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Abstract

Accurate and reliable quantification of brain metabolites measured in vivo'tsimggnetic
resonance spectroscopy (MRS) is a topic of continued interestfieltheAside from

differences in the basic approach to quantificatibe quantification of metabolite data acquired
atdifferent sites and on different platforms poses an additional metlgickdichallenge. In this
study, we analyze spectrally editedminobutyric acid (GABA) MRS data and quantify GABA
levels relative to an internal tissue water reference. Data from 284 \avsisteanned acrog8
research sitewere collected using standard GABA+ editikimsuppressed water acquisitions
from the same volume of interest were acquired for signal refereMgimge-brain T-weighted
structural images were acquired and tissue-segmented to determimeatjestywhite matter and
cerebrospinal fluid voxel tissue fractions. Water-referenced GABAasurements were fully
corrected for tissue-dependent signal relaxation and water visibilitysfide cohort-wide
coefficient of variation wa&7%, which was largely driven by vendor-related differences
according to a linear mixed-effects analy3ise mean within-site coefficient of variation was
9%. Vendor differences contributed 53%lie total variance in the data, while the remaining
variance was attributed to site- (11%) and participant-1S868ky effects. Results from an
exploratory analysis suggested that the vendor differences were rel#tedniater signal
acquisition. Discounting the observed vendor-specific effects, wefierenced GABA+
measurements exhibit levels of variance similar to creatine-nefedleGABA+ measurements. It
is concluded that quantification using internal tissue water referencingneeanaiable and
reliable method for thn vivo quantification of GABA+ levels.

Keywords: Hliting; GABA; MEGA-PRESS; MRS; Multi-site study; Quantification; Tissue

correction



1. Introduction

In vivo 'H magnetic resonance spectroscopy (MRS) allows noninvasive measurement of
brain metabolite concentrations, but it does so only in a relative manner. Measaresustily
rely on an internal reference signal and assumptions about the concentration efréreeef
compound. Common reference signals include the Sdtjlets of the metabolites creatine (Cr)
and N-acetylaspartate (NAA) and the unsuppressed brain tissue water signéidrsame
volume. Current opinion in the field suggests that there is no reference barialdptimal in
all applications, and discussion is ongoing about the relative merigslofAger, 2010; Mullins
etal., 2014).

The theory and empirical feasibiliof the absolute quantification of metabolites as
measured by MRS is well established (Barker et al., 1993; Christiansen et al., 19i@8eba
and Henriksen, 1994; Ernst et al., 1993; Hennig et al., 1992; Kreis et al., 1993a; Thulborn and
Ackerman, 1983). Later work has further refined and simplified these approaches, pbrticula
with respect to using brain tissue water as an internal concentration referencedGaspal.,
2018, 2006; Gussew et al., 2012; Kniguott et al., 2003). The typical procedure for using
tissue water as an internal reference is to acquire an unsuppressed water signal seing the
MRS acquisition protocol as used for the water-suppressed metabolite acquisitianxéh eov
localized to the volume of interest. With proper assumptions about certain propettties of
metabolite and water signals and the concentration of water in the varioustesgutments in
the volume of interest, one may infer absolute metabolite concentratiamshe acquired
metabolite and reference signals. This is supported by the well-t#vérad properties of MR-
visible water in the brain and its high concentration/large signal. On the other hagdirus
endogenous metabolite signal, such as Cr, as a reference to derive metaboldeaisohe
need for a separate water acquisition and may reduce error propdigatiarises during more
involved signal scaling procedures, but possibly at the expense of lower signal quality. At
present, while strong opinions exist on the matter, both metabolite and water refehevein
advantages and disadvantages (Jansen et al., 2006), and either approaskilidedéfeleed, the
reliability of each approach has been shown to be similar (Bogner et al., 2010etSaleh

2016) although in relatively small studies.



It is important to note that the concentration and relaxation properties of water, Cr and
NAA change with disease (Grasso et al., 2002; Huang et al., 2001; Kantarci et al., 2008t Laule
al., 2004; Rackayova et al., 2017), aginprjanska et al., 2017; Neeb et al., 2006; Reyngoudt et
al., 2012) and developmefKreis et al., 1993b; Tka¢ et al., 2003). Phantom replacement,
scanning a phantom of a reference compound of known concentration for compaiiseivad
measurements (Buchli and Boesiger, 1993; Duc et al., 1€98) with careful attention to
differences in BB1 inhomogeneities, amplifier transmitter/receiver gains and RF coil loading
factors— also be used determine in vivo concentrations in absolute units. This method is
technically challenging, involving additional experiments before or after the scamsesslas
not commonly used given the difficulties of constructing a phantom with electric conductivity
similar to human tissue and matching the coil loading factors of the in vivo and phantpiasa
(Jansen et al., 2006). An alternative approach is the ERETIC (electronic referances®in
vivo concentrations) method (Barantin et al., 1997; Zoelch et al., 2017), which relies on a
synthetic RF reference signal. This approach is also challenging and requireszsgecial
hardware. For all its limitations, internal concentration referencing remains gigraoticable
and widely used approach in in vitld MRS.

In addition to the nuances of different quantification methodologies, it istblaa
systematic differencas acquisition implementation and system hardware will have an impact
on quantitative outcomes. This makes comparing MRS measurements dallerctss different
sites andn different platforns non-trivial. If multi-site and multi-platform MRS studies are to
be maximally useful, pattilarly in the era of “big data” (Bearden and Thompson, 2017; Miller
et al., 2016; Van Essen et al., 2013), then the systematic affettsasurement variance must
be assessed, understood and accounted for. This would then be followed by stiategies
standardizing data acquisition, data processing and metabolite quantificatimuse

We have recently acquired a large multi-vendor, nsil&é-dataset, the purpose of which
is to study the various sources of variancg-@minobutyric acid (GABA) measurements
collected by edited MRS. In the first paper describing this dataset (Mikkelsen et al,, 2017)
quantification was performed relative to the t@akignal in the edit-OFF spectrum. In this
paper, we quantify GABA relative to brain tissue water and account for indivddtexences in

voxel tissue composition. In particular, we seek to determine whether gquegiatif relative to



water increases or decreases total variance (compared to Cr referandigggcuss the impact

of site- and vendor-related differences in structural image segmentation.
2. Methods

A complete description of the acquisition and data processing methodology camde f
in our original publication (Mikkelsen et al., 2017). Relevant details ferstiudy, especially
regarding quantification and tissue segmentation, are reported below.

2.1. Data collection

Data were acquired at 25 independent research sites, with eaabngiteuting 5-12
datasets collected from consenting adult volunteers (cohort28el:Participants at each site
were18-35 years old, approximateb0:50male/female and had no known neurological or
psychiatric illnesss Siteby-site participant demographics are provided in TabieMikkelsen
et al. Q017) Scanning was conducteadccordance with ethical standards sethey
institutional reviewboard (IRB) at each site, includitige sharing of anonymized data.
Anonymized data files were shared securely with and analyz#itebg-authorsat the Johns

Hopkins University School of Medicine with local IRB approval.
2.2. Data acquisition

GABA-edited MEGA-PRESS data (Mescher et al., 1998; Rothman et al., 1993) were
collected at 3T at each site using a standard scan protocol. The MRi besalkdown was: 8
GE; 9 Philips; 8 Siemens. Both standard GABA+-edited and macromolecule-suppressed GABA
edited acquisitions were performed (Edden et al., 2012b). In this paper, onigtére
referenced GABA+ data are reported, to avoid redundancy with our phibcation (Mikkelsen
et al., 2017). Complete detad$the edited MRS acquisitions, including stiesite
idiosyncrasies, can be found in this earlier paper. Briefly, the GABA+ MPBESS
acquisition parameters were: TE/TR = 68/2000 ms; 320 averz@es30 x 30 mnf medial
parietal lobe voxel (Fig. 1A); ON/OFF editing pulses = 1.9/7.46 ppm; editing pulse durdt®on
ms).

