1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neuroimage. 2015 February 1; 106: 311-316. doi:10.1016/j.neuroimage.2014.11.023.

Decreased auditory GABA+ concentrations in presbycusis
demonstrated by edited magnetic resonance spectroscopy

Fei Gaol, Guangbin Wang?, Wen Ma#, Fuxin Renl, Muwei Li®, Yuling Dong?, Cheng Liul,
Bo Liul, Xue Bail, Bin Zhaol”, and Richard A.E. Edden?23
1Shandong Medical Imaging Research Institute, Shandong University, Jinan, China

2Russell H. Morgan Department of Radiology and Radiological Science, The Johns Hopkins
University School of Medicine, Baltimore, MD, USA

SFM Kirby Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, MD, USA
4The Central Hospital of Jinan City, Shandong University, Jinan, China

5College of Electronics and Information Engineering, Sichuan University, Chengdu, China

Abstract

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central auditory
system. Altered GABAergic neurotransmission has been found in both the inferior colliculus and
the auditory cortex in animal models of presbycusis. Edited magnetic resonance spectroscopy
(MRS), using the MEGA-PRESS sequence, is the most widely used technique for detecting
GABA in the human brain. However, to date there has been a paucity of studies exploring changes
to the GABA concentrations in the auditory region of patients with presbycusis. In this study,
sixteen patients with presbycusis (5 males/11 females, mean age 63.1 + 2.6 years) and twenty
healthy controls (6 males/14 females, mean age 62.5 * 2.3 years) underwent audiological and
MRS examinations. Pure tone audiometry from 0.125 to 8 KHz and tympanometry were used to
assess the hearing abilities of all subjects. The pure tone average (PTA, the average of hearing
thresholds at 0.5, 1, 2, and 4 kHz) was calculated. The MEGA-PRESS sequence was used to
measure GABA+ concentrations in 4 x 3 x 3 cm3 volumes centered on the left and right Heschl’s
gyri.

GABA+ concentrations were significantly lower in the presbycusis group compared to the control
group (left auditory regions: p = 0.002, right auditory regions: p = 0.008). Significant negative
correlations were observed between PTA and GABA+ concentrations in the presbycusis group (r
=-0.57, p = 0.02), while a similar trend was found in the control group (r = —0.40, p = 0.08).
These results are consistent with a hypothesis of dysfunctional GABAergic neurotransmission in
the central auditory system in presbycusis, and suggest a potential treatment target for presbycusis.
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Introduction

Presbycusis or age-related hearing loss is the most common sensory deficit in the elderly,
most often characterized by a decline in frequency audibility towards high frequencies,
which are particularly important for speech recognition. Poor speech discrimination,
especially in a noisy environment, reflects impaired temporal processing within the central
auditory system (Mazelova et al., 2003; Snell and Frisina, 2000).

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central
auditory system (Caspary et al., 1995). Decreased concentrations of GABA have been found
in both the inferior colliculus (Caspary et al., 1995; Caspary et al., 1990; Syka, 2010) and
the auditory cortex (Syka, 2010) in animal models of presbycusis. Measurement of GABA
in the human brain using magnetic resonance spectroscopy (MRS) is hindered because
resonances of GABA overlap with other metabolites such as glutamate (Glu), N-
acetylaspartate (NAA), total creatine (Cr) and macromolecules (MM), and the concentration
of GABA is relatively low (0.5-1.9 mmol/dm3) (Govindaraju et al., 2000).

Recently, measurements of GABA, largely free from overlap with more abundant
molecules, have been established using spectral editing techniques (Mescher et al., 1998;
Rothman et al., 1993), and this has been applied successfully to measure GABA in a number
of neurologic, psychiatric and developmental disorders (Edden et al., 2012a; Foerster et al.,
2013; Rowland et al., 2013) and in healthy control subjects (Boy et al., 2011; Edden et al.,
2009; Gao et al., 2013; Puts and Edden, 2012; Puts et al., 2011). However, to date there has
been a paucity of studies exploring changes in GABA concentration in auditory regions of
patients with presbycusis. In this study, therefore, J-difference edited MRS was used to
investigate GABA concentrations in the auditory region of patients with presbycusis and
healthy controls and their relationship to audiological outcomes.

