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Although gamma aminobutyric acid (GABA) is of particular importance for efficient motor functioning, very 

little is known about the relationship between regional GABA levels and motor performance. Some studies sug- 

gest this relation to be subject to age-related differences even though literature is scarce. To clarify this matter, 

we employed a comprehensive approach and investigated GABA levels within young and older adults across 

multiple motor tasks as well as multiple brain regions. Specifically, 30 young and 30 older adults completed a 

task battery of three different bimanual tasks. Furthermore, GABA levels were obtained within bilateral primary 

sensorimotor cortex (SM1), bilateral dorsal premotor cortex, the supplementary motor area and bilateral dorso- 

lateral prefrontal cortex (DLPFC) using magnetic resonance spectroscopy. Results indicated that older adults, as 

compared to their younger counterparts, performed worse on all bimanual tasks and exhibited lower GABA levels 

in bilateral SM1 only. Moreover, GABA levels across the motor network and DLPFC were differentially associated 

with performance in young as opposed to older adults on a manual dexterity and bimanual coordination task 

but not a finger tapping task. Specifically, whereas higher GABA levels related to better manual dexterity within 

older adults, higher GABA levels predicted poorer bimanual coordination performance in young adults. By de- 

termining a task-specific and age-dependent association between GABA levels across the cortical motor network 

and performance on distinct bimanual tasks, the current study advances insights in the role of GABA for motor 

performance in the context of aging. 
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. Introduction 

As the population of older adults is rapidly increasing, optimizing

otor performance to maintain quality of life has become a topic of

rofound interest. Considering that intact bimanual coordination is es-

ential for achieving and maintaining functional independence, biman-

al coordination serves as an ideal candidate to explore motor perfor-

ance deficits in the context of healthy aging. Indeed, previous studies

eported age-related differences in motor performance across a wide

ange of bimanual coordination tasks (for a review, see Maes et al.,

017 ). Due to the complex nature of these movements, an efficient in-

erplay between multiple (motor) brain regions is essential to support

otor performance ( Swinnen and Gooijers, 2015 ). First, the role of the
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rimary sensorimotor cortex (SM1) is self-evident as it is serves as the

ain cortical origin of motor output. Second, SMA is especially relevant

or bimanual coordination as it plays a pivotal role in the internal gen-

ration of movements as well as the proper tuning between both cere-

ral hemispheres ( Sadato et al., 1997 ; Swinnen and Wenderoth, 2004 ).

hird, the dorsal premotor cortex (PMd) is crucially involved in the plan-

ing, execution and learning of motor tasks in both young and older

dults ( Hardwick et al., 2013 ; Kantak et al., 2012 ; Swinnen and Wen-

eroth, 2004 ). Fourth, the dorsolateral prefrontal cortex (DLPFC) is of

articular importance for control of movement in the context of aging.

lthough DLPFC has been primarily related to executive functioning,

lder adults often recruit this brain region during performance of simple

otor tasks, whereas both young and older adults activate this region
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uring initial practice of unfamiliar complex motor tasks ( Beets et al.,

015 ; Debaere et al., 2004 ; Goble et al., 2010 ; Heuninckx, 2005 ; Santos

onteiro et al., 2017 ). Functional connections between these regions,

oth within and across hemispheres, are known to be vital for biman-

al coordination ( Gerloff and Andres, 2002 ; Solesio-Jofre et al., 2018 ).

hese functional projections heavily rely upon intracortical and in-

erhemispheric inhibitory processes which are known to decline with

dvancing age, thereby contributing to degraded motor performance

 Bhandari et al., 2016 ; Fling and Seidler, 2012 ; Fujiyama et al., 2016 ;

evin et al., 2014 ; Verstraelen et al., 2020 ). This body of knowledge

redominantly originated from transcranial magnetic stimulation (TMS)

tudies that provide information on synaptic inhibitory mechanisms me-

iated by gamma aminobutyric acid (GABA) receptors ( Ziemann et al.,

015 ). 

Surprisingly, much less is known about the importance of GABA

evels within a specific brain region of interest as quantified by mag-

etic resonance spectroscopy (MRS). Whereas TMS is a spatially focused

echnique that is primarily used for to the investigation of inhibitory

rocesses involving the primary motor cortex (M1), MRS provides the

pportunity to examine inhibitory processes beyond M1. Specifically,

egional MRS-derived GABA levels are thought to reflect the overall in-

ibitory tone of a certain brain region and have been linked to cognitive,

erceptual and motor performance in young adults. For example, previ-

us work in young adults suggested that higher SMA GABA/water lev-

ls were related to decreased cortical responsiveness ( Boy et al., 2010 )

nd higher SM1 GABA/Cr levels predicted poorer performance on a se-

uence learning task ( Stagg et al., 2011 ). Whereas these studies seem to

upport the idea that higher GABA levels are related to poorer perfor-

ance, other studies reported that higher GABA levels relate to an in-

reased fine-tuning of neural activity, thereby supporting performance.

pecifically, higher thalamic GABA/water levels were indicative of im-

roved response selection ( Dharmadhikari et al., 2015 ) and higher oc-

ipital GABA/Cr and SM1 GABA/water levels correlated with better

isual and sensory discrimination, respectively ( Kurcyus et al., 2018 ;

uts et al., 2011 ). The discrepancy in results seems to suggest that the

irection of the association between GABA and performance is depen-

ent on the brain region of interest as well as the specific task require-

ents. Nonetheless, as research so far mostly focused on GABA levels

ithin a limited number of brain regions and/or performance on one

pecific motor task, this hypothesis is yet to be confirmed. As discussed

bove, bimanual coordination tasks provide great potential to study the

ole of GABA across distinct cortical motor network regions. 

Notably, very little is known about the role of GABA levels in aging-

nduced motor performance deficits. This is striking as previous work

eported a decline in GABA levels with advancing age across multiple

rain regions ( Gao et al., 2013 ; Hermans et al., 2018 ; Huang et al.,

017 ; Porges et al., 2020 ). So far, only a few studies explored the asso-

iation between GABA and motor performance. Hermans and cowork-

rs (2018) found that higher pre-SMA GABA/water levels were asso-

iated with better reactive inhibition on a stop-signal task in older

ut not young adults. Furthermore, higher SM1 GABA/water levels

ere found to benefit performance on a bimanual coordination task

 Chalavi et al., 2018 ) and the composite score of a sensorimotor test

attery ( Cassady et al., 2019 ) in a group of older adults. Considering

hat age-related decreases in GABA levels seem to be at least partially

xplained by aging-induced gray matter atrophy ( Maes et al., 2018 ;

orges et al., 2017b ), it is important to note that these associations

ere observed after correcting the MRS-derived GABA levels for the tis-

ue composition of the voxel of interest ( Harris et al., 2015 ). Although

hese first studies suggest higher GABA levels to consistently relate to

etter motor performance, future work is required to confirm this as-

ociation across different tasks and brain regions. The investigation of

egional specificity is especially relevant in the context of aging as some

tudies suggest a non-uniform distribution of aging-induced decreases

n GABA levels across the brain as well as hemispherical differences

 Cuypers et al., 2020 ; Maes et al., 2018 ). Furthermore, as current re-
2 
earch in young adults rather suggests a task-dependent association be-

ween GABA levels and motor performance, additional insights could

merge from the inclusion of multiple task paradigms. Indeed, GABA

evels in young versus older adults may be differentially relevant for

imanual motor performance depending on task features such as speed

nd coordination requirements as well as the level of task complexity.

herefore, a comprehensive approach to identify age-related differences

n the interplay between regional GABA levels and motor performance

s indispensable. 

