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Abstract 

Working memory (WM) refers to the capacity to temporarily retain and manipulate finite 

amounts of information; a critical process in complex behaviours such as reasoning, 

comprehension, and learning. This cognitive function is supported by a parietal-prefrontal 

network and linked to the activity of key neurotransmitters, such as gamma-aminobutyric 

acid (GABA). Impairments in WM are seen in a range of psychiatric and neurological 

disorders, and there are currently no effective treatments. In this study, we analysed 

secondary outcome measures from a trial investigating the effects of multi-day rTMS on 

cognition. Participants received four days of 20 Hz rTMS to an individualised region of left 

parietal cortex in one week, and an individualised region of pre-supplementary motor area 

(pre-SMA) in a separate week. We assessed changes to WM function before and after each 

week of stimulation (N = 39), and changes to GABA concentration before and after 

stimulation in week one using MR spectroscopy (N = 18 per stimulation condition). We 

hypothesised that parietal rTMS would enhance WM and alter GABA concentration at the 

site of stimulation, but this was not observed. Instead, we report some evidence of improved 

WM function following the first week of pre-SMA rTMS stimulation, and a generalised 

increase in GABA concentration across both parietal and pre-SMA voxels following pre-SMA 

rTMS. Additionally, we found that higher cardiorespiratory fitness was associated with 

greater WM improvement following pre-SMA stimulation. This study does not support the 

use of parietal multi-day rTMS for the enhancement of working memory. In contrast, the 

results suggest that increasing cardiorespiratory fitness may provide a novel approach to 

enhance the effects of pre-SMA rTMS on cognition. 

 

Keywords 
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Introduction 

Working memory (WM) refers to the ability to temporarily retain and manipulate finite 

amounts of information (Baddeley, 2010). The importance of this cognitive process is 

underscored by its role in complex behaviours such as reasoning, comprehension, and 

learning, and its association with overall intelligence (Baddeley, 1992). Furthermore, WM 

impairments are common across a wide range of psychiatric and neurological disorders, 

including schizophrenia (Silver, Feldman, Bilker, & Gur, 2003) and Alzheimer’s disease 

(Baddeley, Bressi, Della Sala, Logie, & Spinnler, 1991). Despite the near ubiquitous nature 

of WM deficits across brain disorders, there are currently no effective methods for improving 

WM. Current therapies (e.g. pharmacological and cognitive remediation strategies) are 

associated with small/moderate effect sizes (Lett, Voineskos, Kennedy, Levine, & 

Daskalakis, 2014), and are therefore of limited clinical value. Thus, there is a need to 

investigate novel approaches to alleviate WM deficits.  

 

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation 

method with the capacity to induce neuroplasticity in targeted cortical regions (Hallett, 2007) 

and alter working memory performance. For example, a single dose of rTMS to the 

dorsolateral prefrontal cortex (dlPFC) can induce transient  improvements in WM (Brunoni & 

Vanderhasselt, 2014; Hoy et al., 2016). However, past trials examining the effects of multi-

day dlPFC rTMS (i.e. repeating rTMS sessions over multiple days) on WM have shown 

mixed results. Some studies have showed WM improvement in healthy (Bagherzadeh, 

Khorrami, Zarrindast, Shariat, & Pantazis, 2016) and patient populations (Barr et al., 2011), 

whereas others failed to demonstrate changes in WM in either healthy or patient cohorts 

(Gaudeau-Bosma et al., 2013; Guse et al., 2013). Overall, meta-analysis has shown a 

significant effect of high-frequency dlPFC rTMS on WM, although the effect size is small 

potentially limiting clinical utility (Brunoni & Vanderhasselt, 2014). 
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Targeting other cortical regions within the WM network with rTMS may also prove beneficial. 

Several studies have shown transient improvements in WM following a single stimulation 

session targeting parietal cortex (Albouy, Weiss, Baillet, & Zatorre, 2017; Hamidi, Tononi, & 

Postle, 2008; Luber et al., 2007b; Yamanaka, Yamagata, Tomioka, Kawasaki, & Mimura, 

2010). Sustained improvement in associative memory function has also been reported 

following 5 sessions rTMS to a region of the inferior parietal cortex with strong functional 

connectivity to the hippocampus (Wang et al., 2014; Wang & Voss, 2015), although these 

findings have not always replicated (Hendrikse et al., 2020). In addition to dlPFC and 

parietal cortex, the n-back WM task also engages secondary motor regions (e.g. pre-

supplementary motor area (pre-SMA) and striatum) (Buchsbaum & D’Esposito, 2019; 

Rottschy et al., 2012), which may reflect motor preparation/initiation (Buchsbaum & 

D’Esposito, 2019), the encoding of covert motor ‘traces’ for maintenance of WM content 

(Marvel, Morgan, & Kronemer, 2019), or the prevention of interference during WM (Irlbacher, 

Kraft, Kehrer, & Brandt, 2014). Overall, the parietal cortex and pre-SMA may provide 

effective alternative targets to improve WM. However, the effects of multi-day rTMS on these 

regions is not yet known. 

 

We know that a single session of rTMS is capable of modulating GABA-mediated 

neurotransmission (Fitzgerald, Fountain, & Daskalakis, 2006), but the neurophysiological 

effects of multi-day rTMS are not well understood. Studies have used magnetic resonance 

spectroscopy (MRS), which provides an estimate of the total concentration of GABA (Stagg, 

Bachtiar, & Johansen-berg, 2011), to show that a single dose of high-frequency rTMS to 

primary motor cortex (Stagg et al., 2009) and inferior parietal cortex (Vidal-Piñeiro et al., 

2015) can increase GABA. However, it remains unclear whether multi-day rTMS can induce 

long-lasting changes in GABA concentration at the site of stimulation. Given that GABA 

concentration is associated with WM performance (Michels et al., 2012; Yoon, Grandelis, & 

Maddock, 2016), increasing GABA concentrations may be an important candidate 

mechanism for improving WM with rTMS. 
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Cardiorespiratory exercise is another factor known to influence neuroplasticity, and may 

provide an effective method for augmenting the effects of rTMS (Cirillo, Lavender, Ridding, & 

Semmler, 2009; Hendrikse, Kandola, Coxon, Rogasch, & Yücel, 2017; Andrews et al., 

2019). In particular, high-intensity exercise is known to influence the concentration of GABA 

in the brain (Coxon et al., 2018; Maddock, Casazza, Fernandez, & Maddock, 2016;), and 

upregulate a host of mechanisms which influence neuroplasticity (e.g. increased cerebral 

blood flow, BDNF and neurotrophin circulation; see Kandola, Hendrikse, Lucassen, & Yücel, 

2016; Voss, Vivar, Kramer, & van Praag, 2013). Furthermore, cardiorespiratory fitness level 

(Ishihara, Miyazaki, Tanaka, & Matsuda, 2020), and both acute (Pontifex, Hillman, Fernhall, 

Thompson, & Valentini, 2009) and sustained regular exercise (Guiney & Machado, 2013) 

have also been associated with enhanced WM function. However, it remains unknown 

whether cardiorespiratory fitness, and/or regular exercise, influence the effects of multi-day 

rTMS. 

