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It has been argued that age-related changes in the neurochemical and neurophysiological properties of the 

GABAergic system may underlie increases in reaction time (RT) in older adults. However, the role of GABA 

levels within the sensorimotor cortices (SMC) in mediating interhemispheric interactions (IHi) during the pro- 

cessing stage of a fast motor response, as well as how both properties explain interindividual differences in RT, 

are not yet fully understood. 

In this study, edited magnetic resonance spectroscopy (MRS) was combined with dual-site transcranial mag- 

netic stimulation (dsTMS) for probing GABA + levels in bilateral SMC and task-related neurophysiological modula- 

tions in corticospinal excitability (CSE), and primary motor cortex (M1)-M1 and dorsal premotor cortex (PMd)-M1 

IHi, respectively. Both CSE and IHi were assessed during the preparatory and premotor period of a delayed choice 

RT task. Data were collected from 25 young (aged 18–33 years) and 28 older (aged 60–74 years) healthy adults. 

Our results demonstrated that older as compared to younger adults exhibited a reduced bilateral CSE suppres- 

sion, as well as a reduced magnitude of long latency M1-M1 and PMd-M1 disinhibition during the preparatory 

period, irrespective of the direction of the IHi. Importantly, in older adults, the GABA + levels in bilateral SMC 

partially accounted for task-related neurophysiological modulations as well as individual differences in RT. In 

contrast, in young adults, neither task-related neurophysiological modulations, nor individual differences in RT 

were associated with SMC GABA + levels. 

In conclusion, this study contributes to a comprehensive initial understanding of how age-related differences 

in neurochemical properties and neurophysiological processes are related to increases in RT. 
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. Introduction 

Healthy aging is characterized by a progressive slowing of volitional

otor actions in response to external stimuli ( Jordan and Rabbit 1977 ;

althouse 2000 ; Mattay et al., 2002 ; Stewart et al., 2014 ; Woods et al.,
Abbreviation: CS, conditioning stimulus; CSE, corticospinal excitability; CSE NORM

SE NORM(prem) , modulation of corticospinal excitability during the premotor period; 

romyography; FDI, first dorsal interosseus muscle; GABA, gamma-aminobutyric acid

olecules; IHi, interhemispheric interaction; IHi NORM(prep) , modulation of interhemis

nterhemispheric interaction during the premotor period; IS, imperative signal; ISI, 

ight-emitting diode; M1, primary motor cortex; MEP, motor evoked potential; MRS

ortex; rMT, resting motor threshold; RT, reaction time; s-IHi, short latency interhe

timulation; TS, test stimulus; VIF, variance inflation factor; WS, warning signal; 75%
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015 ). The reduced ability to quickly react to external cues may have

rucial consequences for daily life when unpredictable changes in the

nvironment require rapid adaptive behavior, such as in multiple traf-

c situations ( Depestele et al., 2020 ). Therefore, unraveling the neu-

al mechanisms underlying age-related declines in reaction speed has
(prep) , modulation of corticospinal excitability during the preparatory period; 

D, dominant; dsTMS, dual-site transcranial magnetic stimulation; EMG, elec- 

; GABA + , gamma-aminobutyric acid with the contribution of co-edited macro- 

pheric interaction during the preparatory period; IHi NORM(prem) , modulation of 

inter-stimulus interval; l -IHi, long latency interhemispheric interaction; LED, 

, magnetic resonance spectroscopy; ND, non-dominant; PMd, dorsal premotor 

mispheric interaction; SMC, sensorimotor cortex; TMS, transcranial magnetic 

EMG, 75% of the time between IS onset and EMG onset. 
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mportant implications for promoting the functional independence and

uality of life of the older population. 

To estimate age-related declines in reaction speed, visually

ued choice reaction time (RT) tasks have been commonly used

 Salthouse 2000 ; Yordanova et al., 2004 ; Falkenstein et al., 2006 ;

olev et al., 2006 ; Roggeveen et al., 2007 ; Cuypers et al., 2013 ;

erbruyns et al., 2015 ; Woods et al., 2015 ; Boisgontier et al., 2016 ;

uypers et al., 2020 ). A choice RT paradigm comprises different stages

f central processing, including stimulus identification, action selec-

ion, and response programming. Using transcranial magnetic stimula-

ion (TMS), it has been shown that rapid action preparation depends on

ultiple inhibitory processes that operate in parallel (see Bestmann and

uque 2016 ; Duque et al., 2017 for reviews). These processes are as-

umed to play a role in the accurate timing of response initiation, in

ssisting action selection through a competitive process, and in the

odulation of background noise to improve the signal-to-noise ratio

 Quoilin and Derosiere 2015 ; Duque et al., 2017 ). 

By combining choice RT tasks with single-pulse TMS over the pri-

ary motor cortex (M1), modulation of corticospinal excitability (CSE)

an be probed during these different central processing stages of a motor

esponse (e.g., Leocani et al., 2000 ). More specifically, the magnitude of

SE is reflected in the amplitude of the motor evoked potential (MEP),

ecorded with electromyographic (EMG) electrodes in the contralateral

arget muscle. During the delayed period of pre-cued choice RT tasks, a

SE suppression has been observed in motor representations of both the

elected and non-selected effectors ( Kroeger et al., 2010 ; Duque et al.,

014 ; Klein et al., 2016 ; Hinder et al., 2018 ). In addition, previous work

f our group demonstrated that the respective CSE suppression was less

ronounced in older than in young adults, and that this was associated

ith longer RTs in older adults ( Cuypers et al., 2013 ). It has indeed been

rgued that age-related declines in motor function, such as increases in

T, can at least in part be explained by a poorer regulation of inhibitory

otor processes with increasing age ( Levin et al., 2014 ). However, the

xact neurophysiological mechanisms and the neurochemical properties

ssociated with a dysfunctional regulation of motor inhibition in aging,

s well as their role in increased RTs, are not yet fully understood. 

The principal neurotransmitter for mediating cortical motor in-

ibition is gamma-aminobutyric acid (GABA) ( Golan et al., 1996 ;

evin et al., 2014 ). GABA has a distinct affinity for two receptor sub-

ypes, i.e., GABA A and GABA B , and the intracortical activity of each

an be assessed with specific paired-pulse TMS paradigms over M1

 Kujirai et al., 1993 ; Di Lazzaro et al. 1998 ; Paulus et al., 2008 ). Some

tudies have found associations between the capacity to modulate synap-

ic GABA A receptor-mediated intra-cortical inhibition and performance

f a unimanual go/no-go task ( Fujiyama et al., 2012 ) or a choice RT task

 Heise et al., 2013 ) in older adults. Besides intracortical mechanisms,

odulations in interhemispheric interactions (IHi) are also crucial for

reparing fast unimanual responses ( Duque et al., 2007 ; Kroeger et al.,

010 ; Liuzzi et al., 2010 ; Hinder et al., 2012 , 2018 ), and for avoiding

irroring movements of the other, non-moving hand ( Koch et al., 2006 ;

uque et al., 2007 ; Giovannelli et al., 2009 ). IHi can be assessed us-

ng dual-site TMS (dsTMS) paradigms, where a test stimulus (TS) over

1 is preceded by a conditioning stimulus (CS) over a motor-related

rain area in the contralateral hemisphere ( Ferbert et al., 1992 ; Ni et al.,

009 ). More specifically, IHi is quantified by the average MEP ampli-

ude in dual-site TMS (i.e., CS + TS) trials, relative to the average MEP

mplitude in single-pulse TMS (i.e., TS only) trials (i.e., IHi = 

ME P CS + TS 
ME P TS 

).

alues > 1 indicate a facilitatory IHi, whereas values < 1 indicate an in-

ibitory IHi. At rest, using a subthreshold CS can evoke facilitatory IHi

nder specific conditions ( Ferbert et al., 1992 ; Hanajima et al., 2001 ;

äumer et al., 2006 ), whereas using a suprathreshold CS can evoke

nhibitory IHi, which may however become facilitatory under specific

ask-related conditions ( Reis et al., 2008 ; Ni et al., 2009 ; Levin et al.,

014 ). IHi using a suprathreshold CS can be typically assessed using ei-

her short latencies (s-IHi; ISI ≈ 8–10 ms) or long latencies ( l -IHi; ISI

40 ms), which are thought to be mediated by separate neural path-
2 
ays ( Reis et al., 2008 ; Ni et al., 2009 ). Regarding the mechanism at

he receptor level, neurophysiological (TMS) research suggests that both

-IHi and l -IHi are mediated by post-synaptic GABA B receptor activity

 Daskalakis et al., 2002 ; Chen et al., 2003 ; Chen 2004 ; Kukaswadia et al.,

005 ). Although pharmacological studies strongly support the evidence

or GABA B receptor involvement in l -IHi, results for s-IHi remain rather

nconclusive, with evidence for both GABA A and GABA B receptor in-

olvement ( Kawaguchi 1992 ; Irlbacher et al., 2007 ). Both s-IHi and l -

Hi predominantly employ callosal pathways ( Boroojerdi et al., 1996 ;

ahl et al., 2007 ; Reis et al., 2008 ; Ni et al., 2009 ), and for l -IHi

hese pathways might be indirect (e.g., multi-synaptic) ( Ni et al., 2009 ;

evin et al., 2014 ). 

Especially in choice RT tasks wherein action selection between hands

s required, modulations of IHi are expected to play a pivotal role

 Maes et al., 2017 ). Since M1 and the dorsal premotor cortex (PMd)

re considered key structures during motor preparation ( Schluter et al.,

998 ; Rushworth et al., 2003 ; Cisek and Kalaska 2005 ; Hoshi and Tanji

007 ; Kroeger et al., 2010 ; Hinder et al., 2012 ), investigating task-

elated IHi modulations between homologue M1s (M1-M1) and PMd-

1 is of particular interest in the context of between-hands choice RT.

ne study reported no effect of aging on the ability to modulate M1-

1 s-IHi and l -IHi during a simple unimanual RT task, whereas older

dults exhibited a significantly greater modulation of PMd-M1 l -IHi,

nd to a smaller extent PMd-M1 s-IHi, than young adults ( Hinder et al.,

012 ). Moreover, greater PMd-M1 IHi modulations in older adults pre-

icted faster RTs, suggesting that aging might be associated with an

ncreased reliance on the PMd to compensate for age-related slowing

f RTs ( Hinder et al., 2012 ; Stewart et al., 2014 ). Notably, (pre)motor-

otor IHi modulations during bimanual choice RT tasks have so far only

een investigated in young adults ( Koch et al., 2006 ; O’Shea et al., 2007 ;

roeger et al., 2010 ; Hinder et al., 2018 ). Moreover, to the best of the

uthors’ knowledge, no studies so far have used a design wherein both

irections of M1-M1 and PMd-M1 s-IHi and l -IHi modulations were as-

essed during a choice RT task. 