Here, we investigated age-related differences in GABA levels across

ey cortical nodes of the motor network and bilateral dorsolateral pre-

rontal cortex (DLPFC). Furthermore, a set of tasks measuring different

eatures of bimanual coordination was utilized to examine the link be-

ween GABA levels and motor performance in young as compared to

lder adults. GABA levels were expected to be lower in older relative

o young adults. Moreover, higher GABA levels were hypothesized to

nvariably predict better motor performance in older adults, whereas

he association in young adults is yet to be determined because it may

e contingent upon the functionality of each region in relation to the

pecific task requirements. 

. Materials & methods 

.1. Participants 

Thirty young adults (15 female, aged 19 – 35 years, mean ±
D = 24.5 ± 4.1) and 30 older adults (16 female, aged 61–79 years,

ean ± SD = 67.8 ± 4.9) participated in this study. All participants were

ight-handed ( Oldfield, 1971 ), in good self-reported physical and men-

al health and had no contraindications for MRI scanning. The Montreal

ognitive assessment (MoCA) was used as screening tool for cognitive

mpairment using a cut-off score of 23/30 ( Carson et al., 2018 ). Due

o a low MoCA score (21/30) as well as poor compliance with the ex-

erimental design, data of 1 young adult were excluded from further

nalyses. Age groups did not differ with respect to MoCA score (young

dults: mean ± SD = 28.6 ± 1.3; older adults: mean ± SD = 28.4 ± 1.4;

ndependent samples t- test: t = 0.33, p = 0.74) and handedness (Later-

lity quotient (LQ) young adults: mean ± SD = 93.4 ± 11.2; LQ older

dults: mean ± SD = 95.6 ± 8.7; independent samples t- test: t = − 0.83,

 = 0.41). Informed consent was obtained from all participants prior to

he experiment. The study protocol was in accordance with the decla-

ation of Helsinki (1964) and was approved by the Ethics Committee

esearch of UZ/KU Leuven (study number S60428). 

.2. Experimental design 

During a first session, participants filled in screening-related ques-

ionnaires and completed a battery of bimanual coordination tasks. Dur-

ng a second and third experimental session, GABA levels were acquired

n multiple brain regions using MRS. The mean ± SD time window be-

ween sessions was 2.3 ± 2.4 days and 3.8 ± 5.7 days between the first

nd last two experimental sessions, respectively. Note that the third ex-

erimental session also included other measures that are not relevant

or the current manuscript. 

.3. Bimanual task battery 

Participants performed a bimanual task battery including a set of

asks that targeted different features of the motor repertoire. Specifi-

ally, the Purdue Pegboard test, finger tapping tasks as well as a bi-

anual tracking task were performed to assess manual dexterity, motor

peed capacity and visuo-motor coordination abilities, respectively. 

.3.1. Purdue Pegboard test 

The Purdue Pegboard test (PPT) assesses manual dexterity. Here,

articipants are instructed to insert as many pins as possible in two ver-

ical columns of pinholes on a board ( Tiffin and Asher, 1948 ) ( Fig. 1 A).
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Fig. 1. Overview of the experimental design and bimanual tasks. 

A. Purdue Pegboard test. Participants were instructed to insert as many pins as possible with left and right hand simultaneously within a timeframe of 30 s. B. Finger tapping 

tasks. Participants were instructed to tap on a computer keyboard with both index fingers, either simultaneously or alternately, as many times as possible within a timeframe of 

10 s. C. Bimanual tracking task. A simultaneous rotation of left and right dial was required to track a dot that was moving along a target template as accurately as possible in 

space and time. Visual online feedback was provided by a red cursor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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his task has been validated in an aging population and sensitivity to

hanges in performance has been demonstrated within the relevant age

roup ( Desrosiers et al., 1995 ). In this study, only the bimanual sub-

ask was performed in which participants were instructed to insert the

ins with their left and right hand simultaneously. The number of pins

nserted within a timeframe of 30 s was used as dependent variable. 

.3.2. Finger tapping tasks 

To assess basic motor speed capacity, two bimanual finger tapping

asks were performed ( Fig. 1 B). During these tasks, participants had to

ap with their left and right index finger alternately or simultaneously as

ast as possible. Tapping was performed on a regular computer keyboard

nd the number of correct taps within a timeframe of 10 s was used as

ependent variable. To avoid fatigue effects, participants were allowed

 short break ( ± 10 s) in between the two task variants. Computerized

nger tapping tasks were previously proven to be valid and sensitive to

ge-related declines in tapping rate ( Hubel et al., 2013 ). 

.3.3. Bimanual tracking task 

An in-house developed visuomotor bimanual tracking task (BTT)

as used to assess bimanual coordination abilities ( Sisti et al., 2011 )

 Fig. 1 C). Previous work of our group using a similar task design

onfirmed its sensitivity to age-related decrements in bimanual co-

rdination performance (e.g. King et al., 2018 ; Levin et al., 2019 ;

auwels et al., 2015 ; Santos Monteiro et al., 2017 ). In this task, par-

icipants tracked a white dot moving along a blue target template, vi-

ualized on a computer screen in front of them, by rotating two dials.

hereas the left dial corresponded to horizontal movement of the cursor

right or left for clockwise or counterclockwise rotation, respectively),

otation of the right dial resulted in a vertical movement of the cursor

up or down for clockwise or counterclockwise rotation, respectively).

rials consisted of a planning phase (1 s) and an execution phase (7 s)

nd were separated by an inter-trial interval of 2 s. During the planning

hase, the target template was visualized and a green circle informed

he participant on the starting location of that trial. The start of the

xecution phase was marked by the disappearance of the green circle

s well as by the appearance of a white target dot that started mov-

ng along the target template. During the execution phase, participants

ere instructed to track the white target dot as accurately as possible

n both space and time. Online visual feedback was provided by a red

ursor that moved on the screen based on the participant’s dial rotation.
3 
uring the inter-trial interval, the screen turned black. The target tem-

late consisted of a straight line at an angle of 45°, requiring a rotation of

oth dials at equal speed. This movement was performed in all four pos-

ible movement orientations (both hands clockwise/counterclockwise,

eft hand clockwise – right hand counterclockwise, left hand counter-

lockwise – right hand clockwise). Participants were instructed to al-

ays rotate both hands simultaneously. An experimenter was present

uring task performance to assure compliance with the prescribed move-

ent instructions. After completing a familiarization run of 8 trials, par-

icipants performed 16 trials, i.e. 4 in each movement orientation. Per-

ormance was assessed by error scores that were defined as the average

rack deviation, i.e. by the perpendicular distance of the participant’s

ursor to the white dot at each point in time. Data of the four movement

rientations were collapsed and the average track deviation was calcu-

ated across trials. To account for the skewness present in the dataset,

rror scores were log(10)-transformed. Furthermore, to match interpre-

ation of the independent variable with the other task variants (i.e. high

cores reflecting better performance) negative values of the error scores

ere used in subsequent analysis. 