 

In summary, multi-day rTMS studies targeting prefrontal cortex have had mixed results on 

WM, and it is unclear whether targeting other regions may improve WM. It is also unclear 

whether multi-day rTMS can result in long-lasting changes in neurotransmitter 

concentrations, such as GABA, or if behavioural and neurophysiological effects are 

modulated by cardiorespiratory fitness. In this study, we analysed secondary outcome 

measures from a trial investigating the effects of multi-day 20 Hz rTMS to parietal cortex and 

pre-SMA on cognitive function (Hendrikse et al., 2020). The aims of this study were 

threefold. The first aim was to assess whether multi-day 20 Hz rTMS can induce long-lasting 

improvements in WM. The second aim was to assess whether multi-day rTMS can alter local 

GABA concentrations at the site of stimulation. The third aim was to investigate whether 

cardiorespiratory fitness influenced the magnitude of rTMS-induced effects. We expected 

multi-day rTMS would improve WM performance, and that this would manifest following 

stimulation of both parietal cortex and pre-SMA. Further, we expected a significant change in 
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GABA concentration specific to the stimulation site following multi-day rTMS. We also 

expected that the effects of multi-day rTMS on both WM and GABA concentration would be 

greater in individuals engaging in high levels of exercise, with higher cardiorespiratory 

fitness levels (CRF; i.e. VO2max score).  

 

Methods 

Ethics approval  

This study was approved by the Monash University Human Research Ethics Committee and 

all subjects provided informed consent. The study conformed to the standards set by the 

Declaration of Helsinki. Participants were remunerated $100 for their participation.  

 

Participants  

Participants were 40 right-handed healthy adults (52.5% female), aged 25.48 ± 9.35 years 

(mean ± SD; range 18 – 55), who were medication-free, and reported no contraindications to 

magnetic resonance imaging or transcranial magnetic stimulation and no history of 

psychological or neurological disorders.  

 

To investigate the influence of exercise on the response to multi-day rTMS, we recruited and 

selected participants on the basis of self-reported weekly exercise levels. Participants were 

categorised into either a high physical activity group (high PA) or low physical activity group 

(low PA). The high PA group included individuals engaging in a minimum of 150 minutes of 

deliberate exercise each week (mean weekly exercise 428.5 minutes ± 215.6; mean ± SD, 

range = 150 – 900 minutes), consisting primarily of sports/physical activities known to 

increase CRF level (e.g. running, swimming, and cycling). The low PA group comprised 

individuals self-reporting less than 60 minutes of deliberate exercise each week (mean 

weekly PA 13.8 minutes ± 25.0, range = 0 – 60 minutes; Mann-Whitney test, p = 3x10-8). All 

participants were required to complete the long format of the International Physical Activity 

Questionnaire (IPAQ) (Craig et al., 2003) to verify self-reported PA prior to participation. 
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Experimental design  

A within-subject cross-over design was used to investigate the effect of multi-day rTMS on 

WM. Participants completed two rTMS conditions over the course of two separate weeks, 

targeting the left lateral parietal cortex in one week and pre-SMA in the other week. The 

order of these conditions was counterbalanced across subjects and each condition was 

separated by an interval of at least one week (mean = 1.78, range 1 - 5 weeks). To 

investigate whether multi-day rTMS induced changes to local GABA concentration, MR 

spectroscopy assessments were conducted during the first week. Thus, changes to local 

GABA concentration were analysed using a between-subjects design (see Figure 1).  

 

Participants were pseudo-randomised into parietal and pre-SMA stimulation conditions using 

an online algorithm (www.rando.la). The algorithm pseudo-randomised participants to 

minimise variance between conditions with regard to sex, age, level of education, preferred 

time of day for rTMS administration (i.e. afternoon or morning), and self-reported physical 

activity level (IPAQ). Furthermore, each participant’s PA categorisation (i.e. high PA vs low 

PA) was included in the pseudo-randomisation to achieve equal samples of high and low PA 

participants between week one stimulation conditions. Each condition included daily rTMS 

sessions for four consecutive days (i.e. Monday – Thursday), with assessments of WM at 

baseline and post rTMS. Baseline assessments were conducted ~1 hour prior to the first 

rTMS session (i.e. Monday) and post rTMS assessments were conducted on Friday, one 

day after the final rTMS session (parietal condition mean delay = 24.8 ± 2.73 hrs, (mean ± 

SD; range = 16.5 - 29); pre-SMA condition mean delay = 24.7 ± 2.74 hrs, (mean ± SD; range 

= 18.5 – 29.5; p = .71). 

 

MR-spectroscopy scans were conducted at baseline and post-rTMS to derive estimates of 

GABA concentration (first stimulation site only). Baseline scans were conducted on Fridays 

whenever possible i.e. three days prior to the first rTMS session (interval between baseline 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2021. ; https://doi.org/10.1101/2020.09.09.288910doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.09.288910
http://creativecommons.org/licenses/by-nd/4.0/


MRI and first rTMS session = 75.38 ± 11.03 hrs, [mean ± SD]; range = 66.5 - 148) and post-

rTMS scans one day after the final rTMS session (interval between post MRI and final rTMS 

session = 23.2 ± 3.21 hrs [mean ± SD]; range = 18 - 30). Notably, previous studies have 

demonstrated the reliability/stability of MRS-spectroscopy GABA estimates across different 

timepoints (i.e. at different times of day (Evans, McGonigle, & Edden, 2010), weeks 

(Greenhouse, Noah, Maddock, & Ivry, 2016; Henry, Lauriat, Shanahan, Renshaw, & Jensen, 

2011), and months (Near, Ho, Sandberg, Kumaragamage, & Blicher, 2014)) in both frontal 

(Evans et al., 2010; Greenhouse et al., 2016) and posterior brain regions (Evans et al., 

2010; Greenhouse et al., 2016; Near et al., 2014). At the end of the experimental protocol, 

participants completed a VO2max test to quantify their CRF level.  

Figure 1. Experimental overview. 
 