Unsuppressed water signal acquisitions were collected for interne tisger
referencing. For the GE and Philips MEGA-PRESS implementations, therefence was

automatically acquired as part of the water-suppressed metabolit€-ec&E, the reference



was acquired at the end of the suppressed acquisition; 8 or 16 wetges/(depending on the

specific implementationwere acquired. For Philips, the reference was acquired in an interleaved

manner as the water signal was also used for real-time centenfcgaquerection (Edden et al.,

2016) a single water average was acquired for every 40 water-suppressed acgu@iti

averages in total). Acquiring a water reference on the Siemens platform requires aunning

separate scafror this, the Siemens MEGA-PRESS WIP was used, where the water suppressio

RF pulses were turned off but the water suppression gradients and editingyautsésft on

(“RF Only” option); 8 or 16 water averages (depending on acquisition parametens

acquired. The TE/TR of these acquisitions were the same as theswppeessed acquisitions.
Whole-brain 3D T-weighted structural images were acquired for accwatel

placement and partial volume tissue correction. Sequences used svepofed gradient-echo

imaging (FSPGR; GE) (Low et al., 1993) and magnetization-prepared rapid gradient-ec

imaging (MPRAGE Philips/Siemens) (Mugler and Brookeman, 1990) (see Table 1 for

acquisition parametexsSite-standard structural imaging protocols were used, with less effort to

standardize acquisitions than the MRS protadoiaging data were saved in DICOM (GE and

some Siemens sites) or NIfTI format (Philips and some Siemens BIIEE€HM files were

converted into NIfTI format for voxel segmentation and tissue segmentatiorspar(sze

Section 2.4) using SPM]]IEt(ps://WWW.fiI.ion.ucl.ac.uk/spm/software/smeIZ/

2.3. Data processing

MRS data were processed in Gannet (Edden et al., 2014) using the pipeline described in
our earlier report (Mikkelsen et al., 2017). Unsuppressed water acquisitions wereguiscess
the same manner as the water-suppressed acquisitions and averaggd pBrafssing steps
included: frequency-and-phase correction by spectral registration éNekr2015) (water-
suppressed data onjy3-Hz exponential line broadening; zero-filling to yield a nominal spectral
resolution of 0.061 Hz/point; and fast Fourier transformation into the frequency dd@pusility
control and quality metrics were conducted and calculated as bEfieréinewidth of the water
reference was measured as the full-width at half-maximum (#Y\ the modeled water signal
(see Section 2.5). As an independent measfuspectral linewidth, we repoAA FWHM

linewidth, measured from the Lorentzian-modeled NAA signal in the OFF spectrum.

2.4. Voxel co-registration and tissue segmentation
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MRS voxels were co-registereddach volunteer’s structural image using the
GannetCoRegister module in Gannet (Harris et al., 2015), which producesvzirar masks in
individual structural space. Structural images were segmented into gray @atlemhite
matter (WM) and cerebrospinal fluid (CSF) probabilistic partial volume mapgubkmunified
tissue segmentation algorithm in SPM12 (Ashburner and Friston, 2005), exihcategh the
GannetSegment module (Harris et al., 2015). Voxel tissue fractioescadeulated by
multiplying the whole-brain partial volume maps by the corresponding bl mask,
summing over the partial volume estimates in the segmented voxel and thergdividire

voxel total.
2.5. Quantification

The 3.0 ppm edited GABA signal was modeled as described in our previous publication
(Mikkelsen et al., 2017)The water spectrum was modeled between 3.8 and 5.6 ppm with a
Gaussian-Lorentzian function with phase and linear baseline parangterfonlinear least-
squares fitting. GABA+ measurements were quantified in pseudo-absohaentratiorunits
and corrected for partial volume effects (Gasparovic et al., 2006; Harris2818), based on the
following equation:

GM,WM,CSF TEw )[ ( TRy )]
{ Cw i €X] (— 1—exp| ——% .
C. =l Hw MM, Zi W P\ "W PUrw )l . UeM+aiwM 1
G 7w Hg « TEg TRg (Fem+afwm) (em+rwm) (1)
w G exp(——)[l—exp(——)] GM wMm)UGMTHWM
T2G T1G

where & is the GABA+ concentration in institutional units (i.ug;and lv are the GABA+ and
water signal integrals, respectivelywtnd Hs are the number dH protons that give rise to the
water and 3.0 ppm GABA signals (both 2), respectividiM is a correction factor for the
contribution ofthe co-edited macromolecule signal in the GABA+ signal, assumed to be 0.45;
andxk is the editing efficiency, assumed to be 0, TEw, TRs andTRw are the echo and
relaxation times of the GABA-edited and water acquisitions, respectiglyis the

longitudinal relaxation time of water in GM (assumed td B&81ms), WM (assumed to b&32

ms) (Wansapura et al., 1998) CSF (assumed to be 3817 ms) (Lu et al., 200%), is the
transverse relaxation time of water in GM (assumed to be 110 ms), WM (assumed ®rhe)79.
(Wansapura et alLl999)or CSF (assumed to B&3 ms) (Piechnik et al., 2009):dand be are
thelongitudinal and transverse relaxation times of GABA, assumed to be 1310 and 88 ms,
respectively (Edden et al., 2012a; Puts et al., 2043).isthe concentration of MR-visible water
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in GM (assumed to be 43.30 ma)j, WM (assumed to b&6.08mol/kg) or CSF (assumed to be
53.84 molkg) (Ernst et al., 1993; Gasparovic et al., 20063 the volume fraction of GM, WM
or CSF in the MRS voxetr is a correction factor that accounts tioe relative differences in the
intrinsic concentration of GABAn WM and GM (Harris et al., 2015), assumed to be 0.5
(Mikkelsen et al., 2016uem and pww are the average GM and WM voxel volume fractions
averaged at the site level, which normalizedbeprrected GABA+ values to the site-mean f
(Harris et al., 2015).

Fit quality for the water peak model (the fit error) was assessed by normalizing the
standard deviation (SD) of the model fit residuals to the amplitude aofidkdeled signal (Edden
et al., 2014)This metric, the degree to which the measured signal cannot accurately be modeled
as a Gaussian-Lorentzian, captures eddy current artifacts and some afspdztsptimal
shimming.

