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Abstract

Standardization of results is an important milestone in the maturation of any truly quantitative
methodology. For instance, a lack of measurement agreement across imaging platforms limits
multisite studies, between-study comparisons based on the literature, and inferences based on and
the generalizability of results. In GABA-edited MEGA-PRESS, two key sources of differences
between implementations are: differences in editing efficiency of GABA and the degree of co-
editing of macromolecules (MM). In this work, GABA editing efficiency x and MM-co-editing p
constants are determined for three widely used MEGA-PRESS implementations (on the most
common MRI platforms; GE, Philips, and Siemens) by phantom experiments. Implementation-
specific x,pu-corrections were then applied to two /7 vivo datasets, one consisted of 8 subject
scanned on the three platforms and the other one subject scanned eight times on each platform.
Manufacturer-specific x and p values were determined as: xgg = 0.436, Ksjemens = 0.366 and
®philips = 0.394 and pgg = 0.83, Usiemens = 0.625 and pppijips = 0.75. Applying the x,p-correction
on the Cr-referenced data decreased the coefficient of variation (CV) of the data for both /n vivo
data sets (multisubjects: uncorrected CV = 13%, x,l-corrected CV = 5%, single subject:
uncorrected CV = 23%, x,u-corrected CV = 13%) but had no significant effect on mean GABA
levels. For the water-referenced results, CV increased in the multisubject data (uncorrected CV =
6.7%, x,-corrected CV = 14%) while it decreased in the single subject data (uncorrected CV =

"Corresponding author at: Alberta Children’s Hospital, B4-512, 2888 Shaganappi Trail, NW, Calgary, AB, T3B 6A9, Canada.
ashley.harris2@ucalgary.ca (A.D. Harris).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harris et al. Page 2

24%, x,p-corrected CV = 21%) and manufacturer was a significant source of variance in the «,p-
corrected data. Applying a correction for editing efficiency and macromolecule contamination
decreases the variance between different manufacturers for creatine-referenced data, but other
sources of variance remain.

Keywords

GABA,; Multi-site; Editing efficiency; Cross-platform; Macromolecular co-editing; MEGA-
PRESS

1. Introduction

GABA-edited MRS is an important modality for studying inhibitory processes in normal
brain function and disease [1,2]. However, a lack of standardization of MRS editing
methods, in terms of acquisition parameters, reference compounds, and data analysis
methods, currently makes comparing data between studies difficult. With standardized
measurements and/or established post-hoc corrections, it would be possible to compare
literature data quantitatively between studies, strengthening the impact and scientific
potential of the data published.

One major reason why no concerted effort has been made to standardize quantification
methodologies is the heterogeneity of acquisition methodologies. Excluding alternative
pulse sequences such as J-PRESS [3] and MEGA-SPECIAL [4], there still remain many
different implementations of the MEGA-PRESS sequence [5], the most widely used method
for measuring GABA [6,7]. Therefore, differences in GABA quantification exist, even when
data processing methodologies are rigidly set.

The MEGA-PRESS pulse sequence is generally implemented starting from the vendor-
standard PRESS acquisition, incorporating the additional editing pulses and moving crusher
gradients. The waveforms and bandwidths of the slice-selective pulses therefore depend on
the vendor’s implementation of the PRESS sequence, and this results in different voxel
profiles for the excitation and refocusing dimensions. The minimum-achievable duration of
the first spin-echo (TE,) is also different between vendors. Additionally, the duration, shape,
bandwidth and timing of editing pulses differs between implementations. These various
parameters have a significant impact on the intensity and multiplet pattern of the edited 3.0
ppm GABA signal [6,8] as well as co-editing of other compounds (in particular,
macromolecule resonances (MM) which also resonate at 3.0 ppm). Overall, the differences
between GABA-editing sequences can be summarized by two metrics: (a) how much GABA
signal is produced (/.e. the editing efficiency), and (b) how much MM signal is co-edited.

