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Abstract

Purpose—To determine whether there are in vivo differences of -y-aminobutyric acid (GABA)
levels in frontal and parietal regions of Alzheimer’s disease (AD) patients, compared with healthy
controls using magnetic resonance spectroscopy (*H-MRS).

Materials and Methods—Fifteen AD patients and fifteen age- and gender-matched healthy
controls underwent *H-MRS of the frontal and parietal lobes using the “MEGA-Point Resolved
Spectroscopy Sequence” (MEGA-PRESS) technique, and cognitive levels of subjects were
evaluated using Mini-Mental State Examination (MMSE) tests. MRS data were processed using
the Gannet program. Because the signal detected by MEGA-PRESS includes contributions from
GABA, macromolecules and homocarnosine, it is labeled as “GABA+” rather than GABA.
Differences of GABA+/Cr ratios between AD patients and controls were tested using covariance
analysis, adjusting for gray matter fraction. The relationship between GABA+/Cr and MMSE
scores was also analyzed.

Results—Significant lower GABA+/Cr ratios were found in the parietal region of AD patients
compared with controls (P=0.041). In AD patients, no significant correlations between GABA
+/Cr and MMSE scores were found in either the frontal (r = -0.164; £= 0.558) or parietal regions
(r=0.025; P=0.929).

"Address reprint requests to: G.W., Shandong Medical Imaging Research Institute, Shandong University, 324#, Jingwu Road, Jinan
250021, Shandong, PR China. wgh7932596@hotmail.com.
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Conclusion—Decreased GABA+/Cr levels were present in the parietal region of patients with
AD in vivo, suggesting that abnormalities of the GABAergic system may be present in the
pathogenesis of AD.
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Alzheimer’s Disease (AD) is a progressive neuro-degenerative disorder, characterized by
behavioral abnormalities and cognitive deficits. Increasing evidence suggests that inhibitory
neurotransmitter system dysfunction may be involved in AD (1). -y-Aminobutyric acid
(GABA) is the predominant inhibitory neurotransmitter in the human brain (2), and is
considered to be associated with cognitive function (1). A variety of studies, including
postmortem (3), neuroimaging (4), and animal model systems (5), have suggested that
GABAergic dysfunction is involved in AD.

MRS enables the noninvasive in vivo measurement of major neurometabolite levels in
various neurodege-nerative diseases (6). However, the accuracy of conventional in vivo 1H-
MR spectroscopy for the measurement of GABA measurement is limited by its relatively
low concentration, and spectral overlap with the signals of glutamate (Glu), N-
acetylaspartate (NAA), total creatine (Cr), and macromolecules (MM). With the
development of edited MRS methods, however, such as MEGA-Point Resolved
Spectroscopy method (MEGA-PRESS), brain GABA levels may be more reliably estimated
(7), and has been measured both in normal human brain (8) and in various psychiatric
diseases (9).

Moreover, the relationship between brain metabolites levels and cognitive impairment
remains poorly explored. Although the correlation between NAA and Mini-Mental State
Examination (MMSE) scores has been reported (10), the relationship between GABA level
and cognitive impairments remains unknown.

In this initial study, the edited MRS techniqgue MEGA-PRESS was used to explore in vivo
brain GABA levels in patients with AD, and age- and gender-matched healthy control
subjects. The assessment of the relationship between GABA levels and cognitive
impairments in AD patients were also performed.

