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a b s t r a c t

Edited magnetic resonance spectroscopy (MRS) and transcranial magnetic stimulation (TMS) have often
been used to study the integrity of the GABAergic neurotransmission system in healthy aging. To
investigate whether the measurement outcomes obtained with these 2 techniques are associated with
each other in older human adults, gamma-aminobutyric acid (GABA) levels in the left sensorimotor
cortex were assessed with edited MRS in 28 older (63e74 years) and 28 young adults (19e34 years). TMS
at rest was then used to measure intracortical inhibition (short-interval intracortical inhibition/long-
interval intracortical inhibition), intracortical facilitation, interhemispheric inhibition from left to right
primary motor cortex (M1) and recruitment curves of left and right M1. Our observations showed that
short-interval intracortical inhibition and long-interval intracortical inhibition in the left M1 were
reduced in older adults, while GABA levels did not significantly differ between age groups. Furthermore,
MRS-assessed GABA within left sensorimotor cortex was not correlated with TMS-assessed cortical
excitability or inhibition. These observations suggest that healthy aging gives rise to altered inhibition at
the postsynaptic receptor level, which does not seem to be associated with MRS-assessed GABAþ levels.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Healthy aging is often accompanied by various motor declines,
such as impaired coordination skills (Fujiyama et al., 2012) or
deterioration of fine motor functions (Opie et al., 2015). Emerging
evidence indicates that this could partly be explained by a reduced
ability to regulate cerebral inhibition through activation of the
gamma-aminobutyric acid (GABA) neurotransmitter system (Levin
et al., 2014). Nevertheless, the effect of aging on GABAergic func-
tioning remains poorly understood. So far, inconsistent findings
have been reported due to small sample sizes and methodological
variations (Bhandari et al., 2016). Furthermore, it is currently
d Neuroplasticity Research
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unclear whether (and how) the outcome measures of the different
techniques that are used to assess GABA levels and properties of the
GABA neurotransmitter system relate to each other in older adults.

Quantification of in vivo GABA levels in specific brain regions is
possible using edited proton magnetic resonance spectroscopy
(MRS) (Puts and Edden, 2012). With the use of MRS, acquiring in-
formation about regional variation of GABA levels in the brain
across the human lifespan is now possible. Previous MRS studies
have detected age-related reduction of GABA levels in prefrontal
and parietal regions (Gao et al., 2013; Grachev and Apkarian, 2001;
Grachev et al., 2001; Porges et al., 2017) and to a lesser extent in the
sensorimotor cortex (SM1) (Grachev et al., 2001), suggesting that
healthy aging is associated with regional changes in GABA levels.
However, the study by Grachev et al. (2001) only included middle-
aged adults (40e52 years), thus data of older adults for the SM1 are
lacking. It is of interest to note that variation in GABA levels within
the sensorimotor cortices appears to not only be correlated with
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individual differences in motor performance, such as simple reac-
tion time (Stagg et al., 2011a), but also predict neuroplasticity
during motor skill acquisition (Kim et al., 2014; Stagg, 2014).
Moreover, it has been observed that shifts in GABA levels, either an
increase or decrease, were significantly related to motor ability in
individuals with deficient neuromuscular control (Bhattacharyya
et al., 2013). These observations suggest that changes in GABA
levels within the primary motor cortex (M1) as a function of age
may play a pivotal role in declines of motor functions.

While MRS allows in vivo quantification of GABA levels, trans-
cranial magnetic stimulation (TMS) can be used to investigate GABA-
mediated physiological inhibition. Some TMS protocols can monitor
activity of postsynaptic fast acting ionotropic (GABAA) and slower
acting metabotropic (GABAB) receptors, which are activated by
GABA, namely short-interval intracortical inhibition (SICI) and long-
interval intracortical inhibition (LICI), respectively (Reis et al., 2008;
Siebner et al., 1998; Ziemann et al., 1996). SICI involves a sub-
threshold conditioning stimulus (CS) that precedes a suprathreshold
test stimulus (TS) by 2e4 ms (Kujirai et al., 1993; Ziemann et al.,
1996), while LICI involves a suprathreshold CS that precedes a
suprathreshold TS by 100e150 ms (Mcdonnell et al., 2006;Werhahn
et al., 1999). The mechanisms of SICI at an interstimulus interval (ISI)
of 1 ms are less known but might reflect extrasynaptic GABAergic
activity (Stagg et al., 2011b). Other TMS protocols reflect the com-
bination of GABA and glutamatergic activity including intracortical
facilitation (ICF) and interhemispheric inhibition (IHI) between ho-
mologous M1s (Chen, 2004; Reis et al., 2008). More specifically, IHI
allows the exploration of the activation of glutamatergic in-
terneurons and local GABAB receptors and their interactions (Chen,
2004; Reis et al., 2008). ICF can be measured with a subthreshold
CS that precedes a suprathreshold TS by 8e30ms,whereas IHI can be
explored with a suprathreshold conditioning and test stimulus and
an ISI of 10e15 ms or 20e50 ms. Finally, recruitment curves allow
the investigation of the net effect of excitatory and inhibitory inputs.
TMS is thus a powerful tool to investigate the neurophysiological
mechanisms associatedwith age-related changes in the regulation of
GABAergic inhibitory function.

So far, TMS studies investigating age-related changes in the
GABAergic receptor system within M1 under resting conditions
have obtained mixed results. Some studies reported that healthy
aging is generally associated with a decline in inhibition (Heise
et al., 2013; Peinemann et al., 2001), whereas other studies re-
ported no impact of aging on inhibition (Stevens-Lapsley et al.,
2013; Wassermann, 2002) or even increased inhibition in older
adults (Kossev et al., 2002; McGinley et al., 2010). These studies
addressed either the whole lifespan (Heise et al., 2013;
Wassermann, 2002) or compared young to middle-aged (Kossev
et al., 2002; Peinemann et al., 2001) or older adults (McGinley
et al., 2010; Stevens-Lapsley et al., 2013), which compromises
comparison of their results. Discrepancies inmethodological factors
such as application of different TMS protocols or the use of different
TMS equipment add to this difficulty. A recent meta-analysis
showed a slight but no significant decline in SICI in older as
compared to young adults (Bhandari et al., 2016). However, it
should be noted that some studies showing a significant decrease in
SICI were not included in this report (i.e., Heise et al., 2013;
Peinemann et al., 2001). While a few studies have already
explored the effect of healthy aging on the excitability of both
GABAA and GABAB receptor systems in a single study design (Opie
and Semmler, 2014, 2016; Smith et al., 2009), it is not yet clear
how changes in MRS-determined GABA levels are associated with
TMS measures of excitation and inhibition in older adults.

