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Abstract

Purpose—To determine if neurochemical concentrations obtained at two MRI sites using
clinical 3 T scanners can be pooled when a highly optimized, non-vendor short-echo, single voxel
proton MRS pulse sequence is utilized in conjunction with identical calibration and quantification
procedures.

Methods—A modified semi-LASER sequence (Tg = 28 ms) was used to acquire spectra from
two brain regions (cerebellar vermis and pons) on two Siemens 3 T scanners using the same Bg
and B4 calibration protocols from two different cohorts of healthy volunteers (N=24-33 per site)
matched for age and BMI. Spectra were quantified with LCModel using water scaling.

Results—The spectral quality was very consistent between the two sites and allowed reliable
quantification of at least 13 metabolites in the vermis and pons compared to 3 — 5 metabolites in
prior multi-site MRS trials using vendor-provided sequences. The neurochemical profiles were
nearly identical at the two sites and showed the feasibility to detect inter-individual differences in
the healthy brain.

Conclusion—Highly reproducible neurochemical profiles can be obtained on different clinical 3
T scanners at different sites, provided that the same, optimized acquisition and analysis techniques
are utilized. This will allow pooling of multi-site data in clinical studies, which is particularly
critical for rare neurological diseases.
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INTRODUCTION

Proton MR spectroscopy (*H MRS) is a non-invasive tool that allows the measurement of a
wide range of biochemical compounds in the brain in both health and disease. The method
has been demonstrated to be valuable in the evaluation of several common disorders of the
central nervous system, including tumors, neonatal hypoxia-ischemia, inherited metabolic
diseases, demyelinating disorders and infectious brain lesions (1). Because metabolic
alterations are thought to precede structural changes, MRS is likely to provide dynamic
biomarkers of neuronal dysfunction at an earlier stage of disease progression than structural
MRI. This is of even greater importance for therapeutic approaches for which a
neuroprotective effect is expected. However, unlike structural MRI, MRS has not gained
widespread acceptance as a routine clinical tool for diagnostic and prognostic purposes
(2,3). This is partially due to the relatively large variation in metabolite concentrations or
ratios reported from different sites (4-9).

As higher magnetic fields are becoming routinely available, the increased sensitivity and
resolution provided by them can highly benefit metabolite quantification (10-12) and
facilitate robust clinical applications of the technique. However, with this potential, the need
to standardize robust MRS acquisition and analysis methods is critical, as also emphasized
by a recent MRS Consensus effort (1). Such standardized MRS methodology would allow
pooling of data from multiple sites, which is particularly important for clinical research and
clinical trials in rare diseases. Prior multi-site MRS trials primarily have utilized vendor-
provided MRS sequences (PRESS and STEAM) and were able to quantify 3 to 5
metabolites, such as N-acetylaspartate (NAA), total creatine (tCr), total choline (tCho) and
myo-inositol (Ins) at both 1.5T and 3T (6-9).

Recently, optimized short-echo sequences such as SPECIAL (12) and semi-LASER (13)
were implemented on clinical platforms thereby allowing an extended neurochemical profile
consisting of both singlet and J-coupled metabolites to be measured. Therefore there is a
need to determine the between-site reproducibility of such profiles.

The aim of the present study was to examine the reproducibility of metabolite concentrations
measured in two brain regions using a short-echo, single-shot, full-intensity sequence with
identical experimental protocols at two different sites on clinical 3T scanners. A previously
described semi-LASER sequence (14) was utilized to achieve lower apparent T, relaxation,
minimal J-coupling evolution and smaller chemical shift displacement errors relative to the
standard PRESS sequence. Two relatively challenging brain regions were chosen for this
two-site comparison: cerebellar vermis and pons (15).
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METHODS