Material and methods

Subjects

The study was approved by the Shandong University institutional review board and each
participant provided informed consent.

Sixteen patients with presbycusis (presbycusis group, 5 males/11 females, mean age 63.1 +
2.6 years) were recruited in this study. Hearing loss was defined as a speech-frequency pure
tone average (PTA) of thresholds at 0.5, 1, 2, and 4 kHz (air conduction) in the better
hearing ear as per the definition of hearing loss adjudicated by the World Health
Organization. The PTA value of 25 decibel hearing level (dB HL) was accepted as the limit
for normal hearing threshold (Lin et al., 2011). Inclusion criteria were: 1) 60 years of age
and older, 2) PTA > 25 dB HL in the better hearing ear. Exclusion criteria were: 1) previous
history of otological surgery, ototoxic drug therapy, noise exposure or hearing aid use, 2) ear
diseases that affect hearing thresholds and sensorineural hearing losses other than
presbycusis, 3) head trauma, lesions of the facial nerve, disorders of the cervical spine,
neurological or psychiatric disease, 4) conductive hearing loss (the mean air-bone
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differences at 0.5, 1, 2 and 4 KHz) above 10 dB in one or both ears, 5) asymmetrical hearing
loss with a difference in air-conduction thresholds exceeding 20 dB in at least 2 frequencies
between 0.5, 1, 2 and 4 KHz. The complete list of exclusion criteria has been previously
described (Van Eyken et al., 2006).

Twenty age- and gender-matched healthy controls (control group, 6 males/14 females, mean
age 62.5 + 2.3 years, PTA <25 dB HL in the better hearing ear) were recruited for this
study. All controls were in good health, and had no history of neurological or psychiatric
disease.

All subjects were right-handed. None of the subjects were musical professionals. No subject
had a history of long-term alcohol consumption. Smoking, drinking alcohol and taking
caffeine were prohibited for 12 hours prior to MR measurement.

Assessment of auditory function

Otoscopic examination was performed in all subjects to remove the cerumen and confirm an
intact tympanic membrane. Pure tone audiometry and tympanometry were used to assess the
hearing abilities of all subjects.

Tympanometry was performed with a Madsen Electronics Zodiac 901 Middle Ear Analyser
to confirm optimal middle ear conditions. Pure tone audiometry was performed with a
Madsen Electronics Midimate 622 Clinical/Diagnostic audiometer, coupled with TDH-39P
Telephonics headphones. Air conduction was measured at 0.125, 0.25, 0.5, 1, 2, 4, and 8
KHz, and bone conduction at 0.25, 0.5, 1, 2, and 4 KHz. Hearing thresholds were detected
with a resolution of 5 dB steps. The PTA of all subjects’ ears were calculated.

MRI and voxel localization

All subjects were scanned on a 3T scanner (Philips ‘Achieva’ TX, Best, The Netherlands)
using an eight-channel phased-array head coil for receive. T1-weighted three-dimensional
TFE images were used as a localizer, acquired with the following parameters: TR = 8.2 ms;
TE = 3.7 ms; slice thickness = 1 mm; matrix 256 x 256; field of view = 24 x 24 cm?; and
flip angle = 8°. Images were reconstructed with 1 x 1 x 1 mm3 isotropic voxels. The
volumes of interest (VOIs) with a size of 4 x 3 x 3 cm3 were centered on the Heschl’s gyrus
in both auditory regions (as shown in Figure 1). Criteria for determination of Heschl’s gyrus
have been described previously (Rojas et al., 1997). The VOIs also included portions of
insula, parietal and frontal operculum. All of the VOIs were placed in a manner that enabled
avoidance of the lateral ventricle and skull.