To examine whether systematic effects on the variance of the GABA+ deta w
attributed to the water acquisition, we also quantified water-referenceddSunements. The
3.0 ppm Cr signal in the OFF spectrum was modeled as described in our previous publication
The longitudinal and transverse relaxation times of Cr were assumed to be 1350 and 154 ms
respectively (Mlynarik et al., 2001y was assumed to be 0.5 (Doyle et al., 1995; Wang and Li,
1998) MM andk were not applied. Finally, we examined the degree of association between
participants’ water-referenced, tissue-corrected GABA+ values and their previously quantified
GABA+/Cr values as reported in Mikkelsen et @D17) It should be noted that these
measurements are not independent (the GABA+ integral being a common factor) i@fiokethe

a strong correlation was expected.
2.6. Exploratory analysis

The results revealed systematically higher water-referenc&@A&Aneasurements from
the Siemens sites as compared to the GE and Philips measurementstisee85ehis level of
variation was not apparent in the Cr-referenced GABA+ measurements thavieesiye
reported (Mikkelsen et al., 2017). To reconcile this, we conducted an unplannedterplora
analysis in whichthe Siemens GABA+ measurements were referenced to a water signal acquired
by a separate unsuppressed sii@&PRESS acquisition that was collected alongside the MEGA-

PRESS data (data to be reportedn an upcoming publication). This acquisition was acquired
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at TE/TR = 3%2000msfrom a voxel in the same location as the MEGA-PRESS acquisition.
Concentrations were quantified according to Eq. (1) without additionaltiondor any
possible amplifier gain differences between the PRESS and MEGA-PRESSitamugli

2.7. Statistical analysis

Linear mixed-effects models were fit to the water-referenced GABA+ d&a\ersion
35.1; R Core Team) using the Ime4 package (Bates et al., 2015) and melielihood for
parameter estimatioAn unconditional model (Eq. (1) in Mikkelsen et al., 2017) was fit to
calculate variance partition coefficients (VPCs) to estimate the propaftitwtal variance
attributed to vendor-, site- and participant-related effects. Segormaenditional linear mixed-
effects models (Eq. (5) in Mikkelsen et al., 2017) were also fit to the data to desaspact of
NAA linewidth, fom, age and sexand to test the association with GABA+/Cr measurements.
Goodnesf-fit was calculated as a log-likelihood statistic. Signifioatesting was performed
using chi-square likelihood ratio tests, which were bootstrap @8 2imesusing parametric
bootstraping (Halekoh and Hgjsgaard, 2014). Effects were tested in the following ordelorve
and site NAA linewidth and &w; age and sex. If an effect was significant, the relevant variable
was retained in the next model; if not, it was removed. Unconditional linear miyaxdseff
models were also fit to the voxel tissue fractions to test for site and vendits efffest-hoc
pairwise comparisons were corrected for multiple comparisons using theBtwiferroni

method (Holm, 1979). A p-value less than 0.05 was considered significant.
3. Results

Data from seven volunteers were removed from further analysis following oeetitrol
of the MRS data (largely due to excessive lipid contamination). One further datasemweved
because the unusually small water reference signal indicated an acquisitiok@endor-mean
GABA+-edited difference spectra are shown in Fig. 1B.

Fig. 2 shows the GABA+ values arranged by site and by vendor. M&&8D GABA+
measurements weg45+ 0.30 i.u. for GE, 2.8+ 0.27i.u. for Philips an®.15+ 0.36 i.u. for
Siemens. Siemens values were on average 29% higher than theE (p001) and Philips
(pnoim < 0.001) values. The cohort-wide average &&3+ 0.45i.u. Coefficients of variation
(CVs) werel24%, 10.8% and 11.3% for GE, Philips and Siemens, and 16.7% across all sites
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and vendors. The mean within-site CV v#a4% GM, WM and CSF fractions are displayed in
Fig. 3. Across the cohort, the average (andd®Mewm, fwm and Esrwas 0.5 0.04(6.9%), 0.28
+0.04(14.0%9 and0.13+ 0.05 (36.7%), respectively. Values of GABA+gf, fwm and Esgfor
each site are listed in Table 2.

Water fit errors, water linewidths and Cr measurements are displayed in Fig. ditevith
and vendor-averaged values given in Table 2. On average, fit eem@small, and lower for
Siemens @.38%) compared t&GE (0.56%) and Philipsd(56%9. Water linewidths were similar
across the vendors, with Philips (980.62Hz) and Siemens (9.@440.57 Hz) shoving slightly
smaller linewidths compared to GE 87+ 0.84Hz). Average water-referencézf
measurements wefd.78+ 0.90 i.u. for GE, 11.9% 1.17 i.u. for Philips and 143+ 1.19i.u.

for Siemens.
3.1. Linear mixed-effects analyses

The unconditional linear mixed-effects model shdweat vendor and site effects
contributed significantly to the total amount of variance in the gath) = 27.62, poot< 0.001
andy*(1) = 30.40, poot< 0.001, respectively. Based on the calculated VPCs, 52.9% of the
variance was accounted for by vendor-level differences, while 11.2% was accauritgdife-
level differences. The remaining proportion of variance (35.9%) ttlsuged to individual
differences in participants.

The voxel tissue fractions exhibited significant site-related effectigfi [x%(1) = 56.33,
Pooot = 0.007], fwm [32(1) = 46.77, Pooot < 0.001] anddsk[%(1) = 4722, Pooot < 0.001], but only
fwm showed an additional vendor-related effeét1) = 408, pooot = 0.01]. Corresponding VPCs
for fom were: vendor = negligible; site = 31.4%; participant = 68.6%.k@tliese were: vendor
=12.8% site =24.9%; participant = 62.3%. Fotdrthese were: vendor = 1.8%; site = 28.5%;
participant = 69.7%. Pairwise comparisons showed that, at the vendor le\@&iethenswiv
values were significantly higher than the Gligp= 0.001) and Philips gpm = 0.003) values.

Based on the conditional linear mixed-effects analyses, GABA+ lewks not
significantly impacted by the effects of NAA linewidtp?(5) = 4.37, pooot = 0.50. GABA+
levels did, however, show a relationship with fx*(5) = 10.14, phoot= 0.03. To examine the
effectiveness of the metabolite tissue correction (i.e qtberrection term in Eq. (1)jhe by-

site and cohort-wide effects afif onthetissue-water-corrected GABA+ data before and after
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correction are displayed in Fig. 5. The pre-corrected data show a strongtimsedth tum (R2

= 0.18) that is reduced aftarcorrection (R = 0.08), a 50% decreasethe variance shared with
fem. There were no significant effects of ag&p) =1.77, Pooot= 088] or sex (5) =0.88 Pooot
=097] on the data. As shown in Fig. 6, the water-referenced GABA+ measurements were
strongly related to the GABA+/Cr measurements, as expegtés) F 253.86pooot < 0.001.

3.2. Exploratory analysis

Using the Siemens short-TE water reference brought down the Siemens GABA+ values
to an average of 2.680.32 i.u. (a 15% reduction), reducing the discrepancy with the other
vendors to 9% (boxplots plotted in Fig. S1). Corresponding VPCs were: vendor = 10.9%; site =
24.4%; participant = 64.6%, with vendor and site effects remaining signifiégh):= 3.43, poot
=0.02 andy?(1) = 33.01, poot < 0.001, respectively. The shdiE-referenced Siemens Cr
measurements were also reduced on average (by 14%, tat124Di.u.) compared to the

initial analysis, again closer to the GE and Philips Cr measurements (Fig. S2).
4. Discussion

In this second paper on a large multi-vendor, multi-site GABA-edited MRS dat@set,
have shown that water-referenced GABA+ measurements, including tissue corrasédroh
variously acquired Fweighted structural images, can be applied across sites and vendiors wit
relatively low levels of variance. Water-referenced quantification showssiwreilar levels of
performance to Cr referencing, as reported previously (Mikkelsen et al., 2017), withiahke no
exception of an additional vendor-related effect.

One objective of this study was to compare guantitative outcofneater and Cr
referencing. Within site, water- and Cr-referenced GABA+ measuresieoisvery similar
levels of variance (mean within-site CV: 9.4% vs. 9.5%, respectively). Levels-oélsited
variance are also similar (mean within-vendor CV: 11.5% vs. 11.3%, respectivetymajor
difference between the water- and Cr-referenced results was theatysteffect of vendor in
the water-referenced data.