Whereas TMS determines phasic, synaptic GABA receptor-mediated

ctivity, magnetic resonance spectroscopy (MRS) can reliably quantify

otal GABA + (i.e., GABA with the contribution of co-edited macro-

olecules) concentrations within specific brain regions in vivo ( Puts and

dden 2012 ; Yasen et al., 2017 ; de Graaf 2019 ). Up to now, stud-

es that aimed to identify age-related GABA + level changes revealed

ixed results. While several studies showed age-related reductions in

ABA + levels in multiple brain areas ( Gao et al., 2013 ; Porges et al.,

017a ; Chalavi et al., 2018 ; Hermans et al., 2018 ; Cassady et al., 2019 ;

uypers et al., 2020 ), other studies failed to do so ( Mooney et al.,

017 ; Hermans et al., 2018 ; Ferland et al., 2019 ; Cuypers et al., 2020 ).

urthermore, associations between GABA + levels in motor-related ar-

as and behavior were identified ( Boy et al., 2010 ; Sumner et al.,

010 ; Stagg et al., 2011 ; Hermans et al., 2018 ). Nevertheless, whether

nd how local GABA + levels and task-related phasic neurotransmis-

ion interact is still poorly understood ( Levin et al., 2014 ). Overall,

ast research mainly focused on mapping associations between TMS-

erived measures of intracortical synaptic GABA transmission and MRS-

erived total GABA + levels within SMC and reported either a poor or

o relationship ( Stagg et al., 2011 ; Tremblay et al., 2013 ; Dyke et al.,

017 ; Mooney et al., 2017 ; Hermans et al., 2018 ; Ferland et al., 2019 ;

uypers et al., 2020 , et al. 2020 ). Remarkably, only Hermans and col-

eagues investigated the association between resting-state M1-M1 IHi

nd GABA + levels in the originating SMC but reported no relationship

 Hermans et al., 2018 ). In this respect, it is noteworthy that IHi is

hought to be mediated by excitatory glutamatergic projections that

ross the corpus callosum and synapse with local GABAergic interneu-

ons in the contralateral target M1 ( Daskalakis et al., 2002 ; Chen 2004 ;

rlbacher et al., 2007 ; Lee et al., 2007 ; Reis et al., 2008 ; Palmer et al.,

012 ). However, to the best of our knowledge, the association be-

ween ‘task-related’ IHi modulations and GABA + levels in the target

MC has not been investigated to date. In sum, a bimodal approach
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ombining both MRS and TMS-derived measures for IHi during plan-

ing/performance of a motor task should deliver a complementary and

ore comprehensive understanding of how these neurochemical prop-

rties and neurophysiological processes predict human motor behavior

 Maes et al., 2017 ; Cuypers et al., 2018 ; Cuypers and Marsman 2021 ). 

The goals of the present study were threefold: (1) to investigate how

MS-assessed CSE modulations and bidirectional M1-M1 and PMd-M1

Hi modulations during a bimanual choice RT as well as MRS-assessed

ABA + levels in SMC are affected by aging; (2) to explore whether and

ow task-related TMS measures are related to SMC GABA + levels; and

3) to identify to what extent SMC GABA + levels, CSE modulations, and

pre)motor-motor IHi modulations can predict RTs. We hypothesized

educed SMC GABA + levels in older as compared to young adults, which

ight be related to altered task-related CSE and (pre)motor-motor IHi

odulations as well as increases in RT during a bimanual choice RT

ask. We also expected that, within the older adults group, an increase

n PMd-M1 IHi modulation would predict faster RTs. 

. Methods and materials 

.1. Participants 

Twenty-five healthy young adults [aged 18–33 years, 22.08 ± 4.40

mean ± SD); 12 males] and twenty-eight healthy older adults [aged 60–

4 years, 67.29 ± 4.16 (mean ± SD); 12 males] participated in this study.

ll participants were right-handed according to the Edinburgh Hand-

dness Inventory ( Oldfield 1971 ) [laterality quotient: 91.16 ± 12.39

mean ± SD)], reported no history of neurological, psychiatric, cardio-

ascular, or neuromuscular disorders, were free of psychoactive (e.g.,

nti-depressants, -psychotics, -epileptics, sedatives, etc.) medications,

nd had normal or corrected-to-normal vision. The experimental pro-

ocol was approved by the Ethics Committee Research UZ/KU Leuven

project S58333) and was conducted according to the Declaration of

elsinki (1964) and its amendments ( World Medical Association 2013 ).

rior to participation, all participants provided written informed con-

ent and were screened for TMS and magnetic resonance imaging con-

raindications. 

.2. Experimental design 

The study consisted of one MRS scanning session, followed by two

MS sessions. The time between the two TMS sessions was 7 days (me-

ian) with an interquartile range of 4 to 11 days. During the MRS ses-

ion, a structural T 1 -weighted image was obtained from each participant

nd GABA + levels were measured in bilateral SMC using GABA-edited

RS. In the two subsequent sessions, a choice RT task was combined

ith a dsTMS procedure ( Ferbert et al., 1992 ; Mochizuki et al., 2004 ;

och et al., 2006 ; Ni et al., 2009 ; Fujiyama et al., 2016a ), to assess

ask-related modulations in M1-M1 and PMd-M1 IHi. Within one TMS

ession, either M1-M1 or PMd-M1 IHi modulations were examined both

rom left to right and right to left hemisphere. The two TMS sessions

ere performed on two different days with a minimum of 48 h between

hem and their order was counterbalanced across participants. 

.3. Magnetic resonance spectroscopy (MRS) 

Scanning was performed on a Philips 3T Achieva MR scanner (Philips

ealthcare, The Netherlands) with a 32-channel receiver head coil.

he imaging protocol consisted of a high-resolution 3D magnetization-

repared rapid gradient echo (MPRAGE) T 1 -weighted structural image

TR = 9.6 ms; TE = 4.6 ms; voxel size = 0.98 × 0.98 × 1.20 mm 

3 ;

eld of view = 256 × 256 mm 

2 ; 160 sagittal slices; flip angle = 8°)

hat was obtained from each participant prior to the acquisition of MRS

ata. GABA-edited MRS data were acquired using the MEGA-PRESS

pectral editing method ( Mescher et al., 1998 ): 14-ms editing pulses at

.9 (edit-ON) and 7.46 (edit-OFF) ppm; TR = 2000 ms; TE = 68 ms;
3 
20 averages; 2048 points; 2 kHz spectral width; MOIST water sup-

ression. Sixteen water-unsuppressed averages were also automatically

cquired with each voxel acquisition. The water signal was used as

n internal concentration reference. The left and right SMC voxels

30 × 30 × 30 mm 

3 ) were placed over the hand knob area ( Yousry et al.,

997 ), parallel to the anterior-posterior axis. The MATLAB-based

R2019b, The MathWorks Inc., Natick, MA, 2000) Gannet (ver-

ion 3.1.5) software toolkit ( https://markmikkelsen.github.io/Gannet-

ocs/index.html ) ( Edden et al., 2014 ) was used for offline data pro-

essing and GABA + quantification. Processing steps and parameter se-

ection were described in detail in ( Cuypers et al., 2020 ). Tissue frac-

ions ( grey matter, white matter and cerebrospinal fluid) were obtained

or each SMC voxel using SPM12 ( Ashburner and Friston 2005 ). These

issue fractions were used to determine tissue-corrected GABA + lev-

ls (in institutional units, i.u.) for each voxel. The alpha correction

rom Harris et al. (2015) was applied to account for the fact that there

s about twice as much GABA in grey matter than in white matter

 Mikkelsen et al., 2016 ). Additionally, the alpha-corrected GABA + lev-

ls were normalised to the average voxel tissue composition of each age

roup (see Harris et al., 2015 , Eq. 6). The group averages of tissue com-

ositions and the fit error of the fitted GABA + model, for both SMC

oxels in both young and older adults are reported in Table 1 . 

.4. Transcranial magnetic stimulation (TMS) and electromyographic 

EMG) recording 

.4.1. TMS conditions 

Five different TMS measures were acquired: CSE, M1-M1 s-IHi, M1-

1 l -IHi, PMd-M1 s-IHi and PMd-M1 l -IHi. These measures were as-

essed at three different time points during a choice RT trial (see Fig. 1 A

nd section “Experimental protocol ” for a detailed description of these

ime points). CSE was assessed using single-pulse TMS (i.e., TS only)

ver M1 in both hemispheres. For the assessment of M1-M1 IHi and

Md-M1 IHi, a dsTMS procedure was used, wherein a CS on M1 or PMd

n the originating hemisphere preceded a TS on M1 in the target hemi-

phere at three different ISIs: 10 ms (M1-M1 s-IHi), 8 ms (PMd-M1 s-IHi)

nd 40 ms (M1-M1 l -IHi and PMd-M1 l -IHi) ( Mochizuki et al., 2004 ;

och et al., 2006 ; O’Shea et al., 2007 ; Ni et al., 2009 ; Kroeger et al.,

010 ; Hinder et al., 2012 ; Fujiyama et al., 2016a ). The CS and TS

ere delivered with two figure-of-eight coils (50 mm inner diameter

f each wing), connected to a Magstim BiStim 

2 stimulator (Whitland,

yfed, UK). IHi was examined in both directions: non-dominant M1 to

ominant M1 (M1 ND - M1 D IHi); dominant M1 to non-dominant M1

M1 D − M1 ND IHi); non-dominant PMd to dominant M1 (PMd ND − M1 D 
Hi); or dominant PMd to non-dominant M1 (PMd D − M1 ND IHi); see

ig. 1 B. 

To define the M1 “hotspot ” for TS delivery for each participant, an

rthogonal 1 × 1 cm 

2 coordinate grid was marked on a swimming cap

ith references to anatomical landmarks (i.e., left and right external

uditory meatus, nasion, inion, and vertex). The hotspot was then de-

ned as the scalp location from which 5 consecutive stimuli produced

he highest and most consistent mean motor evoked potential (MEP)

n the contralateral relaxed first dorsal interosseus (FDI) muscle. The

timulation intensity for the TS was set to the stimulator output neces-

ary to evoke a MEP of ∼1 mV peak-to-peak amplitude in the resting

DI muscle. The coil was rotated 45° lateral from the midline with the

andle pointing posteriorly ( Fig. 1 B) to induce a posterior-anterior elec-

rical current in M1. The CS over M1 was delivered over the M1 hotspot,

hereas PMd localization was defined based on a method similar to the

ne used in Bäumer et al., 2006 ; Koch et al., 2006 ; and Kroeger et al.,

010 . Specifically, PMd was located at 8% of the nasion-inion distance

nterior to the ipsilateral M1 hotspot. For the CS over either M1 or

Md, the coil was orientated perpendicular to the midline with the han-

le pointing laterally, to induce a latero-medial current in the brain

 Fig. 1 B) ( Ni et al., 2009 ). For all dsTMS conditions, CS intensity was set

o 110% of the individual resting motor threshold (rMT) ( Koch et al.,

https://markmikkelsen.github.io/Gannet-docs/index.html
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Fig. 1. Experimental TMS protocol for investigating corticospinal excitability (CSE), and interhemispheric interactions (IHi) between homologous primary motor 

cortices (M1-M1) and the dorsal premotor cortex (PMd) and M1 during a choice reaction time (RT) task: (A) Trial design. At the start of each trial, a warning signal 

(WS, 500 ms duration) was displayed, followed by an imperative signal (IS, 1000 ms duration) indicating that either a left, right, bimanual, or no response [indicated 

by the green LED(s) and the corresponding arrow(s)] was required. The test stimulus (TS) was delivered either at the WS, IS, or at 75% of the time between the IS 

and the EMG onset (75%EMG); (B) Coil positioning and orientation for the different TMS conditions. The conditioning stimulus (CS) coil is visualized in grey and 

the TS coil in black; (C) Experimental protocol during a TMS session. In one session, the CS was applied on either the PMd or M1. Following the no-TMS block, 

there were six blocks with TMS. In three consecutive TMS blocks, IHi was measured from the dominant to the non-dominant hemisphere, whereas in the other three 

consecutive TMS blocks, the other direction was measured. Each block consisted of 78 trials, from which 72 with TMS. The order of all trials within a block was 

randomised. Abbreviations: s-IHi, short latency interhemispheric interaction; l -IHi, long latency interhemispheric interaction; resp, response; D, dominant hand; ND, 

non-dominant hand; B, bilateral hand. 

4 



S. Verstraelen, K. Cuypers, C. Maes et al. NeuroImage 243 (2021) 118500 

Table 1 

Tissue fractions and fit error (%) of the fitted GABA + model (mean ± SD) of the left (dominant) and right (non- 

dominant) SMC voxels for both young and older adults. Significant p -values (group comparison) are printed in 

bold. A parametric unpaired t -test was used when the data of each group were normally distributed, whereas a 

non-parametric Wilcoxon Rank Sum test was used when the respective normality assumption was not met. 