1H-MRS spectroscopy, editing, and VOI segmentation

The 3 ppm resonance of GABA was measured using a MEGA-PRESS sequence (Mescher et
al., 1998), using the following parameters: TR 2000 ms; TE 68 ms; 320 averages;
acquisition bandwidth 1000 Hz; and total acquisition time 11 minutes. During odd-
numbered acquisitions, a frequency-selective, Gaussian inversion pulse was applied to

the 3CH2 resonance of GABA at 1.9 ppm, affecting the weakly J-coupled triplet peak at
3.02 ppm (EDIT-ON). During even-numbered acquisitions, the same pulse was applied
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symmetrically to the other side of the water peak, at 7.5 ppm (EDIT-OFF), in order to
minimize the residual water signal upon subtraction. The resulting edited spectrum is
derived from the difference between the ON and OFF spectra. Chemical Shift Selective
Suppression (CHESS) was used for water suppression. FASTMAP shimming of the VOI
was performed automatically prior to each acquisition. For quantification, a shorter
measurement (8 averages) of the unsuppressed water signal was obtained.

Because the signal detected at 3.02 ppm using these experimental parameters is also
expected to contain contributions from both macromolecules (MM) and homocarnosine
(Rothman et al., 1997), in the rest of this manuscript this signal is labeled GABA+ rather
than GABA, to indicate the potential presence of these other compounds. The MEGA-
PRESS data were analyzed using ‘Gannet’ (GABA-MRS Analysis Tool) in Matlab 2010b
(Mathworks) with Gaussian curve fitting to the GABA+ peaks (Edden et al., 2013). 3 Hz
exponential line broadening was applied.

The ratios of the integrals of the GABA+ and water signals, making corrections for T1 and
T2 relaxation times and partial volume effects, were used to calculate water-scaled GABA+
concentration in mmol/L (mM) using the formula (Gasparovic et al., 2006; Mullins et al.,
2014):

[ GABA]:I_G X [HQO] X VISW > fGM x RVV- GM +fWM X RW. WM +fCSF X Rw

=95 MMcor
IVV (1_fCSF) X RG

Where Ig and lyy are the fitting integrals of GABA+ (G) and water (W) as determined by
‘Gannet’, [H,0] is the pure water concentration (55,550mmol/L), VIS, is a factor
accounting for MR water visibility and tissue proton density (0.65), and fgnm, fwm, fcsk are
the fractions of water attributable to GM, WM, and CSF respectively (Gasparovic et al.,
2006). The relaxation attenuation factors are given by the equation Ryy y = exp[- TE/

T2w y](1 - exp[-TR/T1y y]), where T1yy y and T2y y are the T1 and T2 relaxation times
of water in compartment y. Similarly, Rg is the relaxation attenuation factor for GABA. The
relaxation times used were as follows: GM water: T1 = 1331ms, T2 = 110ms; WM water:
T1=2832ms, T2 =79.6ms; CSF: T1 =3817ms, T2 = 503ms (Lu et al., 2005; Piechnik et al.,
2009; Wansapura et al., 1999); GABA: T1 = 1310ms, T2 = 88ms (Edden et al., 2012b; Puts
et al., 2013). MMcor is a macromolecular correction factor (0.45) given by the fraction of
the GABA+ peak that is thought to be GABA (Mullins et al., 2014).

Gannet provides normalized residual fitting errors of GABA+, which can be interpreted
quantitatively to assess measurement quality. Only spectra with a fitting error of GABA+
below 10% were included in the final analysis.

Each pixel in the 3D T1-weighted brain images was segmented as gray matter (GM), white
matter (WM), or cerebrospinal fluid (CSF) using an automatic brain segmentation program,
FAST (FMRIB’s automated segmentation tool) in the FSL package (Oxford University,
Oxford, UK) (Zhang et al., 2001). VVOIs were co-registered to the anatomical images using
the “Re-creation of VOI” Matlab tool (Montelius et al., 2008) (as shown in Figure 1). Tissue
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GM fractions were obtained by calculating the ratio of GM volume to the GM+WM
volumes in the VOIs. The concentrations of GABA in CSF were considered to be negligible.

