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Abstract

Since the amino acid derivative N-acetylaspartate (NAA) is almost exclusive to neuronal cells in the
adult mammalian brain and its concentration has shown local (or global) abnormalities in most focal
(or diffuse) neurological diseases, it is considered a specific neuronal marker. Yet despite its
biological and clinical prominence, the relative NAA concentration in the gray and white matter
(GM, WM) remains controversial, with each reported to be higher than, equal to, or less than the
other. To help resolve the controversy and importantly, access the NAA in both compartments in
their entirety, we introduce a new approach to distinguish and quantify the whole-brain average GM
and WM NAA concentration by integrating MR-image segmentation, localized and non-localized
quantitative 1TH-MRS. We demonstrate and validate the method in ten healthy volunteers (5 women)
27+6 years old (mean + standard-deviation) at 1.5 T. The results show that the healthy adult human
brain comprises significantly less WM, 39+3%, than GM 60+4% by volume (p<0.01). Furthermore,
the average NAA concentration, in the WM, 9.5£1.0 mM, is significantly lower than in GM, 14.3
1.1 mM (p<0.01) with no gender differences (p>0.5).
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Introduction

The amino acid derivative N-acetylaspartate (NAA, see Fig. 1) was first described over fifty

years ago (Tallan etal., 1956). At up to 0.1% of the brain tissue wet weight, NAA is the second
most abundant amino acid in the human central nervous system (CNS) after glutamate (Baslow,
2003). The singlet resonance of the protons of its N-acetyl group is the most prominent peak

in the proton MR spectrum (*H-MRS) of the brain, as shown in Fig. 1, making it straightforward
to quantify non-invasively in vivo (Jansen et al., 2006). Since in the mature adult brain NAA
is almost exclusively localized in neurons and their processes (Baslow, 2003;Simmons et al.,
1991) and although its exact role(s) there are still unknown (Moffett et al., 2007), it is widely
considered a putative marker of their density, integrity and viability (Arnold et al., 2001).
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Indeed, among the resonances identified in neuro-1H-MRS, none has yielded more diagnostic
information than the NAA. Its regional (or global) concentration decline has been shown in
most focal (or diffuse) CNS disorders (Ross and Bluml, 2001; Schuff et al., 2006). To better
identify and quantify diffuse abnormalities, however, the global NAA concentration must be
known in the various compartments of the healthy CNS (Jansen et al., 2006), which to a first
approximation comprises gray and white matter and cerebrospinal fluid (GM, WM, CSF)
(Clark et al., 2006; Pfefferbaum et al., 1999b).

Despite its incontrovertible prominence, however, the NAA concentration of either
compartment of the healthy brain remains controversial. For example, a partial sample of the
literature shows NAA levels to be 1.2 — 1.5 times higher in GM by some (Doyle et al., 1995;
Lim and Spielman, 1997; McLean and Barker, 2006; Narayana et al., 1989; Noworolski et al.,
1999; Wang and Li, 1998). In contrast, others report the NAA concentration to be more than
1.1 fold lower in GM than in WM (Gideon et al., 1995; Hetherington et al., 1996; Schuff et
al., 2001; Soher et al., 1996; Tedeschi et al., 1995), while others find it to not differ significantly
between the two compartments (Kreis et al., 1993; Lopez-Villegas et al., 1996; Michaelis et
al., 1993).

The discrepancy may be due (at least in part) to a confluence of three problem areas: First,
neither single-voxel nor two or even three-dimensional (3D) 1H-MRS presently cover the entire
brain. Second, the sensitivity of IH-MRS is insufficient to fully resolve GM from WM. Finally,
most cortical GM is difficult to access since it is only 1 — 4 mm thick, tortuous and adjacent
to bone marrow and subcutaneous lipids whose signals may obscure the NAA’s (Moonen et
al., 1992). Consequently, the volume-of-interest (\VOI) must often be away from the skull and
even careful placement cannot eliminate partial GM/WM volume effects. Although some 1H-
MRS studies applied sophisticated tissue segmentation to account for it, they neither eliminated
it nor covered the whole brain (Stadlbauer et al., 2004; Weber-Fahr et al., 2002). These issues
combine to make the assessment of the total loads of the neuronal and axonal dysfunctions (in
the GM and WM) of diffuse neurological disorders inaccessible to the current 1H-MRS
methodologies.