Here, we investigated the association between sensorimotor
GABA levels and TMS measures of motor cortical excitability and
inhibition in young and older adults. We expected that (1)
sensorimotor GABA levels decrease with age and that (2) this
decrease in GABA is related to changes in motor cortical excitability
and inhibition, as assessed with TMS.

2. Methods

2.1. Participants

Twenty-eight healthy young adults (mean � standard deviation
[SD]: 24.60 � 4.16 years, age range: 19.92e34.50 years, 14 women)
and 28 healthy older adults (mean � SD: 69.07 � 3.09 years, age
range: 63.17e74.42 years, 12 women) were recruited. We chose to
include older adults between 63 and 75 years because lifespan
studies have shown that this age range exhibits marked differences
compared to young adults (20e35years) in functional, structural, and
neurochemical brain properties, such as lower GABA concentrations
(Gao et al., 2013), gray matter atrophy (Serbruyns et al., 2015; Ziegler
et al., 2012), and increases in functional connectivity (Solesio-Jofre
et al., 2014). These effects are typically less pronounced in middle-
aged individuals (Serbruyns et al., 2015; Ziegler et al., 2012). There-
fore, the use of extreme groups constitutes amore powerful design to
study age-related changes. All participants were right-handed as
determined via the Edinburgh Handedness Inventory (Laterality
Index mean 91, range 33e100) (Oldfield, 1971), and none of them
reported a history of neurological or psychiatric disorders, or using
psychoactivemedication. All older adults were screened for cognitive
impairments using the Montreal Cognitive Assessment (Nasreddine
et al., 2005) (mean � SD: 27.04 � 1.91, range: 23e30). Sensorimotor
functioning was assessed using the Purdue Pegboard Test in young
(right hand mean � SD: 15.08 � 2.19, left hand mean � SD: 14.61 �
1.50, both hands mean � SD: 11.96 � 1.51) and older adults (right
hand mean � SD: 12 � 1.92, left hand mean � SD: 11.39 � 1.39, both
hands mean � SD: 9.64 � 1.52). None of the older adults had a score
below the normative mean on all 3 task conditions (Desrosiers et al.,
1995). The protocol was in accordance with the Declaration of Hel-
sinki (1964), and the study was approved by the local medical ethics
committee (University Hospital Leuven; MEC reference S58441).
Exclusion criteria for TMS and magnetic resonance imaging were
conformed to the current guidelines of the University Hospital
Leuven, and informed consent was obtained from all participants.

2.2. Procedure and data collection

Participants first underwent the MRS session, followed by the
TMS session on 2 separate days (Mdays ¼ 19), as discussed next.

2.3. MRS session

Scanning was completed on a Philips 3T Achieva dstream system
(Philips Healthcare, theNetherlands)with a 32-channel receiver head
coil. First, a high-resolution three-dimensional T1-weighted struc-
tural image (three-dimensional transient field echo (TFE), repetition
time ¼ 9.6 ms, echo time ¼ 4.6 ms, inversion time ¼ 900 ms, 0.98 �
0.98 � 1.2 mm3 voxels, field of view: 256 � 256, 160 slices) was ac-
quired. Then, MRS spectra were acquired in 2 voxel locations, that is,
the left SM1 (region of interest) and occipital cortex (OCC; control
region) positioned on the T1 image (Fig. 1). Data were acquired using
the MeschereGarwood point resolved spectroscopy (MEGA-PRESS)
sequence (Mescher et al., 1996, 1998) (14 ms sinc-Gaussian editing
pulses applied at an offset of 1.9 ppm in the on experiment and
7.46 ppm in the off experiment, repetition time ¼ 2 seconds, echo
time¼ 68ms, 40 blocks of 8-step phase cycles, 2-kHz spectral width,
excitation water suppression). Sixteen water-unsuppressed averages
were acquired from the same voxel. The SM1 voxel (3 � 3 � 3 cm3)
was centered over the left hand knob (Yousry et al., 1997), parallel to



Fig. 1. Example of voxel placement for (A) the left sensorimotor cortex and (B)
occipital cortex. Spectra from all participants included in the analysis for (C) the left
sensorimotor cortex and (D) the occipital cortex. The GABAþ peak is visible at 3 ppm.
Abbreviations: GABA, gamma-aminobutyric acid; ppm, parts per million.
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the anterior andposterior axes. One surfacewasparallel to the cortical
surface in the coronal and axial views (Puts et al., 2011). TheOCCvoxel
(3 � 3 � 3 cm3) was centered on the median line, aligned with the
cerebellar tentorium in the sagittal plane, and positioned as posteri-
orly as possible (Puts et al., 2011).
2.4. TMS session

Age-related changes in corticomotor excitability, intracortical
interactions withinM1, and interhemispheric interactions (M1-M1)
were evaluated with TMS using a BiStim2 configuration (Magstim,
Whitland, Dyfed, UK). Coil configurations and stimulation param-
eters of the TMS paradigms are summarized in Table 1. Single-pulse
TMS and paired-pulse TMS (ppTMS) paradigms were performed to
investigate corticomotor excitability and intracortical interactions
within M1. A dual-site TMS (dsTMS) paradigm was used to inves-
tigate IHI from the left M1 to the right M1. Coils were placed over
the optimal position (hotspot) to elicit motor-evoked potentials
(MEPs) in the right or left first dorsal interosseous (FDI) muscles
and were oriented approximately 45� lateral from the midline, with
the handle pointing posteriorly to induce a posterior-anterior cur-
rent. Electromyographic (EMG) signals were collected with
disposable, self-adhesive Ag/AgCl surface electrodes that were
placed over the FDI muscles in both hands with a belly-tendon
montage and were connected to a Bagnoli-16 EMG system (Delsys
Inc., Boston, USA). The EMG signals were amplified (gain ¼ 1000),
bandpass filtered (20e2000 Hz), and 50/60 Hz noise was
eliminated (Humbug, Quest Scientific, North Vancouver, Canada).
Subsequently these signals were digitized at 5000 Hz (CED Signal
Version 4.03, Cambridge Electronic Design, Cambridge, UK) and
stored for offline analysis.