Statistical analysis

Results

Results are presented as mean + standard deviation (SD). A two-tailed t-test was performed
to test for differences of GABA+ concentration between patients with presbycusis and
healthy controls. Linear correlation was used to examine the association between GABA+
concentration and PTA in the presbycusis and control group. The threshold of significance
was set at a p-value of 0.05. Statistical analyses were carried out using the statistical package
SPSS 13.0.

Hearing function results

No significant difference in PTA between the left and right ears was found (presbycusis
group, p = 0.44; control group, p = 0.79), therefore the hearing thresholds from both ears
were averaged. The control group displayed mean hearing thresholds that were less than 20
dB HL above all the frequencies (as shown in Figure 2). The presbycusis group showed
mean hearing thresholds that were less than 20 dB HL at frequencies up to 0.5 KHz. There
was a small but steady increase of the mean hearing thresholds at higher frequencies, with a
45.8 dB hearing loss at 4 kHz and a 55.8 dB hearing loss at 8 kHz in the presbycusis group
(as shown in Figure 2). The PTA of the presbycusis group was significantly higher than
those of the control group (p < 0.001). Tympanometric examination showed a type A curve
in all subjects. The type A curve shows that there is normal pressure in the middle ear with
normal mobility of the eardrum and the conduction bones.

Comparisons of GABA+ concentration between groups

Edited spectra were successfully collected from all 36 subjects, and the fitting error of
GABA+ in all spectra was below 10%. Representative GABA-edited spectra are shown in
Figure 1. The GABA+ concentrations in left and right auditory regions among all subjects
are summarized in Table 1. GABA+ concentrations were significantly lower in the
presbycusis group compared to the control group (left auditory regions: p = 0.002, right
auditory regions: p = 0.008).

Correlation of GABA+ concentration with hearing function

The GABA+ concentrations were averaged from the left and right auditory regions, and the
PTA from both ears of all subjects were also averaged. Significant negative correlations
were observed between PTA and GABA+ concentrations in the presbycusis group (r =
-0.57, p = 0.02) (as seen in Figure 3). A trend toward a similar correlation was found in the
control group (r = —0.40, p = 0.08) (as seen in Figure 3). Significant negative correlations
were also observed between PTA and GABA+ concentrations in all subjects (r = -0.72, p <
0.001) (as seen in Fig. 3).
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Tissue segmentation and GABA+ fitting error

The mean GM tissue fraction GM/(GM + WM) was 51.10% and 50.90% in the left and right
auditory regions, respectively, in the presbycusis group, and 52.02% and 51.39%,
respectively, in the control group (Table 1). These were not significantly different (left
auditory region, p = 0.26; right auditory region, p = 0.40).

The mean GABA+ fitting error was 5.23% and 6.22% in the left and right auditory regions,
respectively, in the preshycusis group, and 5.80% and 5.76%, respectively, in the control
group (Table 1). These were also not significantly different (left auditory region, p = 0.33;
right auditory region, p = 0.47).

Discussion

Our study demonstrates that GABA+ concentrations were reduced in auditory regions of
patients with presbycusis, as compared to age- and gender-matched healthy controls.
Significant negative correlations between GABA+ concentrations and PTA were also
observed in patients with presbycusis. To the best of our knowledge, this is the first in vivo
demonstration of reduced GABA+ concentrations in patients with presbycusis, and the first
in vivo human demonstration of a relationship between GABA and auditory function.

Previous animal studies have demonstrated changes in GABAergic neurotransmission in the
inferior colliculus (Caspary et al., 1999; Caspary et al., 1990; Ouda and Syka, 2012),
cochlear nuclei (Tang et al., 2014) and auditory cortex (Caspary et al., 2013; Ling et al.,
2005; Ouda et al., 2008) of the Fischer 344 rat (a model of presbycusis), including decreased
concentrations of GABA, decreased GABA release, decreased GABAg receptor binding and
decreased numbers of presynaptic terminals. Therefore, reduced GABA+ concentrations in
patients with presbycusis might reflect dysfunctional GABAergic neurotransmission in the
central auditory system.