It is not clear why the GABA+ values from the Siemens data were substalatigty
than the estimates from the other two vendors. This substantial vendor-relateshdéfferns not
observed in th€r-referenced data reported previously (Mikkelsen et al., 2017). Higher GABA+
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values indicate a lower-than-expected water signal. Referencing to &ENBRESS water
acquisition attenuated the discrepancy somewhat, suggesting that thashHa@A-PRESS

WIP water reference signal is most likely at issue. It is notable that thefivateors were
somewhat lowein the Siemens data, suggesting that the water signal is closer to a Gaussian-
Lorentzian lineshape than the other vendors. It is worth mention that the algtzedrundergo
differing degrees of preprocessing (e.g., downsampling from the atwatbgital converter
sampling rate to the specified acquisition rate), with potentially different dynamic range
performance- the water reference signal is ~10,000 times larger than the GABA signal and
acquired with the same receiver gains. At this stage, it has not been possibleddtisatatise

of this result.

Aside from this vendor effect, it was clear that the variation in the water-reéerenc
GABA+ measurements was quite similar to the GABA+/Cr measurements Thissssighat the
reliability of these two referencing strategies is comparable, stensiwith previous (smaller)
studies (Bogner et al., 2010; Saleh et al., 2016y is perhaps surprisiraggseveral additional
corrections were performed to obtain the water-referenced valuedy intioduces more
sources of error into the quantification.

Quantification in this study used a best-practice approach, whereby theefatence
signal was corrected for partial volume effects and relaxation. It has beem ttza failing to
account for these effects will lead to quantification errors (Gasjuaet al., 2018). These errors
can be particularly pronounced at longer TEs (Gasparovic et al., 2006) or whes tagge i
variability in tissue compartment fractions across cohorts (Harris et al., 2@16;AMad et al.,
2014; Mikkelsen et al., 2016; Tal et al., 2012). The relatively low level of variance in tleafpres
dataset suggests that incorporating image-based voxel segmentation into the qi@ntificat
routine did not add significant variance into the data.

Nonetheless, subtle differences in quantification and tissue correction methedaagi
have important consequences on reported results. For instance, the linear relationskip betwe
GABA+ levels and age, seen when applying a simple CSF tissue correction, iseraedbs
when applying fuller-correction to remove the dependency of GABA+ levels on tissue
composition (Maes et al., 2018; Porges et al., 28dditionally, the units of measurement of
water-referenced metabolite concentrations, and the information conteatvafities, will

depend on the quantification approach used. Metabolite concentrations have been reported in
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molar, molal and institutional units (Gasparovic et al., 2018; Jansen et al., 2006 - Brughet

al., 2003; Kreis et al., 1993a). Interpretation of stated concentrations, and particularly
comparisons across studies, barthallenging. In this study, we report our measuremniants
institutional units. This was in pavecause the-correction applied to the tissue-water-corrected
measurements effectively normalized the site-level values toribard of GABA+ that
theoretically would have been observed would the signal have been detected in a voxel
composed of a fraction of GM and WM equal to the average of fractional GM andf\til o
site-specific cohort. This does not prevent the values from being compaved sitrdies,
however; it simply demonstrates that the values presented here may differ from thastegrese
elsewhere as a result of the quantification approach that was used.

Not every possible source of variance was captured in the statisétydianOne source
of error, for instance, was the diversity of theweighted structural imaging protocols.
Differences in imaging preparation and readout will result in heterogeneityweighted
contrast and image sign&Hnoise ratio, which might in turn lead to variable segmentation
outcomes. In our data, there were small but significantiséte differences in voxel
segmentation. There is an extensive literature on the successes and limitatiwangeof i
segmentation (Clark et al., 2006; Eggert et al., 2012; Klauschen et al., 2009), and while
segmentation algorithms aim to be robust against the effects of imaging parameters
segmentation remains a challenging undertaking. At this stage, it is unclear to whatedegre
from segmentation inaccuracies propagates into metabolite quantification. TtenSabtssue
differences in waterJ particularly given the medium TE of the water acquisitions (68 ms), and
in GABA and MR-visible water concentrations, suggest that accurate segmentatiporignt
for reproducible water-referenced quantification.

In summary, we quantified GABA+ levels using brain tissue water as an internal
concentration reference across 25 sites and observed low levels of witharsitee. This
level of variability is similar to that seen for GABA+ measurements quantifietiveeto Cr.

Thus, the choice of reference signal for MRS quantification is not determirintidrgnt
differences in performance, but rather by study-specific expectafioafeence signal stability
(e.g., between-group differences in clinical populations). Indeed, given the mdnaeobserved

effects might be driven by changes in the reference signal, it is often helpful to yjbattiif
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water- and metabolite-referenced measurem&htst said, we conclude that water-referenced

measurements of GABA+ are sulfficiently reliable to be applied in multi-site studie
Appendix

The data presented in this work has been made available on the NITRGpbrt&Big

GABA” project repository !https://www.nitrc.orq/proiects/biqqal?aa(nd is distributed freely

under a non-commercial Creative Commons license. Community memberscatgaged to
make use of this resource for developing and optimizing new MRS methodslatdigsource
can also serve as a hormative dataset against which clinical data may besdoonfiar quality

assurance purposes.


https://www.nitrc.org/projects/biggaba/

18
Acknowledgments

This work was supported by NIH grants RO1 EBO16683 EB023963 and P41 EB015909.
Data collection was supported by the Shandong Provincial Key Research atdpb@nt Plan

of China (2016ZDJS07A16) and the National Natural Science Foundation of China for Young
Scholars (no. 81601479). IDWhd NHthanlks Mrs. J. Bigley of the University of Sheffield MRI
Unit for her assistance with data acquisitidhe Wellcome Trust and the NIHR-Sheffield
Biomedical Research Centd®IPwas supported by NIAAA grant K23 AA020842PS was
supported by NIH grant F32 EY025121. ECP was supported by NIAAA granAK025306

and the University of Florida, Center for Cognitive Aging and Memory and MytKKiBrain
Research Foundation. NAJP receives salary support from NIH grant ROO MH10%@19. T

authors acknowledge implementation contributions from a number of emplofy/&emens
Medical Solutions, including Dr. Keith Heberlein and Dr. Sinyeob ,Atithe Siemens WIP
sequences, which are shared with several research sites under segeeifteagreements.



19

Refer ences

Alger, J.R., 2010. Quantitative Proton Magnetic Resonance Spectroscopy arisspp
Imaging of the Brain. Top. Magn. Reson. Imaging 21, -1P8.
doi:10.1097/RMR.0b013e31821e568f

Ashburner, J., Friston, K.J., 2005. Unified segmentation. Neuroimage 26,8539
doi:10.1016/j.neuroimage.2005.02.018

Barantin, L., Pape, A. Le, Akoka, S., 1997. A new method for absolute quantitdiRS
metabolites. Magn. Reson. Med. 38, 1¥82. doi:10.1002/mrm.1910380203

Barker, P.B., Soher, B.J., Blackband, S.J., Chatham, J.C., Mathews, W&, B.N., 1993.
Quantitation of proton NMR spectra of the human brain using tissue wager iaternal
concentration reference. NMR Biomed. 6:-89. doi:10.1002/nbm.1940060114

Bates, D., Machler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear daeffects models
using Ime4. J. Stat. Softw. 67. doi:10.18637/jss.v067.i01