Editing efficiency can be intuitively described as “the fraction of the total possible signal
that is observed in the edited experiment”, and the simplest experimental measurement that
would approximate it is the integral ratio between the edited difference spectrum and the
editing-on subspectrum. However, imperfections in coupling refocusing during the editing-
on experiment (whether due to chemical-shift-related inhomogeneities in coupling evolution,
sub-optimal editing-pulse timing or the evolution of couplings other than that refocused)
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make this a poor measurement of the true underlying editing efficiency. In this paper, we use
glycine as a reference signal, as it is not troubled by coupling evolution and is resolved from
the GABA signals. Thus, the editing efficiency (x) of GABA was measured as the ratio of
the edited signal in the difference spectrum to the signal of glycine in the same experiment,
which has no coupling and no overlap with GABA (correcting for differential relaxation of
the two signals). This was performed in phantoms containing GABA and glycine. If the
detected 3.0 ppm GABA signal is considered as a triplet and the central line of the triplet is
removed from the edited spectrum, the maximum editing efficiency would be 0.5. Losses in
editing efficiency can occur due to imperfect refocusing of coupling in the ON experiment,
e.g., if the editing pulses have reduced flip angle, are not separated by TE/2, or because of
imperfect evolution of coupling in the OFF experiment, as, for instance, can be caused by
chemical shift displacement effects [8,9].

As mentioned above, a second feature that impacts the acquired signal /n vivo s the co-
editing of MM [10-12]. Because co-edited MM signals overlap with GABA, the term
‘GABA+’ is commonly used to indicate the sum of GABA and MM. The GABA+ signal
typically includes a contribution of ~50% from MM, depending on pulse sequence
parameters such as the echo time and bandwidth of editing pulses. In this paper, p is defined
as the relative co-editing efficiency of MM signal; high values of pu (maximum = 1) indicate
non-selective editing (7.e. MM is co-edited with the same editing efficiency as GABA),
whereas highly selective (or deliberately MM-suppressed [4,10-12]) editing which does not
co-edit MM would have a y of 0.

The purpose of this study was to characterize three widely used [13—-20] implementations of
GABA-edited MRS acquisitions (typical implementations on GE, Siemens, and Philips
systems), and to use the results to normalize /in vivo GABA measurements across differing
implementations of the MEGA-PRESS sequence. No attempt was made to implement
identical pulse sequences on the three scanners. Currently-existing pulse sequences were
compared without modification, other than to homogenize data acquisition parameters as
much as possible. x and i were measured in phantoms on each platform, and it was
investigated whether correcting for these two parameters improved the agreement between
the three sequences for data acquired in healthy controls. This approach enables a thorough
investigation as to the underlying differences between the sequences using first principles.
Understanding differences between implementations is necessary to properly address
variance and discrepancies. Furthermore, the approach here provides a framework to account
for differences between implementations not evaluated in the current study.

2. Methods

MRS data were acquired on GE Signa HDx, Siemens Tim Trio and Philips Achieva scanners
all operating at 3 Tesla. Experiments were performed using either 32-channel (Philips,
Siemens) or 8-channel head coils (GE). The MEGA-PRESS pulse sequence for the Siemens
scanner was provided by Siemens (‘“Work-in-Progress’, WIP), whereas the GE [14] and
Philips [21] pulse sequences were provided by research sites. Schematic diagrams of the 3
sequences are provided in Fig. 1.
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2.1. Phantom preparation

A phosphate-buffered phantom was prepared containing 20 mM GABA and 20 mM glycine
(Gly). Gly was chosen as a reference compound because its *H-MR spectrum contains a
single resonance at 3.5 ppm [22], which will not evolve under any couplings and which does
not overlap with any of the GABA resonances. This phantom was used to measure the
editing efficiency of GABA (x) on the 3 scanners. In order to obtain a relaxation-
independent measurement of «, experiments to measure the longitudinal and transverse
relaxation times, T1 and T, of Gly and GABA in the phantom were performed.

2.2. Measurement of phantom GABA and glycine T, and T, relaxation times

As defined, x and p are independent of T; and T» relaxation. However, for the measurement
of relaxation-independent values of x and L in phantoms, relaxation that occurs within the
experiment must be addressed. While TE impacts both T, relaxation and +modulation, these
two processes are independent. Fcoupling of a spin system and the resulting +modulation of
a signal is defined by the molecule itself and not the environment (in vivo or in vitro) or
relaxation. Therefore the +modulation will be the same in a phantom as /n vivoand,
consequently, x will be the same /n vitroand /n vivo. Similarly, p describes the extent to
which the editing pulses invert other coupled resonances (in this case macromolecules), a
process that is independent of situation, /n vitro or in vivo. Thus while the total signal is a
function of relaxation, /modulation and co-editing, these individual processes are separable.
In the calculation of x and p (as performed below), to ensure these parameters are not biased
by relaxation in the experiment, we account for T, and T, of GABA and Gly in the phantom
measurements. The result is parameter estimates (x and u that are independent of relaxation
and thus can be applied to in vitro or in vivo data.