For each participant, an orthogonal 1 � 1 cm coordinate system
was marked on a swimming cap with references to the left and
right external auditory meatus, occiput, and vertex. The hotspots
were defined as the M1 scalp locations from which 5 consecutive
magnetic stimuli produced the highest mean MEP in relaxed left
and right FDI muscles. Both hotspots were marked on the cap and
captured using a magnetic resonance imagingebased neuro-
navigation system (Visor 2, ANT Neuro, the Netherlands and
Brainsight, Rogue Research Inc, Montreal, Quebec, Canada) to
monitor coil positions online during the experiment and to ensure
optimal reproducibility of the stimulation location. The individual
resting motor thresholds (rMT) were determined as the lowest
stimulus intensity that produced MEPs greater than 50 mV in the
right and left FDI muscles in at least 5 of 10 consecutive trials when
stimulating the hotspots. For each participant, TMS data acquisition
was completed in the following order: (1) MEP recruitment curve
for the left and right M1; (2) IHI from left M1 to right M1; (3) SICI
and ICF; and (4) LICI from the M1 hand-knob area for right FDI
stimulation. During the entire experiment, TMS measurements
were performed while both FDI muscles were relaxed. Therefore,
EMG was constantly monitored online, and the background EMG
activity was kept below a threshold of 5 mV peak-to-peak in the
interval 50 ms before the first TMS pulse. To avoid TMS-related
discomfort, no measurements were performed if the rMT of the
left M1 exceeded 60% of the maximum stimulator output (Temesi
et al., 2014). If the rMT of the right M1 exceeded 60% of the
maximum stimulator output, the MEP recruitment curve for the
right M1 and IHI was not performed. The TMS protocols are
described in detail below (Section 2.4.1e2.4.4).

2.4.1. MEP recruitment curve for the left and right M1s
The recruitment curves of the left and right M1s were assessed

using a single-pulse TMS paradigm. Stimulation intensities were set
at 100%,110%,120%,130%,140%, and 150% of rMTandwere delivered
in a pseudo-randomized order. MEPs from the left and right FDI
were collected during 2 separate measurement blocks. Eight pulses
per stimulus intensity were applied resulting in a total of 48
recorded MEPs per recruitment curve.

2.4.2. Interhemispheric inhibition
A dsTMS protocol was performed with each of the 2 Magstim

2002 units connected to a single coil. The coil used for the TS (outer
diameter: 50 mm) was positioned over the right M1 and was ori-
ented approximately 45� lateral from the midline. The coil used for
the CS (outer diameter: 70mm)was positioned over the left M1 and
was oriented approximately perpendicular to the midline. CS and
TS intensities were set to 110% rMT and 1 mV, respectively. Two ISIs
were used: 10 and 40 ms. It is assumed that short-latency IHI (ISI �
10 ms) is mediated by postsynaptic GABAA mechanisms (Chen,
2004), whereas postsynaptic GABAB receptors are involved at
longer IHI latencies (ISI � 40 ms) (Irlbacher et al., 2007; Reis et al.,
2008). Fifteen conditioned pulses (CS þ TS) per ISI and 15 uncon-
ditioned pulses (TS alone) were given in a pseudo-randomized or-
der, resulting in a total of 45 recorded MEPs.

2.4.3. Short-interval intracortical inhibition and facilitation
A ppTMS protocol was used to investigate SICI and ICF of the left

M1. This TMS protocol was performed with a 1, 3, and 10 ms ISI (i.e.,
SICI 1 ms, SICI 3 ms, and ICF) with CS and TS intensities set at 80%
rMTand 1mV, respectively. Fifteen conditioned pulses (CSþ TS) for
each ISI and 15 unconditioned pulses (TS alone) were delivered over



Table 1
Summary of TMS protocols

TMS protocols Stimulation area Coil Stimulus intensity ISI

CS TS CS TS CS TS

spTMS
AURC left M1 / Left M1 / 70 mm / 100%, 110%, 120%, 130%,

140%, 150% rMT
/

AURC right M1 / Right M1 / 50 mm / 100%, 110%, 120%, 130%,
140%, 150% rMT

/

ppTMS
SICI/ICF Left M1 Left M1 70 mm 70 mm 80% rMT 1 mV 1 ms, 3 ms, 10 ms
LICI Left M1 Left M1 70 mm 70 mm 1 mV 1 mV 100 ms

dsTMS
IHI Left M1 Right M1 70 mm 50 mm 110% rMT 1 mV 10 ms, 40 ms

Key: AURC, area under the recruitment curve; CS, conditioning stimulus; TMS, transcranial magnetic stimulation; dsTMS, dual-site TMS; ICF, intracortical facilitation; IHI,
interhemispheric inhibition; ISI, interstimulus interval; LICI, long-interval intracortical inhibition; M1, primary motor cortex; ppTMS, paired-pulse TMS; rMT, resting motor
threshold; SICI, short-interval intracortical inhibition; spTMS, single-pulse TMS; TS, test stimulus.
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the left M1 hotspot position in a pseudo-randomized order,
resulting in a total of 60 recorded MEPs.

2.4.4. Long-interval intracortical inhibition
A ppTMS protocol was used to investigate LICI of the left M1. LICI

was measured using a 1-mV CS and TS, and a 100-ms ISI. Fifteen
conditioned (CS þ TS) and 15 unconditioned pulses (TS alone) were
applied in a pseudo-randomized order, and a total of 30 MEPs were
recorded.
2.5. Data analysis