Two 3T whole-body Siemens Tim Trio (Siemens Medical Solutions, Erlangen, Germany)
scanners were used in this study; one located at the Center for Magnetic Resonance
Research (CMRR) in Minnesota and the other one at the Institut du Cerveau et de la Moelle
(ICM) in Paris. Age- and BMI-matched healthy subjects (Table 1) were enrolled after giving
informed consent according to procedures approved by the Institutional Review Board at
CMRR and by the local ethics committee at ICM. The standard body RF coil was used for
radiofrequency transmission and the 32-channel phased-array Siemens head coil was used
for signal reception. Soft pads were used to hold each subject’s head in place to minimize
head movement in the MR system. T1-weighted MPRAGE images (repetition time (TR) =
2530ms, echo time (Tg) = 3.65 ms, flip angle = 7°, slice thickness = 1 mm, 224 slices, field-
of-view = 256x176 mm2, matrix size = 256x256) were acquired to position the volume-of-
interest (VOI) for MRS measurements. By shimming was achieved using an adiabatic
version of FAST(EST)MAP (16), which is available as a work-in-progress (WIP) package
on the Siemens system.

Proton spectra were acquired using a modified semi-LASER sequence (T =28 ms, TR =5
s, 64 averages) (14) from two VOlIs: cerebellar vermis (10x25x25 mm3) and pons
(16x16x16 mm3). Voxel placement was based on anatomical landmarks. The fourth
ventricle, cervical spinal cord and the brainstem were used to separate the cerebellum. The
surfaces, lobes, lobules and fissures of the cerebellum were then used as landmarks in
positioning the voxel in the vermis. For pons VOI placement, the midbrain, fourth ventricle
and the medulla were used as landmarks.

The semi-LASER sequence (14) used in this study is a more compact version of the
originally published semi-LASER sequence (17). Briefly, the sequence consisted of a 2 ms
asymmetric slice-selective 90° pulse (18) followed by two pairs of slice selective adiabatic
full passage (AFP) pulses (4 ms duration, HS4 modulation, R25) (19), which were
interleaved, rather than applied sequentially, to improve suppression of unwanted
coherences with shorter spoiler gradient pulses. Water suppression was achieved with
VAPOR, which was interleaved with outer volume suppression (OVS) to suppress unwanted
coherences (18). A substantially lower chemical shift displacement error is obtained with the
semi-LASER sequence (3.6% /ppm for the slice-selective 90° pulse and 2% /ppm for the
AFP pulses) compared to the standard PRESS sequence provided on the Siemens platform
(12-13% /ppm).

B levels required for localization pulses and for water suppression were adjusted for each
voxel. Specifically, the RF power magnitude for the 90° asymmetric pulse was calibrated by
monitoring the signal intensity whilst increasing the RF power and choosing the RF power
setting that produced the maximum signal. The power for the AFP pulses was automatically
set relative to the 90° pulse. A similar procedure was carried out for the water suppression
calibration.

On the scanner, signals from individual coil elements were combined after correcting for
phase shifts between elements and weighting them based on the coil sensitivities (20) to
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generate a free induction decay (FID). Each FID was then individually saved for shot-to-
shot frequency and phase correction before averaging. Two non-suppressed water spectra
were acquired: one for eddy current correction (the RF pulses of the VAPOR scheme were
turned off) and one for use as reference for metabolite quantification (VAPOR and OVS
schemes turned off in order to eliminate magnetization transfer effects). To evaluate the
cerebrospinal fluid (CSF) contribution to each VVOI, fully relaxed unsuppressed water
signals were acquired at different Tg’s ranging from 28-4000 ms (Tr = 15 s) with the entire
VAPOR and OVS scheme turned off (21).

All spectral processing was performed in Matlab by the same person prior to LCModel
fitting. Eddy current correction was carried out first to correct for distorted line shapes and
zero-order phase. Individual shots affected by subject motion (based on water suppression
efficiency) were removed. Single-shot frequency correction was performed using a cross-
correlation algorithm and phase correction was performed using a least-square fit algorithm.
All steps were completely automated except for the removal of FIDs affected by motion.
Finally the summed spectrum was referenced based on NAA resonance at 2.01 ppm.