A) Multi-day rTMS protocol. Each participant completed two multi-day rTMS conditions (S1-S4) across two 
separate weeks. Stimulation was applied to left lateral parietal cortex in one week, and pre-SMA in the other 
week. The order of these conditions was counterbalanced and pseudo-randomised within and between physical 
activity groups (High PA, Low PA). A minimum one-week break separated the two conditions. Working memory 
performance (n-back) was assessed at baseline (~1 hour prior to S1) and post-rTMS (~24 hours following S4). 
MRI assessments of GABA+ concentration were completed in week one at baseline (~72 hours prior to S1) and 
post-rTMS (~24 hours after S4). B) rTMS target localisation. Cortical stimulation sites were determined for 
each subject on the basis of individual resting-state functional MRI connectivity maps. Parietal stimulation sites 
were derived from a cortico-hippocampal network (i) and pre-SMA stimulation sites were derived from a 
functionally and spatially distinct cortico-striatal pre-motor network (ii). 

A B 
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Working memory task – 2-back 

To assess changes to WM following multi-day rTMS, we used an n-back task (developed in 

PsychoPy2 v1.85; Peirce, 2007). Participants were presented with a sequence of letters in 

white font in the centre of the screen on a black background. Each letter was presented 

individually for 1 second, with a 0.5 second inter-trial interval. Subjects were required to 

press the down arrow on a keyboard as quickly as possible when the letter matched a letter 

presented two trials previous (2-back condition). The task consisted of 130 trials containing 

32 target stimuli. Alternative versions of the task with different letter sequences were used 

for baseline and post-rTMS assessments for each stimulation condition (and for a follow-up 

assessment ~1.5 weeks following the second condition). The order of each set was 

randomised across subjects using a Latin square. To familiarise subjects with the task and 

minimise practice effects, a shortened version consisting of 33 trials containing 8 target 

stimuli was completed prior to the week-one baseline assessment.  

 

Magnetic resonance imaging (MRI) 

MRI data were collected from a Siemens 3T Skyra scanner with 32-channel head coil. For 

both baseline and post rTMS scans, GABA-edited Mescher-Garwood Point Resolved 

Spectroscopy (MEGA-PRESS) data were acquired from 2.5 x 2 x 2cm voxels localised to a 

cortical area within left parietal cortex and pre-SMA (i.e. cortical regions encompassing 

rTMS targets). Voxel locations were selected on the basis of anatomical landmarks, as 

determination of rTMS stimulation targets required offline processing of individual resting-

state fMRI data (see figure 2). The left parietal voxel was positioned in line with the lateral 

sulcus in the sagittal projection. The most posterior aspect of the pre-SMA voxel was 

positioned perpendicular to the anterior commissure, with equal coverage over left and right 

hemispheres (see figure 2, panel 1). 96 ON-OFF averages were acquired from each voxel 

position separately with TE = 68 ms, TR = 1.5 s, and an edit pulse bandwidth = 45 Hz. 
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Editing pulses were applied at 1.9 ppm and 7.5 ppm. Following each acquisition, 8 ON-OFF 

averages with unsuppressed water were also obtained using the same parameters.  

 

T1-weighted structural images (Magnetization Prepared Rapid Gradient Echo, TR = 2.3 s, 

TE = 2.07 ms, voxel size 1mm3, flip angle 9°, 192 slices) and resting-state Echo Planar 

Images (TR = 2.46 s, TE = 30 ms, voxel size 3mm3, flip angle 90°, 44 slices) with whole 

brain coverage, were also acquired at both timepoints. T1-weighted images were acquired to 

assist with voxel localisation, while resting-state fMRI images were obtained to determine 

individualised stimulation targets on the basis of functional connectivity. During resting-state 

scans, subjects were instructed to keep their eyes open and focus on a black fixation cross 

presented on a white background, whilst trying not to think of anything in particular. 

 

Identification of rTMS stimulation locations using resting-state fMRI  

Cortical stimulation sites were determined for each participant on the basis of individual 

resting-state functional MRI connectivity, calculated from baseline MRI data, as reported 

previously (Hendrikse et al. 2020). Parietal stimulation targets were derived from a cortico-

hippocampal network (Wang et al., 2014) and pre-SMA stimulation sites were derived from a 

distinct cortico-striatal pre-motor network (Di Martino et al., 2008).  

 

Parietal targets were defined as the cluster of voxels displaying peak local connectivity 

within a 15mm radius of MNI coordinate x = -47, y = -68, z = 36 (Wang et al., 2014). Across 

subjects the average (±SD) MNI coordinate for parietal stimulation was x = -46.4 (2.9), y = -

69.8 (3.7), z = 36.3 (3.8). Pre-SMA targets were localised to an area on the cortical surface 

within left hemisphere, anterior to the anterior commissure (i.e. a positive y MNI coordinate), 

displaying peak connectivity to the putamen seed. Pre-SMA stimulation was biased towards 

left hemisphere to ensure consistency between the two stimulation conditions (i.e. ipsilateral 

relationship between sub-cortical seed and stimulation site). Across participants the average 

(±SD) MNI coordinate for pre-SMA stimulation was x = -4.6 (2.7), y = 2.9 (2.4), z = 69.7 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2021. ; https://doi.org/10.1101/2020.09.09.288910doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.09.288910
http://creativecommons.org/licenses/by-nd/4.0/


(4.1), conferring with past studies that have localised pre-SMA to 1-4cm anterior to the scalp 

vertex (Hamada, Ugawa, & Tsuji, 2009; Matsunaga et al., 2005) (see figure 2, panel 2).  

 

Repetitive transcranial magnetic stimulation 

Each participant’s resting-motor threshold was determined at the beginning of each session 

using electromyography recorded from the right first dorsal interosseous (FDI) muscle. 

Biphasic pulses were applied to the left primary motor cortex (M1) using a MagVenture 

MagPro X100 stimulator and B-65 figure-8 cooled coil (75mm outer diameter). The motor 

‘hotspot’ was determined as the area of scalp that produced the largest and most consistent 

motor-evoked potential in the targeted FDI muscle, and resting motor threshold was defined 

as the minimum stimulation intensity necessary to evoke a potential with a peak-to-peak 

amplitude of ≥ 50 µV in the resting FDI in at least 5 out of 10 consecutive trials. 

 

For both parietal and pre-SMA conditions, rTMS was administered at 100% of resting-motor 

threshold at 20 Hz (2s on, 28s off) for 20 minutes (1600 pulses total) daily for four 

consecutive days. These parameters were informed by a previous study reporting 

improvements in memory function and network connectivity following multi-day rTMS (Wang 

et al., 2014), and conform to internationally established safety guidelines (Rossi, Hallett, 

Rossini, & Pascual-Leone, 2009). EMG recordings from the FDI muscle were continuously 

monitored throughout rTMS for evidence of altered motor activity (i.e. kindling). A 

stereotactic neuronavigation system was used throughout each session to ensure accurate 

target localisation relative to each subject’s neuroanatomy (Brainsight, except subjects 1-9 

for whom a Zebris system was used). Stimulation targets were loaded onto each 

participant’s normalised T1-weighted image and aligned to the middle of the gyral crown to 

maximise the field size induced in cortical grey matter by the TMS pulse (Thielscher, Opitz, 

& Windhoff, 2011). For the parietal condition, stimulation was delivered to the target site with 

the coil handle perpendicular to the long axis of the gyrus to induce posterior/anterior current 
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flow. For the pre-SMA condition, the coil was held with the coil handle pointing left, i.e. 

perpendicular to the midsagittal plane.  