To address the above issues, the goal of this paper is to introduce a new method that integrates
MRI segmentation, non-localizing whole brain NAA (WBNAA) and 3D 1H-MRS
quantification. to distinguish and quantify the average global NAA concentrations in the entire
GM and WM moieties of healthy volunteers. The rationale for such cohort is that absent a gold
standard then for purposes of validation, the precision must be established. Specifically, a
reliable method should yield the same WM and GM NAA concentration across all healthy
individuals.

As indicated above, lipid signal contamination renders 1H-MRS unreliable near the skull
(Moonen etal., 1992). Although the WBNAA method was developed specifically to overcome
this problem, it does so at the expense of localization (Gonen et al., 1998b), yielding the total
amount of NAA in the brain,

Onan=CpVp [1]

Cgisthe average NAA concentration over the entire brain tissue volume, V. Quaa is obtained
with WBNAA to within £6% (Benedetti et al., 2007; Gonen et al., 1998b) and Vg, from MRI-
segmentation, to within £0.5% (Clark et al., 2006; Mikheev et al., 2008). Unfortunately, the
WM contributions to Qynaa, cannot be separated from the GM’s since,

+V
QNAA:CWM ' VWM +CGM ' V(;M —B) CB:CWM : FWM +CGM (L= FWM)’ [2]
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where Vyyv and Vg are the WM and GM volumes (Vg=V\ym+Vgm) and Fyy =VWM/Vg the
WM fraction. Therefore, the two unknowns, Cy and Cgm, cannot both be derived from Eq.

2.

This problem can be resolved if a second equation with the same unknowns can be obtained
from another VOI, vy, in the same brain, as shown in Fig. 1. Then, in analogy with Eq. [2],

“Vyor
nan=Cwmt * Vau+Com * Vam » Cvor=Cnt * Jaa+Con - (1 = fane)s [3]

where gnaa is the amount of NAA in vyor, Viwms: Vom its WM and GM volumes and fyyy =
viwm / Vo, its WM fraction. Eq. [2] and Eq. [3] are linearly independent if in their vector form,

( CB )_( FWM (I_FWM) ) ( CWM )
Cyvor - S (A= fym) Com |’ [4]

the determinant of the 2x2 matrix #0. Fortunately, due to the brain’s GM and WM
heterogeneity, this condition is easily met if vy, is placed judiciously to comprise different WM
fractions than Vg, i.e., Fyy# fWM (cf. Fig. 1 and Fig. 2). Then, Eq. [4] has a unique solution
for the average global NAA concentrations of each moiety,

_CB'(I_fWM)_CVOI'(l_FWM). CVOI'FWM_CB'fWM

h wa - (= fuw) = _FWM).-fWM, GM_FWM'(] = Jaw) — (I =Fy) - fym [5]

Materials and Methods

Human subjects

Ten healthy subjects (5 women and 5 men) mean age 28.2+5.5 (range 22 — 38) years old, with
no history of neurological disorders prior to the scan and unremarkable MRI afterwards, were
recruited. Their demographics are given in Table 1. All were briefed on the imaging procedure
they were to undergo and gave Institutional Review Board approved written informed consent.

MRI — segmentation and volumetry

All measurements were done ina 1.5 T whole-body imager (Siemens AG, Erlangen, Germany)
using its standard circularly polarized head-coil. MRI comprised T1-weighted MP-RAGE: TE/
TR/TI: 7.0/14.7/300 ms; 128 slices 1.5 mm thick each, 256x256 matrix, 210x210 mm? field
of view. Image segmentation, using the MIDAS package (De Santi et al., 2001), started by
placing a “seed” region in the periventricular WM, to yield its signal intensity, ly. Following
selection of all the pixels at or above 0.55lyy\, a brain mask was constructed for each slice in
three steps: (i) morphological erosion, (ii) recursive region growth retaining pixels connected
to the “seed” region and (iii) morphological inflation to reverse the effect of erosion. An
example of the result is shown in Fig. 2b. Pixels of intensity below 0.55l\y, were defined as
CSF. The precision of this approach has been described previously (Rusinek and Chandra,
1993) and more recently as applied to T1-weighted imaging at 3.4% (Mikheev et al., 2008).