Using the Siemens Tim Trio, GABA-edited MEGA-PRESS spectra were acquired at a range
of relaxation times (TR) ranging from 0.6 to 20 s (0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 2.0, 2.4, 2.8,
3.2,3.6,4,5,6, 8, 10, 15, and 20 s) to determine T for GABA and Gly. Other experimental
parameters included: TE = 70 ms; 64 averages of 512 datapoints; voxel size = 8 cm3; editing
pulses of 15 ms duration applied at 1.9 ppm (ON) and 7.5 ppm (OFF).

These data were analyzed using in-house Matlab code, applying 8-Hz line-broadening, and
integrating the editing-pulse ON spectra from 2.68 to 3.31 for GABA and 3.37 ppm to 3.77
ppm for Gly. These integrals were fit to a single-exponential saturation-recovery model with
two free parameters, the fully relaxed integral and the phantom relaxation time constant T;.

Using the GE Signa HDx scanner, MEGA-PRESS GABA-edited spectra were acquired at a
range of echo times (TE) ranging from 68 to 350 milliseconds (68 ms, 70 to 280 ms in steps
of 10 ms, 315 ms and 350 ms) to determine the T, of GABA and Gly. Other experimental
parameters included: TR 2 s; 64 averages of 4096 datapoints; 5000 Hz spectral width; voxel
size = 8 cm3; editing pulses of 14 ms duration applied at 1.9 ppm (ON) and 7.5 ppm (OFF).
The phantom editing-ON spectra give GABA signals that are not (to a first approximation)
modulated by J-coupling. So, the editing-ON spectra can be fit to estimate the T, of the 3.0
ppm GABA resonance. The log of these integrals were fit to a linear model with two free
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parameters, the y-intercept and the inverse of the phantom relaxation time constant T,. This
approach has been previously applied to measure GABA T [23].

2.3. Determination of editing efficiencies x in the phantom

The editing efficiency for each scanner (x;j) was calculated according to:

L exp(=TE/T, ., )1—exp(TR/T, )

__ "GABA,DIFF

Ri=
IGly.OF‘F‘exp(_TE/TZ,GABA )(1_exp(TR/T1.GARA ) (]_)

where lgapa pIrr is the area of GABA in the averaged difference spectrum (/.e. the
difference between the ON-spectrum and the OFF-spectrum, divided by two) and Igyy,oFF is
the integral of Gly in the time-averaged OFF spectrum. This is simply the ratio of the
relaxation-corrected GABA difference signal to the relaxation-corrected glycine signal.

2.4. Determination of MM co-editing ratios p in the phantom

Co-editing of MM was quantified as the relative editing of the 1.7 ppm MM peak, defined as
K. To measure (4, on each of the three systems the edit-ON frequency was varied from 1.9
ppm to 1.3 ppm in increments of 0.04 ppm. The resulting signal was fit with a Gaussian
curve and the amplitude at an offset of —0.2 ppm (/.e., equivalent to 1.7 ppm, the shift of the
MM resonance from the GABA resonance) was used to determine ;. It should be noted that
the parameter | is not the absolute editing efficiency; rather, it is the fraction of maximal
(on-resonance) editing efficiency that occurs at an editing frequency offset of —0.2 ppm (Z.¢e.,

Hi = lcasa on(offset = —0.2)/Igaga on(offset = 0)).

2.5. In vivo experiments

GABA-edited data were acquired from a 3 x 3 x 3 cm3 voxel in the right sensorimotor
cortex in 8 individuals (4 male, 4 female, 37 £ 8 y), each scanned on the three scanners and
additionally in one individual (male, 26 y) who was scanned eight times on all three
scanners. For the multisubject data, the same two operators performed all scanning on all
scanners and both agreed upon voxel placement for each scan. For the single subject data, a
third operator performed scanning on one of the platforms. This operator provided
screenshots of the voxel placement for the other two operators to place the voxel when
scanning on the other platforms. All participants had been scanned multiple times prior to
participating in this study. Ethical approval was obtained from local IRBs, and all
participants provided written informed consent. The common acquisition parameters were:
TRI/TE = 2 s/68 ms; 320 dynamics alternating ON-OFF every 2 averages.