.4. Magnetic resonance spectroscopy 

.4.1. MRI data acquisition 

Neuro-anatomical and spectroscopy data were acquired using a 3

esla Philips Achieva scanner with a 32 channel receiver head coil (Uni-

ersity Hospital Leuven, Gasthuisberg). GABA levels of seven volumes

f interest (VOIs) were measured: bilateral SM1, PMd and DLPFC as

ell as a single medial voxel covering left and right SMA. GABA lev-

ls within all VOIs were acquired during the first MRI session, except

or GABA levels within the left SM1 that were always acquired during

he second MRI session. During the first MRI session, MRS data of the

ifferent VOIs were acquired in a pre-defined order that was kept con-

tant across all participants. If the quality of MRS data acquired during

he first MRI session was unsatisfactory, the respective scans were re-

eated at the beginning of the second MRI session (for an overview, see

upplementary Table S1). 

At the beginning of each MRI session, a high-resolution T1-weighted

natomical image was acquired using a chemical shift three-dimension

urbo field echo (3DTFE) (TE = 4.6, 1 × 1 × 1 mm voxel size,

eld of view (FOV) = 256 × 242 × 182 mm, 182 sagittal slices)

o position the MRS VOI. In addition, 2 short T1 anatomical im-
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ges (TE = 4.6, 1.5 × 1.5 × 1.5 mm voxel size, field of view

FOV) = 256 × 244 × 182 mm, 182 sagittal slices) were acquired af-

er two to three consecutive MRS scans, to verify whether subsequent

oxel positioning needed to be adjusted (i.e. in case of head movement).

RS data were acquired using the MEGA-PRESS sequence ( Edden and

arker, 2007 ; Mescher et al., 1998 ) (TE = 68 ms, TR = 2 s, 2 kHz

pectral width) using parameters similar to previous work of our group

 Chalavi et al., 2018 ; Hermans et al., 2018 ; King et al., 2020 ). Consider-

ng the shape and dimensions of each region of interest and based on pre-

ious studies, voxel dimensions were 30 × 30 × 30 mm for the SMA and

M1 VOIs ( Boy et al., 2010 ; Maes et al., 2018 ), whereas the dimensions

f the DLPFC and PMd voxels were 40 × 25 × 25 mm ( Greenhouse et al.,

016 ). For SMA, bilateral PMd and DLPFC voxels, 160 averages were

cquired. As reported by Mikkelsen and coworkers (2018a) the num-

er of averages could be reduced for the SM1 VOI without affecting

ata quality. Therefore, 112 averages were acquired for left and right

M1 VOIs. ON and OFF spectra were acquired in an interleaved fash-

on, corresponding to an editing pulse at 1.9 or 7.46 ppm, respectively.

rior to each MRS acquisition, an automatic shimming procedure was

erformed. For all MRS regions, 16 unsuppressed water averages were

cquired within the same VOI using identical acquisition parameters.

lthough macromolecules will be co-edited (GABA + macromolecules),

e refer to it as GABA for the sake of simplicity. In line with previ-

us MRS research in aging ( Chalavi et al., 2018 ; Cuypers et al., 2020 ;

ermans et al., 2018 ; Maes et al., 2018 ), water was used as a reference

ompound. 

MRS VOIs were identified on a subject-to-subject basis using anatom-

cal landmarks ( Fig. 2 ). SM1 VOIs were placed over the hand knob of

he motor cortex and in line with the cortical surface in the sagittal

lane ( Yousry et al., 1997 ). To correctly position the SMA VOI, a vir-

ual line was drawn perpendicular to the line connecting the anterior

nd posterior commissure. The VOI was positioned posterior to this line

nd along the cortical surface in the sagittal plane ( Kim et al., 2010 ).

y placing the VOI at the midline of the brain, both left and right SMA

ere covered at once. PMd VOIs were located anterior to the hand knob

ith the medial side of the VOI along the longitudinal fissure in the

xial plane ( Greenhouse et al., 2016 ). For DLPFC VOIs, the center of

he voxel was positioned in the axial slice above the superior margin of

he lateral ventricles. In this slice, the VOI was placed at one third of

he anterior-to-posterior distance of the brain, centered in between the

ateral and medial wall of each hemisphere ( O’Gorman et al., 2011 ).

otably, MRS requires the use of relatively large voxels to ensure an ac-

eptable signal-to-noise ratio (SNR) ( Mullins et al., 2014 ). As the VOIs

n this study were localized in close vicinity of each other, some overlap

as expected ( Fig. 2 B). This overlap was quantified for each participant

supplementary table S2). Importantly, the center of each VOI of inter-

st was region-specific, ensuring that VOI overlap was minimal and only

resent at the outside borders of a VOI. 

.4.2. MRS analysis 

MRS data were analyzed using the GABA analysis toolkit ‘Gannet’

version 3.1.4) ( Edden et al., 2014 ). In a first step, data were frequency-

nd phase-corrected by applying spectral registration ( Near et al., 2015 ).

N spectra were subtracted from the OFF spectra, and the result-

ng difference spectrum was fitted between 4.2 and 2.8 ppm using a

hree-Gaussian function. The water signal was fitted using a Gaussian-

orentzian model and was used as reference metabolite. Subsequently,

RS voxels were co-registered to their corresponding anatomical im-

ge and tissue fractions (gray matter, white matter and cerebrospinal

uid) were calculated by segmenting the voxel using Statistical Para-

etric Mapping (SPM) version 12 software. To ensure high resolution

f the to-be segmented anatomical data, the high-resolution anatomical

mage was co-registered to the short anatomical images that were used

o verify optimal voxel positioning. These tissue fractions were used to

orrect the obtained GABA levels, assuming that GABA is absent in the

erebrospinal fluid and has a concentration twice as high in gray as com-
4 
ared to white matter ( Harris et al., 2015 , Equation 5). Finally, as the

issue composition of the VOIs differed across age groups (see supple-

entary Table S3), GABA levels were normalized to the average voxel

omposition of each group ( Harris et al., 2015 , Equation 6). For com-

leteness, the equations mentioned above are reported in the supple-

entary material. Data quality was assessed by visual inspection of the

annet output for lipid contamination and poor water suppression as

ell as by quantitative inspection of the fit error (cutoff < 7.5%) and

NR of the GABA signal (cutoff mean + 3 ∗ SD) ( Mullins et al., 2014 ).

