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Abstract

Purpose—To develop a tissue correction for GABA-edited MRS that appropriately addresses
differences in voxel gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF)
fractions.

Methods—Simulations compared the performance of tissue correction approaches. Corrections
were then applied to in vivo data from sixteen healthy volunteers, acquired at 3T. GM, WM and
CSF fractions were determined from T1-weighted images. Corrections for CSF content, GM/WM
GABA content, and water relaxation of the three compartments are combined into a single, fully
corrected measurement.

Results—Simulations show that CSF correction increases the dependence of GABA
measurements on GM/WM fraction, by an amount equal to the fraction of CSF. Furthermore, GM
correction substantially (and non-linearly) increases the dependence of GABA measurements on
GM/WM fraction, for example, by a factor of over four when the voxel GM tissue fraction is 50%.
At this tissue fraction, GABA is over estimated by a factor of 1.5.

For the in vivo data, correcting for voxel composition increased measured GABA values (p<0.001
for all regions), but did not reduce inter-subject variance (p>0.5 for all regions). Corrected GABA
values differ significantly based on the segmentation procedure used (p<0.0001) and tissue
parameter assumptions made (p<0.0001).

Conclusion—We introduce a comprehensive tissue correction factor that adjusts GABA
measurements to correct for different voxel compositions of GM, WM, and CSF.
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Introduction

Magnetic resonance spectroscopy (MRS) is a non-invasive technique that allows the
detection and quantification in vivo of endogenous metabolites. It is increasingly being
applied to probe the inhibitory neurotransmitter GABA (1). Due to the low concentration of
GABA and the overlapping nature of the spectrum, MRS of GABA usually employs an
edited experiment with a relatively large volume of excitation (2-4). Such large voxels
inevitably contain substantial amounts of gray matter (GM) in which the bulk of GABAergic
inhibitory activity occurs, white matter (WM) that contains less GABA, and cerebrospinal
fluid (CSF) which contains negligible amounts of GABA. In any group of participants, there
will be some degree of variation in the tissue composition of the voxel which, given the
differences in GABA concentration of the tissues, will lead to variance in GABA
measurements.

One response to this tissue-related variance is simply to accept it — to say that the role of
MRS is to estimate the concentration of GABA in the voxel of interest and that changes in
tissue composition contribute to that. However, MRS findings driven by bulk tissue
changes/differences are generally held to be of less interest, and therefore, correction of
measurements for differences in voxel composition has received increasing amounts of
attention. There are two alternative approaches - using tissue composition parameters as co-
variates in statistical analyses (3), or applying a mathematical correction factor based on
voxel composition to give a tissue-corrected concentration estimate (5).

Correcting for voxel tissue composition is potentially beneficial to both the precision and
accuracy of GABA quantification (3,6). In terms of precision, a correction for voxel tissue
composition is desirable if inter-subject variance in tissue composition is a substantial
contributor to variance in GABA measurements and if it is possible to experimentally
determine appropriate correction factors to remove that variance. Correction for voxel tissue
composition can potentially account for several factors including: different tissue
concentrations of GABA, different tissue concentrations of MR-visible water, and relaxation
of the water signal that differs between tissues. Correction requires some or all of the
following to be determined: voxel composition in terms of GM, WM and CSF fractions;
water relaxation times for each tissue compartment; MR visible water concentrations for
each tissue compartment; GABA relaxation times for each tissue compartment; and
contributing GABA concentrations for each tissue compartment. The accuracy with which
these are determined, whether through experiment or from literature values, will impact the
success of correction. VVoxel tissue composition can be determined either by segmentation of
T1-weighted brain images using tools such as SPM (7) and FSL (8), or by acquisition of
additional data (9). Water and GABA parameters are generally determined from the
literature (6,10-15); however, the literature values for these parameters are variable.

While it is generally agreed that the ideal correction factor will account for all these tissue-
related factors, correction is often not performed and when it is, there is no standard
methodology. The most common approach is to simply remove the impact of the CSF on the
concentration estimate by inflating the measured GABA by the fraction of tissue within the
voxel (e.g. refs. (16,17)). Another common approach corrects based on the voxel GM
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fraction alone (e.g. (18)). Both approaches have their weaknesses — the former effectively
ignores difference in GABA concentration between GM and WM, while the latter assumes
that WM contains no GABA. One aim of this manuscript is to demonstrate the impact of
these assumptions. These corrections are generally applied in manuscripts with the aim that
findings based on corrected GABA values will not be impacted by differences in voxel
segmentation, and against this benchmark they fail. In order to remove the bias of voxel
segmentation from GABA estimates, it is necessary to account for both the voxel fractions
of GM and WM and the difference in GABA concentration between the two. In accounting
for the differences in GABA concentration in GM and WM, it becomes clear that the
segmentation routine and tissue-specific water relaxation and visibility parameters can
impact quantitative results.