DOMINANT (LEFT) SMC NON-DOMINANT (RIGHT) SMC 

YOUNG OLDER p -value YOUNG OLDER p -value 

GREY MATTER 0.337 ± 0.028 0.256 ± 0.030 < 0.001 0.356 ± 0.032 0.268 ± 0.031 < 0.001 

WHITE MATTER 0.603 ± 0.036 0.625 ± 0.041 0.022 0.572 ± 0.034 0.600 ± 0.039 0.010 

CEREBROSPINAL FLUID 0.060 ± 0.016 0.119 ± 0.034 < 0.001 0.072 ± 0.019 0.131 ± 0.031 < 0.001 

FIT ERROR (%) 4.146 ± 0.764 4.470 ± 1.393 0.901 4.437 ± 1.316 4.732 ± 1.299 0.392 

Table 2 

Average resting motor threshold (rMT) (mean ± SD) of the left (dominant) and 

right (non-dominant) hemisphere for each age group (young and older adults), 

for each TMS session (1 and 2). Values are expressed in % of maximal stimulator 

output (MSO). 

rMT (% MSO) DOMINANT (LEFT) NON-DOMINANT (RIGHT) 

YOUNG OLDER YOUNG OLDER 

SESSION 1 52.48 ± 7.59 52.96 ± 9.91 52.84 ± 8.26 53.72 ± 9.66 

SESSION 2 51.72 ± 8.01 53.72 ± 11.22 53.08 ± 8.60 55.64 ± 9.80 
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1  

1  

s  
006 ; Kroeger et al., 2010 ; Hinder et al., 2012 ; Fujiyama et al., 2016a ).

he rMT was defined as the lowest stimulation intensity required to

licit MEPs with an amplitude larger than 50 μV peak-to-peak in the

esting FDI muscle in at least 5 of 10 consecutive trials when stimulat-

ng the hotspot ( Rossini et al., 1994 ). Mean rMTs for both TMS sessions,

emispheres and age groups are summarized in Table 2 . 

To enable a precise online monitoring of the stimulated areas, the

igh resolution T 1 -weighted anatomical image obtained from each par-

icipant in the MRI session was entered in a neuronavigation system to

uide TMS (Brainsight, Rogue Research Inc, Montreal, Quebec, Canada).

he mean MNI (Montreal Neurological Institute) coordinates corre-

ponding to the stimulation sites on the scalp are summarized in Table 3 .

.4.2. EMG recording 

EMG signals from the left and right FDI muscles were continuously

onitored using EMG (Bagnoli-16, Delsys Inc, Boston, USA). To fur-

her ensure that the hand musculature was relaxed, the abductor dig-

ti minimi muscle of both hands was monitored as well. The raw EMG

ignals were amplified (gain = 1000), filtered (band-pass 4–1500 Hz),

liminated for 50/60 Hz noise (Humbug, Quest Scientific, North Van-

ouver, Canada), digitized at 5000 Hz (CED Signal Version 4.03, Cam-

ridge Electronic Design, Cambridge, UK), and stored on a laboratory

omputer for offline analysis. 

.5. Choice RT task 

A pre-cued, bimanual choice RT task was used ( Cuypers et al.,

020 ). Participants were seated on a chair with both forearms pronated

n a platform, consisting of two pairs of contact switches: i.e., two

ome button switches (Honeywell V-7–2B17D8–162, operating force

.10 N, Honeywell, Charlotte, USA) and two target switches (Omron

lectronic Components D2FS-FL-N-T, operating force 0.25 N, Omron,

saka, Japan). A signaling apparatus was positioned at eye level 1 m in

ront of the participant and consisted of a red light-emitting diode (LED)

entrally at the top and two green LEDs at the bottom right and left cor-

er, as illustrated in Fig. 1 A. The red LED was used to display a neutral

arning signal (WS), whereas the right and left green LEDs were used

o display the imperative signal (IS) for either a dominant (right) index

nger response; a non-dominant (left) index finger response; a bilateral

ndex finger response; or no response. 
5 
Participants had their index fingers resting on their respective home

utton switch. At the beginning of each trial, the WS was displayed for

00 ms ( “preparatory period ”). Then, the WS was switched off and the

S was presented immediately for 1000 ms. According to the displayed

S, participants were instructed to react as fast as possible by abducting

heir dominant and/or non-dominant index finger(s) towards their re-

pective target switch(es). After each trial, participants were instructed

o reposition their finger(s) on the home button(s). In “no-response ”

rials, during which the WS was not followed by any green light, par-

icipants were instructed to refrain from moving their index fingers. RT

as defined as the time between IS onset and release of the home button

witch. This period is referred to as the “premotor period ”. The inter-

rial interval (i.e., time between two WSs) varied randomly between 4

nd 6 s. 

.6. Experimental protocol 

The course of a TMS session is illustrated in Fig. 1 C. In the first TMS

ession only, a familiarization block of 40 choice RT trials without TMS

12 dominant response trials, 12 non-dominant response trials, 12 bi-

anual response trials, and 4 no-response trials in random order) was

mplemented. Before starting the main experiment in both TMS sessions,

ll participants performed an identical “no-TMS block ”, to calculate the

verage time between the IS and EMG onset in the responding muscle

or each participant, required to set the TMS timing for stimulating at

pproximately 75% of the EMG onset. 

After this no-TMS block, the main experiment started in which the

hoice RT task was combined with TMS to examine task-related modu-

ations in CSE and IHi. The main experiment of each session consisted

f six blocks. In three consecutive blocks, IHi was measured from the

ominant to the non-dominant hemisphere, while in the three other

onsecutive blocks, IHi was measured from the non-dominant to the

ominant hemisphere. The order of the direction of IHi measurement

as counterbalanced across participants of each age group. 

Each experimental block consisted of 78 choice RT trials that were

resented in a random order, of which 72 trials were performed with

MS. During a trial with TMS, the time point of TS delivery was either

t the onset of WS, at the onset of the IS, or at 75% of the expected time

or voluntary EMG onset in the responding FDI muscle (referred to as

ime point 75%EMG); see Fig. 1 A. The first time point (WS) served as a

aseline measurement. The second time point (IS) was chosen because

SE suppression is expected to become most prominent in anticipation

f the IS (e.g., Bestmann and Duque 2016 ; Lebon et al., 2016 ). Finally,

he third time point (75%EMG) was selected since it was expected that

SE facilitation (in case that the targeted FDI was selected for move-

ent, either unimanually or bimanually) or inhibition (in case that the

argeted FDI was not selected for movement, either during a unimanual

esponse of the non-targeted FDI or during no response) would reach its

eak around this time point (e.g., Cuypers et al., 2013 ). Specifically, the

2 trials with TMS consisted of 12 TMS trials delivered at time point WS;

2 TMS trials at time point IS; and 48 trials at time point 75%EMG. The

2 TMS trials at time point WS and IS each consisted of 4 (always con-

isting of a dominant, non-dominant, bimanual, and no-response trial)
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Table 3 

Average XYZ coordinates in MNI space (mean ± SD) corresponding to the TMS locations on the scalp over 

M1 and PMd in the left (dominant) and right (non-dominant) hemisphere for each age group (young and 

older adults). 

M1 DOMINANT (LEFT) NON-DOMINANT (RIGHT) 

X Y Z X Y Z 

YOUNG − 48.30 ± 4.74 − 3.00 ± 7.71 71.55 ± 5.76 45.17 ± 5.91 − 8.05 ± 8.19 72.62 ± 5.30 

OLDER − 46.10 ± 7.57 1.13 ± 11.66 70.81 ± 5.31 43.34 ± 5.51 − 3.58 ± 12.99 71.62 ± 6.74 

PMd X Y Z X Y Z 

YOUNG − 44.60 ± 4.70 24.21 ± 7.16 64.49 ± 6.20 45.28 ± 5.52 21.38 ± 9.74 63.77 ± 6.34 

OLDER − 43.50 ± 7.30 28.66 ± 10.17 61.48 ± 6.46 43.30 ± 5.14 26.03 ± 10.79 62.18 ± 6.41 
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s  
S only trials; 4 CS + TS trials for s-IHi assessment; and 4 CS + TS trials

or l -IHi assessment. The 48 trials at time point 75%EMG consisted of

6 (always consisting of 4 dominant, 4 non-dominant, 4 bimanual, and

 no-response trials) TS only trials; 16 CS + TS trials for s-IHi assessment;

nd 16 CS + TS trials for l -IHi assessment. Finally, the remaining 6 trials

f each experimental block (i.e., 2 dominant, 2 non-dominant, and 2

imanual response trials) were performed without TMS delivery. Trials

ithout TMS were included in order to obtain an unbiased measure for

T as it has been shown that TMS delivery prior to the onset of voluntary

ovement can influence RT ( Pascual-Leone et al., 1992 ; Leocani et al.,

000 ). 

.7. Data processing 

From the total of 28 included older adults in this study, two older

dults did not start the TMS sessions since they had a rMT > 80%.

herefore, RT data were collected from 26 older adults [aged 60–74

ears, 67.42 ± 4.29 (mean ± SD); 11 males]. RTs were calculated from

he trials without TMS, as the TMS pulse can influence RT ( Pascual-

eone et al., 1992 ). Trials with erroneous or premature responses,

nd trials with RTs exceeding 1400 ms were discarded. These crite-

ia resulted in an elimination of 6.72 ± 11.37% (mean ± SD) and

0.56 ± 8.43% (mean ± SD) of the RT data for young and older adults,

espectively. 

For TMS analysis, one older adult exhibited excessive muscle activity

rior to TS delivery in more than 80% of the choice RT trials and was

herefore excluded from TMS data analysis. Therefore, the sample of

lder adults for the TMS data analysis comprised 25 participants [aged

0–74 years, 67.48 ± 4.37 (mean ± SD); 11 males]. MEPs were excluded

rom analysis in case of (1) either premature or incorrect response to

he choice RT task; (2) if they occurred after the onset of voluntary

MG activity in the FDI or ADM muscle; (3) if they did not appear in a

indow 10–50 ms after the onset of TMS; (4) if the root mean square of

he EMG signal in at least one of the four monitored muscles exceeded

0 𝜇V during the 50 ms period immediately preceding the onset of the

S (i.e., high background EMG) (see also Cuypers et al., 2020 ). In total,

.67 ± 10.98% (mean ± SD) of all MEPs were excluded for the young

dults and 13.72 ± 8.64% (mean ± SD) for older adults ( p = 0.004,

ilcoxon Rank Sum test). 

CSE was assessed in terms of the average peak-to-peak MEP am-

litude in the target FDI muscle in TS only trials. MEPs at WS and IS

ere averaged across all response trials and for each participant. MEPs

t the expected time point of 75%EMG in the premotor period were

veraged for each participant across all trials of the same required re-

ponse (i.e., dominant response, non-dominant response, bimanual re-

ponse, or no response). CSE modulations in the preparatory and the

remotor period were calculated using the following equations: (1)

SE NORM(prep) = 

CS E IS 
CS E WS 

for CSE modulation in the preparatory period;

nd (2) CSE NORM(prem) = 

CS E 75 %EMG 
CS E IS 

for CSE modulation in the premotor

eriod. Here, values > 1 indicate an increase of CSE from WS to IS or

rom IS to the end of the premotor period (i.e., a relative CSE facilita-
6 
ion of the FDI muscle) whereas values < 1 indicate a decrease of CSE

rom WS to IS or from IS to the end of premotor period (i.e., a relative

SE suppression). 

As for CSE, IHi measured at WS and IS was averaged across all trials

nd for each participant; and IHi at time point 75%EMG was averaged

or each participant across all trials of the same required responses. IHi

odulations in the preparatory and premotor period were calculated

sing the following equations: (1) IHi NORM(prep) = 

IH i IS 
IH i WS 

for IHi modula-

ion in the preparatory period; and (2) IHi NORM(prem) = 

IH i 75 %EMG 
IH i IS 

for IHi

odulation in the premotor period. Values > 1 indicate a relative disin-

ibitory/facilitatory IHi modulation from WS to IS or from IS to the end

f the premotor period, whereas values < 1 indicate a relative inhibitory

Hi modulation from WS to IS or from IS to the end of premotor period.

.8. Statistical analyses 

The statistical software RStudio (version 1.3.959, RStudio Team

020 ) was used to perform all statistical analyses. 