Spectra were then analyzed with LCModel (22) with the water scaling option (version
6.3-0G). The model basis set was generated based on density matrix formalism as described
before (23). The basis set also included macromolecule spectra, which were acquired using
inversion-recovery technique in 4 healthy subjects (total averages = 928, TR =255,
inversion time, T) = 0.75 s, VOI = 15.6 mL, 5 ms duration HS5 inversion pulse, occipital
cortex). Due to the shorter T, relaxation time of the methylene protons of tCr at 3.93 ppm
relative to other metabolite protons (24), this resonance was present in the metabolite-nulled
macromolecule spectra and was removed using a Hankel singular value decomposition
(HSVD) algorithm in Matlab. A 12.5 Hz Gaussian line broadening was also applied to the
macromolecule spectra after incorporating a reference peak at 0 ppm (see supplementary
material). No baseline correction, zero-filling or apodization functions were applied to the in
vivo data prior to the analysis. LCModel fitting (supplementary material) was performed
over the spectral range from 0.5-4.2 ppm.

Metabolite concentrations were determined after correcting for tissue water content and CSF
contributions in the selected VOI using the water-scaling option in LCModel. The transverse
relaxation times (T,) of tissue water and % CSF contribution to the VVOI were obtained by
fitting the integrals of the unsuppressed water spectra acquired in each VOI at different Tg
values with a bi-exponential fit (21), with the T, of CSF fixed at 740 ms based on
measurement of T, of water in a small voxel located in ventricles with the same semi-
LASER sequence (4 healthy subjects, T = 15 s, VOI = 0.125-0.360 mL, twelve Tg values
ranging from 28-4000 ms), and three free parameters: To of tissue water, amplitude of tissue
water, and amplitude of CSF water.

In order to obtain accurate metabolite concentrations, corrections must be made for T,
relaxation of both water and metabolites. In the case of semi-LASER, T relaxation is
slowed due to the Carr-Purcell (CP) conditions, and T, values under CP conditions must be
used for quantification. For water, these values can be estimated by correcting the free
precession T, value measured for the tissue water signal at different echo-times by a fixed
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factor to account for CP effects. A previous study compared water T, values measured with
LASER and CP-LASER sequences at 4T and 7T (25). Extrapolating from that study, we
assumed that the T, of water under CP conditions is 1.5x longer than the measured free
precession T at 3T. Signal loss due to T, relaxation of metabolites was neglected since the
apparent T» is sequence-dependent. This assumption is justified by the fact that metabolites
have longer T, such that correction factors would be small at Tg = 28 ms. Nonetheless this
choice will result in somewhat underestimated metabolite concentrations relative to the true
concentrations in tissue. A water content of 82% and 72% was used for vermis and pons,
respectively (26,27).

Metabolites that were quantified with Cramér-Rao lower bounds (CRLB) < 50% from at
least half of the spectra from a particular brain region were included in the neurochemical
profile. In addition, if the correlation between two metabolites was very high (i.e. correlation
coefficient r more negative than —0.7) in the majority of the spectra from a region, then only
their sum was reported, e.g. tCr (creatine + phosphocreatine) and tCho
(glycerophosphorylcholine + phosphorylcholine). If there was indication for pairwise
correlation with r from —0.5 to —0.7, then the concentration sum of the pair was reported in
addition to the individual metabolites’ concentrations, e.g. NAA, NAAG and total NAA
(tNAA, NAA + NAAG), as recommended by the LCModel manual, Jan 2013 (22).
Moreover, spectra with the associated water reference linewidth greater than 10 Hz were
excluded due to trends observed in overestimating aspartate and ascorbate and
underestimating glutamate in these spectra. Water linewidths > 10 Hz only occurred for
spectra acquired from the pons region.

RESULTS

Using the modified semi-LASER sequence with identical parameters and identical By and
B; calibration protocols on two 3T scanners, consistently high quality H spectra with
comparable peak signal-to-noise ratio (SNR) were obtained at both sites (Figure 1A, Table
1). No noticeable baseline distortions due to insufficient water suppression or contamination
by signals from outside the voxel, such as out-of-phase lipids, were observed. The peak SNR
in the pons was lower than in the vermis due to the smaller voxel size and lower sensitivity
of the receive coil in this particularly deep brain region. Examples of LCModel fits obtained
in both regions are illustrated in Figure 1B. No obvious residual was observed around 0.9—
2ppm region suggesting that the macromolecule spectrum acquired from the occipital cortex
is appropriate when fitting spectra from vermis and pons. This finding is consistent with a
recent study (28) which showed that the differences in macromolecule signal between gray
and white matter regions are relatively small and concluded that a general macromolecule
baseline provides sufficiently accurate neurochemical profiles.