2.5.1. Magnetic resonance spectroscopy
Data were analyzed using the Gannet software toolkit (Edden

et al., 2013). Individual frequency domain spectra were fre-
quency- and phase-corrected using spectral registration (Near et al.,
2015) and filtered with a 3-Hz exponential line broadening. The
area under the edited GABA peak at 3 ppm was estimated. This
editing scheme coedits approximately 50% macromolecules at
3 ppm, which are coupled to spins at 1.7 ppm, also inverted by
editing pulses. Therefore, all GABA values are reported as GABAþ
(i.e., GABA þ macromolecules). GABAþ and unsuppressed water
signals were modeled using a single Gaussian peak with a
5-parameter Gaussian model and a Gaussian-Lorentzian model,
respectively, and integrated. Next, the MRS voxels were coregis-
tered to the T1-weighted image and the resulting voxels in T1
image space were segmented to determine the different tissue
fractions (gray matter, white matter, and cerebrospinal fluid [CSF])
within the voxels (SPM 12). These segmentations were then used to
calculate tissue-corrected GABAþ in both voxels with the
assumption that GABAþ levels are negligible in CSF and twice as
high in gray as compared to white matter (Harris et al., 2015).
Moreover, tissue-specific relaxation and water visibility values
were taken into account. Finally, GABA levels were normalized to
the average voxel composition of our sample of young and older
adults (see Harris et al., 2015; equation 6). This full tissue normal-
ization results in a GABAmeasure that is not simply a measurement
of GABA levels in the voxel but a projection of what that mea-
surement would be if the voxel tissue compositionwere average for
the cohort. In addition, water offset frequency SD and fit errors of
the GABA peak were calculated to investigate differences in the
quality of the MRS data between young and older adults.

2.5.2. Transcranial magnetic stimulation
EMG recordings were used to calculate peak-to-peak MEP am-

plitudes. Trials with EMG activity higher than 5 mV peak-to-peak
50 ms before the first TMS pulse were excluded from the analysis
(MEP recruitment curve left M1: mean young ¼ 7.5%, older ¼ 4.8%;
MEP recruitment curve right M1: mean young ¼ 7.7%, older ¼ 5.8%;
IHI: mean young¼ 5.1%, older ¼ 9.8%; SICI-ICF: mean young¼ 4.7%,
older ¼ 2.8%; LICI: mean young ¼ 4.3%, older ¼ 3.3%). The area
under the recruitment curve (AURC) was calculated for the
recruitment curve of the left M1 and the right M1 to obtain 1 output
measure of overall corticospinal output of the left and right M1s.
Next, all measures of the ppTMS and dsTMS protocols were
normalized to the corresponding unconditioned MEP using the
following equation: conditioned MEP amplitude (CS þ TS)/uncon-
ditioned MEP amplitude � 100. Values lower than 100 indicate
inhibition, whereas values exceeding 100 indicate facilitation
relative to the TS alone. This resulted in the following variables of
interest: SICI 1 ms, SICI 3 ms, ICF, LICI, IHI 10 ms, and IHI 40 ms.
2.6. Statistics

2.6.1. Group effects
IBM SPSS Statistics 24 was used for statistical analysis. To eval-

uate age-related differences in GABAþ and TMS metrics of cortical
excitation and inhibition, a Student’s t-test with age group as in-
dependent variable was used. T-tests were conducted for GABAþ in
SM1 voxel, GABAþ in OCC voxel, AURC of left M1, AURC of right M1,
SICI 1 ms, SICI 3 ms, ICF, IHI 10 ms, and IHI 40 ms and the Mann-
Whitney U test for LICI. A false discovery rate (FDR) controlling
procedure for multiple comparisons was used with a 0.05 signifi-
cance level. For LICI, the data of 1 young participant were excluded
because averaged data for this measurement qualified as an outlier
(>3 SD from the mean of the age group). In addition, differences in
rMT and voxel composition between young and older adults were
evaluated with a t-test with age group as independent variable.

2.6.2. Relationship between MRS and TMS metrics
Correlations were calculated between TMS and MRS metrics in

young and older adults separately and combined using the Pearson
product-moment correlation coefficient or Spearman’s correlation
coefficient depending on the distribution (normality) of the data.
TMS variables of interest were the AURC for left M1, the AURC for
rightM1, SICI 1ms, SICI 3ms, ICF, LICI, IHI 10ms, and IHI 40ms. MRS
variables of interest were GABAþ in SM1 and OCC voxel. A FDR
controlling procedure was used for each age group separately with
a 0.05 significance level.

2.6.3. Relationships between TMS metrics
Correlations among the TMSmetrics were investigated in young

and older adults separately with the Pearson product-moment
correlation coefficient or Spearman’s correlation coefficient
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depending on the distribution (normality) of the data. TMS vari-
ables of interest were the AURC of the left M1, the AURC of the right
M1, SICI 1 ms, SICI 3 ms, ICF, LICI, IHI 10 ms, and IHI 40 ms. An FDR
controlling procedure was used for each age group separately with
0.05 significance level.
3. Results

3.1. Group effects

3.1.1. Magnetic resonance spectroscopy
A summary of the results can be found in Table 2.With respect to

the SM1 voxel, MRS data of 7 young and 6 older adults were
excluded from the analysis due to the following reasons: technical
problems with the scanner (young; N ¼ 3), incorrect voxel place-
ment (young; N ¼ 1 and older; N ¼ 1), and no clear GABA peak in
the edited spectrum (young; N ¼ 2 and older; N ¼ 6). With respect
to the OCC voxel, MRS data of 3 young adults were excluded from
the analysis due to technical problems at the scanner.

Analysis of the segmentation results showed that the gray
matter fractions of the SM1 and OCC voxel were significantly lower
for older adults compared to young adults (SM1: mean � SD
young ¼ 0.352 � 0.018, mean � SD older ¼ 0.287 � 0.024, t(41) ¼
10.294, p < 0.001; OCC: mean � SD young ¼ 0.611 � 0.031, mean �
SD older ¼ 0.530 � 0.041, t(51) ¼ 7.994, p < 0.001), while the CSF
fractions were significantly higher (SM1: mean � SD young ¼ 0.117
� 0.034, mean � SD older ¼ 0.165 � 0.037, t(41) ¼ �4.429; OCC:
mean � SD young ¼ 0.092 � 0.017, mean � SD older ¼ 0.151 �
0.045, t(35.827) ¼ �6.413, p < 0.001). White matter fractions were
also significantly higher in older adults compared to young adults in
the OCC voxel (mean � SD young ¼ 0.297 � 0.037, mean � SD
older¼ 0.319� 0.036, t(51)¼�2.258, p¼ 0.028) but not in the SM1
voxel (mean � SD young¼ 0.530 � 0.037, mean � SD older ¼ 0.548
� 0.033, t(41) ¼ �1.701, p ¼ 0.096). Group analysis of the tissue-
corrected GABAþ levels indicated that young and older adults did
not differ in the SM1 [t(41) ¼ 0.466, p ¼ 0.644] or OCC voxels
[t(47.256)¼�0.165, p¼ 0.869] (Table 2). Overall, these observations
suggest that, once individual differences in the bulk tissue
composition were taken into account, GABAþ levels in both voxels,
as quantified here, were not affected by age in the present study
sample. Water offset frequency SD, an indication of motion, was
significantly higher in older adults compared to young adults in the
SM1 (mean � SD young ¼ 0.421 � 0.290, mean � SD older ¼ 0.604
� 0.232, t(41) ¼ �2.283, p ¼ 0.028) and OCC voxel (mean � SD
young ¼ 0.512 � 0.311, mean � SD older ¼ 0.702 � 0.355,
t(51) ¼ �2.021, p ¼ 0.049), whereas fit error of the GABAþ peak did
Table 2
Group differences in TMS and MRS metrics