.8.1. Aging effects 

Aging effects were analysed using linear mixed effects models (nlme

ackage, version 3.1–131, Pinheiro et al., 2017 ), with SUBJECT added

n each model as a random intercept, to account for repeated measures

ithin one subject. The original models included all 2-way and 3-way in-

eraction effects, which were then simplified by stepwise model building

i.e., removing stepwise non-significant interaction effects). Significant

nteraction and/or main effects in the final models were further explored

sing Tukey HSD post hoc pairwise comparisons, which control for mul-

iple comparisons (emmeans package, version 1.3.0, Lenth 2018 ). The

evel of significance was set at 𝛼 < 0.05. 

.8.1.1. Choice RT performance. RT was analysed by a 2 [AGE: Young

s. Older] x 3 [RESPONSE: non-dominant vs. dominant vs. bimanual]

inear mixed model, with AGE and RESPONSE as fixed effects. 

.8.1.2. Task-related TMS measures. For analysing task-related modula-

ions in CSE, M1-M1 and PMd-M1 IHi, the factor TARGET HEMISPHERE

as added. TARGET HEMISPHERE has two levels ( “dominant ” versus

non-dominant ”) and is defined as the hemisphere of TS delivery. For

SE, there was no difference in task-related MEP sizes between the two

MS sessions ( p > 0.42). Therefore, the CSE data of both sessions were

ollapsed to increase the statistical power of the further analyses. 

CSE NORM(prep) was analysed by a 2 [AGE: Young vs. Older] x 2 [TAR-

ET HEMISPHERE: dominant vs. non-dominant] linear mixed model,

ith AGE and TARGET HEMISPHERE as fixed effects. For analysing M1-

1 IHi NORM(prep) and PMd-M1 IHi NORM(prep) , we additionally added the

xed effect IHi TYPE (2 levels: s-IHi vs. l -IHi) to differentiate between

he two types of IHi assessment. 

CSE NORM(prem) was analysed by a 2 [AGE: Young vs. Older] x 2 [TAR-

ET HEMISPHERE: dominant vs. non-dominant] x 4 [HAND ACTION:

elected unimanual response vs. non-selected unimanual response vs. bimanual vs.
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Fig. 2. Choice RT task performance by AGE and RESPONSE. Mean RTs (s) are 

plotted for the bimanual, the non-dominant, and the dominant FDI response, for 

younger (light grey bars) and older adults (dark grey bars). Error bars indicate 

95% CIs. Significant Tukey-corrected pairwise comparisons between age groups 

within each response condition are indicated by asterisks. Abbreviations: RT, 

Reaction Time; O, Older adults; Y, Young adults; ∗ ∗ , p < 0.01; ∗ ∗ ∗ , p < 0.001. 
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o response] linear mixed model, with AGE, TARGET HEMISPHERE and

AND ACTION added as fixed effects. Similarly, we analysed M1-M1

Hi NORM(prem) and PMd-M1 IHi NORM(prem) , with the fixed effect IHi TYPE

s-IHi vs. l -IHi] added into the model. 

Direct comparisons of the absolute levels of CSE, M1-M1 s-IHi, M1-

1 l -IHi, PMd-M1 s-IHi, and PMd-M1 l -IHi at WS and IS between age

roups are provided in the appendix (see Tables A.1 and A.2 ). 

.8.1.3. GABA + levels. GABA + levels in bilateral SMC were analysed

sing a 2 [AGE: Young vs. Older] x 2 [VOXEL: SMC D vs. SMC ND ] linear

ixed model, with AGE and VOXEL implemented as fixed effects. 

.8.2. Associations between SMC GABA + levels and task-related TMS 

easures 

Exploratory correlational analyses were performed to investigate the

orrelation between task-related TMS measures and GABA + levels in

he target SMC. If the assumption of normality of the data (Shapiro-

ilk test) was met, Pearson’s r correlations were calculated. Otherwise,

pearman’s 𝜌 correlations were used. All correlations were clustered per

amily of tests (i.e., by age group and TMS measure). A false discovery

ate (FDR) correction method ( Benjamini and Hochberg 1995 ) was ap-

lied to correct for multiple testing within each cluster. 

.8.3. Predicting RT 

Multiple linear regression models (stats package, version 3.4.1,

 Core Team 2017 ) were built for predicting RT of a uni-

anual dominant hand and non-dominant hand response, for

oung and older adults separately. A step-wise selection proce-

ure was used, employing a combined forward-backward F -test-

ased selection criterion. For controlling multi-collinearity, Vari-

nce Inflation Factor (VIF) scores were calculated and were con-

idered problematic if > 10. For the dominant hand RT model,

he included predictor candidates were TMS-derived CSE NORM(prep),D ,

1 ND − M1 D s-IHi NORM(prep) , M1 ND − M1 D l -IHi NORM(prep) , PMd ND − M1 D 
-IHi NORM(prep) and PMd ND − M1 D l -IHi NORM(prep) during the prepara-

ory period; CSE NORM(prem),D , M1 ND − M1 D s-IHi NORM(prem) , M1 ND − M1 D 
 -IHi NORM(prem) , PMd ND − M1 D s-IHi NORM(prem) and PMd ND − M1 D l -

Hi NORM(prem) during the premotor period in the trials with a uni-

anual selection of the dominant FDI; and MRS-derived SMC D 

ABA + and SMC ND GABA + . For non-dominant hand RT predic-

ion, the respective predictor candidates were CSE NORM(prep),ND ,

1 D − M1 ND s-IHi NORM(prep) , M1 D − M1 ND l -IHi NORM(prep) , PMd D − M1 ND 

-IHi NORM(prep) and PMd D − M1 ND l -IHi NORM(prep) during the prepara-

ory period; CSE NORM(prem),ND , M1 D − M1 ND s-IHi NORM(prem) , M1 D − M1 ND 

 -IHi NORM(prem) , PMd D − M1 ND s-IHi NORM(prem) and PMd D − M1 ND l -

Hi NORM(prem) during the premotor period in the trials with a unimanual

election of the non-dominant FDI; SMC ND GABA + and SMC D GABA + . 

. Results 

.1. Aging effects 

.1.1. Choice RT performance 

Fig. 2 displays the performance by age group and response con-

ition. There was a significant AGE x RESPONSE interaction effect

 F (2,98 ) = 3.23, p = 0.04), indicating that the effect of RESPONSE on RT

iffered between age groups. Post hoc Tukey contrasts yielded that for

ll response conditions, older adults (mean RT ± SD = 419 ± 63 ms)

ere slower than young adults (mean RT ± SD = 334 ± 67 ms, all

 < 0.004). Only in older adults, RTs for a bimanual response (mean

T ± SD = 407 ± 58 ms) were faster than RTs for a non-dominant hand

esponse (mean RT ± SD = 431 ± 69 ms; t (96) = − 3.45, p = 0.01). All

ther pairwise comparisons between response conditions within an age

roup yielded no significant differences (all p > 0.51). 
7 
.1.2. Task-related TMS measures 

.1.2. 1. CSE modulations. Results for CSE NORM 

during the preparatory

nd premotor period are illustrated in Fig. 3 A. 

For CSE modulation during the preparatory period , the AGE x

ARGET HEMISPHERE interaction just failed to reach significance

 F (1,48) = 3.76, p = 0.06). There was a significant main effect of AGE

 F (1,48) = 6.08, p = 0.02), with significantly lower CSE NORM(prep) in

oung adults (mean ± SD = 0.74 ± 0.20) than in older adults (mean

 SD = 0.92 ± 0.38). An exploratory post hoc test of the AGE x TARGET

EMISPHERE interaction factor suggested that the main effect of AGE

as mainly driven by age differences of CSE NORM 

in the non-dominant

emisphere ( t (48) = 3.11, p = 0.003), rather than in the dominant hemi-

phere ( t (48) = 1.12, p = 0.27, and see Fig. 3 A). There was no significant

ain effect of TARGET HEMISPHERE ( F (1,49) = 0.03, p = 0.87). 

The model for CSE modulation during the premotor period only

ielded a main effect of HAND ACTION ( F (3346) = 29.72, p < 0.001). Post

oc Tukey contrasts yielded significantly higher CSE NORM(prem) when the

arget FDI was selected for movement either during a unimanual (mean

 SD = 1.46 ± 0.65) or bimanual response (mean ± SD = 1.50 ± 0.74),

han when the target FDI was required not to move either in the uni-

anual ( “non-selected unimanual response ”, mean ± SD = 1.13 ± 0.37) or

no response ” condition (mean ± SD = 0.99 ± 0.24, all p < 0.001), ir-

espective of age group and targeted hemisphere. The remaining two

ontrasts yielded no significant differences (both p > 0.12). All other

ain and interaction effects were not significant (all p > 0.36). 

In sum, the results indicated a reduced bilateral CSE suppression in

lder, as compared to young adults during the preparatory period. In

he premotor period, the facilitatory CSE modulation in anticipation of

 unimanual (selected) or bimanual response did not differ between age

roups and hemispheres. 

.1.2. 2. M1-M1 IHi modulations. M1-M1 IHi NORM 

results during the

reparatory and premotor period are presented in Fig. 3 B. 

The model for M1-M1 IHi modulation during the preparatory pe-

iod yielded two significant main effects. The main effect of AGE

 F (1,48) = 5.03, p = 0.03) indicated higher IHi NORM(prep) in young adults

mean ± SD = 1.19 ± 0.39) as compared to older adults (mean ±
D = 1.06 ± 0.41), irrespective of TARGET HEMISPHERE and IHi

YPE. An additional exploratory analysis revealed that age differences

n M1-M1 IHi NORM 

were the largest for M1 ND − M1 D l -IHi ( t (48) = − 2.15,

 = 0.03, and see Fig. 3 B). The main effect of IHi TYPE ( F (1140) = 17.21,

 < 0.001) showed higher IHi NORM(prep) values for l -IHi (mean ±
D = 1.24 ± 0.44) as compared to s-IHi (mean ± SD = 1.01 ± 0.33).
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Fig. 3. Aging effects on task-related TMS mea- 

sures: (A) Corticospinal excitability modulation 

(CSE NORM ); (B) M1-M1 IHi modulation (M1- 

M1 IHi NORM ); and (C) PMd-M1 IHi modulation 

(PMd-M1 IHi NORM ). The orange bars and green 

bars represent modulation during the prepara- 

tory period (TMS NORM(prep) = 
TM S IS 
TM S WS 

) and pre- 

motor period (TMS NORM(prem) = 
𝐓𝐌 𝐒 75% 𝐄𝐌𝐆 

𝐓𝐌 𝐒 𝐈𝐒 
), re- 

spectively. For the preparatory period, results 

are presented for each target hemisphere and 

type of IHi (B, C). For the premotor period, an 

additional distinction is made between hand ac- 

tions. Note that for M1-M1 IHi NORM(prem) , data 

are collapsed for the factor TARGET HEMI- 

SPHERE, since there were no significant (in- 

teraction) effects with/of this factor. Note that 

for the PMd-M1 IHi NORM(prem) , the data are 

collapsed for the factor HAND ACTION, since 

there were no significant (interaction) effects 

with/of this factor. Values below the dashed 

line indicate an inhibitory modulation relative 

to TMS WS (for modulation during the prepara- 

tory period) or TMS IS (for modulation during 

the premotor period), whereas values above 

the dashed line indicate a relative facilita- 

tory/disinhibitory modulation. Error bars rep- 

resent 95% CIs. Abbreviations: D, Dominant; 

ND, Non-Dominant; O, Older, Y, Young; PMd; 

dorsal premotor cortex; M1; primary motor 

cortex; IHi, interhemispheric interaction; s-IHi, 

short latency interhemispheric interaction; l - 

IHi, long latency interhemispheric interaction. 
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either the main effect of TARGET HEMISPHERE, nor the interaction

ffects were significant (all p > 0.19). 