The GE and Philips acquisitions acquired 4096 points, sampled at 5 kHz and used editing
pulses of 14 ms, while Siemens was 2048 points at 2 kHz and 15 ms editing pulse duration.
First- and second-order shimming were performed on the Philips and Siemens scanners,
whereas only first-order shimming was applied on GE. Water suppression was achieved
using: VAPOR [24] on Philips; a modified WET using CHESS pulses [25] on Siemens; and
CHESS [26] on GE.
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All jn vivo data were processed using ‘Gannet 2.0’ [27], applying 3-Hz line-broadening,
spectral registration for frequency and phase correction [28], zero-filling to 32 k points, and
fitting the 3.0 ppm peak with a Gaussian function and linear baseline correction. Note,
because the export routine used for the Siemens scanner already averaged ON and OFF
subspectra, frequency and phase correction has limited impact on spectral quality for this
sequence. For the other 2 sequences, individual dynamics were exported separately, which
allows for more effective frequency and phase correction.

In correcting for differences in GABA and MM editing efficiency, it was assumed that the
GABA signal generated by a sequence was proportional to «, that the MM signal generated
by a sequence was proportional to x, and that the fraction of /in vivo signal that is MM
acquired using the Philips scanner and implementation is 50%, based on previous data
acquired with and without MM suppression [10]. Based on these assumptions, the x,u-
correction factor to account for inter-sequence differences is:

I’LPhi]ips/H(l’LPhi]ips+I’Li)7 2

where 7designates the sequence (GE, Siemens or Philips). This factor simplifies to
1/2xppijips for the Philips sequence.

The estimated fraction of the /n vivo signal that originates from GABA (7gapa) iS given by:

fGABA ,“thps/(.uphmps i), 3

and the estimated fraction of the /n vivo signal that from MM (#n) is given by:

Sy :u‘i/(lul"hilips +411)- 4)

Relative GABA levels (in institutional units) were estimated relative to the brain water signal
using two approaches: 1) using the same values of x = 0.5 [6,10] and MM correction factor
of 0.45 [6] for all data; and 2) using the phantom-determined, sequence-specific x and p
corrections (referred to as x,y-corrected GABA levels). Quantification of water-referenced
data was therefore determined by the equation. [6]:

—TR —TE ILLP}L’[li s
e (Tl.H2U> “r <T2,H2()) ) /(M—'—ﬂ‘”h”ips)

S
[ GABA]=—C424[ Hy0|(detect ;) X X
SH2O 1—exp (TfTR > exp (TfTE ) Kj
1,GABA 2,GABA

®)
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where Sgapa and Sppo are the areas of the GABA and water peaks, respectively. The
assumed constants are: pure water concentration, [H,0] = 55,000 mmol/dm3; the fraction of
water, including the bound and free water, that is detected in the experiment (detectyoo) =
0.65 [29,30]; water T1 and T 1.1 s and 0.095 s, respectively [31]; and GABA T4 and T,
0.80 s (intermediate between MM [32] and GABA [33]) and 0.088 s [23], respectively.
These constants are assumed as representative values for the entire voxel, as tissue content
was not accounted for in this experiment. GABA/Cr was also quantified, and corrections for
sequence-specific x and p were performed according to

thi,lip.s/
[ GABA] = SG/‘BA Pit K priips .
SCr Kj (6)

2.6. Statistics

3. Results

The mean and variance of measured GABA across the subjects was calculated and compared
for the sequences. Coefficients of variation (CVs) were determined for each sequence as the
standard deviation across the subjects compared divided by the mean. To compare the mean
GABA levels across the three sequences, two 2-way ANOVAs examined the impact of the
vendor-specific sequence implementation and the application of the correction factor on the
water-referenced and on the Cr-referenced data. Follow-up 1-way ANOVAS tested for
differences across the means with and without the correction. Levene’s tests compared the
variance (normalized by the means) across all vendors between the uncorrected and the
corrected GABA levels for both the water-referenced and the Cr-referenced data.