The purpose of this paper is to investigate the performance of current standard tissue
corrections in the context of a metabolite, GABA, with different concentration in gray
matter (GM), and white matter (WM), and to develop a tissue correction for GABA-edited
MRS that appropriately addresses differences in voxel GM, WM and cerebrospinal fluid
(CSF) fractions.

Materials and Methods

Correcting for GABA concentration differences

Consider a voxel containing three compartments corresponding to GM, WM and CSF, with
volume fractions foum, fiwm, fose respectively, and suppose that the concentration of GABA
in each compartment is cgnm, Cwms Ccsk respectively. The measured concentration of GABA
in the whole voxel Cpeas Will be:

cmeaS:cGM fGM +CVVM f\NM +CCSF fCSF‘ . [1]

Values of cyeqs Can differ either due to differences in the volume fractions or differences in
the concentrations. It is helpful that the concentration of GABA in CSF is negligible, so that:

Cmeas ™~ CGM fGM +C\’VM fVVM :

Correction has been based either on the total tissue fraction in the voxel, i.e.,

Cmcas

Cosreor = ¢ (also known as CSF-correction in the literature) or the GM fraction, i.e.,
M+ WM

G

Cmcas

cGerrzg_ We maintain the slightly conflicting terminology generally used in the
literature — CSF correction involves removing the CSF fraction, whereas GM correction
only takes the GM fraction into account. Note also that we frame this discussion in terms of
concentration and volume fractions, not signal fractions; fg here is equivalent to fgm_vol in
reference (6). These two corrections can be generalized to:
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_ Cmeas
Ctisscorr = f
G

M+ X fV\’M - [
CSF correction can be applied by setting a to 1; GM correction can be applied by setting a
to 0. In fact, a in this equation represents an assumed ratio between the GABA
concentrations in WM and GM. The correction in Equation 2 normalizes Cgjsscorr SO that it
represents what the measured concentration would be if the voxel were entirely GM. This is
undesirable, as it does not reflect the tissue that is being studied, and a better correction

factor is one that is based on the tissue composition of the voxel of interest:

Cmeas Koyl w

G Meorr (fGlVl + X fWNI) IU’GM+lu WM ’

C

where pgp and pyym are the GM and WM fractions of the group average voxel fractions. In
this manuscript, pgm and Py are data-driven and defined as the average GM and WM
fractions for each voxel. If the tissue fractions in an individual voxel are equal to the group
averages (i.e., if fom = Hem and fyym = Kwm), this correction simplifies to 1/(Ugm+Hwm)
and the correction amounts to CSF correction. For other compositions, it further adjusts to
account for greater or lower than average fgp.

GABA concentration ratio a simulations

Uncorrected GABA concentrations were simulated for theoretical voxels with 8% CSF and
varying amounts of GM and WM, based on cgp = 1, oywm = 0.5 and ccge = 0 according to
Equation 1. Based on Equation 2 above, corrected GABA index concentrations were also
calculated based upon a values of 1 (CSF correction), 0 (GM correction), 0.5 (the simulated
correct value as defined by on the ratio of GABA concentrations in WM and GM), 0.7 and
0.3 (incorrect estimates of a). For the correction of in vivo data, a is not known; we
therefore include these incorrect values of a in order to investigate the impact of estimation.
In order to demonstrate that findings are not specific to voxels containing 8% CSF, these
simulations were repeated for voxels with 30% CSF (chosen to represent atrophy).

These corrections can be compared using two different criteria: the accuracy of the GABA
concentration index for a specific tissue fraction (relative to the correct value of 1) and the
slope of dependency of the GABA concentration index on tissue fraction.