TMS/MRS metric N young N older Mean � SD young

SICI 1 ms 24 22 31.41 � 12.08
SICI 3 ms 24 22 34.12 � 21.04
LICI 23 22 9.94 � 22.66
AURC right M1 19 20 55.79 � 22.87
ICF 24 22 144.56 � 48.34
IHI 40 ms 21 21 82.65 � 33.08
IHI 10 ms 21 21 86.47 � 28.72
GABAþ sensorimotor cortex 22 21 2.58 � 0.39
GABAþ occipital cortex 25 28 3.05 � 0.28
AURC left M1 25 23 70.78 � 49.76

SICI 1ms, SICI 3ms, LICI, ICF, IHI 10ms, and IHI 40mswere calculated as follows: condition
controlling procedure was used to control for the probability of type I errors. The p-valu
survive multiple comparisons. The column FDR test represents significance after correct
Key: AURC, area under the recruitment curve; FDR, false discovery rate; GABA, gamma-am
long-interval intracortical inhibition; M1, primary motor cortex; SD, standard deviation;
MEP, motor-evoked potentials; MRS, magnetic resonance spectroscopy; CS, conditioning
not differ significantly between young and older adults [SM1: mean
� SD young ¼ 5.033 � 1.523, mean � SD older ¼ 4.519 � 1.453,
t(41) ¼ 1.131, p ¼ 0.265; OCC: mean � SD young ¼ 4.333 � 1.012,
mean � SD older ¼ 4.620 � 1.440, t(51) ¼ �0.828, p ¼ 0.412].

3.1.2. Transcranial magnetic stimulation
Three young adults (1 woman) and 5 older adults (4 women)

were excluded from the TMS analyses because the rMT of the right
FDI exceeded 60% of maximum stimulator output. Of the remaining
participants (25 young adults [13 women] and 23 older adults [8
women]), 6 young adults (2 women) and 3 older adults (1 woman)
did not complete the recruitment curve measurements of the right
hemisphere because the rMT of the left FDI exceeded 60% of stim-
ulator output. Four young adults (1 woman) and 2 older adults (1
woman) did not complete the IHI measurements. The number of
remaining participants for each TMS measure is indicated in
Table 2. TMS measures of SICI 1 ms, SICI 3 ms, LICI, and ICF were
only obtained from left M1, whereas IHI 10 ms and IHI 40 ms ex-
press interhemispheric projections from left to right M1.

The rMT of the left and right hemispheres did not differ between
young and older adults for the remaining participants (left M1:mean
� SD young ¼ 43.40 � 5.45, mean � SD older ¼ 42.22 � 7.15,
t(41.079) ¼ 0.640, p ¼ 0.526; right M1: mean young � SD ¼ 49.05 �
6.68, mean � SD older ¼ 48.81 � 7.41, t(40) ¼ 0.109, p ¼ 0.913). The
AURC of the right M1 was larger for older adults compared to young
adults [t(21.822) ¼ �2.330, p ¼ 0.029]; however, the test did not
survive FDR correction. The AURC of the left M1 did not differ be-
tween the groups [t(46) ¼ 0.129, p ¼ 0.898]. Taken together, these
observations suggested that the resting levels of corticospinal excit-
ability for the left and right M1 were not affected by aging (Fig. 2).

There was a significant effect of age on SICI 1 ms
[t(25.036) ¼ �4.196, p < 0.001], SICI 3 ms [t(28.120) ¼ �3.731, p ¼
0.001] and LICI (U ¼ 140.000, nYoung ¼ 23, nOlder ¼ 22, p ¼ 0.01),
indicating that the levels of intracortical inhibition at rest were
significantly lower in older adults compared to young adults. ICF
was higher in older adults in contrast to young adults
[t(44) ¼ �2.125, p ¼ 0.039]; however, this did not survive FDR
correction. Finally, IHI 10ms [t(40)¼ 1.031, p¼ 0.309] and IHI 40ms
[t(40) ¼ �1.418, p ¼ 0.164] did not differ between young and older
adults, suggesting that interhemispheric inhibition from the left to
the right M1 was not affected by aging in the present sample.
3.2. Relationship between MRS and TMS metrics

Correlational analyses were performed in young and older
adults separately and combined to investigate the degree of
Mean � SD older p-value Critical p-value FDR test

66.29 � 37.23 <0.001 0.005 1
75.86 � 48.45 0.001 0.01 1
21.28 � 25.37 0.01 0.015 1

102.11 � 85.76 0.029 0.02 0
194.04 � 102.35 0.039 0.025 0
70.48 � 37.26 0.164 0.03 0
75.26 � 26.89 0.309 0.035 0
2.53 � 0.30 0.644 0.04 0
3.06 � 0.42 0.869 0.045 0

68.80 � 56.52 0.898 0.05 0

edMEP amplitude (CSþ TS)/unconditionedMEP amplitude (TS alone)� 100. An FDR
e should be lower than the critical p-value, as calculated with the FDR method, to
ion for multiple comparisons (1 ¼ significant and 0 ¼ not significant).
inobutyric acid; ICF, intracortical facilitation; IHI, interhemispheric inhibition; LICI,

SICI, short-interval intracortical inhibition; TMS, transcranial magnetic stimulation;
stimulus; TS, test stimulus.