The model for M1-M1 IHi modulation during the premotor period

ielded two significant interaction effects. The AGE x HAND ACTION

nteraction effect ( F (3704) = 2.78, p = 0.04) showed that the age effect

as task-dependent. However, all post hoc pairwise Tukey-corrected

omparisons yielded no further differences between the combined (AGE
8 
 HAND ACTION) groups (all p > 0.45). Post hoc tests for the sig-

ificant HAND ACTION x IHi TYPE interaction effect ( F (3704) = 2.99,

 = 0.03) indicated, irrespective of AGE and TARGET HEMISPHERE,

igher IHi NORM(prem) values for s-IHi (mean ± SD = 1.20 ± 0.48) than

or l -IHi (mean ± SD = 0.99 ± 0.32) when the targeted FDI was se-

ected for unimanual movement ( t (704) = − 4.15, p = 0.001). Similarly,

igher IHi NORM(prem) values for s-IHi (mean ± SD = 1.21 ± 0.39) than
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or l -IHi (mean ± SD = 1.04 ± 0.36) were observed during a biman-

al response ( t (704) = − 3.12, p = 0.04). All other interaction effects

nd the main effect of TARGET HEMISPHERE were not significant (all

 > 0.08). 

To summarize, during the preparatory period, bidirectional disin-

ibitory M1-M1 IHi modulations were more prominent for l -IHi as com-

ared to s-IHi. In older adults, the magnitude of this disinhibitory mod-

lation was lower than in young adults. In contrast, irrespective of age,

idirectional disinhibitory IHi modulations during the premotor period

ere more prominent for s-IHi, as compared to l -IHi, when a unimanual

selected) or bimanual response was required. 

.1.2. 3. PMd-M1 IHi modulations. Fig. 3 C illustrates the task-related

Md-M1 IHi modulations during the preparatory and premotor period. 

For PMd-M1 IHi modulation during the preparatory period , the main

ffect of IHi TYPE ( F (1140) = 9.61, p = 0.002) showed significantly higher

Hi NORM(prep) values for l -IHi (mean ± SD = 1.13 ± 0.39) than for s-IHi

mean ± SD = 0.99 ± 0.29), irrespective of AGE and TARGET HEMI-

PHERE. Age differences in PMd-M1 IHi NORM(prep) were significantly

ependent on which M1 was targeted (AGE x TARGET HEMISPHERE in-

eraction effect: F (1140) = 4.18, p = 0.04). A post hoc test suggested that,

rrespective of IHi TYPE, in young adults PMd D − M1 ND IHi NORM(prep) was

igher than in older adults, but this result just failed to reach significance

 t (48) = − 2.58, p = 0.06). An additional exploratory analysis revealed

hat this AGE x TARGET HEMISPHERE interaction effect was mainly

riven by age differences in PMd D − M1 ND l -IHi NORM 

( t (48) = − 2.22,

 = 0.03, and see Fig. 3 C). All other interaction effects were not sig-

ificant (all p > 0.21). 

The model for PMd-M1 IHi modulation in the premotor period yielded

 significant AGE x TARGET HEMISPHERE x IHi TYPE interaction ef-

ect ( F (1699) = 8.14, p = 0.005). Tukey-corrected post hoc tests in-

icated significantly higher IHi NORM(prem) values for PMd D − M1 ND s-

Hi in older adults (mean ± SD = 1.28 ± 0.51) than young adults

mean ± SD = 1.00 ± 0.29, t (48) = 4.97, p < 0.001). In older

dults, IHi NORM(prem) for s-IHi was significantly greater for PMd D − M1 ND 

han for PMd ND − M1 D (mean ± SD = 0.98 ± 0.34, t (699) = − 6.10,

 < 0.001), and IHi NORM(prem) for PMd D − M1 ND s-IHi was greater than for

Md D − M1 ND l -IHi (mean ± SD = 1.13 ± 0.43, t (699) = 3.13, p = 0.04).

nterestingly, this pattern was independent of HAND ACTION (4-way

nteraction effect: F (6687) = 0.37, p = 0.90). The remaining interaction

ffects and the main effect of HAND ACTION were not significant (all

 > 0.09). 

In sum, as for M1-M1 IHi modulations during the preparatory period,

idirectional disinhibitory PMd-M1 IHi modulations were more promi-

ent for l -IHi as compared to s-IHi. In older adults, the magnitude of the

isinhibitory PMd D − M1 ND IHi modulation tended to be lower than in

ounger adults. During the premotor period, older adults showed signif-

cantly greater disinhibitory PMd D − M1 ND s-IHi modulation than young

dults, irrespective of the upcoming response. 

.1.3. GABA + levels 

Individual GABA + spectra, exemplary voxel positions and GABA +
evels by AGE and VOXEL are illustrated in Fig. 4 . The linear mixed

odel yielded a main effect of AGE ( F (1,48) = 14.32, p < 0.001) indi-

ating that, irrespective of voxel, GABA + levels in young adults (mean

 SD = 2.42 ± 0.23 i.u.) were on average significantly higher than in

lder adults (mean ± SD = 2.20 ± 0.27 i.u., t (48) = − 3.78, p < 0.001).

he main effect of VOXEL and the AGE x VOXEL interaction effect were

ot significant ( F (1,46) = 0.08, p = 0.76 and F (1,45) = 0.04, p = 0.83,

espectively). 

.2. Associations between SMC GABA + levels and task-related TMS 

easures 

Older adults with higher target SMC GABA + levels exhibited sig-

ificantly lower IHi NORM(prem) values for PMd ND − M1 D l -IHi when the
9 
ominant FDI was required not to move during a unimanual response

f the non-dominant FDI (Pearson’s r = − 0.62, FDR-corrected p = 0.02,

ig. 5 ). 

There were no other significant associations between target SMC

ABA + levels and task-related CSE, M1-M1 IHi and PMd-M1 IHi mod-

lations after FDR correction for multiple testing (see Tables A.3 - A.7 in

he appendix for uncorrected p -values). 

.3. Predicting RT 

In young adults, model building for RT of the dominant FDI re-

ulted in one significant predictor, which was M1 ND − M1 D s-IHi mod-

lation during the premotor period of a response with the dominant

DI ( F (1,17) = 6.34, 𝛽 = 0.07, p = 0.02, Adj. R 

2 = 0.23), indicating more

isinhibitory M1 ND − M1 D s-IHi modulation was related to longer RTs;

ee Table 4 . For RT of the non-dominant FDI, none of the predictor can-

idates were significant in younger adults (all p > 0.09). 

In older adults, model building for RT of the dominant FDI resulted in

hree significant predictors ( F (3,12) = 8.95, p = 0.002, Adj. R 

2 = 0.61);

ee Table 5 . Specifically, this model indicated that longer RTs of the

ominant FDI were related to higher SMC GABA + levels in the dom-

nant hemisphere ( 𝛽 = 0.09, p = 0.02), lower SMC GABA + levels in

he non-dominant hemisphere ( 𝛽 = − 0.22, p < 0.001), and more dis-

nhibitory M1 ND − M1 D l -IHi modulation during the preparatory period

 𝛽 = 0.10, p = 0.02). The highest VIF score was 1.53. The model for the

on-dominant FDI RT prediction also yielded three significant predictors

 F (3,10) = 11.5, p = 0.001, Adj. R 

2 = 0.71); see Table 6 . More specifically,

uring the preparatory period, longer RTs were related to more disin-

ibitory M1 D − M1 ND l -IHi modulation ( 𝛽 = 0.08, p = 0.01) and less dis-

nhibitory PMd D − M1 ND l -IHi modulation ( 𝛽 = − 0.16, p < 0.001). Dur-

ng the premotor period, more CSE ND facilitation predicted faster RTs of

 non-dominant FDI response ( 𝛽 = − 0.12, p < 0.001). The highest VIF

core for this model was 2.05. 

. Discussion 

The present study yielded three major findings. First, aging effects

ere present for both TMS-derived measures for neurophysiological

odulation, as well as for GABA + levels in the primary motor areas.

ore specifically, older adults exhibited a reduced bilateral CSE sup-

ression, and a reduced magnitude in bidirectional long latency inter-

emispheric (pre)motor-motor disinhibition during the preparatory pe-

iod, as compared to young adults. Moreover, GABA + levels in bilateral

MC were reduced in older as compared to young adults. Second, only

n older adults, the exploratory correlational analyses indicated multiple

ssociations between SMC GABA + levels and task-related neurophysio-

ogical modulations. However, most associations did not survive the p -

alue correction for multiple testing. Third, according to the regression

nalyses, (slower) RTs within the older adults’ group could at least in

art be explained by SMC GABA + levels and task-related neurophysi-

logy. Remarkably, in young adults, neither physiological (pre)motor-

otor modulations, nor RTs were dependent on SMC GABA + levels. 

.1. Age-related differences in neurophysiological modulations underlying 

ncreases in reaction time and the role of SMC GABA + levels 

.1.1. Preparatory period 

Overall, age-related differences in neurophysiology were most

rominent during the preparatory period as compared to the premotor

eriod (see also Cuypers et al., 2013 ; Cuypers et al., 2020 ). In accor-

ance with findings of previous studies, the current results indicated a

SE suppression during the preparatory period ( Hasbroucq et al., 1997 ;

ouge et al., 1998 ; Sinclair and Hammond 2008 ; Duque and Ivry 2009 ;

roeger et al., 2010 ; Hinder et al., 2012 , 2018 ; Cuypers et al., 2013 ;

uque et al., 2014 ; Bestmann and Duque 2016 ; Klein et al., 2016 ). Im-

ortantly, the respective CSE suppression was reduced in older as com-
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Fig. 4. GABA + results by AGE and VOXEL: (A) Exemplary voxel positions in the axial, coronal and sagittal plane; (B) Individual difference-edited spectra, with 

red frames highlighting the GABA + peak at 3 ppm; (C) Mean GABA + levels in young and older adults are plotted for SMC D , SMC ND . Error bars indicate 95% CIs. 

Significant exploratory Tukey-corrected pairwise comparisons between age groups within each voxel are indicated by asterisks. Abbreviations: O, Older adults; Y, 

Young adults; SMC, sensorimotor cortex; D, Dominant hemisphere; ND, Non-Dominant hemisphere; i.u., institutional units; ∗ ∗ , p < 0.01. 

Table 4 

Linear regression model for young adults for predicting RT of the dominant FDI. 

Y = Dominant FDI RT 

Coefficients Estimate ( 𝛽) Std. Error t-value p-value Delta R 2 

(Intercept) 0.251 0.032 7.729 0.000 ∗ ∗ ∗ 

M1 ND − M1 D s-IHi NORM(prem) 0.065 0.030 2.518 0.022 ∗ 0.272 

F (1,17) -statistic 6.341 

p-value 0.022 ∗ 

Residual Std. Error 0.05 

Adj. R 2 0.229 

∗ , p < 0.05; ∗ ∗ , p < 0.01; ∗ ∗ ∗ , p < 0.001. 
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ared to young adults, supporting our previous work ( Cuypers et al.,

013 ). 

Regarding the role of bilateral CSE suppression during the delayed

eriod following a non-informative cue, two non-mutually exclusive hy-

otheses have been proposed ( Bestmann and Duque 2016 ; Duque et al.,

017 ). First, CSE suppression might serve to reduce noise during mo-

or preparation in order to assist the gain of excitatory inputs against

 more quiescent background ( Greenhouse et al., 2015 ; Quoilin and

erosiere 2015 ; Duque et al., 2017 ). In this view, an age-related de-

line in CSE suppression might reflect less effective background noise

eduction. This could at least in part be reconciled with the hypoth-
10 
sis of age-related brain dedifferentiation ( Cabeza 2002 ; Goh 2011 ;

rady 2012 ; King et al., 2017 ; Cassady et al., 2019 ). More specifically,

rain dedifferentiation refers to a reduced distinctiveness and increased

ctivation of brain regions across various cognitive and motor tasks in

lder adults. Interestingly, findings of Cassady et al. (2019) strongly

uggest that age-related brain dedifferentiation might be a direct con-

equence of reduced SMC GABA levels. Results of the current study in-

eed indicated lower GABA + levels in bilateral SMC in older as com-

ared to young adults at the group level. Furthermore, in line with the

edifferentiation hypothesis, lower GABA + levels (thus, possibly imply-

ng increased noise) in the non-dominant SMC predicted slower RTs of
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Table 5 

Linear regression model for older adults for predicting RT of the dominant FDI. 