Next, the brain masks were truncated at the foramen magnum to incorporate the brain stem
and cerebellum but not the cord. The WM mask, e.g., Fig. 2c, was constructed as the subset of
all pixels with signal intensity over 0.87lyy, a value halfway between mean GM and WM for
this sequence. The GM mask was the difference between the all-tissue and WM masks (cf. Fig.
2d). The same procedure was also repeated in the VOI. Finally, Vg, Vwm: Vem: Yol YwMs
and vgy of Eq. [1] — Eq. [3] were obtained by multiplying the number of pixels in their masks
by their volume.
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MRS — Whole brain NAA (WBNAA) quantification

After shimming to a 12+2 Hz whole-head water linewidth, Qnana of Eq. [1] was obtained with
non-localizing, non-echo (TE/TI/TR= 0.0/0.97/10.0 s) 1H-MRS (Gonen et al., 1998b). Since
the TR»T4 and TE~O the sequence is insensitivity to T1 and T, variations. Quantification was
done against a reference 3 L sphere of 1.5x1072 mole NAA in water. Subject and reference

NAA peak areas, Ss and Sg, were integrated and Quaa Obtained as (Soher et al., 1996),
180
. -2 9s
Ouna=1.5x10""- SR V180 ———moles. -

V%" and V%" are the radio-frequency voltage into 50 Q for non-selective 1 ms 180° inversion
on the reference and subject, reflecting their coil loading, i.e., relative sensitivity. Note that
although the peak at 2.01 ppm also comprises N-acetylaspartylglutamate and other acetyl-
bearing species, since over 90% of it arises from the NAA (Baslow, 2003) we refer to it as
such for simplicity.

Localized 3D-1H MRS quantification

A PRESS based 3D 1H-MRS (TE/TR =135/1600 ms) was used to excite the image-guided 8
cm left-right (LR) x10 cm anterior-posterior (AP) x6 cm inferior-superior (1S) = 480 cm3 VOI
centered on the corpus callosum, as shown in Fig. 1 and Fig 2. It was partitioned with 3D hybrid
of 1D-8t order Hadamard with 2D 16, gx16ap chemical shift imaging (CSI) into 8
x10apx8)s = 640 voxels a nominal 0.75 cm?3 each (Gonen et al., 1998a). The protocol took
under 90 minutes.

The H-MRS signals were apodized with a 2 Hz Lorentzian, Fourier transformed along LR,
AP and time, Hadamard transformed in the IS direction and automatic frequency and phase
corrected in each voxel (Gonen et al., 1998a). The relative NAA amount in the j voxel of
each subject, Sj, was estimated from its peak area using parametric spectral modeling and least-
squares optimization (Soher et al., 1998). All Sjs were scaled into absolute, gjs, with phantom

replacement, as described above (Soher et al., 1996),
180°

=2 J s
q;=15x107" —- — moles
SR V180 7]

where Sg is the average phantom voxel NAA peak area. The gjs were adjusted for relaxation
time difference between the phantom in vitro and in vivo: Tl‘"“o—Tl vivo=] 4 s, T, Vitro/T,, vivo
~0.75/0.43 s (Inglese et al., 2003),
TE (T, - Ti/ilm) Tililro

Tz . T}/ilro T, ! i8]

qj=qj-|1-

Finally, all 640 VOI voxels’ gjs, were summed to yield qnaa of Eg. [3], as shown in Fig. 1.
The summation post frequency alignment improves both the SNR and spectral resolution, as
shown in Fig. 1, increasing the precision of metabolic quantification (Inglese et al., 2003). Note
that this approach assumes that a single set of T1 and T values are sufficient for accurate
quantification. For the former, it has been shown that for TR=1.2'T the signal, S; in Eq. [6],
varies <5% for to up to £40% variations in T1 (Goelman et al., 2006); and for the latter use of
asingle T, (GM and WM average) for quantification leads to Sj variations of less than 10%
(Zaaraoui et al., 2007).

Statistical analyses

An exact Wilcoxon matched-pairs signed rank test was used to compare the GM and WM
fractions, Fy\ versus Fgy of the total brain volume and their NAA concentrations Cyyy with
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Cem- An exact Wilcoxon rank sum test was used to compare these metrics between the genders.
Results were declared significant if associated with a two-sided p value of less than 0.01.