ABA levels within left SM1 were not acquired for one younger partic-

pant as only the first two experimental sessions were completed. Fur-

hermore, 14 out of the 412 acquired spectra were excluded from data

nalysis due to excessive lipid or insufficient data quality. An overview

f excluded datasets, data quality of the included MRS data is provided

n supplementary Table S1. 

.5. Statistical analyses 

Statistical analyses were carried out using the ‘lme4’, ‘car’, and ‘pa-

ameters’ packages in R ( Bates et al., 2015 ; Fox and Weisberg, 2019 ;

üdecke et al., 2020 ) Statistical tests used to examine age-related differ-

nces in bimanual motor performance, GABA levels and the association

etween both are discussed separately below. To account for multiple

omparisons, the Holm correction method was applied for all analyses

 Holm, 1979 ). 

.5.1. Task battery 

To assess age-related differences in performance on the PPT and the

TT, independent samples t tests were carried out. To examine finger

apping performance, a 2 (Task variant) x 2 (Age group) repeated mea-

ures ANOVA was performed. Greenhouse-Geisser correction was ap-

lied if the sphericity assumption was violated. 

.5.2. GABA levels 

To investigate differences in GABA levels between age groups, brain

egions and hemispheres and accounting for intra-individual variations,

inear mixed effects (LME) modeling was performed ( Pinheiro and

ates, 2000 ). We chose a two-step approach, to first investigate the

emispheric laterality of GABA level variations (inclusion of bilateral

omologous regions only) and second, to investigate GABA level varia-

ions across brain regions (inclusion of all regions). For the first model,

ge group (YA, OA), Brain region (SM1, PMd, DLPFC) and Hemisphere

Left, Right) were included as fixed factors. SMA data were not included

n the first model because only a single medial voxel was tested. For the

econd model, Age group (YA, OA) and Brain region (left SM1, right

M1, left PMd, right PMd, left DLPFC, right DLPFC, SMA) were mod-

lled as fixed effects. For both models, random intercepts were fitted on

articipant level using restricted maximum likelihood (REML) fit to esti-

ate variances of random effects. Model fit was evaluated based on the

istribution of the residuals. Pairwise comparisons for factor levels were

ased on standardized contrasts of the marginal means extracted di-

ectly from the LME model ( Lenth, 2020 ). Conditional R 

2 and marginal

 

2 are reported to indicate the total explanatory power of the model

nd the explanatory power of the fixed effects part alone, respectively

 Cohen, 1988 ). 

.5.3. GABA levels in relation to bimanual task performance 

To examine whether age and/or GABA levels within the different

OIs of interest predicted performance, linear regression analyses were

arried out. This was performed for the PPT, BTT and finger tapping

asks separately. With respect to finger tapping, an average score across

imultaneous and alternated finger tapping was used. To avoid mul-

icollinearity issues, GABA values were standardized and centered by

eans of a z-transformation ( Gelman, 2008 ). Wald statistics using OA

nd SMA as reference categories for Age group and Brain region, respec-

ively, are reported. Furthermore, main effects of Age, GABA and Brain
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Fig. 2. MRS spectra and VOI positioning 

A. MRS VOIs and their respective spectra. The fig- 

ure shows an example of placement of each VOI, co- 

registered to an MNI template, as well as a visual rep- 

resentation of the acquired spectra per VOI. For the 

SM1, PMd and DLPFC VOIs, spectra were acquired 

bilaterally by mirroring the position of the VOI to the 

other hemisphere. B . Three-dimensional visual repre- 

sentation of the positioning and overlap between the 

different VOIs of interest . 

Color coding: SM1 VOIs in blue, PMd VOIs in red, 

DLPFC VOIs in gold and the medial SMA VOI in green. 

(For interpretation of the references to color in this 

figure legend, the reader is referred to the web version 

of this article.) 
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egion and their interaction terms are reported using the chi-square test.

ignificant Age x GABA interaction terms were followed up with subse-

uent linear regression analyses within age group to identify the direc-

ion of the association between GABA levels and bimanual motor per-

ormance. 

. Results 

.1. Bimanual task battery 

Results of the bimanual tasks are summarized in Table 1 and Fig. 3 .

or all bimanual tasks, analyses demonstrated a significantly poorer per-

ormance for older adults as compared to their younger counterparts (for

ll tasks, p < 0.001). Furthermore, with respect to finger tapping perfor-

ance, results of the 2 (Task variant) x 2 (Age group) repeated measures

NOVA indicated a significant Task Variant x Age group interaction ef-
5 
ect ( F = 9.54, p = 0.003), indicating a more pronounced age-related

ecline in performance during alternated as compared to simultaneous

ndex finger tapping. 

.2. GABA levels 

Results of the LME analyses are visualized in Fig. 4 . The LME statis-

ical results and the pairwise comparisons based on estimated marginal

ean contrasts are summarized in Table 2 and supplementary table S4,

espectively. In Model 1, hemispherical differences in GABA levels were

xamined in the context of aging by a LME including Age group (YA,

A), Brain region (SM1, PMd, DLPFC) and Hemisphere (Left, Right) as

xed factors and Participant as a random intercept. Results indicated a

ignificant general effect of Brain region ( 𝜒2 = 305.61, p < 0.001), with

verall lower GABA levels in DLPFC and PMd as compared to SM1 as in-

icated by the parameter estimates (see supplementary table S4 – model
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Table 1 

Behavioral results. 

df t/F p 

Purdue Pegboard Test: independent samples t-test 

Age group 57 − 4.77 < 0.001 

Bimanual Tracking task: independent samples t-test 

Age group 57 6.48 < 0.001 

Finger Tapping tasks: 2 (Task variant) x 2 (Age group) repeated measures ANOVA 

Age group 1,57 43.31 < 0.001 

Task variant 1,57 68.04 < 0.001 

Age group x Task variant 1,57 9.54 0.003 

Significant p-values are indicated in bold. 

Fig. 3. Behavioral results . 

Older adults performed poorer on all tasks. With respect to finger tapping, results demonstrated a significant Age x Task variant interaction effect, indicating that age-related 

differences in performance were more pronounced in the alternated as compared to the simultaneous finger tapping task variant. Bar plots show mean values with the corresponding 

individual datapoints superimposed. ∗ ∗ ∗ p < 0.001 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 4. Tissue-corrected GABA levels for each VOI in young and older adults . 