3.1. T and T, of GABA and Gly

As shown in Fig. 2A, single-exponential saturation-recovery models gave good fits to the
data for both GABA and Gly. The phantom longitudinal relaxation time constants were
measured as 2.64 s for Ty gjy and 1.84 s for T; gaga. As shown in Fig. 2B, single-
exponential transverse decay models also gave good fits to the data for both GABA and Gly,
with 446 ms for T; |y and 248 ms for T, gaga. Therefore, phantom signals acquired at a
TR of 2 sand a TE of 70 ms are relaxation-weighted by a factor of 0.500 for GABA and
0.456 for Gly, and the relaxation-weighting differential between GABA and Gly is 1.10.

3.2. Determination of x and u

The editing efficiency, «, was determined to be 0.43, 0.34 and 0.39 for GE, Siemens and
Philips, respectively. MEGA-PRESS difference spectra acquired at a range of offsets: 0 to
-0.6 ppm on each platform are shown in Fig. 3A. The area of the GABA peak is shown in
Fig. 3B with a Gaussian model of best-fit. Based on the relative editing efficiency of the
GABA signals at an editing offset of 0.2 ppm, the relative MM editing efficiency ratio y was
measured to be 0.83, 0.63 and 0.73, for GE, Siemens and Philips, respectively. These values
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correspond to an edited signal that is estimated to be 0.47:0.53, 0.54:0.46, and 0.5:0.5 ratios
of fgapa:fmm for GE, Siemens and, Philips respectively.

3.3. In Vivo measurements

One Philips dataset from the multiple subjects and two of the Siemens data sets from the
single subject with multiple repeats was removed due to poor spectral quality, as indicated
by excessive subtraction artifacts that could not be resolved with retrospective frequency
correction. Example /in vivo spectra from one individual are shown in Fig. 4. Linewidths of
both GABA and Cr were similar between vendors (Fig. 5). Using the x and p values from
the phantom data, /77 vivo GABA measurements were «,u-corrected (Fig. 6 and Table 1). The
CV of the mean across the sequences for the 8 subjects shows an increase in CV for water
referenced results (uncorrected CV = 6.7%, x,lu-corrected CV = 14%) and a decrease for Cr
referenced results (uncorrected CV = 13%, «,u-corrected CV = 5%). The CV of the mean
measures across the sequences decreases for the single subject in GABA measures
referenced to water (uncorrected CV = 24%, x,l-corrected CV = 21%) and referenced to Cr
(uncorrected CV = 23%, «,u-corrected CV = 13%).

For the multisubject data, for the water-referenced GABA data, the 2-way ANOVA indicated
that both the sequence implementation (p = 0.002) and the correction factor (p < 0.001) were
significant factors of variance. For the Cr-referenced GABA data, only the correction factor
(p<0.001) is a significant factor of variance. In the follow-up 1-way ANOVAs examining
the uncorrected GABA data, sequence implementation was not a significant factor of
variance for water-referenced data (0 = 0.09) while it was a significant factor of variance for
the Cr-referenced data (o = 0.003). When examining the «,u-corrected data, water-
referenced GABA levels were significantly different across the different sequence
implementations (p < 0.001) while Cr-referenced GABA levels were not significantly
difference across the different sequences (p = 0.3). For the single subject, with multiple
repeats, the sequence implementation and correction factor were highly significant (o <
0.001) and all follow-up 1-way ANOVASs showed the sequence implementation was a
significant factor of variance.

Levene’s tests showed that there was a significant difference in variance between the
uncorrected and the corrected GABA levels for the water-referenced data (o= 0.04) and a
non-significant decrease in variance for the Cr-referenced data (o= 0.4). For the single
subject, there was a no difference in variance water-referenced data and a significant
decrease in the Cr-referenced data (v = 0.046).

4. Discussion

Three commonly-used implementations of the MEGA-PRESS [5] sequence, as applied for
the detection of GABA, were compared. The three sequences differed substantially in
editing efficiency and co-editing of MM. The GE sequence showed the highest editing
efficiency and the greatest co-editing of MM. The Siemens sequence produced the least
amount of MM contamination. Using the editing efficiency and MM co-editing values from
calibration experiments in phantoms, it was possible to improve agreement between
scanners for GABA/Cr ratios in 8 healthy control subjects and for the GABA/Cr and the
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water-referenced GABA levels in a single subject who was scanned 8 times on each of the
three platforms.