MATERIALS AND METHODS

Subjects

Fifteen patients with clinical diagnosis of AD (9 women and 6 men aged 55-79 years, mean
= 65.73 + 8.53 years) and 15 age- and gender-matched healthy control subjects (HC) (8
women and 7 men aged 61-76 years, mean = 66.33 * 4.62 years) were recruited in this
study (Table 1). AD patients were diagnosed according to the Diagnostic and Statistical
Manual of Mental Disorders DSM-1V-TR Fourth Edition (DSM-1V) (11), the National
Institute of Neurological and Communicative Disorders and the Alzheimer’s Disease and
Related Disorders Association criteria (NINDS-ADRDA) (12). To obtain an overall
assessment of cognitive function, all subjects were administered the MMSE (13) by a trained
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neuro-psychologist, blinded to the MRI data, on the same day of the MR examination.
Exclusion criteria included: (i) a history of a severe brain trauma or psychiatric disease; (ii)
intake of medication that may affect cognitive function, e.g., donepezil, memantine; (iii)
major ischemic vascular damage, e.g., cerebral ischemic stroke; or (iv) subcortical
arteriosclerotic encephalopathy, leukoaraiosis, as diagnosed by conventional brain MRI. The
age- and gender-matched control subjects had no history of cognitive decline, previous
neurologic or psychiatric disorder. Local Ethical Committee approval and written informed
consent from all the subjects and their guardians were obtained before study initiation.

MRI/MRS Study Protocol

1H-MRS

All MRI/MRS experiments were performed on a 3 Tesla (T) scanner (Philips Achieva TX,
Best, The Netherlands) equipped with an eight-channel phased-array head coil. Before the
MRS examination, T1-weighted three-dimensional (3D) turbo field echo (TFE) images were
used for localization, with major parameters as follows: TR = 8.2 ms; TE = 3.7 ms; slice
thickness = 1 mm; resolution = 256 x 256; FOV = 24x24 cm?; and flip angle = 8°. The MRS
voxels (volume size 3 x 3 x 3 cm3) were set on medial frontal region and the parietal region
(Fig. 1). These regions were chosen because they were large enough to accommaodate the 27
cm3 voxel, and prior postmortem studies have suggested GABAergic dysfunction in frontal,
parietal (and temporal) regions (1). The median sagittal plane was selected as a reference
slice for voxel localization: the voxel in the frontal region was prescribed superior to the
genu of the corpus callosum, aligned with the shape of the corpus callosum, and positioned
on the medial aspect of the axial plane; the voxel in the parietal region was prescribed
posterior and superior to the splenium of the corpus callosum, aligned with the shape of the
corpus callosum, and positioned again on the medial aspect of the axial plane. All of the
voxels were positioned in a manner to avoid the lateral ventricle and skull.

The MEGA-PRESS sequence (7) was used for GABA editing, with the parameters as
follows: TR = 2000 ms; TE = 68 ms; 320 signal averages; acquisition bandwidth = 1000 Hz;
scan duration 13 min. J-evolution for GABA was refocused during odd-numbered
acquisitions (ON) but not during even-numbered acquisitions (OFF) by applying Gaussian
inversion pulse to the 3CH, resonance of GABA at 1.9 ppm (ON) and symmetrically about
the water peak at 7.5 ppm (OFF), respectively. Water suppression was carried out using
chemical shift-selective (CHESS) pulses after automatic optimization. FASTMAP shimming
of the VOI was conducted automatically before each acquisition.

The difference of the “ON” and “OFF” spectra provided an edited spectrum of GABA. The
signal detected at 3.02 ppm with these parameters and the MEGA-PRESS technique is
known to contain contributions from both macromolecules (MM) and homocarnosine (14),
hence, the detected signal is referred to as GABA+ rather than GABA. Quantification was
performed using the Gannet 2.0 toolkit, a Matlab-based quantitative batch analysis tool for
analyzing GABA MEGA-PRESS spectra (15). Gannet contains two modules: GannetLoad
and GannetFit. The GannetLoad module is used to parse certain variables from the data
headers, apply a line broadening of 3 Hz, and frequency and phase correct the individual
spectra using Spectral Registration (16). GannetFit uses a single-Gaussian model to fit the
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edited GABA+ signal and evaluates GABA+ relative to creatine (Cr), which has been
reported to be unchanged in AD in previous studies (17,18). In this manuscript, the GABA
+/Cr ratio is referred to as GABA+ level. GannetFit also provides the standard deviation of
the fitting residual divided by the amplitude of the fitted peaks, generating the overall
FitError which reflects the signal-to-noise ratio. Only spectra with a relative FitError of
GABA+ below 10% were used for the statistical analysis.