Experimental Data

In order to compare the correction factors, a dataset was analyzed in which 5 regional
GABA measurements have been made in 16 healthy volunteers. This study was approved by
the local IRB and all volunteers provided informed, written consent. All scanning was
performed at 3T (‘Achieva’, Philips Healthcare, The Netherlands) with a 32-channel head
coil. Scanning included a T1-weighted whole brain image, (MPRage, TR/TE = 8 ms/3.7 ms,
1 mm? isotropic voxels) and single voxel GABA-edited MRS in 5 voxel locations (visual
cortex, OCC, auditory cortex, AUD, sensorimotor cortex, SM, frontal eye fields, FEF and
dorsolateral prefrontal cortex, DLPFC). All voxels were 3 x 3 x 3 cm3, except for the AUD
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which was 4 x 3 x 2 cm3. The GABA-edited MRS was collected using a MEGA-PRESS
experiment (19). Editing pulses were applied at 1.9 ppm and 7.46 ppm, interleaving every
two transients across a 16-step phase cycle, TR/TE = 2s/68 ms; 320 transients, 2048 data
points at a spectra width of 2 kHz; VAPOR water suppression and first-order and second-
order shim parameters were derived using pencil-beam projection-based shimming routine.
The limited selectivity of the editing pulses (14 ms duration) results in co-editing of
macromolecules (MM), thus quantified GABA includes MM contamination, often referred
to as GABA+.

Segmentation of T1 images and Coregistration of MRS acquisition volumes

Two segmentations of each T1-weighted image were performed, using both SPM8 (New
Segment, (7)) and FSL5.0 (FAST (8)); default parameters were used for both segmentations.

A binary mask of the voxel location was constructed in the same imaging matrix as the T1-
weighted image. This was accomplished using the voxel size, orientation and location
information from the header of each individual acquisition to determine the coordinates of
the voxel corners in the laboratory frame of reference. The convex hull of these points was
then used to generate the voxel volume and express it as a binary mask in the T1-weighted
image frame of reference. This voxel mask was then applied to the SPM segmentation to
determine the voxel GM, WM and CSF fractions. This functionality is now available within
the Gannet 2.0 toolbox (20) as Gannet Co Register and Gannet Segment. For the comparison
of segmentation tools, a binary mask was similarly reconstructed using SVMask (Michael
Schar, Philips Medical Systems) and applied to the segmentation results from FSL.

The tissue fractions for WM, GM and CSF within the MRS voxel were then calculated. The
partial volume maps generated from FAST (as opposed to the binary segmentation) were
used for the MRS voxel segmentation analysis. The agreement between the SPM- and the
FSL-derived tissue fractions for all five voxels was investigated using Bland-Altman
methods (21).

Correcting for water signal differences

Water-referenced GABA concentrations (cg) are usually estimated based on an equation
such as:

in which Ig and I, are the signal integrals for GABA (modeled as a 5 parameter Gaussian)
and water (modeled as a Gaussian-Lorentzian), c,, is the visible water concentration, the
concentration of water is assumed to be 55000 mM, and the MR-visible fraction is assumed
to be 0.65, x is the editing efficiency of GABA, assumed to be 0.5, MM is a correction
factor for co-edited macromolecular signal (3), Tig Tiw Tog Tow are the Ty and T,
relaxation time constants for GABA and water. Literature values for T1g, T1w, T2g and
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Tow are assumed (T1g =800 ms, Ty = 1100 ms, Ty = 88 ms and Ty = 95 ms (20)).
Here, relaxation times and the visible water concentration do not differentiate between tissue
compartments. All of these constants are standard values from the literature and are that of
the standard implementation in Gannet (3,20). TE and TR are the experimental echo time
and repetition time (3,20).

Incorporating different ¢, T1y, and Tp, for each tissue compartment i leads to the following
water-corrected GABA estimate:

MM, S IWMCSE e exp (_ T ) (1—exp (~£2)) £

2W.i

ok oo (~2) (1o (-F5) -

where the sum is over the three compartments (GM, WM and CSF) each with individually
specified relaxation parameters and visible water concentration. Tissue compartment values
for GABA are not available in the literature, therefore the assumption of a single value for
Ty and Tyg for all tissue (GM, WM and CSF) is maintained; T1g = 800 ms (3) and Tog =
88 ms (11).