GABA levels differed across brain regions. Furthermore, GABA levels were lower in 

older as compared to young adults and lower in the non-dominant as compared to 

the dominant hemisphere for the SM1 VOI only. Bar plots show mean values with 

the corresponding individual datapoints superimposed. ∗ p < 0.05; ∗ ∗ ∗ p < 0.001 . 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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: Effect of brain region). Furthermore, the Brain region x Age group

nteraction effect was statistically significant ( 𝜒2 = 6.29, p = 0.043).

airwise comparisons revealed that GABA levels were lower in older as

ompared to young adults in the SM1 VOI only ( t = − 2.67, p = 0.042)

for an overview, see supplementary table S4 – model 1: Effect of Age

roup per brain region). Finally, the Brain region x Hemisphere interac-
6 
ion effect was significant ( 𝜒2 = 29.54, p < 0.001). Moreover, pairwise

omparisons indicated that GABA levels were higher in the dominant

eft as compared to the non-dominant right hemisphere for SM1 only

 t = − 6.56, p < 0.001) (for an overview, see supplementary table S4 –

odel 1: Effect of Hemisphere per Brain region). As GABA levels in left

nd right SM1 were acquired in 2 separate sessions, a secondary analy-

is confirmed that this lateralization effect was not explained by inter-

ession differences in quality metrics including GABA SNR, full-width

alf-maximum (FWHM) of the modeled NAA signal nor frequency drift.

n Model 2, we investigated GABA level variation across all brain regions

sing a LME including Brain region (left SM1, right SM1, left PMd, right

Md, left DLPFC, right DLPFC, SMA) and Age group (YA, OA) as fixed

actors and Participant as a random intercept. Results indicated a main

ffect of Brain region ( 𝜒2 = 732.15, p < 0.001), thereby extending results

f the first model to SMA in which higher GABA levels were measured as

ompared to the other VOIs (see pairwise comparisons supplementary

able S4 – model 2: Effect of Brain region). Together, LME modeling re-

ults indicated GABA levels to differ across brain regions. Furthermore,

n the SM1 VOI only, GABA levels were lower in older as compared to

oung adults and lower in the non-dominant right as compared to the

ominant left hemisphere, whereas no age and/or lateralization effects

ere identified in the other VOIs. 

.3. Bimanual motor performance in association with GABA levels within 

he motor network and DLPFC 

A linear model was fitted for PPT, finger tapping and BTT perfor-

ance separately and results are summarized in Table 3 and Fig. 5 . For

ompleteness, graphs visualizing age-related differences in the associa-
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Table 2 

Linear mixed effect modeling results on GABA levels. 

Predictors Estimates std. Error CI Statistic p df Chi-square (df) p 

Model 1: Age group (YA, OA) x Hemisphere (L, R) x Brain region (SM1, PMd, DLPFC) 

Intercept 2.26 0.05 2.18 – 2.35 49.89 < 0.001 329 

Age group 2.27 (1) 0.13 

YA Reference 

OA − 0.07 0.06 − 0.19 – 0.06 − 1.05 0.29 329 

Brain region 305.61 (2) < 0.001 

DLPFC Reference 

SM1 0.62 0.06 0.51 – 0.73 10.87 < 0.001 329 

PMd 0.21 0.06 0.10 – 0.32 3.76 < 0.001 329 

Hemisphere 17.01 (1) < 0.001 

Left Reference 

Right − 0.08 0.06 − 0.19 – 0.03 − 1.48 0.14 329 

Age group x Brain region 6.29 (2) 0.04 

Age group OA: Brain region SM1 − 0.08 0.08 − 0.24 – 0.07 − 1.05 0.30 329 

Age group OA: Brain region PMd 0.12 0.08 − 0.03 – 0.27 1.58 0.11 329 

Age group x Hemisphere 0.12 (1) 0.07 

Age group OA: Hemisphere R 0.04 0.08 − 0.12 – 0.19 0.46 0.65 329 

Age group x Hemisphere x Brain region 2.12 (2) 0.35 

Age group OA: Hemisphere R: Brain region SM1 − 0.01 0.11 − 0.23 – 0.21 − 0.07 0.94 329 

Age group OA: Hemisphere R: Brain region PMd − 0.14 0.11 − 0.35 – 0.07 − 1.30 0.19 329 

Hemisphere x Brain region 29.54 (2) < 0.001 

Hemisphere R: Brain region SM1 − 0.19 0.08 − 0.35 – − 0.04 − 2.44 0.02 329 

Hemisphere R: Brain region PMd 0.17 0.08 0.02 – 0.32 2.19 0.03 329 

Random Effects 

𝜎2 0.04 

𝜏00 Participant 0.01 

ICC 0.26 

N Participant 59 

Observations 343 

Marginal R 2 / Conditional R 2 0.45 / 0.59 

AIC 29.13 

Model 2: Age group (YA, OA) x Brain region (R SM1, L SM1, R PMd, L PMd, R DLPFC, L DLPFC, SMA) 

Intercept 3.13 0.05 3.03 – 3.22 66.92 < 0.001 383 

Age group 3.11 (1) 0.08 

YA Reference 

OA − 0.13 0.07 − 0.25 – 0.00 − 1.96 0.05 383 

Brain region 732.15 (6) < 0.001 

SMA Reference 

L DLPFC − 0.86 0.06 − 0.98 – − 0.75 − 15.11 < 0.001 383 

L SM1 − 0.25 0.06 − 0.36 – − 0.13 − 4.23 < 0.001 383 

L PMd − 0.66 0.06 − 0.77 – − 0.55 − 11.60 < 0.001 383 

R DLPFC − 0.94 0.06 − 1.06 – − 0.83 − 16.70 < 0.001 383 

R SM1 − 0.52 0.06 − 0.63 – − 0.41 − 9.12 < 0.001 383 

R PMd − 0.57 0.06 − 0.68 – − 0.46 − 10.04 < 0.001 383 

Age group x Brain region 9.43 (6) 0.15 

Age Group OA: Brain region L DLPFC 0.06 0.08 − 0.10 – 0.22 0.76 0.45 383 

Age Group OA: Brain region L SM1 − 0.02 0.08 − 0.18 – 0.14 − 0.27 0.79 383 

Age Group OA: Brain region L PMd 0.18 0.08 0.03 – 0.34 2.31 0.02 383 

Age Group OA: Brain region R DLPFC 0.10 0.08 − 0.06 – 0.25 1.21 0.23 383 

Age Group OA: Brain region R SM1 0.01 0.08 − 0.15 – 0.16 0.07 0.94 383 

Age Group OA: Brain region R PMd 0.08 0.08 − 0.08 – 0.23 0.97 0.33 383 

Random Effects 

𝜎2 0.04 

𝜏00 Participant 0.02 

ICC 0.25 

N Participant 59 

Observations 399 

Marginal R 2 / Conditional R 2 0.59 / 0.69 

AIC 41.18 

Significant p-values are indicated in bold. L: left, R: right, YA: young adults, OA: older adults, SM1: primary sensorimotor cortex, PMd: dorsal premotor 

cortex, SMA: supplementary motor area, DLPFC: dorsolateral prefrontal cortex. 
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ion between GABA and task performance per VOI are included in the

upplementary material. 

.3.1. Purdue Pegboard test 

Results indicated a main effect of Age ( 𝜒2 = 141.91, p < 0.001) and

ABA ( 𝜒2 = 4.65, p = 0.03) as well as a significant Age x GABA interac-

ion effect ( 𝜒2 = 6.52, p = 0.01). These results suggest that overall GABA

evels across the motor network and DLPFC differentially predicted per-

ormance in young as compared to older adults. Post-hoc analyses within

ge groups revealed that higher GABA levels were indicative of better
7 
erformance within older adults ( 𝜒2 = 7.97, p = 0.005), whereas no

ignificant association between GABA and performance was observed

ithin young adults ( 𝜒2 = 0.08, p = 0.78) ( Fig. 5 ). 