VOI Segmentation

Different voxel proportions of gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) in 1H-MRS may confound group differences in metabolite measurement. To
determine if tissue composition differences, between AD subjects and healthy controls,
could account for differences in GABA+ level, each MRS voxel was segmented as GM,
WM, or CSF using the 3D T1-weighted brain images and the automatic brain segmentation
program (Fig. 1), FAST (FMRIB’s automated segmentation tool) in the FSL package
(Oxford University, Oxford, UK) (19). The VOIs were co-registered to the anatomical
images using the “Re-creation of VOI” Matlab tool (20). Tissue GM fractions were obtained
by calculating the ratio of GM volume to the GM+WM volumes in the VOIs. The
concentrations of GABA and Cr in CSF were considered to be negligible.

Statistical Analysis

RESULTS

Statistical analyses were conducted using the Statistical Package for Social Sciences
software (SPSS 17.0, Chicago, IL). MRS data were presented as mean + standard deviation
(SD) values. The differences of GABA+ levels between patients and controls were tested
using analysis of covariance (ANCOVA), adjusting for GM/(GM+WM). Spearman
correlation coefficients were used to assess the presence of linear associations between
GABA+ levels and MMSE scores. P-values of less than 0.05 were considered as significant.

The Demographic Characteristics of Study Subjects

The demographic information and the results of memory test of the subjects are presented in
Table 1. There was no difference in age (P= 0.812) and gender distribution (P=0.724)
between the two groups. The AD patients (range, 10-23; mean = 15.9 £ 5.0) performed
significantly worse on the MMSE than controls (range, 28-30; mean = 29.2 £ 0.9) (P
<0.001).

VOI Segmental Results

The mean GM tissue fraction GM/(GM +WM) was 55.3% and 54.7% in the frontal and

parietal regions, respectively, in AD patients, and 56.9% and 57.6%, respectively, in HC
(Table 1). There were no significant differences in GM fraction in the VOIs between AD
patients and HC (frontal region, p = 0.254; parietal region, p = 0.072).
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Comparisons of GABA+ Level Between Groups (AD Patients versus Control Subjects)

Edited spectra were successfully obtained from the frontal and parietal regions in all 15 AD
patients and 15 controls (Fig. 2), with mean GABA+ FitError of frontal and parietal voxels
7.0% and 5.6%, respectively, for AD patients, 6.1% and 5.5% for HC (Table 1). A
significantly lower GABA+ level was found in parietal region of AD patients, relative to
controls (P=0.041). Lower mean GABA+ levels were also found in the frontal region
(0.098 £ 0.008), compared with HC (0.104 + 0.022), but this was not statistically significant
(P=0.345). (Table 1; Fig. 2).

Correlation of GABA+ Levels With Cognitive Function

MMSE scores were evaluated in all subjects. No significant correlations were found between
MMSE and GABA+ levels, either in frontal (r = -0.164, P= 0.558) or parietal voxels (r =
-0.025, P=0.929). Also, with regard to the correlation of MMSE scores and GABA+ levels
in healthy controls, no statistical correlation was detected (frontal region: r = 0.178, P=
0.526; parietal region: r =-0.197, P=0.481).