The following literature-derived relaxation parameters of water were used: white matter
Tiwwm = 832 ms and Tow wm = 79.2ms; gray matter Ty, gm = 1331 ms and Toy, gv = 110
ms (13); CSF Ty csk = 3817 ms (15) and Ty, csg = 503 ms (12). MR-visible water
concentrations (Gy;) of 36.1 mol/dm?3, 43.3 mol/dm? and 53.8 mol/dm3 for WM, GM and
CSF, respectively were derived from published MR-visible water fractions (6).

Correcting for GABA concentration differences between compartments (as addressed
above) leads to the compartment corrected GABA estimate:

(S e o (A5) (1—e () 1)
e oo (F5) (1~ e (1)) (=) ®

Then normalizing to a group-average voxel, as developed in Equation 3 results in the fully
corrected GABA estimates:

Cfullcorr=—

MMI, ZZGM7 WMVCSFCW’ieXp (_Tff,i) (1 —exp (_T?v?i)) fi ( HFeut X Bwy
Kl exp (—%) (1 — exp (—%)) (Fomt o fnr) (BantHwn)

Quantification of GABA

Experimental data were processed with Gannet 2.0 (20) - here we refer to the water-
referenced GABA concentration values (output from Gannet as

MRS _struct.out. GABAconciu) as the uncorrected GABA concentrations Cyncorr- TisSue-
specific water relaxation and concentration values were also used to generate the
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compartment corrected GABA estimate, Equation 4, and Csjicorr @ccording to Equation 6,
with a = 0.5 and the region-average values for pgnm and pywm-

These tissue corrections have also been added to the Gannet analysis toolkit. Consistent with
the processing pipeline in GannetLoad and GannetFit, these additional modules perform
batch analysis. Using the T1-weighted images corresponding to the MRS data files and
routines from SPM, GannetCoRegister and GannetSegment perform the MRS voxel
registration, T1-weighted image segmentation and calculate fgp, fyym and fose based on the
voxel mask and segmentation results. GannetQuantify then uses the signal integrals for
GABA and water as determined in GannetFit and applies the tissue specific relaxation and
water visibility constants for each tissue fraction to quantify GABA using Equation 4. This
is saved to the output structure (MRS _struct.Quantify.QuantGABA _iu). The compartment
correct GABA level is also determined as per Equation 5 using a = 0.5 and saved to the
output structure (MRS _struct.Quantify.QuantCorrGABA _iu). Lastly, the normalization to
the group-average voxel is determined using Equation 6. By default, ugn = average of fgp
values for all files supplied in the batch analysis and v = average of fyy values for all
files supplied in the batch analysis. This is saved to the output structure
(MRS_struct.Quantify.QuantNormTissCorrGABA _iu).

Using the compartment corrected GABA estimate, the regression of measured GABA and
GM fraction was used to determine a from the experimental, in vivo dataset. Segmentation
results from SPM was used for this section.

In order to investigate the impact of parameter choices, fully corrected GABA values were
also calculated for using a second set of literature-derived water relaxation parameters:
white matter Ty, wm = 1084ms and Tay, wm = 69 ms; gray matter Ty, gm = 1820 ms and
Tow.em = 99 ms (14); CSF Ty csr = 4300 ms (15) and T, csr = 503 ms (12).

Statistical Methods

Results

In order to test for mean differences between uncorrected and fully corrected GABA indices,
paired t-tests were performed, both for each region individually and for all data pooled
across regions. F-tests were used to test for differences in variance for the same comparisons
after normalizing to the group mean. Paired t-tests were used to test for mean differences in
GABA indices arising from segmentation with FSL and SPM, and Bland-Altman plots were
used to examine consistency of segmentation methods (21). F-tests were used to test for
differences in variance between GABA values corrected based upon FSL and SPM
segmentation. Paired t-tests were used to test for mean differences in GABA values arising
from using different literature relaxation values.

GABA concentration ratio a

Figure 1A plots corrected (solid lines) and uncorrected (dashed lines) GABA index against
the tissue WM/GM fractions, for simulated voxels. The a = 0.5 line has value 1 and zero
slope. CSF correction (that corrects for the total tissue in the voxel without differentiating
between GM and WM), a = 1, underestimates the GABA index by an amount that depends
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on fyym, and increases the slope of the line (by 1/(1-fcsg)). Conversely, with increasing fyym,
GM correction (a = 0) overestimates GABA and shows a tendency to blow up. The slope of
the GM correction line at a tissue fraction of 50% is more than four times steeper than that
of the uncorrected line and the GABA level is over estimated by a factor of 1.5. Intermediate
values of a outperform the extremes, in terms of both GABA index and slope; that is, a =
0.7 has reduced slope and error than a =1 and a = 0.3 has reduced slope and error than a =
0. a = 0.7 has less slope and error than a = 0.3. Figure 1B shows the same simulation results
for a CSF fraction of 30%. The corrected lines overlay exactly between Figures 1A and 1B.