Y = Dominant FDI RT 

Coefficients Estimate ( 𝛽) Std. Error t-value p-value Delta R 2 

(Intercept) 0.593 0.089 6.693 0.000 ∗∗∗ 

SMC ND GABA + − 0.224 0.044 − 5.139 0.000 ∗∗∗ 0.680 

SMC D GABA + 0.088 0.031 2.819 0.015 ∗ 0.205 

M1 ND − M1 D l -IHi NORM(prep) 0.102 0.039 2.619 0.022 ∗ 0.177 

F (3,12) -statistic 8.951 

p-value 0.002 ∗∗ 

Residual Std. Error 0.038 

Adj. R 2 0.614 

Highest VIF score 1.53 

∗ p < 0.05. 
∗∗ p < 0.01. 
∗∗∗ p < 0.001. 

Table 6 

Linear regression model for older adults for predicting RT of the non-dominant FDI. 

Y = Non-dominant FDI RT 

Coefficients Estimate ( 𝛽) Std. Error t-value p-value Delta R 2 

(Intercept) 0.653 0.047 13.904 0.000 ∗ ∗ ∗ 

PMd D − M1 ND l -IHi NORM(prep) − 0.157 0.034 − 4.588 0.001 ∗ ∗ ∗ 0.473 

CSE NORM(prem) , ND − 0.115 0.025 − 4.676 0.001 ∗ ∗ ∗ 0.491 

M1 D − M1 ND l -IHi NORM(prep) 0.084 0.024 3.485 0.006 ∗ ∗ 0.273 

F (3,10) -statistic 11.5 

p-value 0.001 ∗ ∗ 

Residual Std. Error 0.036 

Adj. R 2 0.708 

Highest VIF score 2.047 

∗ , p < 0.05; ∗ ∗ , p < 0.01; ∗ ∗ ∗ , p < 0.001. 

Fig. 5. Relationship among older adults between (1) non-dominant dorsal pre- 

motor cortex and dominant primary motor cortex (PMd ND − M1 D ) l -IHi NORM(prem) 

when the target (dominant) FDI was required not to move during a unimanual 

response of the non-targeted (non-dominant) FDI and (2) dominant SMC (SMC D ) 

GABA + levels. Abbreviations: SMC, sensorimotor cortex; l -IHi NORM(prem) , modu- 

lation of long latency interhemispheric interaction during the premotor period; 

i.u., institutional units; ∗ , p < 0.05. 
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t  
he dominant hand within the older adults group. The same associa-

ion was observed between non-dominant SMC GABA + levels and RTs

f the non-dominant hand, but this result failed to reach significance

 p = 0.08). Second, CSE suppression of a potentially selected effector

ould represent a mechanism for “impulse control ”, which entails a pro-

ess that operates by temporarily inhibiting excitability at the spinal

evel ( Touge et al., 1998 ; Hasbroucq et al., 1999 ; Duque et al., 2010 ;

roeger et al., 2010 ). Impulse control thereby allows cortical excitatory
11 
reparatory processes to unfold without causing a premature release of

he actual movement ( Duque et al., 2017 ). Consistent with this hypoth-

sis, our data showed that an overall disinhibition (rather than facilita-

ion, see Figs. A.2 and A.3 in the appendix) of long latency M1-M1 and

Md-M1 IHi co-occurred with the CSE suppression in the target M1 in

oth age groups (see also Hinder et al., 2012 , 2018 ). Remarkably, older

dults exhibited reduced disinhibitory modulations of l -IHi (i.e., less

elease of inhibition) for both PMd-M1 and M1-M1 interactions, appar-

ntly due to a reduced baseline inhibitory tone ( Figs. A.2 and A.3 , and

able A2 ). Interestingly, an age-related reduction in resting-state intra-

ortical inhibition is suggested to predict a reduced capacity to modulate

nhibitory processes during a motor task, which relates to motor func-

ion declines ( Heise et al., 2013 ). In our experiment, however, we did

ot probe baseline measures at complete rest, but at the start of each trial

o control for the processes related to the task-driven increases in atten-

ion ( Kastner et al., 1999 ; Labruna et al., 2011 ; Vassiliadis et al., 2020 ).

n interesting hypothesis for future research would be to investigate

o what extent our observed relation between motor performance and

dis)inhibitory fronto-motor modulations are driven by the inhibitory

tate measured at baseline. Overall, since l -IHi in rest appears not to be

ffected by aging ( Talelli et al., 2008 ; Hermans et al., 2018 ), the present

ndings are indicative for an age-related difference in the task-related

odulatory capacity of the GABA B receptor-mediated neuronal circuit.

ccordingly, earlier studies reported age-related reductions in M1-M1 l -

Hi modulation during voluntary contraction of the non-targeted homo-

ogue muscle ( Talelli et al., 2008 ) and reduced modulations in contralat-

ral silent period during a hand-foot coordination task ( Fujiyama et al.,

009 ), denoting altered GABA B receptor activity under motor task con-

itions ( Reis et al., 2008 ). 

An intriguing result in older adults during the preparatory period was

he discrepancy between modulation of bidirectional M1-M1 l -IHi and
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Md D − M1 ND l -IHi and their relation to RT performance. More specif-

cally, in older adults, stronger long latency M1-M1 disinhibition was

elated to slower RTs, whereas stronger long latency PMd D − M1 ND dis-

nhibition was associated with faster RTs. The former result was rather

nexpected, since young adults showed higher long latency M1-M1 dis-

nhibition than older adults, but faster RTs. One could therefore spec-

late that M1-M1 disinhibition during the preparatory period in older

dults reflects dysfunctional activation spreading. This was supported by

n additional a-posteriori analysis, correlating preparatory M1-M1 l -IHi

odulations with preparatory CSE modulations (see Fig. A6 ). Specifi-

ally, results indicated that only in young adults more long latency M1-

1 disinhibition was related to more CSE suppression, while no signif-

cant relation was observed in older adults. 

Since the global preparatory CSE suppression likely contributes to a

ore quiescent background in the M1 area, a reduced CSE suppression

ombined with a reduced long latency PMd-M1 disinhibition suggests

 lower signal-to-noise ratio in older adults in the target M1. This is

upported by the finding that older adults with greater PMd D − M1 ND 

isinhibition exhibited faster RTs. Since the respective PMd D − M1 ND 

 -IHi modulation was only significantly related to RT in older, but

ot in young adults, the present findings are consistent with an over-

ll increased reliance on premotor areas in older adults during the

reparatory period (see also Berchicci et al., 2012 ; Hinder et al., 2012 ;

tewart et al., 2014 ). 

.1.2. Premotor period 

Whereas CSE suppression during the preparatory period was reduced

n older as compared to young adults, both age groups showed a com-

arable CSE facilitation towards EMG onset in the premotor period (see

lso Cuypers et al., 2013 ). More specifically, the bilateral CSE suppres-

ion during the preparatory period was followed by a CSE facilitation

owards EMG onset in the premotor period during a (selected) uniman-

al or bimanual response ( see also Fig. A1 ). This observation substanti-

tes earlier reported CSE dynamics during both simple ( Chen and Hal-

ett 1999 ; Leocani et al., 2000 ; Levin et al., 2011 ; Hinder et al., 2012 )

nd choice RT tasks ( Duque et al., 2005 , 2014 ; Duque and Ivry 2009 ;

roeger et al., 2010 ; Cuypers et al., 2013 ; Bestmann and Duque 2016 ;

lein et al., 2016 ; Hinder et al., 2018 ). It has been argued that the dis-

repancy in CSE modulation between selected and non-selected response

ptions reflects a competitive process that serves to assist action selec-

ion ( Bestmann and Duque 2016 ; Duque et al., 2017 ). Notably, only

n older adults, more CSE facilitation in the non-dominant hemisphere

redicted faster non-dominant FDI RTs. Fujiyama et al. (2012) reported

 similar association between CSE facilitation in the dominant hemi-

phere in the late premotor period and dominant FDI RT using a simple

o/no-go task in older, but not in young adults. 

As for CSE modulations, M1-M1 IHi modulations were not affected

y aging during the premotor period, which is in accordance with the

esults of Hinder et al. (2012) who used a simple pre-cued RT task.

trikingly, in young adults, greater short latency M1 ND − M1 D disinhi-

ition was predictive for slower RTs of the dominant FDI. In an addi-

ional a-posteriori analysis, results indicated that greater short latency

1 ND − M1 D disinhibition during the premotor period was related to less

acilitatory modulation of CSE of the dominant M1 in young adults (see

ig. A7 ). Together, these findings suggest that the conditioning M1 is not

acilitating subsequent movement initiation directly through target M1

SE facilitation. Along these lines, a recent study reported that young

dults with more resting-state M1-M1 short and long latency interhemi-

pheric inhibition exhibited higher resting-state CSE in the target M1 by

eans of MEP recruitment curves, suggesting that the ability to recruit a

arger number of corticospinal pathways within the target M1 is related

o the ability to activate local inhibitory circuits ( Hermans et al., 2018 ).

nterestingly, some studies suggest M1-M1 IHi modulations to be en-

aged in maintaining a continuous intrinsic state of inhibition towards

ovement onset ( Kroeger et al., 2010 ; Liuzzi et al., 2010 ). In this view,

he observed relationship between M1-M1 IHi modulations and RT or
12 
SE could be interpreted as a role of the conditioning M1 in controlling

he background noise in the target M1 to an optimal level, which as-

ists the gain of excitatory processes, expressed by the CSE modulation

owards facilitation ( Duque et al., 2017 ). 

Regarding PMd-M1 IHi modulations in older adults, the present

tudy yielded two notable results. First, higher GABA + levels in the dom-

nant SMC were significantly related to lower PMd ND − M1 D l -IHi NORM 

uring the premotor period, when the target (dominant) FDI was re-

uired not to respond (i.e., during a unimanual response condition of

he non-targeted, non-dominant FDI). More specifically, the data suggest

hat higher GABA + levels in the dominant SMC were associated with

Md ND − M1 D l -IHi modulation towards more inhibition, while lower

ABA + levels were related to modulation towards disinhibition and

ven facilitation. A plausible hypothesis to be tested in future studies

s that more inhibitory PMd-M1 l -IHi modulation contributes to per-

ormance in terms of low error rate, i.e., by suppressing the intrinsic

endency for mirror movements (e.g., Swinnen 2002 ; Swinnen and Wen-

eroth 2004 ; Boisgontier et al., 2014 ) when the effector is not selected

or movement. 

A second prominent finding was that PMd D − M1 ND s-IHi modulation

as disinhibitory/facilitatory in older, but not in young adults (see also

ig. A5 in the appendix). In line with this result, Hinder et al. (2012) re-

orted PMd D − M1 ND disinhibitory modulations between IS onset and

esponse initiation to be present in older adults only. The most plausi-

le explanation for the age-related increase in disinhibitory/facilitatory

Md D − M1 ND s-IHi modulation during the premotor period could be

hat it reflects an overall increased recruitment of premotor areas in

lder adults ( Berchicci et al., 2012 ; Hinder et al., 2012 ; Stewart et al.,

014 ). However, whether this increased PMd recruitment is either

ompensatory or dysfunctional is hard to determine since no rela-

ion with RT was evident in the current data. Notably, findings of

inder et al. (2012) suggested that in older adults more PMd-M1 disin-

ibition early in the preparatory period was related to faster RTs, while

ore PMd-M1 disinhibition in the late premotor period was related to

lower RTs. This suggests that early PMd-M1 disinhibition is beneficial,

hereas on the contrary, late PMd-M1 disinhibition is detrimental for

ast motor responses. In accordance, results of an additional a-posteriori

nalysis showed that in both age groups more PMd D − M1 ND s-IHi disin-

ibition was related to less CSE ND facilitation during the premotor pe-

iod (see Fig. A8 in the appendix). Since in older adults, less CSE ND facil-

tation was predictive for slower RTs, this additional analysis supports

ndirectly the hypothesis that age-related increases in PMd-M1 disinhi-

ition in anticipation of a motor response are detrimental, rather than

eneficial for fast RTs. 