 

Cardiorespiratory fitness assessment (VO2max)  

To determine each participant’s CRF level, maximal oxygen consumption (VO2max) was 

assessed by a graded maximal exercise test conducted on a motorised treadmill. VO2max 

was conducted to provide an objective measure of individual fitness to correlate with WM 

and GABA outcomes. In regard to the graded exercise protocol, the starting pace was set at 

6km/h with a 1% gradient, and workload was increased every three minutes (speed increase 

of 2 km/h until 16 km/h, followed by incremental gradient increase of 2.5%) until volitional 

exhaustion was reached. Heart rate and expired volume and concentration of oxygen and 

carbon dioxide were continuously recorded throughout the test duration (Powerlab, ADI 

Instruments, Dunedin, NZ). For determination of VO2max on the basis of VO2peak, at least 

two of the following indicators needed to be observed: (1) a plateau in VO2ml/kg/min values 

irrespective of increased workload, (2) maximal respiratory exchange ratio of ≥ 1.1, (3) a 

heart rate within 10 beats of age-predicted heart rate max (Tanaka, Monahan, & Seals, 

2001), or (4) a self-reported rating of perceived exertion (BORG scale; Borg, 1982) rating of 

perceived exertion > 17 out of 20. Three subjects from the low PA group did not meet these 

criteria and recorded a submaximal test outcome. For these participants, individual 

regression equations were used (Mean R2 = .77) to derive an estimated VO2max value on 

the basis of age-predicted max heart rate (Tanaka et al., 2001).  

 

Data analysis  

Cardiorespiratory fitness 

Two subjects from the high PA group were lost to follow-up and did not complete the graded 

exercise test. Thus, analyses were conducted with N = 38 (high PA, n = 18; low PA, n = 20). 

To assess differences in fitness level between low PA and high PA groups, independent-

samples t-tests were conducted on i) VO2max scores and ii) total test duration (mins). We 
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also assessed the association between VO2max and current self-reported weekly exercise 

using a Pearson’s correlation. 

 

Working memory task - 2-back  

Performance on the task was scored by reaction time to correct responses (hits), and d’ 

values (z-transformed percentage of hits relative to z-transformed percentage of false 

alarms, d’ = Zhits – Zfalse alarm). For one subject, scheduling conflicts meant that it was not 

feasible to conduct post-rTMS assessments 24 hours following the final rTMS session. Data 

from another subject was removed following misinterpretation of task instructions and an 

erroneous response pattern (i.e. responding to each trial, resulting in inflated false alarm 

rates). Thus, data analyses of WM change were conducted on N = 38.  

 

We compared reaction time (correct trials) and d’ values across stimulation conditions in the 

cross-over design in a 2 x 2 x 2 repeated-measures ANOVA, with within-subject factors of 

stimulation condition (parietal, pre-SMA), time (baseline, post-rTMS), and a between-subject 

factor of physical activity (high PA, low PA). 

 

To account for the possibility of carry-over effects between parietal and pre-SMA stimulation 

conditions, we also assessed changes to WM following the first stimulation condition. 

Specifically, baseline versus post-rTMS assessments were compared between stimulation 

and physical activity groups in a 2 x 2 x 2 repeated measures ANOVA, with the within-

subject factor of time (baseline, post-rTMS) and between-subject factors of stimulation 

condition (parietal, pre-SMA) and physical activity (high PA, low PA). Further, to assess 

whether stimulation induced lasting effects, independent-measures ANOVAs were 

conducted on follow-up assessments of reaction time and d’ (~1.5 weeks following final 

rTMS session), with between-subject factors of stimulation condition (parietal, pre-SMA) and 

physical activity (high PA, low PA).  
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GABA quantification 

Gannet (version 3) (Edden et al., 2014) was used to analyse MEGA-PRESS spectra. 

Estimates of GABA concentration (3.0 ppm) were calculated for each voxel location (left 

parietal cortex and pre-SMA), relative to the unsuppressed water signal. The Gannet 

package includes two modules, GannetLoad and GannetFit, which conduct pre-processing 

and quantification of GABA spectra respectively. GannetLoad module was employed for 

phased-array channel combination of raw Siemens ‘twix’ files, exponential line broadening (3 

Hz), Fourier transformation to yield time-resolved frequency-domain spectra, frequency and 

phase correction, outlier rejection, and time averaging of the edited difference spectrum. 

GannetFit module was employed to estimate the area of the edited GABA peak at 3 ppm 

using a single Gaussian peak model, and a nonlinear least-squares fitting approach. To 

acknowledge a possible macromolecule contribution to the edited spectra, GABA+ is 

referred to in place of GABA for all relevant analyses (Edden, Puts, Harris, Barker, & Evans, 

2014). As an internal reference, GABA+ concentrations are expressed in institutional units, 

relative to the unsuppressed water signal, which was estimated with a Gaussian-Lorentzian 

model.  

 

Partial volume segmentation of the T1-weighted anatomical image within each voxel was 

conducted using FSL’s FAST(Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012), 

and FSLmaths was used to calculate the percentage of voxel overlap between baseline and 

post-rTMS assessments for parietal and pre-SMA voxels. GABA+:H2O ratios were partial 

volume corrected by removing cerebrospinal fluid fractions from GABA+ estimates 

(GABA+:H2O / (1 - CSF%)). The full width at half maximum of GABA signals (FWHM) and 

GABA signal fit error (relative to the unsuppressed water peak, EGABA) were used to assess 

the quality of GABA+ estimates. Spectra with an EGABA value of > 20% or exceeding a z-

score of 3.29 were labelled as outliers and removed from the analysis. To assess stability of 

GABA+ estimates across time and between stimulation conditions, 2 x 2 x 2 x 2 repeated 

measures ANOVAs were conducted on data quality metrics (FWHM, EGABA), with between-
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subject factors of Stimulation Condition (parietal, pre-SMA), Physical Activity (high PA, low 

PA), and within-subject factor of Time (baseline, post-rTMS) and Voxel Location (parietal, 

pre-SMA). We also assessed the stability of the water reference signal. Water FWHM values 

were examined across Stimulation Conditions, Time, and Voxel Sites in the same 2 x 2 x 2 x 

2 repeated-measures ANOVA model. 