One spectrum from the OCC voxel, two spectra from the AUD and two spectra from SM
were excluded due poor data fitting, often resulting from frequency drifts or step-changes of
greater than 20 Hz (22). Example spectra are shown in Figure 2. The average water
linewidths were 10.2 + 1.5 Hz. Quantified GABA, using tissue specific relaxation
parameters (Equation 4) were plotted against the GM fraction (shown in Figure 3) for all
regions and a was calculated to be 0.43 based on the in vivo current dataset.

Quantification of GABA

Figure 4A compares the uncorrected GABA estimates with the fully-corrected GABA
estimate for each brain region and pooling all GABA results. The corrected GABA
measurements are significantly increased compared to the uncorrected measurements (p
<0.001 for all five voxels and all pooled). Figure 4B compares the coefficients of variation
across subjects. Statistically, there is no significant difference in variance in the fully
corrected data compared to the uncorrected data (p = 0.90, 0.99, 0.71, 0.98, and 0.92 for
OCC, AUD, SM, FEF and DLPFC voxels respectively, and 0. 51 for all data pooled).

Figure 5 examines the correlation of the fully corrected, measured GABA compared to the
uncorrected measurements. In Figure 5A, a strong correlation between the fully corrected
data and the uncorrected data is shown for all voxels. In Figure 5B, the magnitude of the full
correction factor is plotted against the uncorrected data to illustrate the variance of the
correction factor. The coefficient of variation for the full correction factor is 1.7%, 1.3%,
3.3%, 2.1%, 2.1% and 5.4% for the OCC, AUD, SM, FEF, DLPFC and all data pooled,
respectively.

Segmentation of T1 images by FSL and SPM

Figure 6 shows Bland-Altman plots for WM, GM and CSF segmentation results. The results
of SPM and FSL are correlated; however, there are systematic differences in the GM and
CSF segmentation results. FSL calculates larger fcge values than SPM. Across all voxels,
FSL-corrected GABA values are significantly higher than the SPM-corrected GABA values
(p < 0.001 for all comparisons). The choice of segmentation method does not significantly
change the variance in corrected GABA values (p = 0.89, 0.86, 0.58, 0.59, and 0.70 for
OCC, AUD, SM, FEF and DLPFC voxels respectively).
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Impact of Water Relaxation Times

Figure 7 compares the corrected GABA concentrations when applying the different sets of
relaxation times for each set tissue type. The GABA measurements using the Stanisz values
are reduced compared to the GABA measurements using the Wansupura values (p<0.0001).

Discussion

The correction of MRS-derived concentration estimates for voxel tissue composition is a
long-standing recommendation (5); however, the implementation of these procedures is not
consistent and the implication of this inconsistency is not widely recognized. Correcting for
different amounts of CSF is mathematically trivial due to its negligible GABA
concentration. Correcting for tissue composition for a compound such as GABA, which is
known to have different concentration in GM and WM, has received less attention. In this
manuscript, we propose a correction approach that accounts for differences in GABA and
MR-visible water concentrations and water relaxation behavior between the three tissue
compartments. This approach is more successful than either CSF correction (which under-
corrects) or GM correction (which over-corrects, and also increases the dependency of
GABA measurements on voxel composition). With this correction, the dependency of the
corrected GABA index on tissue fractions is removed and the estimate of GABA is accurate
when using the correct a. When an assumed a close to the true value is used the dependency
of GABA on the tissue fraction is reduced and a more accurate estimate is reported
compared to other correction strategies. It is interesting that the corrections do not
substantially reduce inter-subject variance in this cohort of young healthy adults.
Corrections for differences in voxel composition are likely to have greater impact in cohorts
that include disease- or age-related atrophy. This correction is now incorporated in an
automated fashion within the Gannet toolkit for GABA-edited MRS.