.1.3. Age-related differences in the role of SMC GABA + levels 

In contrast to young adults, SMC GABA + levels in older adults ex-

lained at least in part both task-related physiological modulations, as

ell as RT. One could therefore speculate that when GABA levels fall

elow a critical limit, as it might be the case in older adults, the con-

equent lower signal-to-noise ratio becomes a critical factor in the ef-

ectiveness of the (pre)motor-motor modulatory capacity and motor be-

avioural output. On the other hand, if GABA levels reach above that

ritical limit, a further increase in GABA levels would not affect phys-

ological dynamics and motor behavior. Likewise, this would explain

hy SMC GABA levels did neither predict RT ( Greenhouse et al., 2017 ),

or task-related neurophysiological dynamics ( Cuypers et al., 2020 ) in

oung adults. However, caution is needed to not oversimplify the in-

eraction between GABA level and its functionality. For example, re-

arding RT of the dominant FDI in older adults, the current findings

ndicated that faster RTs were related to more SMC ND GABA + , but less

MC D GABA + . It is difficult to interpret this discrepancy without con-

idering other properties of the GABAergic system, for example recep-

or availability ( Cuypers et al., 2020 ), and future multimodal studies

re needed to further elucidate this complexity. Taken together, these

ata underscore that task-related neurophysiological modulations might
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ust reflect the tip of the iceberg: when considering the (non-)existence

f relationships between neurophysiological dynamics and motor be-

avior, this should best be interpreted with respect to trait-based inter-

ndividual differences in GABA levels and GABA receptor availability.

ndeed, similar to the neurochemical GABA + measure, in young adults

europhysiological (pre)motor-motor modulations during motor prepa-

ation were overall not predictive for RT performance. This suggests that

he observed significant modulations during motor preparation within

his group may rather be an epiphenomenal byproduct of brain physi-

logy, than causal to RT motor behavior. 

.2. Hemispheric (a)symmetry of M1-M1 and PMd-M1 interactions 

An important novel aspect in this study was that both IHi directions,

riginating in either PMd or M1, as well as CSE in both the dominant

nd non-dominant hemisphere, were probed in one single experimen-

al design. This offered a unique opportunity to directly compare in-

erhemispheric (im)balances of the (pre)motor-motor pathways during

 delayed choice RT task. Importantly, irrespective of age, only PMd-

1 IHi modulations, but not M1-M1 IHi modulations, were dependent

n the measured direction. This suggests a more lateralized PMd func-

ion during motor planning, as compared to M1 (but see Duque et al.,

007 ). Overall, irrespective of which hand was selected, these find-

ngs indicate a more dominant PMd D − M1 ND interaction as compared to

he PMd ND − M1 D interaction (see also Fujiyama et al., 2016a , Fujiyama

t al. 2016b ) in right-handed subjects, while interactions between ho-

ologue M1s are more balanced. 

.3. Limitations and future directions 

The current study is subject to some limitations. Most important

re the methodological limitations of the normalization/correction pro-

edure when comparing MRS-derived GABA + levels directly between

ge groups. Due to the lack of a golden standard, different correc-

ion methods have been used in literature so far (e.g., Gao et al.,

013 ; Mooney et al., 2017 ; Porges et al., 2017a ; Chalavi et al., 2018 ;

ermans et al., 2018 ; Ferland et al., 2019 ; Cuypers et al., 2020 ), which

ight explain the inconsistent conclusions regarding the aging effect on

ABA + levels ( Porges et al., 2017b ; Maes et al., 2018 ). In line with pre-

ious studies (e.g., Chalavi et al., 2018 ; Cuypers et al., 2020 ; Maes et al.,

021 ) and in order to obtain an accurate GABA + estimation for each age

roup, we normalised the GABA + measurements to a voxel that is rep-

esentative for each investigated population. An important limitation

f this procedure is that the observed age differences in GABA + lev-

ls may also be in part driven by age differences in tissue composition,

espite the alpha correction (see Table S.1 and Figure S.1 in the Sup-

lementary Material for an a posteriori re-analysis of the aging effect

n GABA + levels, using a different normalization procedure). Never-

heless, our results showed lower overall GABA + levels in older adults

n the SMC voxels, which may have functional implications. Future re-

earch is warranted to establish the most appropriate metric for GABA +
i.e., overall or tissue-specific) for the study of brain–behavior associ-

tions. A second methodological limitation in the GABA + processing,

pecifically for older adults, is the external validity of the internal stan-

ard. More specifically, even though the water signal was corrected for

issue-specific relaxation times and visible water content ( Harris et al.,

015 ), the assumed parameters in these corrections were derived from

tudies with participants younger than 51 years ( Wansapura et al., 1999 ;

u et al., 2005 ; Piechnik et al., 2009 ). It is currently unknown whether

and/or to what extent) these parameters would further change with

lder age ( > 60 years). Thus, it cannot be ruled out that particular age-

elated biophysical changes in the water signal could have an effect on

he results. 

Third, as interhemispheric interactions assessed with TMS likely

nvolve glutamatergic projections that cross the corpus callosum be-

ore synapsing with GABAergic interneurons ( Carr and Sesack 1998 ;
13 
askalakis et al., 2002 ; Chen 2004 ; Lee et al., 2007 ; Reis et al., 2008 ;

almer et al., 2012 ), the resulting MEP amplitudes following dual-site

MS do not exclusively reflect GABAergic neurotransmission. Neverthe-

ess, given that modulations in contralateral silent period, which also

eflects GABA B receptor-mediated neurotransmission, are also reduced

n older adults during specific motor tasks ( Fujiyama et al., 2009 ), and

aclofen (a GABA B agonist) strengthens resting-state interhemispheric

nhibition to a great extent ( Irlbacher et al., 2007 ), we propose that a

hange in GABAergic neurotransmission is very likely contributing to

ur observed aging effects on the TMS metrics, although an additional

ontribution of changes in glutamatergic neurotransmission cannot be

recluded. 

A fourth limitation encompasses the limited amount of time points

or TMS assessment during a trial due to the comprehensive TMS design

f the current study, i.e., including bidirectional PMd-M1 and M1-M1 s-

Hi and l -IHi assessment. Therefore, modulations during time intervals

here early selection processes are expected (i.e., immediately after IS

nset; Koch et al., 2006 ; O’Shea et al., 2007 ) were not assessed, although

t would have been informative to collect data in this phase as well. 

A fifth limitation is the exploratory nature of the correlation analy-

es between SMC GABA + availability and task-related neurophysiology.

his resulted in a high number of statistical tests, which in turn resulted

n rather conservative corrected p -values (e.g., Lee and Lee 2018 ). Con-

equently, almost none of the observed correlations in older adults re-

ained significant after correction. Although one reason could be that

oth metrics differ significantly in spatial resolution [i.e., for MRS, a

elatively large voxel size is necessary to offset the inherent low signal

o noise ratio for GABA spectra ( Mullins et al., 2014 )], it would be in-

eresting to test the observed trends for associations in older adults in

uture studies in a hypothesis-driven manner to either confirm or reject

hese associations. 

In contrast to young adults, older adults did not show significant in-

erhemispheric inhibition at the time of WS onset (see Figs. A.2 .- A.5 in

he appendix), irrespective of IHi type (s-IHi versus l -IHi), target hemi-

phere and conditioned region. This raises the question whether the used

MS stimulation parameters were effective in older adults to evoke in-

erhemispheric inhibition. Therefore, another limitation of our study is

hat we did not record resting-state TMS data to validate this. However,

revious studies of our group, using identical stimulation parameters,

ndicated that in rest interhemispheric inhibition can be evoked in both

oung and older age groups, irrespective of IHi type, target hemisphere

nd conditioned region ( Fujiyama et al., 2016b ; Hermans et al., 2018 ). 

Lastly, it should be noted that the interpretations concerning aging

ffects are inferred from statistical contrasts between a young adult

roup ( < 33 years) and an older adult group ( > 60 years) in a cross-

ectional study design, which is why caution is needed to interpret group

ifferences in MRS and TMS measures as changes of these measures over

ime. On a similar note, some caution is warranted to interpret the ob-

erved age-related alterations in neurochemical/-physiological charac-

eristics as being the actual “cause ” of age-related RT slowing, since the

sed analyses were merely correlational in nature. 

The current results indicate that the relation between bulk GABA +
evels and GABAergic neurotransmission is complex. Therefore, future

tudies using multimodal approaches, for example by mapping GABA re-

eptor availability as well, are recommended and are expected to deliver

dditional understanding about how different surrogates of the GABAer-

ic system interact and shape human motor behavior. Finally, this study

resents a robust paradigm to investigate the (pre)motor-motor inter-

emispheric interplay throughout motor preparation in healthy adults

f distinct ages. Similar future approaches would be useful to unravel

nterhemispheric (pre)motor-motor interactions in pathological condi-

ions, as well as their impact on motor control. Such studies justify re-

earch on healthy aging processes to constitute a reference for eluci-

ating abnormal or pathological neurophysiological and neurochemical

rocesses with a typically higher incidence in the aged population, such

s in stroke or dementia (e.g., Rossini et al., 2007 ). 
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. Conclusions 

To the best of our knowledge, this is the first study that presents such

 comprehensive perspective on bilateral CSE and inter-hemispheric

pre)motor-motor dynamics at both short and long latencies, during a

re-cued bimanual choice RT task in a single study design. Moreover, as-

ociations between these neurophysiological dynamics and static MRS

ABA + levels in SMC were explored, as well as their contribution to

T in healthy young and older adults. Results yielded that older adults

xhibited a reduced bilateral CSE suppression as well as a reduced mag-

itude of bidirectional long latency interhemispheric (pre)motor-motor

isinhibition during the preparatory period, suggesting deficiencies in

ABA B receptor-mediated neurotransmission. Our findings also indi-

ated that task-related (pre)motor-motor modulations and slower RTs

n older adults might at least in part be explained by lower GABA + lev-

ls in bilateral sensorimotor cortices. In contrast, neither physiological

pre)motor-motor modulations nor RTs were dependent on SMC GABA +
evels in young adults. 
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Table A2 

Group comparisons of s-IHi and l -IHi metrics at WS and IS. If the assumption of equal variances was met, a parametric 

unpaired t -test was used. Otherwise, a Welch test was used (indicated by superscript “W ”). A false discovery rate (FDR) 

correction method ( Benjamini and Hochberg 1995 ) was applied to correct for multiple testing. Values in bold survived 

FDR correction. Abbreviations: s-IHi, short latency interhemispheric interaction; l -IHi, long latency interhemispheric in- 

teraction; WS, warning signal; IS, imperative signal; D, dominant hemisphere; ND, non-dominant hemisphere; M1, primary 

motor cortex; PMd, dorsal premotor cortex . 

Time point IHi type Target hemisphere Young (mean ± SD) Older (mean ± SD) t -value (DF) p -value 

WS M1-M1 s-IHi D 0.80 ± 0.24 0.93 ± 0.31 − 3.52 (189) W < 0.001 ∗∗∗ 

ND 0.82 ± 0.23 1.05 ± 0.43 − 4.58 (151) W < 0.001 ∗∗∗ 

M1-M1 l -IHi D 0.75 ± 0.19 0.94 ± 0.25 − 5.96 (186) W < 0.001 ∗∗∗ 

ND 0.82 ± 0.23 0.91 ± 0.54 − 1.50 (133) W 0.14 

PMd-M1 s-IHi D 1.04 ± 0.21 0.97 ± 0.26 1.89 (198) 0.06 

ND 0.99 ± 0.23 1.02 ± 0.26 − 0.80 (198) 0.43 

PMd-M1 l -IHi D 0.93 ± 0.22 0.98 ± 0.19 − 1.51 (198) 0.13 

ND 0.82 ± 0.21 1.01 ± 0.32 − 4.99 (172) W < 0.001 ∗∗∗ 

IS M1-M1 s-IHi D 0.85 ± 0.25 0.92 ± 0.27 − 1.90 (198) 0.06 

ND 0.86 ± 0.25 0.87 ± 0.29 − 0.38 (198) 0.70 

M1-M1 l -IHi D 1.05 ± 0.46 1.01 ± 0.27 0.73 (159) 0.47 

ND 1.09 ± 0.41 1.01 ± 0.35 1.46 (198) 0.14 

PMd-M1 s-IHi D 1.06 ± 0.31 1.03 ± 0.24 0.76 (187) W 0.45 

ND 0.99 ± 0.21 0.88 ± 0.30 3.02 (180) W 0.003 ∗∗ 

PMd-M1 l -IHi D 1.10 ± 0.28 1.04 + 0.29 1.48 (198) 0.14 

ND 0.99 ± 0.28 1.00 ± 0.22 − 0.21 (189) W 0.84 

∗∗ p (uncorrected) < 0.01 
∗∗∗ p (uncorrected) < 0.001 

Table A3 

Pearson’s r or Spearman’s 𝜌 correlations (indicated by superscript “𝜌”) between SMC GABA + levels 

and corticospinal excitability (CSE) modulation: r ( p -value) or 𝜌( p -value). No result survived FDR 

correction. 