Fig. 2. Group data (mean � SE) for the recruitment curves of the left (A) and right (B)
M1. The AURC was compared between young (black bars) and older (white bars)
adults. The AURC of the left (C) and the right (D) M1 did not differ between young and
older adults after FDR correction. Abbreviations: AURC, area under the recruitment
curve; FDR, false discovery rate; M1, primary motor cortex; SE, standard error.
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association between TMS variables and tissue-corrected GABAþ
levels. A summary of these correlations can be found in Table 3. We
found that IHI 10 ms was negatively correlated with GABAþ in the
OCC voxel in young adults (r¼�0.480, p¼ 0.044), however, this did
not survive FDR correction (critical p-value ¼ 0.00313). All other
correlations were not significant (all p � 0.052).
3.3. Relationships between TMS metrics

Correlational analyses were performed in young and older
adults separately to investigate associations between the TMS
metrics (Table 4). With respect to young adults, we found signifi-
cant negative correlations between IHI 10 ms and the AURC for the
right M1 (r ¼ �0.638, p ¼ 0.003), between IHI 40 ms and the AURC
for the left M1 (r ¼ �0.630, p ¼ 0.002), and between IHI 40 ms and
the AURC for the right M1 (r ¼ �0.681, p ¼ 0.001). In addition, a
significant positive correlation was found between IHI 10 ms and
IHI 40 ms (r ¼ 0.760, p < 0.001). With respect to older adults, we
found significant positive correlations between SICI 1 ms and SICI
3 ms (r ¼ 0.658, p ¼ 0.001), between AURC for the left M1 and the
AURC for the right M1 (r¼ 0.641, p¼ 0.002), and between IHI 10 ms
Table 3
Correlations between MRS and TMS metrics

MRS metric AURC left M1 AURC right M1 SICI 1 ms

Young
GABAþ Sensorimotor cortex 0.101 (20) �0.184 (15) 0.439 (19)
GABAþ Occipital cortex �0.079 (22) 0.293 (16) �0.340 (21)

Older
GABAþ Sensorimotor cortex 0.018 (17) 0.041 (16) 0.121 (16)
GABAþ Occipital cortex �0.098 (23) �0.153 (20) 0.013 (22)

All
GABAþ Sensorimotor cortex 0.045 (37) �0.023 (31) 0.100 (35)
GABAþ Occipital cortex �0.093 (45) �0.097 (36) �0.080 (43)

Pearson’s correlation coefficients (N) are reported for AURC left M1, AURC right M1, SICI 1
(N) are reported for LICI.
Key: AURC, area under the recruitment curve; ICF, intracortical facilitation; GABA, gamma
inhibition; M1, primary motor cortex; SICI, short-interval intracortical inhibition; TMS, t
*p < 0.05.
and IHI 40 ms (r ¼ 0.616, p ¼ 0.003). Negative correlations were
found between IHI 10 ms and the AURC for the left M1 (r ¼ �0.553,
p ¼ 0.009), between IHI 40 ms and the AURC for the left M1
(r ¼ �0.533, p ¼ 0.013), between IHI 40 ms and the AURC for the
right M1 (r ¼ �0.453, p ¼ 0.045), and between IHI 10 ms and SICI
3 ms (r ¼ �0.461, p ¼ 0.041); however, these results did not remain
significant after FDR correction (critical p-values ¼ 0.007, 0.009,
0.01, 0.01, respectively).

The significance of the difference between the correlation co-
efficients of young and older adults was tested using the Fisher r-to-
z transformation. None of the significant correlations were different
between young and older adults (all jzj � 1.93, p � 0.054).

4. Discussion

A first major observation of the present study was that tissue-
corrected GABAþ levels in left sensorimotor and occipital regions
did not change significantly as a function of age. A second major
observation was that tissue-corrected GABAþ levels in the SM1 did
not predict GABA-mediated cortical inhibition in either young or
older adults, despite significant age-related declines for both SICI
and LICI in the older as compared to young adults. Overall, these
observations suggest that the decrease in inhibitory functionality of
GABAA and GABAB receptors in older adults (asmeasuredwith TMS)
during rest was unrelated to individual tissue-corrected GABAþ
levels in the SM1 (as measured with MRS).

Tissue-corrected GABA levels in SM1 did not differ between the
2 age groups. It is crucial to emphasize that the full tissue correction
applied here (Harris et al., 2015) results in ameasurement not of the
GABA concentration per se but of the GABA concentration that takes
into account the tissue characteristics and composition of the voxel
studied. This procedure is analogous to measuring single-
participant hippocampal volumes in standard space, where the
resulting metric is not a single-participant volume measurement
but an adjusted volume accounting for the brain size. Thus,
although the absence of an age effect appears to conflict with some
previous MRS studies in healthy older individuals in prefrontal or
parietal regions (Gao et al., 2013; Porges et al., 2017), the absence of
full tissue correction in these studies means that their results are
not fully comparable with ours. In addition, our observations were
taken from data collected in 2 extreme age cohorts (young and old),
whereas positive evidence for the effect of age on GABA levels re-
ported by Gao et al. (2013) and Porges et al. (2017) were obtained by
correlating GABA levels with age in a continuous aging cohort.
Finally, some studies reporting reductions in GABA levels as a
function of age in prefrontal regions did not report age-related
changes in GABA levels across other multiple brain regions such
as the thalamus, insula, or cingulate cortex of the healthy aging
SICI 3 ms ICF LICI IHI 10 ms IHI 40 ms

0.159 (19) 0.025 (19) 0.383 (18) �0.094 (17) �0.159 (17)
�0.227 (21) 0.089 (21) �0.266 (20) �0.480 (18)* �0.169 (18)

�0.087 (16) �0.427 (16) 0.388 (16) �0.048 (17) �0.030 (17)
�0.061 (22) 0.000 (22) �0.123 (22) 0.325 (21) �0.057 (21)

�0.044 (35) �0.238 (35) 0.337 (34) �0.038 (34) �0.067 (34)
�0.121 (43) �0.004 (43) �0.167 (42) 0.089 (39) �0.070 (39)

ms, SICI 3 ms, ICF, IHI 10 ms, and IHI 40 ms. Spearman’s rank correlation coefficients

-aminobutyric acid; IHI, interhemispheric inhibition; LICI, long-interval intracortical
ranscranial magnetic stimulation; MRS, magnetic resonance spectroscopy.