Losses in editing efficiency may arise both from the ON and OFF halves of the experiment.
In the case of the ON experiment, one major factor is the extent to which the coupling
evolution is perfectly refocused at the point of acquisition. This largely depends on the
timing of the editing pulses — they are spaced by exactly TE/2 or 34 ms in the GE and
Philips sequences, but only approximately separated by TE/2 in the Siemens sequence (27.2
ms). This results in an ON signal that is less positive than it might be, and therefore losses in
the difference (ON-OFF) signal. Losses in the OFF experiment arise from spatial
heterogeneity of the coupling evolution [8,9,21], and due to the fact that the four couplings
between spins at 1.9 ppm and 3.0 ppm are not equal so a single TE cannot capture all four
fully antiphase. This results in an OFF signal that is less negative than it might be, and
therefore, losses in the difference (ON-OFF) signal. A further difference between sequences
is the extent of editing of the center peak of the 3 ppm signal, which has been discussed
previously [6]. All three sequences have different editing pulse profiles, each making
compromises between bandwidth and off-resonance editing, leading to different editing
selectivity profiles and p-factors.

The term ‘editing efficiency’ can be defined in several ways; in this paper, it is defined as the
fraction of the perfectly refocused signal acquired at the same echo time. In order to derive
editing efficiencies of approximately one half, the maximum value if the 3-ppm GABA
signal is considered a simple triplet, the averaged difference (ON-OFF)/2 must be integrated
and compared to the ideally refocused signal. Editing efficiency may also be calculated by
numerical simulations; although, this would require simulations of sufficient complexity to
capture all inter-sequence differences, and will also depend on the accuracy of spin-system
parameters used [34]. Therefore the experimental approach used here appears more
practical.

Differences between sequences, while not negligible, are sufficiently small that a reasonable
level of agreement exists between /n vivo measurements prior to correction (Fig. 6).
Statistical analysis of the Cr-referenced data examining the x,-correction and the sequence
implementation as factors showed only the correction had a significant impact. After
applying the x,u-correction the increased agreement between the measurements is
pronounced and supported by the one-way ANOVA analyses that showed sequence
implementation as a significant factor of variance in the un-corrected data and that it was not
a significant factor in the «,u-corrected data. A similar pattern is seen in the single-subject
data when looking at Fig. 6, while some consistency exists prior to correction, after
correction there is greater consistency amongst the GABA/Cr data. However, in this case the
ANOVA analysis maintains a significant difference between the three sequence
implementations. The water reference data is not as clear; the Siemens and Philips
implementations appear consistent with each other after correction while the GE data
appears low (Fig. 6). Interestingly, prior to correction, the Siemens and the GE data appear
more consistent. The two-way ANOVA indicates both the application of the x,u-correction
and the vendor are significant factors and one-way ANOVA confirms the sequence is a
significant factor of variance after the x,u-correction on the water data. In the single subject
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data, the GE and Siemens data are very consistent after correction; however, the Philips data
agrees less well.

In spite of unexplained sources of variance that remain after the x,y-correction, this study
explicitly quantifies the editing efficiency and co-editing of macromolecules across 3
implementations of the GABA-edited MEGA-PRESS sequence. Correcting for these
differences between implementations is an important initial step as to reconciling differences
in GABA levels between these implementations, and the success in reducing the CVs for the
both sets of the GABA/Cr data and the single subject water-referenced GABA data supports
this approach. The increase in variance in the multi-subject water-referenced data after
correction indicates there are other sources of variance that have yet to be identified and
incorporated into the correction.

Although MRS aims to quantify metabolite levels, measurements are ‘relative’, and are
usually presented as integral ratios to another signal originating from the same region of
interest - either a metabolite, typically creatine (Cr), or water (often expressed in
‘institutional units’ after further relaxation correction) [6]. The benefit of the x,u-correction
is seen quantifying relative to Cr, but not as obviously in the water-referenced results. One
explanation is that the measured correction factors improve scanner-to-scanner
comparability of GABA signal quantification, and the discrepancy is in the water signal or
the processing of the water data. The mathematical development of the «,u-correction is
independent of the referencing, so this correction cannot address patterns of sequence-to-
sequence variance that differ between water-and Cr-referenced measures. This discrepancy
must be further investigated to improve the inter-implementation corrections for reliable
comparisons between platforms.