 

To investigate the effects of multi-day rTMS on GABA+ estimates, a 2 x 2 x 2 x 2 repeated 

measures ANOVA was conducted with within-subject factors of Time (baseline, post-rTMS) 

and Voxel Location (parietal, pre-SMA), and between-subject factors of Stimulation 

Condition (parietal, pre-SMA) and Physical Activity (high PA, low PA). To account for 

differences in baseline GABA+ concentration between individuals in the different stimulation 

conditions, we applied a separate analysis where difference scores were calculated by 

subtracting baseline GABA+ estimates from post-rTMS estimates (i.e post-rTMS – baseline). 

Differences scores were entered into a 2 x 2 x 2 repeated-measures ANOVA, within-subject 

factor of Voxel Site (parietal, pre-SMA) and between-subject factors of Stimulation Condition 

(parietal, pre-SMA) and Physical Activity (high PA, low PA).  

 

Association between working memory, GABA+ and cardiorespiratory fitness  

We assessed if changes (post-rTMS – baseline) to WM and GABA+ concentration following 

multi-day rTMS were related to individual CRF level (VO2max) using Pearson’s correlations. 

GABA+ estimates were taken from the voxel site corresponding to the stimulation target (i.e. 

parietal voxel for subjects who received parietal stimulation, and pre-SMA voxel for subjects 

who received pre-SMA stimulation). Further, Pearson’s correlations were also conducted to 

determine whether changes to GABA+ were associated with improved WM.  

 

Statistical analysis of these data was conducted using JASP (v 0.10.2). An alpha level of .05 

was adopted for all inferential statistics conducted under the null hypothesis significance 

testing framework. To quantify the relative evidence for the alternative vs. the null 
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hypothesis, equivalent Bayesian statistics were also conducted (prior set in support of the 

alternative over null hypothesis, i.e. BF10). For Bayesian tests, BF10 > 3 was considered 

strong evidence against the null, and BF10 < 0.33 strong evidence for the null. For Bayesian 

t-tests, the Cauchy parameter was set to a conservative default value of 0.707 (Ly, 

Verhagen, & Wagenmakers, 2016; Rouder, Speckman, Sun, Morey, & Iverson, 2009).  

 

Results 

Data were collected from a sample of 40 participants (19 males, 21 females) with an 

average age of 25.48 (SD ± 9.35) years. Both rTMS conditions were well tolerated by 

subjects; two subjects reported transient mild headaches following stimulation (one following 

parietal rTMS, and one following pre-SMA rTMS), but no other adverse events were 

reported.  
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Figure 2. Overlay of MRS voxel positions and individualised stimulation targets. 

A and B) Correspondence between MRS voxel and individualised stimulation targets. 
During week one, GABA-edited MEGA-PRESS data were acquired at baseline and post 
rTMS from 2.5 x 2 x 2cm voxels localised to left parietal cortex and pre-SMA. The overlap in 
MRS voxel positions is shown (parietal voxel displayed in blue/light blue, pre-SMA displayed 
in orange/yellow), with greater proportion of overlap represented by lighter colouration. 
Stimulation targets for week one are superimposed on the corresponding MRS voxel.  
C and D) Overlay of individual stimulation targets for the cross-over design. Parietal 
stimulation targets were selected within a 15mm radius of MNI coordinate x = -47, y = -68, z 
= 36. Voxels in blue to green represent the average spatial overlap of the parietal target, with 
greater proportion of overlap represented in green. Pre-SMA targets were localised to an 
area on the cortical surface within left hemisphere, anterior to the anterior commissure (i.e. a 
positive y MNI coordinate). Voxels in red to yellow represent the average spatial overlap of 
the pre-SMA target, with greater proportion of overlap represented by yellow colouration. 
 

 

Due to scheduling conflicts, 2/40 subjects did not complete the MRI protocol. Therefore, MRI 

analyses were conducted with N = 38, with comparisons between individuals who received 

parietal stimulation (n = 19) versus pre-SMA stimulation (n = 19). There were no significant 

differences between groups in regard to age or sex (see table 1 in supplementary materials). 

 

TMS intensities (% of maximum stimulator output) for the complete cross-over sample, week 

one stimulation conditions, and PA groups are reported in table 1. There was no significant 
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difference in TMS intensity between week one parietal and pre-SMA stimulation groups (t1,36 

= -0.26, p = .80, Cohen’s d = 0.08), nor between high PA and low PA groups (t1,36 = -0.85, p 

= .40, Cohen’s d = 0.28). 

 

Table 1: average TMS intensities  
 
Percentage of maximum stimulator output (MSO) (MagVenture X100, Biphasic) at which 
rTMS was administered (shown for within-subject comparisons, week one stimulation 
conditions, and PA groups). Parentheses indicate standard deviation.  
 

 
TMS intensity (% 

MSO) 

Within-subjects 
cross-over  
(N = 38) 

47.24% (8.16) 

Parietal stimulation 
Week 1 
(N = 19) 

46.89% (8.26) 

Pre-SMA stimulation 
Week 1 
(N = 19) 

47.58% (8.26) 

High PA 
(N = 19) 46.11% (6.24) 

Low PA 
(N = 19) 48.37% (9.75) 

 

Differences in cardiorespiratory fitness level between physical activity conditions  

We verified that CRF differed between high PA and low PA groups with independent t-tests. 

VO2max and graded exercise test duration were greater in the high PA group relative to the 

low PA group (see table 2). Further, there was a significant positive association between 

self-reported current weekly exercise and VO2max, with increasing weekly exercise minutes 

associated with greater CRF (r = .61, p = 4.29 x 10-5) (figure S1). 
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Table 2: Comparison of cardiorespiratory fitness between High and Low PA groups 

 

Working memory – n-back 

We assessed correct trial reaction times and d’ across stimulation conditions in the cross-

over design (i.e. within-subjects, parietal versus pre-SMA stimulation) with 2 x 2 x 2 

repeated-measures ANOVAs. There were no main effects or interactions for either reaction 

time or d’ scores (see table 3, figure 3). To account for the possibility of carry-over effects 

between stimulation conditions, we also assessed working memory following the first 

stimulation condition only (i.e. between-subject factors of stimulation site, and physical 

activity group). There were significant interactions between Stimulation Condition and Time 

for both reaction time and d’ (p < .05, BF10 > 1.60), with post-hoc tests indicating that this 

was driven by an increase following pre-SMA stimulation (see supplementary materials). 

However, these effects were not seen at follow-up ~15 days following the final stimulation 

session (figure S3).  

 

 

Outcome 
Measure 

Mean (SD)  
High PA 

Mean (SD)  
Low PA Statistic df p Effect size  BF10 

VO2max 
(ml/kg/min) 52.11(9.11) 38.26 (9.06) 4.70a 1,36 3.80 x 10-5 1.53d 496.05 

Test 
Duration 
(mins)  

15.14 (2.90) 9.55 (2.82) 6.02a 1,36 6.53 x 10-7 1.96d 18218.50 

a t statistic (Independent-samples t-test); b Cohen’s d; Time VO2 = total graded exercise test duration (mins); bolded 
values indicate p < .05 
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Table 3: Working memory performance (reaction time, d’) in cross-over design  

 
 

Cases F ratio df p 𝜂!" 