Bearden, C.E., Thompson, P.M., 2017. Emerging Global Initiatives in Neurogenetics: The
Enhancing Neuroimaging Genetics through Meta-analysis (ENIGMA) ConsortiumomNe
94, 232236. doi:10.1016/j.neuron.2017.03.033

Bogner, W., Gruber, S., Doelken, M., Stadlbauer, A., Ganslandt, O., Boetiché&rattnig, S.,
Doerfler, A., Stefan, H., Hammen, T., 2010. In vivo quantification of intedaral GABA by
single-voxel 1H-MRS-How reproducible are the results? Eur. J. Radiol. 73;-52B
doi:10.1016/j.ejrad.2009.01.014

Buchli, R., Boesiger, P., 1993. Comparison of methods for the determinatiaisofute
metabolite concentrations in human muscles by 31P MRS. Magn. Reson. Med -3%852

doi:10.1002/mrm.1910300505

Christiansen, P., Henriksen, O., Stubgaard, M., Gideon, P., Larsson, H.B.W., 1993. In vivo
quantification of brain metabolites by 1H-MRS using water as an aitstandard. Magn.
Reson. Imaging 11, 16718. doi:10.1016/0730-725X(93)90418-D

Clark, K.A., Woods, R.P., Rottenberg, D.A., Toga, A.W., Mazziotta, J.C., 2006. Impact of

acquisition protocols and processing streams on tissue segmentatidnwedighted MR



20

images. Neuroimage 29, 1&892. doi:10.1016/j.neuroimage.2005.07.035

Danielsen, E.R., Henriksen, O., 1994. Absolute quantitative proton NMR spectrdrssa) on
the amplitude of the local water suppression pulse. Quantification of later and
metabolites. NMR Biomed. 7, 31318. doi:10.1002/nbm.1940070704

Doyle, T.J., Bedell, B.J., Narayana, P.A., 1995. Relative Concentratfid@ston MR Visible
Neurochemicals in Gray and White Matter in Human Brain. Magn. Rééed. 33, 755
759. ti:10.1002/mrm.1910330603

Duc, C.0O., Weber, O.M., Trabesinger, A.H., Meier, D., Boesiger, P., 1998. Q@tigatlH MRS
of the human brain in vivo based on the stimulation phantom calibration stritagg.
Reson. Med. 39, 496. doi:10.1002/mrm.1910390320

Edden, R.A.E., Intrapiromkul, J., Zhu, H., Cheng, Y., Barker, P.B., 2012a. Measuring iV@ in v
with J-difference editing: Application to GABA at 3 Tesla. J. Mages®. Imaging 35, 229
234. doi:10.1002/jmri.22865

Edden, R.A.E., Oeltzschner, G., Harris, A.D., Puts, N.A.J., Chan, K.L., Boer, \CR&r, M.,
Barker, P.B., 2016. Prospective frequency correction for macromelgsappressed GABA
editing at 3T. J. Magn. Reson. Imaging 44, 14A82. doi:10.1002/jmri.25304

Edden, R.A.E., Puts, N.A.J., Barker, P.B., 2012b. Macromolecule-suppressed GABA-edited
magnetic resonance spectroscopy at 3T. Magn. Reson. Med. 68;66657
doi:10.1002/mrm.24391

Edden, R.A.E., Puts, N.A.J., Harris, A.D., Barker, P.B., Evans, C.J., 2014. tGAnhatch-
processing tool for the quantitative analysis of gamma-aminobutyittedied MR
spectroscopy spectra. J. Magn. Reson. Imaging 40--1482. doi:10.1002/jmri.24478

Eggert, L.D., Sommer, J., Jansen, A., Kircher, T., Konrad, C., 2012. Accuracy and Relibili
Automated Gray Matter Segmentation Pathways on Real and Simulated Structuraidviagne
Resonance Images of the Human Brain. PLoS One 7, e45081.
doi:10.1371/journal.pone.0045081

Ernst, T., Kreis, R., Ross, B.D., 1993. Absolute quantitation of water and tietabothe human
brain. 1. Compartments and water. J. Magn. Reson. Ser. B 163. 1
doi:10.1006/jmrb.1993.1055



21

Gasparovic, C., Chen, H., Mullins, P.G., 2018. Errors in 1H-MRS estimht®aino metabolite
concentrations caused by failing to take into account tissue-sysgifial relaxation. NMR
Biomed. 31, €3914. doi:10.1002/nbm.3914

Gasparovic, C., Song, T., Devier, D., Bockholt, H.J., Caprihan, A., Mullis, Posse, S., Jung,
R.E., Morrison, L.A., 2006. Use of tissue water as a concentration refefengroton
spectroscopic imaging. Magn. Reson. Med. 55, 12296. doi:10.1002/mrm.20901

Grasso, G., Alafaci, C., Passalacqua, M., Morabito, A., Buemi, M., Salgiditq, Tomasello, F.,
2002. Assessment of Human Brain Water Content by Cerebral Bioelectricadldngse
Analysis: A New Technique and Its Application to Cerebral Pathological Consliti
Neurosurgery 50, 1064074. doi:10.1097/00006129020500600023

Gussew, A., Erdtel, M., Hiepe, P., Rzanny, R., Reichenbach, J.R., 2012. Absolute quawafitati
brain metabolites with respect to heterogeneous tissue compositions in HgddRoscopic
volumes. Magn. Reson. Mater. Physics, Biol. Med. 25;-323. d0i:10.1007/s1033312
0305z

Halekoh, U., Hgjsgaard, S., 2014. A Kenward-Roger approximation and pacabwotstrap
methods for tests in linear mixed models - The R package pbkrt&tat. Softw. 59,-1B2.
doi:10.18637/jss.v059.i09

Harris, A.D., Puts, N.A.J., Edden, R.A.E., 2015. Tissue correction for Gédied MRS:
Considerations of voxel composition, tissue segmentation, and tisaMatiahs. J. Magn.
Reson. Imaging 42, 1431440. doi:10.1002/jmri.24903

Hennig, J., Pfister, H., Ernst, T., Ott, D., 1992. Direct absolute dicatibn of metabolites in the
human brain within vivo localized proton spectroscopy. NMR Biomed. 5;-1983
doi:10.1002/nbm.1940050406

Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scand. J. Stat(6, 65

Huang, W., Alexander, G.E., Chang, L., Shetty, H.U., Krasuski, J.S., Rapopor§chapiro,
M.B., 2001. Brain metabolite concentration and dementia severity in Alzheimer’s disease: A

1H MRS study. Neurology 57, 62632. d0i:10.1212/WNL.57.4.626

Jansen, J.F.A., Backes, W.H., Nicolay, K., Kooi, M.E., 2006. 1H MR Spectrosctipy Bfain:
Absolute Quantification of Metabolites. Radiology 240, /Y.