It has previously been shown that Cr referencing can result in slightly improved
reproducibility of GABA measurements [35], in spite of the fact that the Cr signal has a
lower SNR compared to the water signal that is presumably due to the benefit of acquiring
the reference at the same time as the GABA data and challenges associated with water
referencing. Resolving the ideal reference for MRS data remains an issue. While Cr-
referencing is being increasingly challenged because Cr levels can change with pathology
(e.g [36,37].), the same may also be true of the water signal. Water has a large signal and is
easily modeled but it requires the acquisition of additional TRs and requires correction for
cerebrospinal fluid water. The Cr signal is acquired with the metabolite signal however is not
as large and is more complex to model. The results of the current study indicate water
referencing may have additional sources of variance between implementation and we believe
that progressing both referencing approaches is important.

There are relatively few studies that have attempted to reconcile MRS measures across
sequences [38,39], even for unedited single-voxel spectra, and they have generally only been
moderately successful. More recently, an MRSI between manufacturer comparison using the
same sequence generally found the concordance of the primary singlet metabolite levels;
however, it did depend on the region (i.e, temporal, occipital, frontal or parietal lobe) and
metabolite ratio of interest [40]. The difference method of the MEGA-PRESS sequence may
“hide” some inter-sequence differences and the discordance across sequences/manufacturers
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of the typical PRESS sequence suggests that accounting for all inter-sequence differences is
challenging [38].

There are differences between the sequences that are not captured by the x,u-correction.
Firstly, there are scanner-to-scanner differences in B field stability, depending on the power
and cooling efficiency of gradient systems and the amount of passive shim iron within the
magnet bore, which will impact the level of frequency drift during an MRS acquisition [41].
Although post-processing frequency and phase correction can reduce the impact of such
effects, they do still have an impact on measurements — for example, they do not address
changes in editing efficiency that occur as a result of the editing pulses no longer being
applied on-resonance. Secondly, in addition to sequence differences in the underlying
lineshape, /n vivo differences such as quality of shimming (in vivo linewidth) and baseline
shape (due to, e.g., quality of water suppression) can impact the modeling and quantification
of signals. Thirdly, there are additional different processing steps that are included by the
sequences. For example, different eddy current corrections are applied, and the Siemens
RDA data format averages all the ON and OFF subspectra prior to export, limiting the
impact of retrospective frequency corrections. While this limitation can be overcome by
using exports in which each average is saved, this data format was not possible for the data
collection in this study. Finally measurement reproducibility will influence these results but
is not accounted for in the «,u-correction. Most recently, Shungu et al. [42] showed excellent
test-retest GABA repeatability for both water-referenced and Cr-referenced data. In the
literature, reproducibility of measurements is variable with test-retest studies presenting CVs
from as low as 5%, as per Shungu et al., intermediate values of 8-15% as seen by Evans et
al. [14] and O’Gorman et al. [43], to larger values 13-20%, as seen by Bogner et al. [35].
Test-retest reproducibility may vary between vendors and analysis methods, and by the
compliance of subjects recruited, but this is beyond the scope of the current study.
Consistency of voxel placement is another factor in measurement reproducibility [44].
Unfortunately we do not have access to the T1-weighted anatomical images to compare
voxel placement and therefore are unable to control for the white matter and gray matter
content of the voxel. A second limitation of not having the T;-anatomical images for
segmentation is the assumption of the detectable water as well as T and T, relaxation times
used in the calculation of the GABA levels relative to water. Consistent with standards in the
literature [6], we have used constants to represent the entire voxel, for example the fraction
of detectable water of 0.65 was originally measured in white matter. Additionally, the
current study was not designed to account for environmental factors such as stress, comfort,
brightness of the room, presence of a sound system, temperature, time of day, or other
identified factors that have the potential to alter GABA levels, or natural within-subject
fluctuations of GABA.