The observed reduction in GABA+ concentrations could be indicative of GABAergic
neuronal loss in presbycusis. This is consistent with a number of previous animal studies:
decreased numbers of GABA immunoreactive neurons were found in the inferior colliculus
(Caspary et al., 1995; Caspary et al., 1990; Syka, 2010), cochlear nuclei (Syka, 2010) and
auditory cortex (Syka, 2010) of the Fischer 344 rat using immunocytochemical and
neurochemical methods. One study has shown a relationship between MRS GABA
concentrations and genes coding for glutamic acid decarboxylase (GAD), a decarboxylase
involved in the production of GABA (Marenco et al., 2010). Cytoplasmic GABA is
primarily produced from glutamate via the tonically active 67 kilodalton form of GAD
(GADG67), and vesicular GABA is controlled in the main via the phasically active 65
kilodalton form of GAD (GADG65) (Stagg et al., 2011). It is therefore also possible that the
current finding of reduced GABA+ concentrations in patients with presbycusis reflects a
decline in the efficacy of production in GABA. Consistent with this, several studies of the
Fischer 344 rat found reduced levels of GAD65 and GADG67 in the inferior colliculus
(Burianova et al., 2009; Ouda and Syka, 2012; Raza et al., 1994) and auditory cortex
(Burianova et al., 2009; Ling et al., 2005).
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To our knowledge, no previous study has demonstrated altered GABA concentrations in
patients with presbycusis. One MRS study indicated that there was no significant differences
in GABA concentrations of the auditory cortex between patients with presbycusis and
healthy controls (Profant et al., 2013). However, the study has analyzed non-edited short-TE
spectra at field strengths of 3.0T, which have limited ability to resolve GABA from
glutamate and glutamine (Puts and Edden, 2012).

PTA is often used to calculate the degree of hearing loss in speech frequency. In this study,
significant negative correlations between GABA+ concentrations and PTA were found in
the presbycusis group. Findings reported in animal studies may be related: lower levels of
GABA transporter were observed in the ventral cochlear nucleus of the wistar rat (a model
of presbycusis), which exhibited higher auditory brainstem response (ABR) thresholds
(Alvarado et al., 2014). Moreover, significant negative correlations were also observed
between PTA and GABA+ concentrations in all subjects. The results might demonstrate a
mechanistic connection between the GABAergic neurotransmission and hearing function.
GABA is the main inhibitory neurotransmitter in the central auditory system, and there is
ample evidence that GABA-mediated inhibition plays a critical role in processing acoustic
information (Caspary et al., 1995). Previous animal studies have suggested that decreased
inhibition may lead to increased, and less well-controlled, excitatory activity with reduced
tuning of the neuronal receptive fields (Palombi and Caspary, 1996; Walton et al., 2002).
Discrimination of the temporal parameters of sounds is significantly reduced when the
inhibitory fine-tuning of receptive fields is decreased (Narayan et al., 2005). A reduction in
temporal acuity limits gap detection thresholds and gap duration difference limens, which
play a vital role in processing of complex sounds, including language (Gordon-Salant and
Fitzgibbons, 1993; Gordon-Salant et al., 2007). In addition, decreased inhibition in the
auditory neuraxis of animals results in impaired localization of a sound source in the
environment (Litovsky and Delgutte, 2002; Pecka et al., 2007). Therefore, reduced GABA+
concentrations in auditory regions of patients with presbycusis could contribute significantly
to the deterioration of hearing function. Viewed in the light of the prior literature, our results
suggest that the GABAergic neurotransmission may be a potential treatment target for
preshycusis.