.3.2. Finger tapping performance 

With respect to finger tapping performance (averaged across the si-

ultaneous and alternated finger tapping task variants), Age group was

dentified as the only significant predictor of performance ( 𝜒2 = 287.12,

 < 0.001) such that older age was related to poorer finger tapping per-

ormance. 
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Table 3 

Predictors Estimates std. Error CI Statistic p Chi-square (df) p 

Purdue Pegboard test 

(Intercept) 11.97 0.73 10.53 – 13.41 16.34 < 0.001 

Age Group 141.91 (1) < 0.001 

YA Reference 

OA − 2.49 0.92 − 4.30 – − 0.69 − 2.72 0.007 

GABA − 0.19 0.43 − 1.05 – 0.66 − 0.44 0.66 4.65 (1) 0.03 

Age Group x GABA 6.52 (1) 0.01 

Age Group OA:GABA 0.54 0.58 − 0.61 – 1.69 0.92 0.36 

Brain Region 3.23 (6) 0.78 

SMA Reference 

L DLPFC − 0.01 0.57 − 1.12 – 1.11 − 0.01 0.99 

L SM1 0.21 0.65 − 1.07 – 1.49 0.32 0.75 

L PMd 0.17 0.67 − 1.15 – 1.49 0.25 0.80 

R DLPFC 0.42 0.58 − 0.72 – 1.56 0.73 0.47 

R SM1 0.63 0.72 − 0.78 – 2.03 0.88 0.38 

R PMd − 0.26 0.68 − 1.59 – 1.07 − 0.39 0.70 

Age Group x Brain Region 4.08 (6) 0.67 

Age Group OA: Brain Region L DLPFC 0.73 0.81 − 0.87 – 2.32 0.90 0.37 

Age Group OA: Brain Region L SM1 0.28 0.87 − 1.43 – 1.98 0.32 0.75 

Age Group OA: Brain Region L PMd 0.25 0.88 − 1.47 – 1.98 0.29 0.77 

Age Group OA: Brain Region R DLPFC − 0.30 0.85 − 1.97 – 1.36 − 0.36 0.72 

Age Group OA: Brain Region R SM1 − 1.24 1.07 − 3.33 – 0.86 − 1.16 0.25 

Age Group OA: Brain Region R PMd 0.04 0.87 − 1.66 – 1.75 0.05 0.96 

Observations 399 

R 2 Nagelkerke 0.65 

AIC 1482.11 

Finger tapping (averaged across simultaneous and alternated finger tapping) 

(Intercept) 70.27 5.51 59.43 – 81.10 12.75 < 0.001 

Age Group 287.12 (1) < 0.001 

YA Reference 

OA − 20.69 6.90 − 34.26 – − 7.11 − 3.00 0.003 

GABA − 1.06 3.27 − 7.48 – 5.37 − 0.32 0.75 0.76 (1) 0.39 

Age Group x GABA 0.78 (1) 0.38 

Age Group OA: GABA 1.02 4.40 − 7.63 – 9.66 0.23 0.82 

Brain Region 8.97 (6) 0.18 

SMA Reference 

L DLPFC 0.88 4.25 − 7.47 – 9.23 0.21 0.84 

L SM1 − 4.41 4.89 − 14.02 – 5.20 − 0.90 0.37 

L PMd 5.71 5.04 − 4.21 – 15.63 1.13 0.26 

R DLPFC 6.12 4.36 − 2.45 – 14.68 1.40 0.16 

R SM1 − 7.93 5.38 − 18.51 – 2.65 − 1.48 0.14 

R PMd 2.94 5.09 − 7.07 – 12.94 0.58 0.56 

Age x Brain Region 5.47 (6) 0.49 

Age Group OA: Brain Region L DLPFC − 0.75 6.11 − 12.76 – 11.26 − 0.12 0.90 

Age Group OA: Brain Region L SM1 3.99 6.53 − 8.86 – 16.83 0.61 0.54 

Age Group OA: Brain Region L PMd − 2.99 6.60 − 15.96 – 9.98 − 0.45 0.65 

Age Group OA: Brain Region R DLPFC − 0.85 6.37 − 13.37 – 11.67 − 0.13 0.89 

Age Group OA: Brain Region R SM1 13.83 8.02 − 1.94 – 29.60 1.72 0.09 

Age Group OA: Brain Region R PMd − 2.17 6.51 − 14.97 – 10.64 − 0.33 0.74 

Observations 399 

R 2 Nagelkerke 1.00 

AIC 3092.44 

Bimanual Tracking Task 

(Intercept) − 0.48 0.11 − 0.69 – − 0.26 − 4.43 < 0.001 

Age 280.6 (1) < 0.001 

YA Reference 

OA − 0.54 0.13 − 0.81 – − 0.28 − 4.03 < 0.001 

GABA − 0.02 0.06 − 0.14 – 0.11 − 0.3. 0.77 2.09 (1) 0.15 

Age x GABA 9.03 (1) 0.003 

Age OA:GABA 0.13 0.09 − 0.04 – 0.29 1.48 0.14 

Brain Region 6.40 (6) 0.38 

SMA Reference 

L DLPFC − 0.04 0.08 − 0.21 – 0.12 − 0.52 0.60 

L SM1 − 0.05 0.10 − 0.24 – 0.14 − 0.54 0.59 

L PMd − 0.16 0.10 − 0.35 – 0.03 − 1.63 0.10 

R DLPFC − 0.10 0.09 − 0.26 – 0.07 − 1.12 0.26 

R SM1 0.03 0.11 − 0.18 – 0.23 0.26 0.79 

R PMd − 0.10 0.10 − 0.29 – 0.10 − 0.98 0.33 

Age x Brain Region 1.80 (6) 0.94 

Age Group OA: Brain Region L DLPFC − 0.05 0.12 − 0.28 – 0.19 − 0.38 0.71 

Age Group OA: Brain Region L SM1 − 0.04 0.13 − 0.29 – 0.21 − 0.30 0.76 

Age Group OA: Brain Region L PMd 0.08 0.13 − 0.17 – 0.33 0.63 0.53 

Age Group OA: Brain Region R DLPFC − 0.07 0.12 − 0.31 – 0.18 − 0.54 0.59 

Age Group OA: Brain Region R SM1 − 0.08 0.16 − 0.39 – 0.22 − 0.53 0.60 

Age Group OA: Brain Region R PMd − 0.01 0.13 − 0.26 – 0.24 − 0.08 0.94 

Observations 399 

R 2 Nagelkerke 0.47 

AIC − 51.81 

8 
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Fig. 5. Visualization of the association between tissue-corrected GABA levels and bimanual motor performance for young and older adults . 