In conclusion, differences in MEGA-PRESS sequence implementation result in differences
in GABA editing efficiency and MM co-editing. These differences can be summarized by
two parameters, x and |, that can be measured from phantom experiments. Correcting for
these parameters results in an improvement in agreement between GABA measurements
made using sequences implemented on the three main scanner manufacturer platforms
though the resolution of cross-platform differences is not yet complete. In particular further
investigation is warranted to understand water-referenced differences that remain.
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Schematic pulse sequences of the MEGA-PRESS pulse sequence as implemented on each of

the 3 scanners in this study.
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(A) Stacked plot of the phantom MEGA-PRESS ON spectra from the TR series (TR varied
from 0.6 to 20 s) and calculation of T1 for 3.5 ppm glycine peak (Gly) and 3.0 ppm GABA
peak GABA. (B) Phantom spectra for TE series (TE varied from and calculation of T, for
Gly and GABA).

Magn Reson Imaging. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Harris et al. Page 16

|

f, # | f | 1 | Philips Editing pulse duration 14 ms
\‘ M‘ HJ I ,l‘l ﬂf 1l

| VY

1 O O P

L ‘ LA ‘J'}"““ mw ’#I;\ I / J“ N "‘ j F 1

[ [ b/ /! I ,“r WAL (] i o /L N, /LI I I Y,
Y vw/ ‘.Vm’ AR S ‘A,.J ™M, J‘ i l‘“J W | [ fu“w’ [ | \m'fl‘ | Lw’.«r ;\ ‘,.“v'u;‘-.\'q'\\ ‘fm

"‘j \f l\;J “g: \ v !

0.0 -0.04 -0.08 -0.12 -0.16 -0.2 -0.24 -0.28 -0.32 -0.36 -0.4 -0.44 -0}48 -052 -0.56 -0.6

Offset / ppm

| - ;

' !f‘ J\ ! f GE Editing pulse duration 14 ms
M | P\‘ !i‘ f.“ i Ll "

i H"l \ | | Vet Tt 1 |

T O Y

‘: | [V ‘ J\J (V| ,J"’ ‘U\“ 1L 1‘} Il J\ il ﬂ '\ | 1
L R L Y IR
1 L oad \ \ ] [\ J ! [ J “ \ AL jl"l‘ ”‘lu;‘ ““‘w“ ‘Hu‘ ‘.!‘1
N W \f#ﬂv( Y \'LN W W Wa A\ W/ N AV \J AN 'l.':‘l A V o/ 1\/ L

b.O -0.04 -0.08 -0.12 -0.16 -0.2 -0.24 -0.28 -0.32 -0.36 -0.4 -0.44 -0.48 -0.52 -0.56 -0.6

Offset / ppm
]
A | H ] H ﬁ |, | Siemens Editing pulse duration 14 ms
1 I ‘ |
| O T
L\ [l I‘J\ ‘l'/‘ ‘%l H. - I 1‘”\ -
I LT V111 Y A O A
,‘ (T I ‘1‘ |1 J“l‘ | ¥} IV jyl i it i JYH ‘A "
| | / 1 | I / | | VA | \ I 1\ | A‘: | A A
J U\ U W\ WML || N [ oo P e
: \ | | \ \/ \/ /
V vul M “‘J U‘ Vv v
0.0 -0.04 -0.08 -0.12 -0.16 -0.2 -0.24 -028 -0.32 -0.36 -0.4 -0.44 -0.48 -0.52 -0.56 -0.6
Offset / ppm
I 10 o Philips B GE B Siemens
o (o) [o)} o o
] 2 2
£ £ £
el el el
3 ° 3 3
© o ‘© ©
£05 Eos Eos
(e} ] o]
z ~ z
O] o
% 0z o4 06 % 0z 04 06 % 02 04 °0b
Editing Offset / ppm Editing Offset / ppm Editing Offset / ppm

Fig. 3.

Frequency series to determine . A. 3 ppm GABA signal plotted for each frequency offset in
the frequency series. B. Normalized integral of the GABA peak for each of the three
sequences used to determine .
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Fig. 4.
Example GABA-edited spectra from (A) GE, (B) Siemens and (C) Philips for the same

individual. Scan parameters were 3x3x3 cm3 voxel; 320 averages; TR/TE = 2 s/68 ms.
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Bar graph summarizing the GABA and Cr linewidths (Hz) for each of the three scanners in
multiple subjects (error bars indicate the standard deviation).
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In vivo GABA measures on each scanner. GABA was quantified relative to the water signal
and the Cr peak. Uncorrected GABA values are shown in open circles and «,-corrected
values are shown in closed circles. On the left, the multiple subjects (individuals connected
by black lines) and on the right, a single subject scanned multiple times on each scanner.
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