Results

Brain volumetry

Global brain, GM and WM volumes, Vg, Vivm, Vo, as well as their counterparts in the VOI,
Viwms Voms and the corresponding NAA amounts, Qnaa and qnaa, are given in Table 1 and
their distributions shown in Fig. 3. Note that the global Fy\ = 39+3% fraction (average £
standard-deviation) is indeed much different than the fyy\ = 70+4% in the VVOI, as required for
a unique solution of Eq. [4]. Furthermore, the global WM fraction, 39£3%, in this cohort is
statistically different from the GM’s 60+£4% with no significant sex differences (p>0.5), as
seen in Fig. 3. These data provide 95% confidence that the gender difference in median volume
is no greater than 163 cm3 for Vyyy and 438 cm? for the Vg

Brain NAA concentration

The NAA concentrations, derived from Eq. [5] using the whole brain and VOI NAA amounts
and the respective tissue fractions, are given in Table 1 and their distributions shown in Fig.
3. Overall the average global WM NAA concentration, 9.5£1.0 mM, is significantly lower than
the GM 14.3+1.1 mM (p<0.001) but with no gender differences (p>0.56), as seen in Fig. 3.
These data provide 95% confidence that the gender difference in median NAA concentration
is no greater than 2.6 mM for the Cyy\ and 2.4 mM for the G-

Discussion

While WBNAA provides an objective specific measure of disease burden over the entire brain,
it does so at the cost of complete loss of information on the regional distribution and severity
of the pathological processes (Gonen et al., 1998b). Although this is nevertheless useful for
monitoring several widespread whole-brain diffuse neurological disorders, e.g., multiple
sclerosis, HIV and trauma (Rigotti et al., 2007), other diseases involve predominantly the GM,
e.g., dementias, or the WM, e.g., leukodystrophies (Kingsley et al., 2006; Moffett et al.,
2007; Pfefferbaum et al., 1999a). Consequently, GM and WM may have different clinical
relevance and prognostic value as well as response to treatment. Yet despite nearly 20 years
of quantitative in vivo 1H-MRS and extensive literature, the NAA concentration in the GM and
WM of the human brain is still debated (Lopez-Villegas et al., 1996; McLean and Barker,
2006; Schuff et al., 2001). These compartmental difference motivated us to develop a method
to distinguish the global NAA concentration in WM from GM, presented here. Its main
departure from previous 1H-MRS techniques is the trade off of regional localization for global
coverage.

While the WM and GM variations in NAA concentration reported in the literature are not
necessarily surprising given the myriad acquisition and data analysis approaches employed,
brain regions studied, or the cohorts size, age or gender composition, this discordance makes
the task of validating a new methodology more difficult. This is because absent an accepted
“gold standard” for accuracy, leaves only the precision to be quantified. This is accomplished
here under the operational assumptions that in young healthy adults the NAA concentrations
of the WM and the GM should be (a) the same and (b) uniform. The ability of a method to
reflect this amongst different individuals, given the normal variations in brain volume and its
WM/GM fraction, constitutes validation and the variance in this cohort quantifies the
technique’s intrinsic precision.
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Indeed, the leading findings are that the reproducibility, quantitatively expressed by the
coefficient of variations (CV=100% xmean/SD) is 10.5% in the WM and 7.7% in the GM.
This is significantly better than the inter-subject CV~15% for NAA in localized MRS (Chard
et al., 2002; Li et al., 2002). In addition, the average NAA concentration in GM was
significantly higher than in WM, in agreement with high resolution in vitro MRS of animal
and human normal brain extracts (Florian et al., 1996; Petroff et al., 1989). Unlike in vivo MRS,
these in vitro studies can monitor the metabolism of neuronal and glial cells in relative mutual
isolation, yielding metabolites’” concentrations from almost “pure” GM and WM. Our findings
also agree with many previous in vivo 1H-MRS reports which used multivoxel localization and
rigorous segmentation (McLean and Barker, 2006).

Our study offers several improvements over the previous localized 1H-MRS reports. First, the
use of the WBNAA sequence eliminates the problem of bone marrow and adipose tissue lipid
spectral contamination, facilitating access to the entire cortex. In contrast, previous studies
using multislice MRS (even with surface coils that enjoyed good SNR and high special
resolution) investigated GM and WM NAA levels in limited brain regions providing important
but partial coverage (Lopez-Villegas et al., 1996; Noworolski et al., 1999). Second, the
excellent SNR from the large volumes (whole brain and ~0.5 L VVOI, see Fig. 1) improved the
precision (Li et al., 2002), as reflected by the CVs in Table 1. Third, these two large volumes
minimized, due to their smallest surface-to-volume ratio (SVR) the effects of GM/WM/CSF
partial-volume segmentation errors at the imaging pixel level to just inter-tissue interfaces.
This is compared with localized 1H-MRS where this error is incurred in each and every voxel
due to their (much) smaller SVR.