DISCUSSION

The main result of this study is that significantly decreased GABA+ levels were present in
the parietal region of AD patients, as compared to age- and gender-matched healthy
controls. The mean GABA+ levels in the frontal region also showed a trend (not statistically
significant) to be lower in AD than HC. To the best of our knowledge, this is the first in vivo
demonstration of reduced GABA+ levels in AD patients. Because GABA is primarily
localized to inhibitory neurons (21), GABA+ level deficits could indicate either loss or
dysfunction of GABAergic neurons in AD. These findings are consistent with previous
postmortem studies, which observed decreased GABA levels in temporal, parietal, occipital
and frontal cortex in AD samples (3,22-24). Similar findings have also been reported in
animal model studies: a transgenic AD rat model study found lower GABA levels in dorsal
hippocampus and frontal cortex at age 9 months (25), and an MRS study of mouse AD
model (5xFAD) also found decreased GABA levels at age 40 months (26).

As stated above, the GABA deficit may be due to either GABAergic neuronal loss or
dysfunction; if due to dysfunction, either GABA synthesis itself or enzymatic deficiency in
glutamate-glutamine cycling may be implicated (27). A study of the TJCRND8 AD mouse
model found lower glutamate decarboxylase (GAD67 -the enzyme that catalyses the
conversion of glutamate to GABA) in the hippocampus, and suggested that amyloid-
Btoxicity contribute to the GABA neuron dysfunction, followed at later stages by cell death
(28). Single photon emission computed tomography (SPECT) studies have also
demonstrated reduced GABA/benzodiazepine (BZD) receptor density in the frontal and
parietotemporal lobes of patients with AD, and in the parietal lobe of patients with mild
cognitive impairment (MCI) (29,30). GABA-A subunit studies found that, in the
hippocampus, mRNA for GABA-A subunits a1, a5, 3 were decreased in AD patients with
severe neuropathology (31) and a1, a2 GABA-A subunit expression was reduced in early
and late AD stages (32).
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Because the results of this and prior studies suggest that the GABAergic system is involved
in the pathogenesis of AD, it is, therefore, also a potential a target for AD therapies. Of
interest, it was found that the administration of a GABA-chloride ionophore antagonist to
aging rats could protect the animals from age-related decline in cognitive functions, and
losses of hippocampal neurons (5), suggesting that the GABAergic systems does contribute
to cognitive dysfunction in AD and may be amenable to prophylactic treatments. However,
the current study and a previous SPECT study on GABAA/BZD receptors in AD found no
significant correlation between MMSE scores and GABAA/BZD receptor availability in any
brain regions tested (30). The lack of correlation between MMSE and regional GABA+
levels may be due in part to the limited sample size, and a follow-up study in a larger cohort
of AD patients will be required to answer this question definitively.

The data acquisition strategy for this study has several limitations. First, as in most GABA
MRS studies, the voxel volume used was relatively large (3 x 3 x 3 cm) due to the low
intensity of the GABA+ signal. A smaller-VOI MRS approach may prove more efficient for
region-specific analyses of brain GABA levels. Second, the MEGA-PRESS technique as
implemented here at 3T, in addition to editing GABA, also contains contributions from co-
edited macromolecules (MM), as well as a smaller contribution from the GABA-dipeptide
homocarnosine. New methods for macromolecule suppression are being developed (33)
which can detect “pure GABA,” and these methods should be used in future studies of AD.
On the other hand, the concentration of homocarnosine in vivo is much lower than that of
GABA (34), so isolated changes in homocarnosine are less likely to be driving the observed
changes. Third, the study acquisition protocol did not include acquisition of nonsuppressed
water scans, which precluded the calculation of GABA+ concentrations relative to the brain
water signal. The results presented here are given as ratios to Cr, meaning that we were only
able to present metabolite ratios. However, quantification relative to Cr is likely to be more
robust (than water referencing) to possible group differences in brain water content and CSF
due to atrophy (17,18). Fourth, the sample size of 15 in each group is rather small for a
clinical study of this kind, and, therefore, these results should be viewed as preliminary, and
will require confirmation in larger numbers of subjects. It is possible that the lack of an
observed difference in the frontal region is more due to insufficient power (from a
combination of sample size and high variance among controls) than any true regional
difference.