22

doi:10.1148/radiol.2402050314

Kantarci, K., Jack, C.R., Xu, Y.C., Campeau, N.G., O’Brien, P.C., Smith, G.E., Ivnik, R.J., Boeve,
B.F., Kokmen, E., Tangalos, E.G., Petersen, R.C., 2000. Regional metabolic patterns in mild
cognitive impairment and Alzheimer’s disease: A 1H MRS study. Neurology 55, 210-217.
doi:10.1212/WNL.55.2.210

Klauschen, F., Goldman, A., Barra, V., Meyer-Lindenberg, A., Lundervold, A., 2009. Ewgaluati
of automated brain MR image segmentation and volumetry methods. HumMexap. 30,
1310-1327. doi:10.1002/hbm.20599

Knight-Scott, J., Haley, A.P., Rossmiller, S.R., Farace, E., Mai, V.M., ChristapMer Manning,
C. a., Simnad, V.1, Siragy, H.M., 2003. Molality as a unit of measure for expyelds MRS
brain metabolite concentrations in vivo. Magn. Reson. Imaging 21,-7887
doi:10.1016/S0730-725X(03)00179-6

Kreis, R., Ernst, T., Ross, B.D., 1993a. Absolute quantitation of watkmetabolites in the
human brain. Il. Metabolite concentrations. J. Magn. Reson. Ser. B 1dA3. 9
doi:10.1006/jmrb.1993.1056

Kreis, R., Ernst, T., Ross, B.D., 1993b. Development of the human brain:In vivo tadiotif of
metabolite and water content with proton magnetic resonance spectrdgieapy. Reson.
Med. 30, 424437. doi:10.1002/mrm.1910300405

Laule, C., Vavasour, I.M., Moore, G.R.W., Oger, J., Li, D.K.B., Paty, D.W., MacKay, 2004.
Water content and myelin water fraction in multiple sclerosis. A di@xation study. J.
Neurol. 251, 28493. doi:10.1007/s0041604-0306-6

Low, R.N., Francis, I.R., Herfkens, R.J., Jeffrey, R.B., Glazer,.G-8b, T.K., Shimakawa, A.,
Pelc, N.J., 1993. Fast multiplanar spoiled gradient-recalled imaging ofviétre fiulse
sequence optimization and comparison with spin-echo MR imaging. Amedtdgenol. 160,
501-509. doi:10.2214/ajr.160.3.8381572

Lu, H., Nagae-Poetscher, L.M., Golay, X., Lin, D., Pomper, M., van Zijl, P.C.M., 2005. Routin
clinical brain MRI sequences for use at 3.0 Tesla. J. Magn. Reson. Imagiig-22,
doi:10.1002/jmri.20356

Maes, C., Hermans, L., Pauwels, L., Chalavi, S., Leunissen, |., Levin, O., Cuypeext€rsPR.,



23

Sunaert, S., Mantini, D., Puts, N.A.J., Edden, R.A.E., Swinnen, S.P., 2018. Age-related
differences in GABA levels are driven by bulk tissue changes. Hum. Brain Mapp. 39, 3652
3662. doi:10.1002/hbm.24201

Marjanska, M., McCarten, J.R., Hodges, J., Hemmy, L.S., Grant, A., Deelchand, D.K., Terpstra,
M., 2017. Region-specific aging of the human brain as evidenced by neurodofites
measured noninvasively in the posterior cingulate cortex and thetactipe using 1 H
magnetic resonance spectroscopy at 7 T. Neuroscience 354,-17¥68
doi:10.1016/j.neuroscience.2017.04.035

Mato Abad, V., Quirds, A., Garcia-Alvarez, R., Loureiro, J.P., Alvdieera, J., Frank, A.,
Hernandez-Tamames, J.A., 2014. The Partial Volume Effect in the Qudiificd 1H
Magnetic Resonance Spectroscopy in Alzheimer’s Disease and Aging. J. Alzheimer’s Dis.

42, 801811. doi:10.3233/JA-40582

Mescher, M., Merkle, H., Kirsch, J., Garwood, M., Gruetter, R., 1998. Simultarmeougo
spectral editing and water suppression. NMR Biomed. 11,2766 doi:10.1002/(SICI)1099-
1492(199810)11:6<266::AID-NBM530>3.0.CO;2-J

Mikkelsen, M., Barker, P.B., Bhattacharyya, P.K., Brix, M.K., Buur, P.F., Cecil, iCdan, K.L.,
Chen, D.Y.-T., Craven, A.R., Cuypers, K., Dacko, M., Duncan, N.W., Dydak, U.,
Edmondson, D.A., Ende, G., Ersland, L., Gao, F., Greenhouse, I., Harris, A.D., He, N., Heba,
S., Hoggard, N., Hsu, T., Jansen, J.F.A,, Kangarlu, A., Lange, T., Lebel, R.M., Li, Y., Lin,
C.E., Liou, J., Lirng, J.-F., Liu, F., Ma, R., Maes, C., Moreno-Ortega, M., Murray, [$cah,

S., Noeske, R., Noseworthy, M.D., Oeltzschner, G., Prisciandaro, J.J., Puts, Rohelts,
T.P.L., Sack, M., Sailasuta, N., Saleh, M.G., Schallmo, M., Simard, N., Swisnen,
Tegenthoff, M., Truong, P., Wang, G., Wilkinson, 1.D., Wittsack, H.-J., Xu, H., Yan, F
Zhang, C., Zipunnikov, V., Zollner, H.J., Edden, R.A.E., 2017. Big GABA: Edited MR
spectroscopy at 24 research sites. Neuroimage 159, -4532
doi:10.1016/j.neuroimage.2017.07.021

Mikkelsen, M., Singh, K.D., Brealy, J.A., Linden, D.E.J., Evans, C.J., 2016. Quantification of y-
aminobutyric acid (GABA) in 1H MRS volumes composed heterogengafgjrey and
white matter. NMR Biomed. 29, 1644655. doi:10.1002/nbm.3622

Miller, K.L., Alfaro-Almagro, F., Bangerter, N.K., Thomas, D.L., Yacoub, E., XuBartsch,



24

A.J., Jbabdi, S., Sotiropoulos, S.N., Andersson, J.L.R., Griffanti, L., Douaudk&l,, DW.,
Weale, P., Dragonu, I., Garratt, S., Hudson, S., Collins, R., Jenkinson, M.eWsitth.M.,

Smith, S.M., 2016. Multimodal population brain imaging in the UK Biobank prospective

epidemiological study. Nat. Neurosci. 19, 152336. doi:10.1038/nn.4393

Mlynarik, V., Gruber, S., Moser, E., 2001. Proton T1 and T2 relaxation tifneanosan brain
metabolites at 3 Tesla. NMR Biomed. 14, 3231. doi:10.1002/nbm.713

Mugler, J.P., Brookeman, J.R., 1990. Three-dimensional magnetization-prepadegraalent-
echo imaging (3D MP RAGE). Magn. Reson. Med. 15, -157.
doi:10.1002/mrm.1910150117

Mullins, P.G., McGonigle, D.J., O’Gorman, R.L., Puts, N.A.J., Vidyasagar, R., Evans, C.J.,
Cardiff Symposium on MRS of GABA, Edden, R.A.E., 2014. Current practiceeingh of
MEGA-PRESS spectroscopy for the detection of GABA. Neuroimage 865243
doi:10.1016/j.neuroimage.2012.12.004

Near, J., Edden, R., Evans, C.J., Paquin, R., Harris, A., Jezzard, P., 2015. Fregdepityse
drift correction of magnetic resonance spectroscopy data by spectsalatgn in the time
domain. Magn. Reson. Med. 73,-40. doi:10.1002/mrm.25094

Neeb, H., Zilles, K., Shah, N.J., 2006. Fully-automated detection of cerebral eeetnt
changes: Study of age- and gender-related H20 patterns with quani&tivBleuroimage
29, 916-922. doi:10.1016/j.neuroimage.2005.08.062

Piechnik, S.K., Evans, J., Bary, L.H., Wise, R.G., Jezzard, P., 2009. Functional cinaG&§s
volume estimated using measurement of water T2 relaxation. Magn. Réstn61, 579
586. d0i:10.1002/mrm.21897

Porges, E.C., Woods, A.J., Lamb, D.G., Williamson, J.B., Cohen, R.A., Edden, R.A.E., Harris,

A.D., 2017. Impact of tissue correction strategy on GABA-edited MRiigs. Neuroimage
162, 249256. doi:10.1016/j.neuroimage.2017.08.073

Puts, N.A.J., Barker, P.B., Edden, R.A.E., 2013. Measuring the longitudinal retatiat® of
GABA in vivo at 3 Tesla. J. Magn. Reson. Imaging 37,-94993. doi:10.1002/jmri.23817

R Core Team, 2018. R: A Language and Environment for Statistical Comprifiiayindation for

Statistical Computing, Vienna, Austria. https://www.R-project.org/.