The black line represents the association of GABA levels across the motor network and DLPFC with motor performance on the PPT, finger tapping and BTT. Color coding is 

used to visualize the individual contribution of each ROI. For the Purdue Pegboard test and BTT, a significant Age x GABA interaction effect was observed, indicating that the 

association between overall GABA levels and motor performance was age-dependent. Post-hoc analyses within age groups confirmed that for the Purdue Pegboard Test, higher 

GABA levels in older adults predicted better performance whereas no significant association between GABA levels and performance was found in young adults. For the BTT, 

however, post-hoc analyses demonstrated higher GABA levels in young adults to relate to poorer performance, whereas no significant GABA – performance association was 

observed in older adults. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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.3.3. Bimanual tracking task 

In line with results from the other tasks, Age group significantly con-

ributed to performance ( 𝜒2 = 280.55, p < 0.001). Furthermore, a sig-

ificant Age x GABA interaction effect was observed indicating that age

ffected the association between overall GABA levels and bimanual co-

rdination performance. Post-hoc analyses within age groups revealed

hat this interaction effect was driven by the younger adults. Specifi-

ally, higher GABA levels were indicative of poorer performance within

oung adults ( 𝜒2 = 9.48, p = 0.002), whereas no significant association
9 
etween overall GABA levels and BTT performance was observed within

he older age group ( 𝜒2 = 1.22, p = 0.27) ( Fig. 5 ). 

. Discussion 

We investigated GABA levels across key nodes of the motor network

nd DLPFC and their relation to bimanual motor performance in a group

f young and older adults. Results revealed that age-related declines in

ABA levels were region-specific, with older adults demonstrating lower
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ABA levels in the SM1 only. Furthermore, the link between GABA lev-

ls and bimanual motor performance was found to be task-specific and

ge-dependent, although results did not confirm the hypothesized re-

ional dependency of this association. Specifically, overall GABA levels

cross the motor network and bilateral DLPFC differentially predicted

erformance in young adults as compared to older adults on perfor-

ance of the visually-guided Purdue pegboard task and BTT but not the

peed-demanding finger tapping task. 

.1. Age-related decline in bimanual motor performance 

As expected, our results indicated lower performance levels in older

s compared to young adults across all bimanual tasks. This was con-

rmed by regression analyses in which age group explained a significant

ortion of performance measured on each bimanual task. Moreover, re-

ults of the finger tapping tasks revealed that the effect of age became

ore apparent as task complexity increased from simultaneous to al-

ernated index finger tapping. Together, these results are in line with

n abundancy of literature indicating a decline in bimanual motor per-

ormance with advancing age that interacts with task complexity (for a

eview, see Maes et al., 2017 ). 

.2. Age-related differences in GABA levels 

Our results demonstrated that GABA levels differed across the dif-

erent VOIs, with the highest GABA levels measured in SMA, fol-

owed by SM1, PMd and DLPFC. These results are in agreement with

 large body of evidence indicating regional specificity of GABA levels

cross multiple brain regions ( Chalavi et al., 2018 ; Gao et al., 2013 ;

reenhouse et al., 2016 ; Hermans et al., 2018 ; Maes et al., 2018 ;

orges et al., 2017 ). With respect to hemispherical differences, results

re in accordance with a recent study that also revealed a lateralization

ffect within SM1, i.e. higher GABA/water levels within the dominant

eft as compared to the non-dominant right SM1 in right-handers, in-

ependent of age ( Cuypers et al., 2020 ). Notably, considering the ef-

ect of age on GABA levels, our results indicated that, irrespective of

emisphere, GABA levels were lower in older as compared to young

dults for the SM1 VOI only. This finding is supported by other stud-

es which also demonstrated an age-related decline in tissue-corrected

ABA/water levels within SM1 ( Cassady et al., 2019 ; Chalavi et al.,

018 ; Cuypers et al., 2020 ). 

The absence of an effect of age on GABA levels within other VOIs,

owever, is rather unexpected as previous studies reported an over-

ll decrease in GABA levels across multiple VOIs ( Gao et al., 2013 ;

ermans et al., 2018 ; E.C. Porges et al., 2017 ). As VOIs reported in these

tudies differed from those investigated in the present study, we suggest

he effect of age to be non-uniformly distributed across the brain. With

espect to the frontal lobe, for example, previous work demonstrated

hat GABA levels within frontal brain regions decreased with advanc-

ng age using either Cr and NAA or water as a reference ( Gao et al.,

013 ; Porges et al., 2017 ). Importantly, whereas the present study inves-

igated left and right DLPFC, the aforementioned studies acquired data

n one medial frontal VOI. This may imply that age effects might even

e evident at subregional level. Further research using a whole-brain

pproach such as magnetic resonance spectroscopic imaging (MRSI) is

arranted to further clarify regional specificity of age-related differ-

nces in GABA levels. Moreover, the speed at which brain GABA levels

ecline with age might differ, with some brain regions demonstrating

 steeper decline in GABA levels as compared to others. In this respect,

t should be noted that our older cohort consisted of relatively young

nd healthy community dwelling older adults. Although the study by

ermans et al. (2018) demonstrated age-related differences in GABA

evels using a similar cohort of young and older adults, other studies

nvestigated a group of older adults at the higher end of older age

 Cassady et al., 2019 ; E.C. Porges et al., 2017 ) and/or used a lifes-
10 
an cross-sectional design rather than examining distinct age groups

 Gao et al., 2013 ; Porges et al., 2017 ). 

.3. GABA levels in association with bimanual motor performance 

With respect to the association between GABA levels and motor per-

ormance, the existing literature has been inconsistent so far. As pre-

ious studies were often limited to one specific brain region and/or

ask of interest, the present study aimed to provide a more compre-

ensive view by examining performance on several bimanual tasks in

elation to GABA levels in multiple brain regions. Each bimanual task

argeted divergent features of motor function: PPT, finger tapping and

TT targeted manual dexterity, motor speed capacity and visuo-motor

oordination ability, respectively. Considering this diversity in types of

imanual tasks, the role of GABA in distinct brain regions was hypoth-

sized to be task-dependent. Furthermore, based on previous work, age

as hypothesized to affect the association such that higher GABA lev-

ls would invariably benefit motor performance in older adults whereas

he direction of the association was hypothesized to be region- and task-

ependent in young adults. 