At CMRR, pons data were not collected from 3 subjects due to poor By shimming in two
cases and subject movement in one case and 5 spectra were rejected due to the broad
linewidth criteria. Similarly at ICM, pons data from 8 subjects were not acquired due to poor
shimming and 2 spectra were rejected due to broad water linewidth. This was consistent
with the know challenges with shimming in the brainstem (29) due to the presence of the
sphenoid sinus. All spectra from the vermis were used in the final results (Table 1). Motion
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effects were minimal in this cohort of healthy volunteers and only one single-shot in the
vermis (out of 64) was excluded from the sum in one subject due to motion.

No statistical differences were observed in the spectral quality metrics, i.e. water peak
linewidth and SNR, as well as tissue water T, values between the two sites in both brain
regions (Table 1). CSF fraction was found to be slightly higher in the vermis VOI from
CMRR relative to ICM (P = 0.04). As expected, the T, of tissue water in pons was shorter
compared to that in vermis consistent with the fact that pons consists mainly of white matter
(30).

Using the unsuppressed water signal as an internal concentration reference and after
correcting for T, relaxation of water, tissue water and CSF contributions, the concentrations
of 17 metabolites were determined in the vermis using the reliability criteria described in the
Methods. Due to lower SNR and higher cross-correlation between metabolites in the pons
compared to the vermis (supplementary material), 13 concentrations passed the same criteria
in the pons (Figure 2).

The neurochemical profiles of the two brain regions were nearly identical between the two
sites (Figure 2, Table 2). A comparison of the metabolite concentrations from ICM and
CMRR in each brain region (i.e. vermis and pons) revealed no statistically significant
difference between the two sites using the analysis of variance (ANOVA). Similarly, no
differences were observed in the metabolite quantification precision (as determined by
CRLB) between the sites (Figure 2), as expected based on the similar spectral quality (Table
1). In the vermis, the mean CRLB for all singlets (NAA, tNAA, tCr and tCho), Ins, Glu and
Glc + Tau was less than 10% with the other metabolites having mean CRLBs less than 35%.
In the pons, NAA, tNAA, tCr, tCho and Ins were quantified with mean CRLB less than 5%
with other metabolites having mean CRLBs smaller than 35%.

When the relationship between the mean CRLB and between-subject coefficients-of-
variance (CV, SD/mean) was investigated for each brain region and each site (Figure 3), the
CRLBs were consistently lower than between-subject CV for the most reliably quantified
metabolites (CRLB <12%). For example, the between-subject CVs for tCr, tNAA, tCho,
NAA and Ins were in the range of 6-12% in both vermis and pons, while their CRLBs were
in the range of 2-5%, indicating that the method has precision to detect inter-individual
differences in these metabolites in the healthy brain (Figure 3, right). For other metabolites,
between-subject CVs and CRLBs were more comparable (metabolites that fall around the
identity line in Figure 3), indicating the measurement errors were comparable to or higher
than physiological, inter-individual differences.

DISCUSSION

This study demonstrates that nearly identical neurochemical profiles consisting of 13-17
metabolites are obtained in two different brain regions in relatively large healthy cohorts by
different operators at two MR sites. The acquisition of high quality MRS data from the
cerebellum and brainstem is particularly challenging due to their caudal location in the head
and broader intrinsic linewidths relative to other cerebral VOI (14,15). We were able to
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obtain high quality MRS data in a dual-site setting due the consistency of obtaining artifact-
free short Tg spectra using an in-house developed and highly optimized pulse sequence and
identical By and B4 adjustment protocols.

The relative metabolite concentrations within and between the two VOIs were consistent
with previous publications (14,31-34). Note that the concentrations reported are slightly
underestimated relative to their true tissue values since the effects of T, relaxation for
metabolites were not taken into account. This approach was chosen since apparent Tos are
pulse sequence- (35), brain region- (24) (also see water T5,s in Table 1) and metabolite-
dependent (36). While it is relatively straightforward to measure the water T, in each VOI
from all volunteers, acquisition of region-specific Tos for all metabolites in the reported
profiles was both outside the scope of this project and is not feasible in routine clinical
applications. Alternatively, a single correction factor could be identified based on literature
values for a different pulse sequence, however, this would almost certainly be inaccurate for
most metabolites reported. Note however that the systematic bias in metabolite
concentrations resulting from omission of the metabolite T, correction is inconsequential for
multi-site investigations provided that the same assumptions are used in the analysis of all
data.