Table 4
Correlations between TMS metrics

TMS metric AURC left M1 AURC right M1 SICI 1 ms SICI 3 ms ICF LICI IHI 10 ms

Young
AURC right M1 0.366 (19)
SICI 1 ms 0.136 (24) �0.238 (19)
SICI 3 ms �0.031 (24) �0.330 (19) 0.177 (24)
ICF 0.096 (24) �0.238 (19) 0.196 (24) 0.170 (24)
LICI �0.246 (23) 0.245 (18) �0.005 (23) �0.274 (23) �0.087 (23)
IHI 10 ms �0.334 (21) L0.638 (19)** 0.123 (21) 0.229 (21) 0.101 (21) 0.027 (20)
IHI 40 ms L0.630 (21)** L0.681 (19)** 0.058 (21) 0.239 (21) �0.056 (21) �0.111 (20) 0.760 (21)***

Older
AURC right M1 0.641 (20)**
SICI 1 ms �0.176 (22) �0.359 (19)
SICI 3 ms �0.039 (22) �0.356 (19) 0.658 (22)**
ICF �0.079 (22) �0.248 (19) 0.128 (22) 0.247 (22)
LICI �0.186 (22) �0.044 (19) 0.016 (22) 0.129 (22) 0.156 (22)
IHI 10 ms �0.553 (21)** �0.230 (20) �0.326 (20) �0.461 (20)* �0.111 (20) �0.020 (20)
IHI 40 ms �0.533 (21)* �0.453 (20)* 0.033 (20) 0.210 (20) 0.057 (20) 0.238 (20) 0.616 (21)**

Pearson’s correlation coefficients (N) are reported for AURC left M1, AURC right M1, SICI 1 ms, SICI 3 ms, ICF, IHI 10 ms, and IHI 40 ms. Spearman’s rank correlation coefficients
(N) are reported for LICI.
Key: AURC, area under the recruitment curve; ICF, intracortical facilitation; IHI, interhemispheric inhibition; LICI, long-interval intracortical inhibition; M1, primary motor
cortex; TMS, transcranial magnetic stimulation; SICI, short-interval intracortical inhibition.
*p < 0.05, **p < 0.01, ***p < 0.001, correlation coefficients in bold survived FDR correction.
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brain (Grachev and Apkarian, 2001; Grachev et al., 2001). Taken
together, the observations from our study and elsewhere (Grachev
et al., 2001) may indicate that the age-related decline in GABA
levels is not uniform across the human brain but tends to be more
pronounced in anterior than posterior cortical regions. Alterna-
tively, we cannot exclude the possibility that sampling biases may
have affected our results.

Notably, regional declines in GABA levels could signify a reduced
density of GABAergic inhibitory interneurons that could be trig-
gered by reduction in the complexity of dendrite arborization and
length (Dickstein et al., 2007), interneuron loss (Stanley et al., 2012),
or alteration in the number of GABA receptors (Gleichmann et al.,
2012). These processes are generally consistent with a more rapid
decay of gray matter density (Good et al., 2001; Resnick et al., 2003;
Ziegler et al., 2012) and decrease in white matter microstructural
organization in prefrontal than posterior brain regions (Inano et al.,
2011; O’Sullivan et al., 2001; Pfefferbaum et al., 2005; Resnick et al.,
2003; Salat et al., 2005; Seidler et al., 2010; Sullivan et al., 2001).
Nevertheless, whether age-related alterations in GABA levels are
consistent with the anterior to posterior gradient of brain atrophy
requires further exploration.

Although older adults did not show reduced GABA levels within
the SM1 (after tissue normalization) as compared to young adults,
we did observe less inhibition in older adults using TMS. More
specifically, older adults showed a significant reduction in the
resting-state SICI and LICI, possibly indicating declines in the
activity of GABAA and GABAB receptor systems as a function of age.
Age-related changes in the activity of GABAA and/or GABAB re-
ceptors have beenwidely reported in recent literature, and declined
performance of voluntary movements in healthy older individuals
has been found to be strongly associated with poor regulation of
GABAergic activity (Fujiyama et al., 2009, 2012; Heise et al., 2013;
Levin et al., 2014; McGregor et al., 2011, 2013; Opie et al., 2015).

Along these lines of evidence, we suggest that individual MRS-
GABAþ levels are unrelated to the reductions in activation of
GABAergic receptor activity within the SM1 as measured in the
present study with SICI 1 ms, SICI 3 ms, and LICI 100 ms. Our
findings are consistent withmost evidence from previous studies in
healthy young adults where no significant correlations between
GABA levels and TMSmeasures of SICI 2e4ms, LICI, or contralateral
silent period were observed (Dyke et al., 2017; Stagg et al., 2011b;
Tremblay et al., 2013). In contrast, a very recent study
investigated the relationship between TMS measures of inhibition
and MRS-assessed GABAþ levels in a smaller sample of young and
older adults and found a negative correlation between GABA and
SICI 1 ms in young adults (Mooney et al., 2017). However, due to
methodological considerations (i.e., small voxel size combined with
short acquisition time and the use of gray matter correction), the
MRS data quality is likely not reliable and needs to be interpreted
with caution (see Mullins et al., 2014 for a more detailed discussion
on the impact of these methodological considerations). In addition,
it should be noted that the observed reduction in SICI 3 ms in older
adults may be caused by excess facilitation. Previous work has
shown that SICI and short ICF interact, particularly at an ISI of 3 ms
(Peurala et al., 2008). Therefore, it is difficult to determine whether
the observed age-related reduction in SICI 3 ms is due to decreased
inhibition or increased facilitation. If it is due to excessive facilita-
tion, then the contamination of SICI with short ICF might possibly
mask a correlation with GABAþ. Taken together, the evidence does
not suggest a relation between TMS-obtained measures of inhibi-
tion and MRS-obtained GABAþ levels. It should be acknowledged
that we had a moderate sample size, and more power might be
required to pick up a potential relation between MRS-assessed
GABA levels and TMS measures of GABAergic functioning. There-
fore, studies with a larger sample size should be carried out to
replicate our findings.