YOUNG OLDER 

Dominant Non-dominant Dominant Non-dominant 

Preparatory Period 0.33(0.12) 𝜌 0.15(0.49) − 0.14(0.52) 𝜌 − 0.16(0.50) 𝜌

Premotor Period Selected − 0.08(0.70) 𝜌 − 0.03(0.90) 𝜌 0.29(0.18) 𝜌 0.34(0.14) 𝜌

Non-selected − 0.06(0.79) 𝜌 − 0.14(0.52) 0.09(0.67) 𝜌 0.02(0.93) 𝜌

Bimanual 0.02(0.92) 𝜌 − 0.02(0.92) 0.07(0.76) 𝜌 0.47(0.04) 𝜌, ∗ 

No response 0.20(0.35) 𝜌 − 0.02(0.94) 𝜌 − 0.38(0.07) 0.16(0.49) 

∗ p (uncorrected) < 0.05. 

Table A4 

Pearson’s r or Spearman’s 𝜌 correlations (indicated by superscript “𝜌”) correlations between 

SMC GABA + levels and modulation of the M1-M1 short latency interhemispheric interaction (s- 

IHi NORM ): r ( p -value) or 𝜌( p -value). No result survived FDR correction. 

YOUNG OLDER 

Dominant Non-dominant Dominant Non-dominant 

Preparatory Period 0.27(0.21) 𝜌 0.06(0.80) 0.09(0.67) 0.13(0.59) 𝜌

Premotor Period Selected − 0.25(0.27) 𝜌 − 0.05(0.84) 𝜌 0.03(0.88) 0.05(0.85) 𝜌

Non-selected − 0.02(0.93) 𝜌 − 0.04(0.84) 0.29(0.19) 0.34(0.14) 

Bimanual − 0.22(0.33) 𝜌 − 0.16(0.46) − 0.21(0.34) 0.09(0.72) 

No response − 0.04(0.84) 𝜌 − 0.26(0.22) 0.10(0.65) 𝜌 − 0.00(0.99) 

Table A5 

Pearson’s r or Spearman’s 𝜌 correlations (indicated by superscript “𝜌”) between SMC GABA + levels 

and modulation of the PMd-M1 short latency interhemispheric interaction (s-IHi NORM ): r ( p -value) or 

𝜌( p -value). No result survived FDR correction. 

YOUNG OLDER 

Dominant Non-dominant Dominant Non-dominant 

Preparatory Period − 0.08(0.73) 𝜌 − 0.27(0.20) − 0.10(0.66) 0.04(0.86) 

Premotor Period Selected 0.35(0.10) 𝜌 0.24(0.28) 0.13(0.56) 𝜌 − 0.20(0.41) 

Non-selected 0.41(0.05) 𝜌 − 0.16(0.46) 𝜌 − 0.24(0.29) 𝜌 0.39(0.10) 

Bimanual 0.13(0.55) 𝜌 0.09(0.70) 0.13(0.57) − 0.06(0.81) 

No response − 0.12(0.59) 𝜌 − 0.11(0.60) − 0.09(0.70) − 0.14(0.58) 𝜌

15 
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Table A6 

Pearson’s r or Spearman’s 𝜌 correlations (indicated by superscript “𝜌”) between target SMC GABA + 
levels and modulation of the M1-M1 long latency interhemispheric interaction (l-IHi NORM ): r ( p - 

value) or 𝜌( p -value). No result survived FDR correction. 

YOUNG OLDER 

Dominant Non-dominant Dominant Non-dominant 

Preparatory Period − 0.18(0.40) 𝜌 − 0.08(0.73) − 0.13(0.55) 0.57(0.01) ∗∗ 

Premotor Period Selected − 0.34(0.12) 𝜌 − 0.40(0.06) 0.07(0.75) 0.15(0.55) 𝜌

Non-selected 0.02(0.93) 𝜌 0.20(0.36) − 0.18(0.43) 𝜌 − 0.03(0.91) 

Bimanual 0.13(0.56) 𝜌 − 0.11(0.61) 0.22(0.33) − 0.25(0.31) 

No response − 0.29(0.18) 𝜌 − 0.16(0.46) − 0.07(0.74) − 0.17(0.48) 𝜌

∗∗ p (uncorrected) < 0.01. 

Table A7 

Pearson’s r or Spearman’s 𝜌 correlations (indicated by superscript “𝜌”) between SMC GABA + levels 

and modulation of the PMd-M1 long latency interhemispheric interaction (l-IHi NORM ): r ( p -value) or 

𝜌( p -value). Values in bold survived FDR correction. 

YOUNG OLDER 

Dominant Non-dominant Dominant Non-dominant 

Preparatory Period − 0.09(0.70) 𝜌 − 0.24(0.26) 𝜌 0.53(0.01) ∗∗ − 0.07(0.77) 

Premotor Period Selected 0.09(0.69) 𝜌 0.19(0.38) 𝜌 − 0.34(0.13) 0.08(0.74) 

Non-selected 0.20(0.37) 𝜌 0.08(0.71) 𝜌 − 0.62(0.00) ∗∗ 0.18(0.44) 

Bimanual − 0.18(0.43) 𝜌 − 0.07(0.77) − 0.12(0.60) − 0.03(0.89) 

No response − 0.26(0.26) 𝜌 0.10(0.65) − 0.46(0.03) ∗ 0.08(0.72) 

∗ p (uncorrected) < 0.05. 
∗∗ p (uncorrected) < 0.01. 

Fig. A1. Corticospinal excitability (CSE) at each time point during a trial, for 

each age group (Young vs. Older) and target hemisphere (D vs. ND). Line plots in 

different colours represent the different response conditions (selected vs. non- 

selected vs. bimanual vs. no response). The dashed line indicates CSE at rest. 

Error bars indicate 95%CIs. Abbreviations: D, dominant; ND, non-dominant; WS, 

warning signal; IS, imperative signal; 75%EMG, 75% of the time between IS 

onset and EMG onset. 

Fig. A2. Long latency interhemispheric M1-M1 interactions (M1-M1 l -IHi) at 

each time point during a trial, for each age group (Young vs. Older) and target 

hemisphere (D vs. ND). Line plots in different colours represent the different re- 

sponse conditions (selected vs. non-selected vs. bimanual vs. no response). Val- 

ues below the dashed line indicate an inhibitory M1-M1 l -IHi, whereas values 

above the dashed line indicate a facilitatory M1-M1 l -IHi. Error bars indicate 

95%CIs. Abbreviations: D, dominant; ND, non-dominant; WS, warning signal; 

IS, imperative signal; 75%EMG, 75% of the time between IS onset and EMG 

onset; M1, primary motor cortex; CS, conditioning stimulus; TS, test stimulus. 
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Fig. A3. Long latency interhemispheric PMd-M1 interactions (PMd-M1 l -IHi) 

at each time point during a trial, for each age group (Young vs. Older) and target 

hemisphere (D vs. ND). Line plots in different colours represent the different re- 

sponse conditions (selected vs. non-selected vs. bimanual vs. no response). Val- 

ues below the dashed line indicate an inhibitory PMd-M1 l -IHi, whereas values 

above the dashed line indicate a facilitatory PMd-M1 l -IHi. Error bars indicate 

95%CIs. Abbreviations: D, dominant; ND, non-dominant; WS, warning signal; 

IS, imperative signal; 75%EMG, 75% of the time between IS onset and EMG on- 

set; PMd, dorsal premotor cortex; M1, primary motor cortex; CS, conditioning 

stimulus; TS, test stimulus. 

Fig. A4. Short latency interhemispheric M1-M1 interactions (M1-M1 s-IHi) at 

each time point during a trial, for each age group (Young vs. Older) and target 

hemisphere (D vs. ND). Line plots in different colours represent the different 

response conditions (selected vs. non-selected vs. bimanual vs. no response). 

Values below the dashed line indicate an inhibitory M1-M1 s-IHi, whereas values 

above the dashed line indicate a facilitatory M1-M1 s-IHi. Error bars indicate 

95%CIs. Abbreviations: D, dominant; ND, non-dominant; WS, warning signal; 

IS, imperative signal; 75%EMG, 75% of the time between IS onset and EMG 

onset; M1, primary motor cortex; CS, conditioning stimulus; TS, test stimulus. 

Fig. A5. Short latency interhemispheric PMd-M1 interactions (PMd-M1 s-IHi) 

at each time point during a trial, for each age group (Young vs. Older) and target 

hemisphere (D vs. ND). Line plots in different colours represent the different re- 

sponse conditions (selected vs. non-selected vs. bimanual vs. no response). Val- 

ues below the dashed line indicate an inhibitory PMd-M1 s-IHi, whereas values 

above the dashed line indicate a facilitatory PMd-M1 s-IHi. Error bars indicate 

95%CIs. Abbreviations: D, dominant; ND, non-dominant; WS, warning signal; 

IS, imperative signal; 75%EMG, 75% of the time between IS onset and EMG on- 

set; PMd, dorsal premotor cortex; M1, primary motor cortex; CS, conditioning 

stimulus; TS, test stimulus. 

Fig. A6. Relationship between (1) CSE NORM(prep) of the target M1 and (2) M1- 

M1 l -IHi NORM(prep) for young (red triangles) and older adults (black circles). 

Results are collapsed for both directions ( l -IHI NORM(prep) ) and bilateral M1 

(CSE NORM(prep) ). Abbreviations: O, Older adults; Y, Young adults; r, Pearson’s 

r correlation coefficient; 𝜌, Spearman’s 𝜌 correlation coefficient; CSE NORM(prep) , 

modulation of corticospinal excitability during the preparatory period; M1, pri- 

mary motor cortex; l -IHi NORM(prep) , modulation of long latency interhemispheric 

interaction during the premotor period; ∗ , p < 0.05. 
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Fig. A7. Relationship between (1) CSE NORM(prem) of the dominant M1 and (2) 

M1 ND − M1 D s-IHi NORM(prem) when the target (dominant) FDI is selected for a 

unimanual response, for young (red triangles) and older adults (black circles). 

Abbreviations: O, Older adults; Y, Young adults; 𝜌, Spearman’s 𝜌 correlation 

coefficient; CSE NORM(prem) , modulation of corticospinal excitability during the 

premotor period; M1, primary motor cortex; ND, non-dominant; D, dominant; 

s-IHi NORM(prem) , modulation of short latency interhemispheric interaction during 

the premotor period; FDI, first dorsal interosseus; ∗ , p < 0.05. 

Fig. A8. Relationship between (1) CSE NORM(prem) of the non-dominant M1 and 

(2) PMd D − M1 ND s-IHi NORM(prem) when the target (non-dominant) FDI is selected 

for a unimanual response, for young (red triangles) and older adults (black cir- 

cles). Abbreviations: O, Older adults; Y, Young adults; r, Pearson’s r correlation 

coefficient; 𝜌, Spearman’s 𝜌 correlation coefficient; CSE NORM(prem) , modulation of 

corticospinal excitability during the premotor period; M1, primary motor cortex; 

PMd, dorsal premotor cortex; ND, non-dominant; D, dominant; s-IHi NORM(prem) , 

modulation of short latency inter-hemispheric interaction during the premotor 

period; FDI, first dorsal interosseus; ∗ , p < 0.05; ∗ ∗ , p < 0.01. 
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