The quantification of GABA is impacted by the composition and tissue characteristics of the
voxel. This includes not only the voxel fractions of WM, GM and CSF, which can be
determined by segmentation of an anatomical image, but also the relative concentrations of
GABA in each tissue. In order to correct for different concentrations of GABA in GM and
WM, it is necessary to estimate the concentration ratio between these compartments — a
quantity we refer to as a. Clearly, the efficacy of this correction depends on the accuracy of
the chosen value of a In this paper, an a-value of 0.5 has been selected. This assumption
corresponds to WM having a GABA concentration that is half that of GM, a common
assumption (3). It is important to recognize that a should reflect not just the ratio of GABA
concentration between tissue compartments, but the ratio of GABA-edited MRS signal
between compartments. This is relevant as GABA values are often contaminated by
approximately 50% co-edited MM signal (3,23,24). Values for o can be determined based
upon literature concentration ratios from two sources: assays of tissue extracts (both post-
mortem and biopsy samples), and MRS studies that extrapolate from GM-rich and WM-rich
voxels to 100% GM and WM. A crude average of tissue extract (25-27) and MRS studies
measuring MM-suppressed GABA (28) gives cym/Com = 0.35 = 0.20, and of those
measuring GABA+ (28-32) give cyym/com = 0.41 + 0.23. Consistent with the literature,
calculating a from the current dataset results in a = 0.42. Based on this value, the literature
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and our simulations, which show that it is better to over-estimate rather than under-estimate
a,we round this value to 0.5.

Correcting GABA measurements for the voxel tissue content results in an increase in
estimated GABA, primarily as a result of addressing the CSF fraction that contributes to the
water signal but not the GABA signal. Correction for tissue-specific water relaxation and
visibility parameters also increases the GABA measurement, without reducing variance.

Consistent levels of variation between the uncorrected and fully corrected data may occur
either because the correction factors are small and thus have little impact, or because
variance removed by the correction is counterbalanced by additional variance introduced by
it. Fully corrected GABA measurements and uncorrected measurements are highly
correlated, however the correction does have some impact on the measurements. The
correction factors have a relatively small inter-subject variance and show no hint of
correlation with uncorrected GABA concentration, illustrating that variance in uncorrected
GABA concentration is not substantially explained by the correction factors. Therefore,
within this cohort of healthy volunteers, measured variance in voxel composition does not
substantially contribute to variance in GABA measurements, and correcting for it does not
remove inter-subject variance.

In the current manuscript, we defined pgpm and pw (in Equation 3) as the group-average
fom and fyyn for each voxel, thus pgpm and pwn were data-driven. In group comparison
studies in which there are no anatomical differences between groups, it may be appropriate
to use mean values across both groups. In studies that compare patients with atrophy with
healthy controls, it may be most appropriate to calculate yWWM and uGM from just the
control group. In a longitudinal study of patients with varying degrees of atrophy due to
differences in disease duration, pre-defined values for gy and pywn may be most
appropriate.

FSL and SPM are two widely used software packages for imaging analyses and both include
segmentation tools, applying different segmentation strategies (7,8). In this study the
segmentation results from SPM and FSL are generally significantly consistent, but there are
differences in the segmentation results, in particular in GM and CSF. Differences in
segmentation impact corrected GABA values largely through differing CSF fractions, which
should be considered when comparing literature data. Discrepancies between the
segmentation results from FSL and SPM have previously been documented (33,34), but
their impact metabolite quantification is often overlooked. SPM8 segmentation analysis is
integrated within Gannet.

Literature-derived relaxation constants (12-15) impact GABA quantification most strongly
through the Ty of GM and the Ty of WM (at TE of 68 ms and TR of 2s). Acquiring
water reference data with short TE and long TR reduces the dependence of GABA values on
water relaxation parameters. Selection of relaxation constants will not impact the detection
of group differences within a study, but this emphasizes that literature values derived from
different relaxation constants cannot be compared.
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A major limitation of this approach is the need to determine a. The linear fitting approach to
calculate a, which has been used previously (29), assumes that GABA levels within GM or
WM do not vary across the brain. This assumption has been applied previously (e.g., Refs
(29,30,32) and is likely an oversimplification. However, the assumption is necessary to
compute o from the data, and the value determined from this process agrees with previous
MRS studies (28-32) and tissue extract studies (25-27). Simulations show that it is better to
estimate a than to settle for CSF correction or GM correction, and that over-estimation of a
is preferable to underestimation. Correction based upon an a-value of 0.5 will out-preform
CSF correction for the full range of literature cywm/Com ratios (0.09 to 0.67). In future, more
accurate, and possibly region-specific, estimates of a may become available. A second
limitation is the fact that compartment-specific relaxation parameters for GABA are not
currently not available. In common with all in vivo MRS studies, there is the further
limitation that no gold standard exists with which to compare the in vivo results.