25

Rackayova, V., Cudalbu, C., Pouwels, P.J.W., Braissant, O., 2017. Creatieeémnttal nervous
system: From magnetic resonance spectroscopy to creatine dédisiéxtal. Biochem. 529,
144-157. doi:10.1016/j.ab.2016.11.007

Reyngoudt, H., Claeys, T., Vlerick, L., Verleden, S., Acou, M., Deblaere, KD&me, Y.,
Audenaert, K., Goethals, I., Achten, E., 2012. Age-related differencestatolites in the
posterior cingulate cortex and hippocampus of normal ageing brain: A 1HsWR$ Eur.
J. Radiol. 81, e222231. doi:10.1016/j.ejrad.2011.01.106

Rothman, D.L., Petroff, O.A., Behar, K.L., Mattson, R.H., 1993. Localized 1H NMR
measurements of gamma-aminobutyric acid in human brain in viva. RaticAcad. Sci. U.
S. A. 90, 56626.

Saleh, M.G., Near, J., Alhamud, A., Robertson, F., van der Kouwe, A.J.Wijédeld.M., 2016.
Reproducibility of macromolecule suppressed GABA measurement using motiaghin
navigated MEGA-SPECIAL with LCModel, ]MRUI and GANNET. Magn. Reson. Mater.
Physics, Biol. Med. 29, 86874. doi:10.1007/s1033316:05788

Tal, A., Kirov, LI, Grossman, R.l., Gonen, O., 2012. The role of gray and whitermatt
segmentation in quantitative proton MR spectroscopic imaging. NMR Biomed. 25; 1392
1400. doi:10.1002/nbm.2812

Thulborn, K.R., Ackerman, J.J.., 1983. Absolute molar concentrations byiNMRomogeneous
B1. A scheme for analysis of in vivo metabolites. J. Magn. Reson. 55,3Bb7
doi:10.1016/0022-2364(83)90118-X

Tkac, L., Rao, R., Georgieff, M.K., Gruetter, R., 2003. Developmental and regional changes in the
neurochemical profile of the rat brain determined by in vivo 1H NMRtspgcopy. Magn.
Reson. Med. 50, 282. doi:10.1002/mrm.10497

Van Essen, D.C., Smith, S.M., Barch, D.M., Behrens, T.E.J., Yacoub, E., Ugurbil, K., 2@13. T
WU-Minn Human Connectome Project: An overview. Neuroimage 80;7%2
doi:10.1016/j.neuroimage.2013.05.041

Wang, Y., Li, S.-J., 1998. Differentiation of metabolic concentrations betwesy matter and
white matter of human brain by in vivo 1H magnetic resonance spampgosMagn. Reson.
Med. 39, 2833. d0i:10.1002/mrm.1910390107



26

Wansapura, J.P., Holland, S.K., Dunn, R.S., Ball, W.S., 1999. NMR relaxatiorinitheshuman
brain at 3.0 Tesla. J. Magn. Reson. Imaging 9,-53&. doi:10.1002/(SICI)1522-
2586(199904)9:4<531::AID-JMRI4>3.0.CO;2-L

Zoelch, N., Hock, A., Heinzer-Schweizer, S., Avdievitch, N., Henning, A., 2B8t¢urate
determination of brain metabolite concentrations using ERETIC as externahoefeMR
Biomed. 30, e3731. doi:10.1002/nbm.3731



27

Fig. 1. (A) Representative MRS voxel placement on-av&ighted structural image and
probabilistic partial volume voxel maps following tissue segmentation foparteipant.
Corresponding tissue fractisof gray matter (GM), white matter (WM) and cerebrospinal fluid
(CSF) are shown. (B) Vendor-mean GABA+-edited difference spddteagray patches

represent-1 standard deviation. The associated sample sizes are shown in parentheses.

Fig. 2. Water-referenced GABA+ measurements fully corrected for padiaime effects

displayed by site and by vendor. The boxes shaded with lighter colors represtandard

deviation and the darker boxes represent the 95% confidence interval. Thehé@itines

denote the mean, while the dashed white lines denote the median. Sites are colored by vendor

(GE sites in green, Philips sites in orange, Siemensisit#ge).

Fig. 3. Gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) voxektissu
fractions, displayed by site and by vendaM = gray fill; WM = white fill, CSF = black fill
The red lines denote the mean. Sites are colored by vendor (GE sites with dagieground,

Philips sites with an orange background, Siemens sites Witredackground).

Fig. 4. Quality metrics and water-referenced Cr measurements, displayed by site\amdior.

(A) water fit error; (B) water linewidth; (C) Cr measurements fully correctegddial volume
effects. The boxes shaded with lighter colors represent +1 standardathearat the darker

boxes represent the 95% confidence interval. The solid white lines denote the mesathewvhi
dashed white lines denote the median. Sites are colored by vendor (GE sites in green, Philips

sites in orange, Siemens sites in blue).

Fig. 5. Scatterplots displaying tissue-water-corrected GABA+ measureme@atéunction of

gray matter voxel tissue fractiors(f) (A) before and (B) aftesi-correction to account for

intrinsic differences in gray and white matter GABA. Individual measurementslarecoded

by vendor (GE in green, Philips in orange, Siemens in blue). The black regtess@how the
relationship betweersfi and water-referenced GABA+ over the entire dataset. Additional color-

coded regression lines are shown for each sfteaRes (i.e., effect sizes) are also displayed.
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Fig. 6. Scatterplot illustrating the relationship between water-referenced GAlBasurements

and GABA+/Cr ratiosIndividual measurements are color-coded by vendor (GE in green, Philips
in orange, Siemens in blue). The black regression line shows the relationship between
GABA+/Cr and water-referenced GABA+ over the entire dataset. Additional-cotted

regression lines are shown for each site. TheaRie (i.e.the effect size)s also displayed.



Table 1. Hardware and acquisition parameters used to c@@di-weighted structural images at each site.