Reaction time     

Time 0.05 1,36 .82 .00 

Stim. Cond. 0.01 1,36 .92 .00 

PA  0.33 1,36 .57 .01 

Time x Stim. Cond. 0.82 1,36 .37 .02 

Time x Stim. Cond. x PA 1.20 1,36 .28 .03 

d’     

Time 2.69 1,36 .11 .07 

Stim. Cond. 0.06 1,36 .81 .00 

PA 0.49 1,36 .49 .01 

Time x Stim. Cond. 0.82 1,36 .37 .02 

Time x Stim. Cond. x PA 0.46 1,36 .50 .01 

Stim. Cond. = Stimulation Condition; PA = Physical Activity 
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Figure 3. Effects of multi-day rTMS and physical activity on working memory. No 
evidence of improved working memory function following multi-day rTMS when comparing 
across stimulation conditions in the cross-over design. The left panel (A,B) shows 
performance on the n-back task following parietal rTMS (A, reaction time; B, d’ scores). The 
right panel (C,D) shows performance on the n-back task following pre-SMA rTMS (C, 
reaction time; D, d’ scores). Circles represent individual scores with high PA individuals 
depicted in black and low PA individuals in grey; squares and error bars depict group mean 
and standard error.  
 

In summary, our findings suggest that multi-day rTMS to the parietal cortex did not improve 

WM performance. However, there was some evidence of improved WM following multi-day 

rTMS to pre-SMA, although improvements were only observed following the first week of 

stimulation, and not in the full cross-over design.   

 

Effects of stimulation and physical activity on GABA+ concentration 

We first assessed MRS data quality. Voxel locations were consistent across time points, and 

stimulation and physical activity groups (p > .10 for all main effects/interaction terms). There 

were also no significant differences in tissue fractions (grey matter, white matter, and CSF) 

across time points and stimulation conditions (p > .42 for all main effects/interaction terms; 

see supplementary materials for all data quality analyses). Regarding GABA+ 

concentrations, three outlier values were identified (values outside the physiologically 

plausible range, z-scores > +3.29) for the pre-SMA voxel (1 from the baseline timepoint, 2 

from post-rTMS time point); these values were removed from all analyses. To assess the 

effects of multi-day rTMS and physical activity on GABA+ concentration, a 2 x 2 x 2 x 2 

repeated-measures ANOVA was conducted (see table 3).  
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Table 3: The effects of multi-day rTMS on GABA+ concentration  

 

Post-hoc tests revealed higher GABA+ concentrations in the pre-SMA voxel relative to the 

parietal voxel (Cohen’s d = 0.36; p = .041 [Tukey corrected post hoc test], BF10 = 1.73), and 

a trend towards a generalised increase in GABA+ across voxels following pre-SMA 

stimulation (Cohen’s d = 0.45; p = .054 [Tukey corrected post hoc test], BF10 = 1.76). No 

other significant differences were observed between levels for other interaction effects 

(Tukey’s tests, all p > .09) (see figure 5). 

 

 

Cases F ratio df p 𝜂!" BF10 

Time 2.07 1,31 .16 .06 - 

Stim. Cond. 0.74 1,31 .40 .02 - 

PA 0.19 1,31 .66 .01 - 

Voxel Site 4.55 1,31 .041 .13 1.73 

Time x Stim. Cond. 5.26 1,31 .029 .15 1.76 

Time x Stim. Cond. x 
Voxel Site 0.96 1,31 .34 .03 - 

Time x Stim. Cond. x PA 4.33 1,31 .046 .12 1.27 

Time x Stim. Cond. x 
Voxel Site x PA 4.65 1,31 .039 .13 2.21 

Stim. Cond. = Stimulation Condition; PA = Physical Activity; bolded values indicate p < .05 
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Figure 5. Effects of multi-day rTMS and physical activity on GABA+ concentrations.  
No evidence of site-specific effects of multi-day rTMS on GABA+ concentration. However, a 
trend towards a generalised increase in GABA+ following multi-day pre-SMA rTMS. The left 
panel (A,B) shows GABA+ estimates following parietal rTMS (A, parietal voxel; B, pre-SMA 
voxel). The right panel (C,D) shows GABA+ estimates following pre-SMA rTMS (C, parietal 
voxel; D, pre-SMA voxel). Circles represent individual scores with high PA individuals 
depicted in black and low PA individuals in grey; squares and error bars depict group mean 
and standard error.  
 

To account for variability in baseline estimates between stimulation conditions, we also 

conducted a 2 x 2 x 2 repeated-measures ANOVA on each subject’s change in GABA+ 

concentration at each voxel location (post-rTMS GABA – baseline GABA). We observed a 

significant difference in Δ pre-SMA GABA+ concentration between stimulation conditions, 

with evidence of an increase in pre-SMA GABA+ concentration following pre-SMA 

stimulation in low PA individuals (p = .011, Cohen’s d = 0.62, BF10 = 4.01) (figure S4).  

 

Overall, our findings suggest that multi-day rTMS did not exert site-specific effects on 

GABA+ concentration. In contrast, we found trend-level evidence of a generalised increase 

in GABA+ concentration across both voxel locations following multi-day rTMS to pre-SMA. 

Additionally, our results suggest that high levels of exercise did not enhance the effects of 

multi-day rTMS on GABA+ concentrations.  

 

Associations between working memory, GABA+, and cardiorespiratory fitness 

We first examined associations across individuals who had received multi-day parietal 

stimulation (Figure 6). In contrast to our hypothesis, VO2max was not associated with 

change in working memory following parietal stimulation (VO2max vs reaction time, r = -.03, 

p = .88, n =36; VO2max vs d’ values, r = .04, p = .36, n = 36), and VO2max was not 

associated with change in GABA+ concentration at the stimulation site (i.e. within parietal 

voxel) (r = .24, p = .35, n = 17). However, we did observe weak evidence for a negative 

correlation between changes in reaction time and GABA+ within the parietal voxel following 

stimulation (r = -.49, p = .045, n = 17, BF10 = 1.93), though this effect is non-significant when 
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correcting for multiple comparisons (i.e. Bonferroni-adjusted α-level = .01). Thus, there is 

some weak evidence that greater increases in GABA+ following parietal stimulation were 

associated with faster response times on the working memory task. 
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Figure 6. Associations between cardiorespiratory fitness level (VO2max) and change 
in working memory and GABA+ concentration following multi-day parietal rTMS. D) 
Improved reaction time on the n-back task was associated with greater decrease in parietal 
GABA following parietal stimulation. Solid line shows regression line of best fit, dotted lines 
depict 95% confidence interval. * p < .05. 
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We next examined associations within individuals who had received multi-day pre-SMA 

stimulation (Figure 7). There was an association between VO2max and change in WM 

following pre-SMA stimulation (VO2max vs reaction time, r = -.44, p = .008, n =36, BF10 = 

6.35, Figure 7A; VO2max vs d’ values, r = .36, p = .032, n = 36, BF10 = 1.88, Figure 7B). The 

association between VO2max and reaction time remained significant when correcting for 

multiple comparisons, though the association between VO2max and d’ values did not 

(Bonferroni-adjusted α-level = .02). VO2max was not associated with change in GABA+ 

concentration at the stimulation site (i.e. within pre-SMA voxel) (r = -.25, p = .31, n = 18).  