Almost all multi-site trials on clinical scanners so far have only reported the concentrations
or concentration ratios of tNAA, tCr, tCho and Ins (the latter only measured at short Tg)
using LH spectra measured at short or long echo-times (6-9). Although the Tg of semi-
LASER used in this study is comparable to that of the vendor-provided PRESS sequence
(shortest Tg of 30 ms), the presence of the two pairs of 180° adiabatic pulses, which act as a
Carr-Purcell pulse train, helps to preserve the J-modulation and signal intensity of
metabolites (37). As such, the semi-LASER sequence enabled the quantification of at least
13 metabolites in the pons and vermis at each site, thereby showing the feasibility of
consistently measuring J-coupled metabolites in addition to singlet metabolites between
different sites.

Multi-site trials utilizing IH MRS have been challenging due to large variations in reported
metabolite concentrations between sites, even within each site. In such investigations the
within-site CVs ranged between 2-30% and between-site CVs were between 2—-35% for
singlet metabolites (5,6,9). These reproducibility issues might be related to various factors
such as the quality of the raw spectral data, number of subjects studied, reference used for
quantification or the stability of the MR scanner. On the other hand, multi-site studies that
have used metabolite ratios (e.g. tNAA/tCr or tNAA/tCho) have reported lower within-site
CV of less than 10% (38,39). Although quantifying ratios does not require corrections for T,
and water content and therefore is easier, it does not provide a clear understanding on how
individual metabolites change under different pathological conditions. For instance, tCr
concentration, which is generally used as an internal reference, was reported to change in
various neurological conditions (40,41).

In the present study, we took the more challenging approach of water scaling (also referred
to as “absolute” quantification). The within-site CV for singlet metabolite concentrations
was between 6-12% (Figure 3), which lies in the lower end of the CV range reported in
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prior multi-site investigations. Furthermore, the mean CRLBs, which indicate quantification
precision, were substantially lower (3-5%) than CVs for these metabolites, indicating that
the CV is dominated by between-subject differences rather than measurement errors. This
demonstrates the feasibility of detecting inter-individual differences in the healthy brain at
high field, consistent with our prior experience at 4T and 7T (11). Similarly, a recent two-
site 3T MRS imaging (MRSI) study using semi-LASER reported mean CRLBs of 6% or
less for tNAA, tCr, tCho and Ins in selected gray and white matter VOI in the cerebrum and
also demonstrated lower within-subject variation in these metabolites than between-subject
variation (13). No between-site CVs are reported in the present study since different subjects
were scanned at each site. However since the % difference in metabolite concentrations
between sites was very small, the between-site CV is also expected to be low.

The semi-LASER sequence was developed and optimized (i.e. spoiler gradients and OVS
parameters) at CMRR prior to the transfer to the ICM site. The only requirements to
successfully run the spectroscopy sequence was to adjust the first and second order shims
using FAST(EST)MAP and to calibrate the RF power required for the 90° and water
suppression pulses. This step was done in each study for each VVOI location because the
standard slice-based voltage adjustment done by the scanner once at the beginning of the
scanning session often under/overestimates the RF power required in the selected VOI. The
MRS data acquired at the two sites using widely available commercial hardware
demonstrates that non-vendor, ready-to-use MRS sequences can be shared among sites,
generating highly reproducible spectral quality. This is expected to facilitate robust, multi-
site MRS trials where large numbers of datasets can be acquired in a relatively short time.

The main limitation of the current study was that the reproducibility of neurochemical
profiles was tested at two sites utilizing an MR scanner and hardware from the same vendor.
For more generalized conclusions, it is critical to investigate across-vendor reproducibility
of neurochemical profiles in larger multi-site investigations. Such efforts were recently
reported in abstract form (42). Another limitation was the need to manually initiate the voxel
specific B4 calibrations; automating these steps as done in standard vendor-provided
packages is feasible and will be important for seamless application in the clinical
environment.