Finally, although many prior MRS studies on AD have focused on the hippocampal region
because of its important role in AD pathology, in this study the hippocampus was not
studied. Because of the low concentration of GABA in the brain, the VOI of MEGA-PRESS
technique is relatively large (3 x 3 x 3 cm3), much larger than the hippocampus itself, and
would, therefore, have a considerable amount of partial volume with surrounding tissues.
Additionally, hippocampal atrophy is a nearly ubiquitous finding in AD (35-37). The
proportions of gray matter and white matter differ between AD patients and healthy controls,
which may confound the results of GABA level alterations. As mentioned above, the
MEGA-PRESS voxels were placed on the medial frontal and the parietal regions instead of
the hippocampus region.
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In conclusion, decreased GABA+ levels, as measured by edited MRS, were found in the
parietal region of AD patients compared with age-matched controls. These in vivo results
add to previous in vitro and animal model studies which suggest GABAergic system
dysfunction in AD pathogenesis, as well as a potential treatment target for AD. More studies
in larger numbers of patients, preferably using MM-suppression techniques, are required to
probe the relation between regional GABA levels and cognitive impairment.
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Figurel.
The position of voxels, corresponding segmentation data and representative spectra. The

(a,d) and (b,e) panels show the position of volumes of interest in frontal (upper) and parietal
regions (lower) on sagittal and coronal T1-weighted TFE images in an AD patient. The
corresponding results of brain segmentation are shown in the frontal (c) and parietal regions
(). (9, h) Show the representative MEGA-PRESS spectra processed using the “Gannet 2.0”
toolkit in frontal and parietal regions of AD. (g) Shows the curve-fitting of the GABA peak
using Gannet, the red lines in the panels are the results of the GannetFit curve-fitting, the
blue lines show the postphase and frequency aligned GABA data, and the black line is the
residual difference between the experimental data and the curve-fit. (h) is the MEGA-
PRESS difference spectrum. The GIx, GABA and MM peaks resonate at 3.7, 3.0 ppm and
0.9 ppm respectively.
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The GABA+/Cr ratios of AD patients and HC in frontal (a) and parietal (b) regions. The
mean and standard deviation of GABA+/Cr ratios are displayed. a: Shows that the mean
GABA+/Cr ratios are lower in AD than in HC in frontal region (P = 0.345), but no statistical
difference is detected. There does appear to be one “outlier” value in the control group,
however, no significant differences are found in this region between AD and HC, whether
this point is included or not. b: Shows GABA+/Cr ratios of AD group are significantly
decreased in the parietal region (P= 0.041).
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Table 1

Demographic, MRS, and Segmentation Data? of AD Patients and Control Subjects

AD HC P valueP
Number 15 15 -
Age 65.73 + 8.53y 66.33 + 4.62y 0.81
Female, no. (%) 9 (60.00%) 8 (57.33%) 0.724
Age of onset 64.07 + 9.38y - -

Duration of illness 2.27+1.0ly - -
MMSE 15.87 +5.03 29.20 £ 0.86 <0.001
Frontal region:
GABA+/Crlevel ~ 0.098 + 0.008 0.104 +0.022 0.345
GABA* FitError ~ 7.04% + 1.61% 5.60% * 1.20% 0.151
GM/(GM+WM)  55.30% +5.29%  56.94% + 1.34% 0.26
Parietal region:
GABA+/Cr level 0.086 + 0.016 0.099 +0.012 0.041
GABA+ FitError  6.11% + 1.84% 5.51% * 2.42% 0.900
GM/(GM+WM)  54.69% +5.70% 57.61% + 2.00% 0.07

AD = Alzheimer’s disease; HC = healthy controls; MMSE = Mini-Mental State Examination; GM = gray matter; WM = white matter.
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a . .
Data are given as mean + standard deviation (SD).

bSignificant differences between groups are tested by analysis of covariance with £<0.05 accepted as significant.
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