 

Figure 7. Associations between cardiorespiratory fitness level (VO2max) and change 
in working memory and GABA+ concentration following multi-day pre-SMA rTMS. 
Evidence of associations between individual fitness level and change in working memory 
(A,B) but not GABA+ concentration (C) following pre-SMA rTMS. The solid line shows 
regression line of best fit, dotted lines depict 95% confidence interval. * p < .05; ** p < .01. 
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In summary, our findings provide some evidence that increases in parietal GABA+ following 

multi-day rTMS may be associated with improved working memory performance. Our results 

also provide some indication that higher CRF is associated with greater improvement in both 

reaction time and d’ values following pre-SMA stimulation.  

 

Discussion  

In this study, we hypothesised that multi-day rTMS would improve working memory 

performance and increase GABA concentration. We did not observe evidence of enhanced 

WM following multi-day parietal stimulation. There was some evidence of improved WM 

function following pre-SMA stimulation, though these effects were only present for the first 

week of stimulation, and not in the full cross-over design. Further, in contrast to our 

hypothesis that there would be site-specific changes in GABA concentration following multi-

day rTMS, we only observed trend-level evidence of a generalised increase in GABA 

concentration across stimulation sites following multi-day pre-SMA stimulation. Finally, we 

investigated whether regular exercise engagement modulated any stimulation effects. We 

expected that higher levels of physical activity and CRF would enhance the effects of multi-

day rTMS. We did not observe evidence of an interaction between physical activity level and 

changes to WM or GABA concentration following stimulation. However, we found that higher 

CRF was associated with greater WM improvement following pre-SMA stimulation.  

 

Multi-day rTMS and working memory  

A number of studies have demonstrated transient improvements in WM following a single 

dose of rTMS to parietal cortex (Hamidi et al., 2008; Luber et al., 2007; Yamanaka et al., 

2010), as well as longer term improvements following multi-day rTMS (6 sessions; Pearce et 

al., 2014). We did not observe evidence of improved WM performance following multi-day 

parietal stimulation. Our findings are in contrast to a study by Pearce et al. (2014) which 

reported improved spatial WM performance following multi-day parietal rTMS. There are a 

number of methodological differences between studies which may have contributed to these 
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discrepant outcomes. For example, in the current study we applied 20 Hz rTMS over four 

consecutive days (1600 pulses per session) to subject-specific parietal locations determined 

on the basis of hippocampal functional connectivity (average MNI coordinate: x = -46.4, y = -

69.8, z = 36.3). In comparison, Pearce et al. (2014) applied six sessions of 5 Hz rTMS 

across a two-week period (i.e. rTMS on alternative days, 300 pulses per session) to the P4 

electrode site on the 10-20 electroencephalography system (i.e. right hemisphere, 

corresponding to MNI coordinate x = 36.8, y = -74.9, z = 49.2; Okamoto et al., 2004). It is 

possible that differences in stimulation parameters (i.e. stimulation site, frequency, dosage, 

timing), or target localisation approach, may have contributed to the differing pattern of 

results. It is also possible that the task demands between studies (i.e. 2-back vs Cambridge 

spatial WM task) were different. The study by Pearce et al. (2014) was conducted on a small 

sample of healthy individuals (N = 10 received parietal rTMS). Given the known inter-

individual variability associated with rTMS plasticity protocols (López-Alonso, Cheeran, Río-

Rodríguez, & Fernández-Del-Olmo, 2014), it is also possible that the null findings of the 

current study, conducted with a larger sample of 40 healthy individuals using a cross-over 

within-subjects design, provide a more accurate estimate of the true effect size.  

 

Our findings provide some weak evidence of improved WM following pre-SMA stimulation. 

We observed evidence of improved reaction time and overall performance (d’ values) 

following pre-SMA stimulation in the first week, although the improvement in performance 

was not present in the full cross-over design. The pre-SMA is a key region within premotor 

networks supporting executive control (e.g. task switching) as well as distinct forms of 

implicit memory (motor skill learning, procedural memory) (Hikosaka et al., 1996; Hikosaka, 

Nakamura, Sakai, & Nakahara, 2002). Although functional neuroimaging studies typically 

emphasise the contribution of a fronto-partietal network, WM studies have also 

demonstrated the involvement of pre-motor regions, including the pre-SMA (Buchsbaum & 

D’Esposito, 2019; Marvel et al., 2019; Rottschy et al., 2012). In light of our findings, it is 

possible that this region may provide an alternative rTMS target to the parietal cortex or 
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dorsolateral prefrontal cortex to modulate WM. However, these effects were only observed 

following the first week of stimulation and not in the cross-over analysis, and may therefore 

reflect a false positive result. Alternatively, the null result for the cross-over analysis may 

reflect carry-over effects. Half of the participants received parietal cortex stimulation in the 

first week which may have influenced/occluded the effects of pre-SMA stimulation. Future 

research is needed to disentangle the effects of multi-day rTMS on WM performance across 

these regions. 

 

Multi-day rTMS and GABA+ concentration 

It is well established that rTMS to primary motor cortex results in changes GABAergic 

neurotransmission (Daskalakis et al., 2006; Stagg et al., 2009; Ziemann et al., 2008). In 

contrast, there have been few attempts to investigate the effects of rTMS on GABA outside 

of the motor system (e.g. Casula, Pellicciari, Picazio, Caltagirone, & Koch, 2016; Chung et 

al., 2017). Similarly, few studies have examined the potential for multi-day rTMS to induce 

lasting changes to GABA concentration. A single dose of theta burst stimulation (TBS) to 

either the primary motor cortex (continuous TBS; Stagg et al., 2009) or the left inferior 

parietal cortex (intermittent TBS; Vidal-Piñeiro et al., 2015) has been reported to increase 

GABA concentration as measured with MRS. We extend upon these single dose studies 

with our finding of an increase in GABA concentration following multi-day 20 Hz pre-SMA 

stimulation. However, in contrast to our hypothesis, we did not observe evidence of site-

specific changes, but instead report trend-level evidence of a generalised increase in GABA 

concentration across voxel sites.  