CONCLUSION

This dual-site study shows that a wide range of metabolites (singlet and J-coupled) can be
quantified on clinical 3T scanners with highly reproducible neurochemical profiles using an
in-house developed and highly optimized pulse sequence. These profiles can be pooled in
multi-site investigations provided that the same acquisition and analysis techniques are
utilized at all sites. Furthermore, within each site the between-subject coefficients of
variance for singlet resonances and myo-inositol were substantially higher than their CRLBS,
indicating precision to detect inter-individual differences in the healthy brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Typical proton spectra obtained from the cerebellar vermis and pons in two different

subjects at the two sites using semi-LASER (Tg =28 ms, TR =55, 64 averages) at 3 T. The
locations of the VOI are shown on the T1-weighted images. Spectra were processed with a 1
Hz exponential decay and 5 Hz Gaussian functions. Comparable spectral quality and pattern
are apparent for each region at both sites. B) LCModel fits of the spectra shown in A
without any apodization functions. From top to bottom: the in vivo spectrum, the fit, the
residual after subtracting the fit from the in vivo spectrum and the baseline.
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Figure 2.
Mean metabolite concentrations (in umol/g) and CRLB (in %) measured in the cerebellar

vermis (N =24 at CMRR, N = 33 at ICM) and pons (N =16 at CMRR, N = 23 at ICM) at the
two sites. Error bars represent inter-subject SD. tNAA: total N-acetylaspartate, tCr: total
creatine, tCho: total choline, Ins: myo-inositol, Glu: glutamate, Glc: glucose, Tau: taurine,
GSH: glutathione, sins: scyllo-inositol, Asc: ascorbate, Asp: aspartate, GABA: v-
aminobutyric acid, Lac: lactate, GIn: glutamine, NAAG: N-acetylaspartylglutamate.
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metabolites reported in Figure 2: CV and CRLB < 50% (left) and zoomed CV and CRLB
between 0 and 12.5% (right). The solid line represents the identity line.
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Demographics and spectroscopic parameters measured in two brain regions (values are given as mean + SD).

Subjects scanned (N)
Gender (male/female)
Age (years)

BMI (Kg/m?)
Vermis

Water linewidth (Hz)
T, tissue water (ms)
CSF fraction (%)
SNR of NAA*

Pons

Water linewidth (Hz)
T, tissue water (ms)

CSF fraction (%)

SNR of NAAY

CMRR ICM

24 33
13/11 15/18

53+15 48+13

26+6 25+4
N= 24 N= 33
8+1 71
80+8 807
11+5 9+4
56+5 59+9
N= 16 N= 23
8+1 8+1
67+ 4 68 +2
1+1 22
27+5 28+6

P-values”

052f
0.19
047

0.06
0.93
0.04
0.21

0.57
0.34
0.16
0.49

t

*

SNR was measured in the frequency domain and no apodization functions were applied to the data.

unpaired, two-tailed student’s t-test except when noted otherwise.

TChi-squared test.
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Table 2

Mean + SD metabolite concentrations (in umol/g) measured in the cerebellar vermis and pons at the two sites.

Metabolite Vermis Pons
CMRR ICM CMRR ICM

tCr 101+07 99+11 51+03 51+0.6
tNAA  9.1+05 89+05 103+05 10.3+0.6
NAA 86+05 82+05 8406 86+0.7
Ins 7.1+0.6 72+06 64%06 6.5+0.6
tCho 25%0.2 25+01 27+03 27%0.3
Glu 72%09 7307 44+%09 45+0.7
Glc+Tau 4.5+05 48+08 1905 23%0.6
GSH 16+0.3 1.7+03 09=%0.2 1.0+0.2
sins 05+0.2 04+02 05%02 05+0.2
Tau 24+04 25+04
Glc 21+06 2407 15%05 1.6+0.6
GIn 25%0.6 25+0.6
Asc 2.0+05 18+04 20x05 1.7+03
Lac 1.0+03 0.8+0.4
Asp 23+04 22+05 21+04 22+05
GABA 18+*05 1.7+£0.6

1duosnue Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

NAAG

06+0.1

0.7+0.2

19+04

1.9+04
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