Site ID  Tx/Rx hardware Voxel resolution (m)  TE/TI/TR (ms) Scan time (m:ss) Flip angle (deg) Slices FOV (mn¥) Matrix size Acceleration (factor)
Gl Body coil/32-ch head coll 0.94x 0.94x 1 2.68/600/7.42  4:07 10 226 256x 256  256x 256 ASSET (2)
G2 Body coil/8-ch head coil 0.9x09x 1 2.73/650/6.24 2:54 8 180 256x 256  256x 256 ARC (2)

G3 Body coil/32-ch head coll Ix1x1 2.6/500/6.4 4:37 11 180 256x 256  256x 256 ASSET (2)
G4 Body coil/8-ch head coill 1x1x1 2.98/450/6.89 9:35 12 192 256x 256 ~ 256x 256 None

G5 Body coil/32-ch head coill 0.5x0.5x0.8 2.1/450/7.09 5:39 12 232 256x 256 512x 512 None

G6 Body coil/8-ch head caoil 1x1x2 2.66/400/6.24 6:22 12 124 240x 240 240x 240 None

G7 Body coil/8-ch head caoil Ix1x1 3.2/450/8.2 4:30 12 176 256x 256 256x 256 ARC (2)

G8 Body coil/8-ch head coil Ix1x1 4.17/450/10.19 5:27 12 180 256x 256 256x 256 ARC (2)

P1 Body coil/32-ch head coil 1x1x1 3.1/8656.9 7:10 8 204 256x 256  256x 256 SENSE (2)
P2 Body coil/32-ch head coill Ix1x1 3.1/865/6.9 7:10 8 204 256x 256 256x 256 SENSE (2)
P3 Body coil/32-ch head coill I1x1x1 3.1/865/6.9 7:10 8 204 256 x 256 256x 256 SENSE (2)
P4 Body coil/32-ch head coil Ix1x1 3.1/865/6.9 7:10 8 204 256x 256  256x 256 SENSE (2)
P5 Body coil/32-ch head coil Ix1x1 3.1/865/6.9 7:10 8 170 256x% 256 256x 256 SENSE (2)
P6 Body coil/8-ch head caoil Ix1x1 3.1/865/6.9 7:10 8 204 256x 256 256x 256 SENSE (2)
P7 Body coil/32-ch head coil Ix1x1 3.1/865/6.9 7:10 8 204 256x 256  256x 256 SENSE (2)
P8 Body coil/32-ch head coll Ix1x1 3.1/865/6.9 7:10 8 204 256x 256  256x 256 SENSE (2)
P9 Body coil/32-ch head coll Ix1x1 3.1/865/6.9 7:10 8 176 256x 256  256x 256 SENSE (2)
S1 Body coil/32-ch head coil Ix1x1 2.52/900/1900 4:18 9 176 250x 250 256x 256 GRAPPA (2)
S2 Body coil/32-ch head coil Ix1x1 2.85/1050/1900 5:43 9 176 256x 256  256x 256 GRAPPA (2)
S3 Body coil/20-ch head/neck coil 1x1x1 1.77/900/1900 4:05 8 160 256x 256  128x 256 GRAPPA (2)
S4 Body coil/64-ch head coil 1x1x1 4.11/1000/2000 3:36 12 160 256x 256  256x 256 GRAPPA (2)
S5 Body coil/12-ch head coll Ix1x1 4.6/900/1950  4:01 9 176 192x 256  192x 256 GRAPPA (2)
S6 Body coil/32-ch head coil Ix1x1 2.26/900/1900 4:26 9 192 256x 256  256x 256 GRAPPA (2)
S7 Body coil/32-ch head coil 1x1x1 3.03/900/2300 5:21 9 192 256x 256  256x 256 GRAPPA (2)
S8 Body coil/64-ch head coll Ix1x1 3.02/900/1900 4:01 9 160 256x 256  256x 256 GRAPPA (2)



Table 2. Quantification, tissue fractions and water data quality metrics, displayed by site andiby(gbown as meah1 standard deviatign

Site ID GABA+ (i.u.) Cr (i.u.) fom fum fcsk Water fit error (%) Water linewidth (Hz)
G1 2.47+0.13 11.69+ 1.00 0.60+ 0.05 0.26+0.04 0.14+0.03 0.95+0.09 9.43+0.48
G2 2.72+0.19 1119+ 0.61 0.56+ 0.02 0.29+ 0.03 0.15+0.03 0.57+0.11 9.98+0.73
G3 2.15+0.19 10.16% 0.69 0.60+0.03 0.29+0.02 0.11+0.03 0.43+0.09 9.46+0.76
G4 2.45+0.28 10.54+ 0.52 0.60+0.03 0.28+0.02 0.12+0.04 0.42+0.06 9.34+0.40
G5 2.20+0.16 10.33+0.41 0.65+ 0.05 0.26+0.01 0.09+ 0.04 0.55+0.11 9.79+ 0.63
G6 2.36+0.42 9.65+0.76 0.54+0.04 0.32+0.02 0.15+ 0.04 0.65+0.07 9.80+0.92
G7 2.56+0.28 1128+ 0.55 0.57+0.05 0.23+0.02 0.19+0.06 0.47+0.11 8.72+0.88
G8 2.56+0.28 1110+ 0.49 0.57+0.03 0.23+0.05 0.21+0.05 0.41+0.09 8.40+0.42
All GE 245+ 0.30 10.78 £ 0.90 0.58 £ 0.05 0.27+0.04 0.15+0.05 0.56+0.19 9.37+£0.84
P1 2.44+0.28 11.46+0.78 0.60+0.03 0.27£0.04 0.13+£0.04 0.47+0.07 8.78+0.53
P2 2.34+0.19 11.55+0.71 0.56+ 0.03 0.29+ 0.02 0.15+0.04 0.43+0.07 8.74+ 0.40
P3 2.42+0.18 11.24+0.94 0.58+0.02 0.29+0.03 0.13+0.03 0.84+0.11 9.02+0.43
P4 2.58+0.42 11.86+ 0.56 0.59+ 0.02 0.26+0.02 0.15+ 0.03 0..32+0.06 8.78+0.38
P5 2.24+0.18 11.32+0.75 0.63+0.03 0.27+0.02 0.11+0.03 0.75+0.08 9.06+0.24
P6 2.64+0.20 1319+1.19 0.57+0.02 0.25+0.03 0.18+0.05 0.67+0.17 8.71+£0.53
P7 2.30+0.16 11.88+ 0.47 0.63+0.03 0.27+0.03 0.10+ 0.03 0.69+0.11 10.21+ 0.62
P8 2.66+0.23 1384+ 0.54 0.61+0.04 0.28+0.03 0.11+£0.04 0.40+0.04 9.03+0.29
P9 2.45+0.17 11.13+0.93 0.59+ 0.02 0.28+0.04 0.12+0.03 0.50+ 0.06 8.77+£0.31
All Philips 246+ 0.27 11.95+1.17 0.59+ 0.04 0.27 + 0.03 0.13+0.04 0.56+0.19 9.01+0.62
S1 3.06+0.17 1476+ 0.84 0.57+0.03 0.30+0.03 0.12+0.05 0.39+ 0.08 9.40+0.72
S2 3.47+0.29 17.24+0.28 0.55+ 0.02 0.33+0.02 0.12+0.03 0.38+0.03 9.22+0.36
S3 2.83+£0.30 14.86 £ 0.98 0.56+0.03 0.33£0.04 0.11+0.04 0.30+0.06 8.63+0.39
S4 3.16+0.33 1405+ 0.57 0.61+0.03 0.29+ 0.02 0.10+£0.04 0.33+0.05 8.81+0.31
S5 3.28+0.53 1445+ 160 0.59+ 0.05 0.31+0.04 0.10+ 0.07 0.42+0.11 9.45+0.92
S6 3.01+0.11 1457+ 0.42 0.59+ 0.04 0.30+0.03 0.11+0.03 0.44+0.08 9.12+0.28
S7 3.27+0.25 13.88+ 0.96 0.58+ 0.03 0.28+0.03 0.14+0.04 0.46+ 0.08 8.98+0.39
S8 3.31+0.38 1552+ 0.61 0.58+ 0.03 0.29+ 0.03 0.13+0.02 0.33+0.07 8.84+0.36
All Semens  3.15+0.37 1473+ 1.19 0.58+ 0.04 0.30£0.04 0.12+0.04 0.38+£0.10 9.04+ 0.57
Overall 2.67+0.45 1242+ 1.94 0.59+ 0.04 0.28 + 0.04 0.13+0.05 0.51+0.19 9.14+0.70