GABA can be found in different compartments of the neuron, but
it is mostly localized within the cytoplasm and to a lesser extent
within synaptic vesicles at presynaptic boutons, where it acts as a
transmitter (Martin and Rimvall, 1993). Because the MRS-GABA
measurement is thought to mainly reflect GABA levels within the
cytoplasm of the GABAergic interneurons (Maddock and
Buonocore, 2012; Rae, 2014), it remains unclear whether MRS-
GABA measures alone could serve as a predictor of age-related
changes in GABAergic synaptic activity. Nevertheless, recent evi-
dence indicates that cytoplasmic GABA is related to neurotrans-
mitter release and thus MRS-GABA might still be relevant for the
study of GABAergic function, but rather than being a metric of
synaptic activity, it is likely to reflect baseline inhibitory tone (Rae,
2014).

The absence of overt correlations betweenMRS-GABAmeasures
and TMS measures of SICI, LICI, ICF, and IHI in the present study
suggests that GABA levels in SM1 do not appear to directly
contribute to age-related loss of cortical inhibition, as determined
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by functional measures with TMS observed during rest. Further
studies should therefore focus on other contributing factors (such
as age-related loss of GABA receptor density or impaired cortico-
cortical interactions due to gray and white matter loss) as under-
lying mechanisms for suboptimal inhibitory control in healthy
aging. For example, studies using animal models reported a
reduction in the density of GABAergic interneurons (Hua et al.,
2008), age-related loss of the GABA synthetic enzyme glutamic
acid decarboxylase (Ling et al., 2005), and an alteration in the
composition of GABAA receptors (Schmidt et al., 2010; Yu et al.,
2006), accompanied by reduced functional inhibition (Schmidt
et al., 2010). Alternatively, suboptimal regulation of inhibition
might be caused by changes in 1 or more neurotransmitter systems
that interact with the GABAergic system. Specifically, it is well
known that GABAergic motor interneurons receive strong cholin-
ergic innervation from afferent pathways (Di Lazzaro et al., 2000;
Young-bernier et al., 2012) and synaptic input through gluta-
matergic circuits (Reis et al., 2008). Thus, alterations in these cir-
cuits may also impact the functioning of the GABAergic system.
Finally, one should consider the possibility that significant associ-
ations between MRS-GABA measures and TMS measures of
GABAergic inhibition may not be observed in M1 under resting
conditions. Indeed, the most striking evidence for the down-
regulation of the GABAergic system in older adults has been pro-
vided by task-related studies (Fujiyama et al., 2012; Heise et al.,
2013; Motawar et al., 2016; Opie et al., 2015; Talelli et al., 2008),
suggesting that associations between GABA levels and GABAergic
synaptic activity could still be present under more dynamic (high-
demanding) task conditions.

In contrast to TMS measures of intrahemispheric inhibition (i.e.,
SICI and LICI), no effect of age was found on corticospinal excit-
ability, ICF, or interhemispheric inhibition from the left M1 to the
right M1. The absence of such an age effect might explain why no
correlations with TMS measures of GABAergic synaptic activity
were observed. Possibly, the TMS measures of global excitability
and interhemispheric inhibition might be more related to gluta-
mate as opposed to GABA levels. Notably, significant correlations
between levels of motor corticospinal excitability and MRS gluta-
mate in the SM1 have previously been reported (Dyke et al., 2017;
Stagg et al., 2011b). Moreover, interhemispheric inhibition is
thought to be mediated by glutamatergic projections from the
contralateral hemisphere to the GABAergic motor neuronal system
(Chen, 2004; Liuzzi et al., 2010; Perez and Cohen, 2008). As such,
glutamate levels within the contralateral hemisphere might
possibly serve as a predictor of interhemispheric inhibition.

A final newsworthy aspect of the present study refers to the
interrelations between TMSmetrics of corticospinal excitability and
interhemispheric inhibition. Specifically, we observed significant
negative correlations between (1) levels of IHI 10 ms/IHI 40 ms and
the AURC of right M1 and (2) levels of IHI 40ms and the AURC of left
M1. These negative correlations indicate that higher levels of
interhemispheric inhibition from left to right M1 were related to
higher levels of excitability of corticospinal neurons. These corre-
lations survived multiple comparison corrections in young but not
in older adults. Nonetheless, the pattern is largely convergent and
the Fisher r-to-z transformation indicated that the correlations did
not significantly differ between young and older adults. The nega-
tive correlation between IHI 40ms and the AURC in left M1 suggests
that the activation of inhibitory circuits within the rightM1 is partly
determined by the level of excitability of the left M1. Because IHI is
thought to be mediated by glutamatergic projections from the
contralateral hemisphere (Reis et al., 2008), increased gluta-
matergic signaling within the left M1 might explain both higher
levels of excitability of left M1 and the increase in activation of local
inhibitory circuits within right M1. Finally, the negative correlations
between IHI 10 ms/IHI 40 ms and the AURC of right hemisphere
suggest that the ability to recruit a larger number of corticospinal
pathways within the right M1 is related to the ability to activate
local inhibitory circuits. This might seem counterintuitive at first
sight; however, it might be that glutamate levels in the left and
right M1 are similar. Future studies should investigate the potential
link between glutamate levels in left and right M1 and TMS mea-
sures of interhemispheric interactions.

5. Conclusion

Older as compared to young adults demonstrated significantly
less resting-state inhibition as measured with the SICI and LICI TMS
protocols. This is possibly mediated by changes in GABAA and
GABAB receptor activity. The observed declines in TMS-assessed
inhibition with age were unrelated to MRS-assessed tissue-cor-
rected GABAþ levels within the SM1. Furthermore, we did not find
any association between tissue-corrected GABAþ levels within the
left SM1 and the degree of motor corticospinal excitability of the
left and right M1, ICF within the left M1, or interhemispheric in-
hibition from the left M1 to the right M1. These findings add to
existing literature demonstrating a downregulation of the
GABAergic system at rest in older adults. However, because current
literature is inconsistent and reports mixed results, it is important
to further standardize TMS and MRS protocols to unravel the effect
of aging on the GABAergic neurotransmission system and to
compare findings across studies. Given that the ability to modulate
GABAergic synaptic activity is important for motor performance,
further research on the mechanisms underlying the task-related
downregulation of this system in older adults is crucial. Notably,
the effect of age-related structural brain alterations, such as age-
related decline in GABAA receptor density or loss of gray and/or
white matter, should be considered.
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