.3.1. The association between GABA levels and performance is 

ask-dependent 

In general, our results confirmed that the contribution of GABA levels

o task performance was dependent on the task of interest. Specifically,

verall GABA levels across the motor network and DLPFC were related

o task performance on the PPT and BTT but not the finger tapping

ask. Although all these tasks demand for proper bimanual coordination

bilities, some differences in the required control mechanisms and mo-

or output can be identified. Whereas the PPT and BTT required a fine

exterity pinch grip and a precise visually-guided dial rotation speed,

espectively, finger tapping included the execution of a rather basic mo-

or movement, albeit repeated at high speed. As such, our results seem

o suggest that overall GABA levels are especially related to the level of

anual precision required in bimanually coordinated movements. In-

eed, previous work that established an association between GABA and

otor performance also made use of tasks that require a paced and/or

elective motor output including response selection tasks ( Boy et al.,

010 ; Dharmadhikari et al., 2015 ), discrimination tasks ( Kurcyus et al.,

018 ; Puts et al., 2011 ) as well as sequence learning ( Stagg et al., 2011 )

nd coordination tasks ( Chalavi et al., 2018 ). Along the same lines, TMS

tudies have repeatedly linked GABAergic inhibition to regulate the ef-

ciency of motor output (for a review, see Levin et al., 2014 ). By inves-

igating different type of tasks, this study sheds light on the specificity

f the role of GABA in relation to motor performance, highlighting that

verall GABA levels within the motor network may be relevant for tai-

oring motor output to specific task requirements. Further research is

equired to validate this hypothesis. 

.3.2. The association between GABA levels and task performance is 

ge-dependent 

Importantly, for both the PPT and BTT, age affected the association

etween GABA levels and task performance such that GABA levels dif-

erentially predicted performance in young as compared to older adults.

ith respect to the BTT, a posteriori analyses within age groups demon-

trated that higher GABA levels were indicative of poorer bimanual co-

rdination performance in young but not older adults. In a previous

tudy by our group employing a similar task design, higher SM1 GABA

evels were also found to predict poorer initial performance, yet for the

otal group of participants ( Chalavi et al., 2018 ). With respect to the

PT, however, results revealed that higher GABA levels across the mo-

or network and DLPFC were indicative of better performance in older

ut not young adults. This is in line with previous work that consis-

ently related higher GABA levels to better task performance in an older

opulation ( Cassady et al., 2019 ; Hermans et al., 2018 ). Interestingly,

owever, no association was observed within the younger age group.
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ogether, these results suggest that age differentially affects the asso-

iation of GABA levels and task performance in different task contexts.

uture work is required to elucidate on the origin of these differences. 

To obtain a deeper understanding of these results, it is meaningful to

onsider the known association between regional GABA levels and neu-

al activity from multimodal imaging studies. In young adults, higher

esting-state GABA levels in several brain regions (including SM1) have

onsistently been related to smaller stimulus-induced fMRI BOLD re-

ponses (for a review, see Duncan et al., 2014 ). Indeed, it has been

uggested that baseline GABA levels may shape the responsiveness of a

rain region, with higher GABA levels relating to a lower responsiveness

 Boy et al., 2010 ; Kurcyus et al., 2018 ). Thereby, the tonic inhibitory

evel of a particular brain region, as quantified by baseline MRS-derived

ABA levels, might be an important predictor of task-induced activity

ithin that region, as measured using fMRI BOLD ( Duncan et al., 2014 ).

pplied to our own work, these results suggest that baseline GABA lev-

ls might possibly serve as a proxy of the responsiveness of the cortical

otor network during task performance. Stated differently, a working

ypothesis may be that higher baseline GABA levels are associated with

 lower degree of motor network responsiveness which in turn relates

o poorer bimanual coordination performance, at least in young adults.

ndeed, previous work by our group confirmed all brain regions of inter-

st in this study to be relevant to BTT performance ( Beets et al., 2015 ;

aes et al., 2020 ; Santos Monteiro et al., 2017 ), As such, this study

eflects on the importance of task features and their corresponding neu-

al correlates in identifying the association between GABA and motor

erformance. 

In older adults, however, it is proposed that GABA levels are re-

ated to the extent of aging-induced neural dedifferentiation. That is,

ower GABA levels have been related to poorer neural distinctive-

ess (less selective activity patterns) and lower network segregation

higher inter-network connectivity and thus less selective functional

onnectivity) ( Cassady et al., 2019 ; Lalwani et al., 2019 ). In turn,

oth distinctiveness and network segregation have been related to mo-

or performance ( Carp et al., 2011 ; Cassady et al., 2020 ; King et al.,

018 ). It is possible that baseline GABA levels influence behavior by

ontrolling the overall inhibitory tone of a particular brain region,

.e. a critical process to maintain specificity of neural representations

nd to modulate activity synchrony between various brain regions

 Duncan et al., 2014 ; Simmonite et al., 2019 ). Indeed, seminal work by

eventhal et al. (2003) , using single cell recording in monkeys revealed

hat differences in GABA levels are at the origin of less differentiated

eural representations at older age. Therefore, our results may provide

nother indirect indication for the broader notion of neural dediffer-

ntiation within the aging brain, as previously implied for brain activ-

ty and network functioning ( Bernard and Seidler, 2012 ; Cabeza, 2002 ;

euninckx et al., 2005 ; Li and Lindenberger, 1999 ). 

.3.3. The association between GABA levels and task performance is not 

egion-specific within the motor network 

Whereas the association between GABA levels and motor perfor-

ance was designated to a specific region of interest in previous studies

 Boy et al., 2010 ; Chalavi et al., 2018 ; Hermans et al., 2018 ), results of

he present study did not support our hypothesis of a region-dependent

ssociation between GABA levels and motor performance. Although vi-

ual inspection of the data seemed to indicate some differential associ-

tion of GABA levels in distinct brain regions with performance ( Fig. 5 ,

lso see supplementary material), no effect of Brain region nor an inter-

ction of Age with GABA levels within a specific VOI was observed. As

RS quantifies GABA levels within a relatively large region, the tech-

ique might lack sensitivity to detect more subtle differences between

rain regions that are part of the same network. Moreover, as we in-

luded a high number of VOIs, the present study might have lacked

ower to detect a regional effect. Furthermore, MRS-derived GABA lev-

ls are thought to reflect the level of tonic inhibition, whereas phasic
11 
nhibition at the level of the synapse might be more closely related to

otor performance. 

.4. Limitations 

The present study entails some limitations that need to be consid-

red. First, it is important to bear in mind that the reported GABA

ignal is contaminated by macromolecules. As numerous studies re-

orted higher macromolecules in older as opposed to young adults

 Aufhaus et al., 2013 ; Marja ń ska et al., 2018 ; Noworolski et al., 1999 ),

ur results might underestimate the effect of age on pure GABA levels.

long the same line, macromolecular suppression might strengthen the

ssociation between MRS-derived GABA levels and motor performance

 Mikkelsen et al., 2018b ). Second, considering the multidimensionality

f the present dataset (2 Age groups, 7 VOIs and 3 Task paradigms),

ower might be too low to reveal more subtle differences in GABA lev-

ls between age groups, their regional specificity and their association

ith bimanual performance. Nevertheless, we hope that our results add

o the understanding of regional differences in GABA levels and their im-

lications for motor performance in the context of aging and can serve

s a first steppingstone for future work. 

onclusion 

The present study demonstrated the effect of age on GABA to be

on-uniformly distributed across the frontal motor network. Further-

ore, the association of motor network GABA levels with motor perfor-

ance appeared to be task- and age-dependent but not region-specific.

ogether, these results advance our insights into the association between

ABA levels and motor performance in the context of aging. 
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