In conclusion, we have demonstrated a GABA quantification correction that addresses
differences in tissue relaxation characteristics and GABA concentration of the different
tissue compartments that make up the MRS voxel. We showed the impact of differences in
GABA concentration between WM and GM and recommend tissue correction should be
performed by setting a = 0.5 to minimize the dependence of GABA measurements on tissue
fraction. CSF correction alone does not address known differences in GABA concentration
between WM and GM, whilst GM correction tends to over-correct. This correction makes it
less likely that inter-subject differences in voxel GM, WM and CSF fraction drive
differences in measured GABA concentration. We highlight an often-overlooked issue that
tissue correction generally corrects to a hypothetical all-GM voxel, which does not reflect
the tissue studied and propose a normalization method with uGM and pWM that provide
GABA measurements more reflective of the tissue of characterization. The application of
this normalization in future work will be study dependent. Among healthy young adults, this
proposed correction does not substantially impact inter-subject variance in GABA
measurements, largely because differences in voxel composition are relatively small. Both
the segmentation method (i.e., FSL versus SPM) and literature-derived constants (ie.,
Wansapura versus Stanisz) impact corrected GABA values; therefore caution must be
applied when comparing results between studies in the literature. The approach presented in
considering tissue compartments for metabolite quantification will generalize to other
metabolites with substantially different WM and GM concentrations.
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Figure 1.
Correcting for differing GABA concentration in GM and WM. The simulated voxel has (A)

8% and (B) 30% CSF. The GABA index is simulated across all normalized GM (and WM)
tissue fractions, assuming no GABA in CSF, GABA concentration in GM = 1 and in WM =
0.5. The simulated, uncorrected GABA index (shown as a dashed line) is then corrected for
differential tissue content using Equation 1, using values of a of 1 (corresponding to CSF
correction), 0 (corresponding to GM correction), 0.5 (the true correction value for this
simulation), 0.7 and 0.3 (corresponding to over- and under-estimates). The correction aims
to normalize the GABA index to an all GM voxel. The efficacy of correction for a given
value of a can be evaluated by the ability of the accuracy of correction at a specific GM
tissue fraction (i.e., difference between a GABA index and 1) and the dependency of the
GABA index on the voxel tissue fractions, denoted by the slope of each correction factor.
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Figure 2.
Example spectra from one subject, after spectral registration for frequency correction for

each of the 5 voxels included in the in-vivo dataset. The voxel location for each spectrum
overlaid on the T1-weighted image is shown.
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GABA versus gray matter fraction. GABA was quantified using tissue-specific relaxation
parameters (Equation 4). All data was pooled for the linear fit, the equation of the fit is
GABA = 1.66fgp + 1.24, giving a calculated a = 0.43.
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Figure4.
Comparison of corrections. A) Uncorrected GABA concentrations (white) and fully-

corrected concentrations are shown for all five brain regions and all data pooled. Correcting
for voxel content and correcting for compartment-specific water relaxation result in
significantly increased GABA measurements (t-tests p < 0.001). B) Coefficients of variation
(CV) across subjects are unaffected by the corrections (F-tests p > 0.05).
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Investigation of the impact of correction factors. A) Correlations of uncorrected and fully
corrected concentrations show strong relationships (0.81<R?<0.98). B) Plot of the
magnitude of the full correction factor against uncorrected GABA concentrations Cyncorr
showing no bias in correction factors
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Bland-Altman plots assessing the agreement between FSL and SPM voxel segmentation

results. While there is agreement between these two segmentation results, FSL biases

towards CSF and SPM biases towards GM. WM fractions are relatively consistent between

the two methods.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Harris et al.

Page 20

3 B Wansapura values
[ ] Stanisz values

—H

——

0 OCC AUD SM FEF DLPFC

Figure?7.
Comparison of resulting GABA estimates when using two different sets of relaxation

parameters. In all regions, there is a significant difference in GABA quantification between
the two parameter sets. The Wansapura values (applied in Figures 3, 4 and 5) tend to
increase the GABA concentrations more than the more recent Stanisz values.
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