The majority of GABA is located in two pools within neurons - the cytoplasm and the
presynaptic vesicles (Kwon et al., 2014). However, MRS is only capable of detecting total
GABA within the prescribed localized region, and it cannot distinguish between these
separate functional pools of GABA (Stagg et al., 2011). Therefore, the scope of our study to
introduce GABAergic neurotransmission as a treatment target for presbycusis may be
limited. There are other factors associated with hearing function. For instance, significantly
decreased metabolic rates of oxygen and glucose were found in the auditory cortex of totally
deaf patients using positron emission tomography (PET) (lto et al., 1993). With the cochlear
implant device, the metabolic activity returned to near normal levels (Ito et al., 1990; Ito et
al., 1993). However, there is no clear correspondence between metabolic rates as measured
by PET and the concentrations of metabolites measured by MRS. It is difficult in a cross-
sectional study to separate the causes and effects of deafness.
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The data acquisition strategy for this study has several limitations. First, the relatively low
amplitude of the GABA signal of this method required the use of relatively large VOlIs (4 x
3 x 3 cm?), a volume that contains, but is by no means restricted to, primary auditory cortex.
The VOlIs also included portions of insula, parietal and frontal operculum, so it is not solely
involved in auditory function. An approach enabling the use of smaller VOIs may prove
more efficient for region-specific analyses of brain GABA changes. Secondly, the edited
GABA signal that was detected contains a significant contribution (~50% of the signal) from
co-edited macromolecules, and homocarnosine. New methods for macromolecule
suppression are being developed which can detect ‘pure GABA’ (Edden et al., 2012c).
However, the two major methods available have substantial practical limitations: acquiring
MM-only spectra is time-consuming and reduces the GABA-to-noise ratio; acquiring MM-
suppressed edited experiments make the acquisition substantially more sensitive to field
changes (whether due to heating or movement). Our current belief is that the GABA+
measurement is the most robust one available, although it does suffer from contaminations.
The in vivo concentration of homocarnosine is much lower than that of GABA (Govindaraju
et al., 2000), so isolated changes in homocarnosine are less likely to be driving the observed
changes.

Conclusion

In conclusion, reduced GABA+ concentrations were found in the patients with presbycusis,
and significant negative correlations were observed between PTA and GABA+
concentrations. These results are consistent with a hypothesis of dysfunctional GABAergic
neurotransmission in the central auditory system in presbycusis, and suggest a potential
treatment target for presbycusis.
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Figure 1.
The position of volumes of interest (4 x 3 x 3 cm3) in the right (above) and left auditory

region (below) on sagittal (A, E) and coronal (B, F) T1-weighted images. The corresponding
results of brain segmentation are shown for the right (C) and left auditory region (G).
Representative GABA+-edited MEGA-PRESS spectra from the right auditory region (D)
and the left auditory region (H) are shown.
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Figure 2.
Hearing thresholds of the presbycusis (PC) and normal control (NC) group as assessed using

pure tone audiometry. Hearing thresholds from both ears are averaged. Data are shown as
means + standard deviation (SD) from 125 Hz to 8000 Hz (air conduction).
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Figure 3.
Correlations between pure tone average (PTA) and GABA+ concentrations in the

presbycusis group (A), normal control group (B) and all subjects (C). A significant negative
correlation was observed between PTA and GABA+ concentrations in the preshbycusis group
(r=-0.57, p = 0.02). A trend toward correlation was seen in the normal control group (r =
-0.40, p = 0.08). A significant negative correlation was also observed between PTA and
GABA+ concentrations in all subjects (r = -0.72, p < 0.001)
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Demographic, MRS, and segmentation data of the presbycusis and normal control group

Table 1

PC NC p-value
Number 16 20 —
Age (years) 63.1+2.6 625+2.3 0.45
Female, Number (%) 11 (68.8) 14 (70.0) 0.94
Left auditory region:
GABA+ level (mMM) 1.25+£0.40 1.65+0.29 0.002
GABA+ fitting errors (%) | 5.23 +1.56 5.80+1.83 0.33
GM/(G M+WM) (%) 51.10+2.44 | 52.02+2.33 | 0.26
Right auditory region:
GABA+ level (mMM) 1.01+£0.26 1.28+0.31 0.008
GABA+ fitting errors (%) | 6.22 +1.58 5.76 + 2.04 0.47
GMI(G M+WM) (%) 50.90 + 1.84 | 51.39+1.58 | 0.40

Data are given as mean + standard deviation.
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PC = presbycusis, NC = normal control, GM = gray matter, WM = white matter. mM = mmol/L, GABA = gamma-aminobutyric acid, GABA+ =
GABA plus co-edited macromolecules.
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