It is also noteworthy that the proposed approach is relatively insensitive to (unknown) T4 and
T, variations between the GM and WM or amongst different brain regions. Specifically, since
the WBNAA method employs a very long, TR=10 s, and very short, TE =4 ms, it sustains
negligible T, or T, weighting (Rigotti etal., 2007). As for the localized MRS component, recent
studies have shown that normal regional NAA T, variations in the human brain lead to less
than 10% variations is this metabolite’s quantification (Zaaraoui et al., 2007). As for the
dependence on tissue and regional T1s, its has been shown that for a 90° nutation the MR signal
changes by less than 5% for +40% variation (Goelman et al., 2006). Consequently, the proposed
approach is insensitive to either normal T4 or T variations.

Admittedly, the proposed approach also has several inherent limitations. First, since the
concentrations are global averages, (possible) regional variations are lost or ignored even
though it is documented that NAA concentrations in some GM, e.g., spinal roots, medulla,
pons and neurons involved in local circuits may be substantially lower than in the cortex and
in motor neurons (Baslow, 2002; Moffett et al., 2007). Consequently, local changes (if they
occur) are maximally diluted, i.e., the approach is insensitive to focal pathology. Given the
~10% CVs, changes must exceed 20% in either compartment in order to achieve statistical
significance, although such changes are often encountered in neurological disorders (Inglese
et al., 2004; Rigotti et al., 2007). Second, our cohort covered only two decades (20’s through
30’s) of the healthy human lifespan. While this range suits the demographics of some of the
common neurological disorders, such as MS, brain trauma and HIV, it does not others, e.g.,
Alzheimer’s or Parkinson’s diseases. Since it is reasonable to expect that the various aging
processes will affect the GM and WM of different individuals differently, it is reasonable to
suspect that the precision of the approach may degrade with progressive age for elderly
individuals. Finally, the small sample size (N=10) limits the generality of the reported findings
and the observed lack of a significant gender difference, therefore, may be a reflection of its
statistical power.
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Conclusions

High-resolution image segmentation together with whole-brain and localized 1H-MRS can
exploit the structural heterogeneity of the brain to yield its average global GM and WM absolute
NAA concentration. Since diffuse GM pathology is frequently the primary consequence of
neurological diseases and is often the underlying cause of its cognitive sequelae; the possibility
of assessing the (entire) cerebral cortex neuronal integrity is particularly attractive for
monitoring neuronal changes in both natural history and experimental clinical trials.
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Fig. 1.

Top, left: Schematic structure of NAA with the N-acetyl group giving rise to the singlet at 2.01
ppm circled (dashed line). Center: Whole-head 1H-spectrum. The NAA peak used for
integration in Eq. [6] is hatched. Right: Sum of 640 aligned spectra from all 640 voxels inside
the VOI with NAA area used for quantification in Eq. [7], hatched. Note the excellent SNR
and spectral resolution of the sum due to its pre-alignment. Bottom: Schematic depiction of
the two volumes used: Whole brain (circled region) and the 104px8; %65 cm3 PRESS VOI
used to set up Eq. [2] and Eq. [3], respectively.

Neuroimage. Author manuscript; available in PMC 2009 June 1.

PO T LA 7t e e — =




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Inglese et al.

Fig. 2.

Top, left, a: Axial T1-weighted image showing the geometry and placement of the PRESS
10apx8. g cm? VOI (solid frame). Top, right, b: Same as a but with the tissue mask generated
by the segmentation software (white trace). Note the accurate tissue/CSF differentiation.
Bottom, left, c: Same slice with only WM segmented and highlighted (all pixels intensities
above 0.55lyy). Bottom, right, d: GM mask, obtained as the b — ¢ difference highlighted. Note
the faithful tracing of the cortical ribbon and caudate at this level. All volumetry: Vg, Viym,
Vems Wols Vwims and vy described in the text and compiled in Table 1 were derived by
counting the pixels within the corresponding masks.
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Fig. 3.

Tgp: Box plots displaying the 25! and 75™ percentiles (box), median (line), 5 and 95t
percentiles (whiskers) and outliers (*) of the GM and WM brain volume fraction distributions.
Note the significant Fy vs. Fgm difference but not between the genders. Bottom: Box plots
of the average global NAA concentration in GM and WM, Cywm, Cgm, in millimoles overall
and of males versus females. Note the significant concentrations difference between the
compartments, but not between the genders.
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