was not significantly different from the follow-up points with
respect to its mean (P > .6), as shown in Fig 2. The intrasubject
WBNAA level did not change significantly over the course of
the study (CV = 8.6%; P > .5), nor did any individual’s WB-
NAA decrease significantly (P > .2 for all). Based on the ob-
served inter- and intrasubject variability mentioned above,
Table 1 prescribes the number of subjects (IN) needed to be
studied annually K times, to detect various annual %-WBNAA
change at either 80% or 90% statistical power. For example, n
= 14 subjects are needed to detect a 6% WBNAA change, with
K = 6 equally spaced annual measurements at 80% power.

Discussion

Quantitative MR metrics are now increasingly being used as
biomarkers in clinical trials of neurologic disorders.’*>’
Among the various requirements described recently by Miller’
of a biomarker for it to be considered as an “outcome mea-
sure” are its temporal reproducibility (in healthy control indi-
viduals) and by implication the conjugate metric—its sensi-
tivity to significant change when applied to individual
patients’ disease progression or treatment response. Our goal
therefore was to examine and quantify the intrasubject repro-
ducibility of the WBNAA method in a group of healthy indi-
viduals assumed to be stable in their global brain NAA con-
centration, and based on that metric, to also infer its sensitivity
to temporal change.

The results obtained demonstrate WBNAA’s potential as a
surrogate marker with respect to the reproducibility criterion.
Specifically, that neural integrity, for which NAA is an ac-
cepted marker,”*?® is statistically stable (as expected) in
healthy individuals to within the intrinsic precision of the
method,?® over the course of 3 years, as shown in Fig 2. Be-
cause WBNAA is normalized to V7, stable to within +0.25%,
as shown in Fig 2 and reported in the literature,*®*' the inter-
and intrasubject variabilities observed can be assigned entirely
to Quan; 16, they reflect the biologic and instrumental “noise”
of the spectroscopy part of the measurement.
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The normal temporal variations in healthy young and mid-
dle-aged adults (range, 18-50 years old) at 1.5T were already
reported in a study that was, however, subject to a higher
dropout rate.*? The present cohort was scanned more times (4
versus 2-3), and at a higher magnetic field (3T versus 1.5T),
with less attrition (10% versus 50%), and at more regular time
intervals (1 versus 2—3 years). The serial intrasubject variation
observed in this study is similar to the 7%—11% reported pre-
viously*>** that in turn was similar to the ~6% obtainable
with back-to-back scans.*

That the variations over a much longer time are of the same
magnitude is another indication that they reflect the intrinsic
precision of the method rather than real temporal fluctuations
in an individual’s brain physiology. This is further supported
by the fact that the variations reported here at 3T are similar to
those reported previously at 1.5T.>*** Because the WBNAA
sequence is “nonecho,” the NAA signal intensity suffers no
T2-losses at either magnetic field; therefore, its (already high)
SNR is doubled going from 1.5T to 3T. Because the SNR af-
fects the measurement precision®* and because a factor of X 2
improvement 1.5T to 3T makes negligible difference, this in-
dicates that biologic variations and not measurement noise
dominate the overall variability. The similarity of the serial to
the cross-sectional variability of the WBNAA suggests 1) that
they reflect the intrinsic reproducibility of the method and 2)
that within this approximately *7% precision, the global
NAA concentration in the brains of healthy subjects is compa-
rable and temporally stable.

The WBNAA variations reported here potentially impact
the design of studies that may use this metric as an outcome
measure. Specifically, Table 1 determines the number of mea-
surements, participants, and duration needed to detect a given
magnitude of WBNAA change. It also illustrates possible
trade-offs in these parameters given the study designer’s re-
cruitment, cost, and duration constraints. It is noteworthy, eg,
that to determine a 6% WBNAA change, smaller than the
10%—-20% reported for NAA in several neurologic disor-
ders,'>* with 80% power requires 4 annual time points (3
years) when using 25 subjects, a number that is usually avail-
able in a single site. For the higher 90% statistical power that is
often desirable in drug trials to reduce the risk of type Il errors,
the recruitment needs only rise to 33 subjects. Moreover, be-
cause it had been shown that, due to the use of absolute quan-
tification, the WBNAA distributions do not differ significantly
among scanners,”' recruitment across multiple sites is not
likely to detract from the general utility of Table 1.
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