 

MRS provides an estimate of the overall tissue concentration of GABA (Stagg, 2014), which 

on a functional level may reflect extrasynaptic ‘GABAergic tone’ (Maddock & Buonocore, 

2012; Stagg et al., 2011). It is therefore possible that the increase in GABA concentration 

observed following rTMS occurs via modulation of tonic GABA activity (Stagg et al., 2011). 

rTMS is thought to induce neuroplasticity via mechanisms akin to long-term potentiation/ 
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depression (Hoogendam, Ramakers, & Di Lazzaro, 2010), in which modulation of GABA is a 

necessary prerequisite (Castro-Alamancos, Donoghue, & Connors, 1995; Stagg, 2014). The 

repeated, sustained triggering of these effects via 20 Hz multi-day rTMS may induce 

accumulative changes to GABA concentration (remaining visible via MRS ~24 hours 

following stimulation). 

 

In contrast to the generalised increase in GABA following multi-day pre-SMA rTMS, we did 

not find evidence of changes following stimulation of parietal cortex. The underlying cause of 

this discrepancy is unclear, though there is some evidence that GABA concentration varies 

across different cortical regions (Veen & Shen, 2013). However, we found that baseline 

GABA concentrations were consistent between voxel sites (see supplementary materials), 

suggesting that such regional differences are unlikely to have influenced our results. Future 

work is required to characterise the regional specificity of rTMS-induced changes to GABA.  

 

Associations between exercise and changes to working memory and GABA concentration 

following rTMS 

Exercise upregulates a number of mechanisms which promotes an environment conducive 

to neuroplasticity (Hendrikse et al., 2017), including altered neurotransmission (e.g. 

modulation of GABA; Coxon et al., 2018; Mooney et al., 2016). Hence, in this study we 

examined whether high levels of exercise and CRF influenced the effects of rTMS on WM 

and GABA. We did not observe consistent evidence of an interaction between current self-

reported level of physical activity and changes to WM or GABA concentration following 

stimulation (though we observed some evidence of increased GABA concentration following 

pre-SMA rTMS in individuals engaging in low physical activity, see figure S3 in 

supplementary materials). However, we did observe evidence of a positive relationship 

between CRF level and change in WM following pre-SMA rTMS. Specifically, we found that 

higher CRF was associated with greater improvement in reaction time and overall 

performance (d’) following pre-SMA rTMS. The underlying cause of the inconsistent 
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interactions between WM, GABA, physical activity, and CRF is unclear. However, this may 

relate to the distinction between our measures of physical activity/exercise and CRF. To 

some extent, increased CRF reflects physiological adaptation within the respiratory systems 

in response to regular long-term engagement in moderate/vigorous aerobic activity (Carrick-

Ranson et al., 2014). In contrast, our measure of self-reported weekly exercise level likely 

reflects a more recent pattern of exercise engagement (Shephard, 2003; Sylvia, Bernstein, 

Hubbard, Keating, & Anderson, 2014). It is plausible that these measures may therefore 

have different interactions with GABA, WM, and rTMS. However, conceptually, the evidence 

of a positive association between CRF and change in WM aligns with past studies 

demonstrating an interaction between exercise and the response to single doses of rTMS 

(Cirillo et al., 2009; McDonnell, Buckley, Opie, Ridding, & Semmler, 2013). While 

speculative, the relationship between CRF and WM provides some indication that sustained 

engagement in exercise may improve the effects of rTMS on cognitive function. 

 

Limitations and future directions  

There are certain methodological limitations of this study which should be acknowledged. 

Our experimental design featured two active stimulation conditions, whereby 20 Hz 

stimulation was applied to parietal cortex and pre-SMA across two separate weeks. This 

protocol allowed assessment of the site-specificity of rTMS-induced changes to WM and 

GABA concentration. However, we acknowledge that the inclusion of a dedicated sham 

condition would have provided the opportunity to characterise the stability of MRS GABA 

estimates over time, and examine the extent to which changes in WM performance may be 

attributable to generalised practice or placebo effects. However, we note that previous 

studies have established the reliability/stability of MRS GABA estimates over repeated 

assessments across similar timeframes (Greenhouse et al., 2016; Henry et al., 2011). 

Further, to familiarise subjects with the n-back task and minimise practice effects, a 

shortened version was completed prior to the baseline assessment. We also compared 

performance using a within-subjects cross-over design (N = 38), and showed no significant 
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changes following either parietal or pre-SMA stimulation conditions, with Bayesian statistics 

reporting consistent evidence in favour of the null hypothesis. Hence, we can be more 

confident that our experimental design and analysis has provided a reliable assessment of 

the effects of multi-day rTMS on GABA concentration and WM performance.  

 

We aimed to investigate the interaction between current physical activity level and the 

effects of multi-day rTMS on WM and GABA concentration. To address this, we recruited 

individuals who were engaging in high versus low amounts of exercise as part of their 

normal weekly routine, and assessed their response to multi-day rTMS. Thus, the exact 

timing of exercise relative to rTMS administration was not standardised across individuals. 

While higher levels of self-reported physical activity/aerobic exercise have been shown to 

increase the response to rTMS (Cirillo et al., 2009), it is possible that variation in the 

temporal relationship between exercise engagement and rTMS administration across 

individuals may have impacted our findings. For instance, exercise performed prior to versus 

after rTMS may have distinct influences on neuroplasticity (Hendrikse et al., 2017). Applying 

rTMS following exercise may capitalise on the priming effects of exercise on neuroplasticity 

(Hendrikse et al., 2017; Andrews et al., 2020), whereas engaging in exercise following rTMS 

may have a consolidating effect, maintaining an environment conducive to neuroplasticity. 

For example, performing a bout of exercise performed four hours after learning increases 

memory retention (van Dongen, Kersten, Wagner, Morris, & Fernández, 2016). Conversely, 

certain timing/forms of exercise and rTMS may attenuate/block their respective influence on 

neuroplasticity (see Smith et al., 2018). Our study has provided some indication that higher 

CRF is associated with greater WM changes following rTMS; however future studies are 

required to assess the optimal timing of exercise relative to rTMS to maximise effects on 

neuroplasticity and memory function.  

 

Similar multi-day rTMS protocols to that used in this study have reported increases in 

functional connectivity (Wang et al., 2014) and associative memory performance persisting 
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for ~24 hours. In line with these findings, we assessed changes to WM and GABA ~24 hours 

after the final rTMS session (see figure 1). This delayed assessment time point (following a 

night of sleep) may have failed to capture more short-lived effects. Further, to assess 

changes in GABA concentration, MRS assessments were conducted for the first stimulation 

condition only. Our assessment of multi-day rTMS on 40 healthy individuals provides one of 

the larger studies of its type. However, considering the inherent inter-individual variability 

associated with rTMS (López-Alonso, Cheeran, Río-Rodríguez, & Fernández-Del-Olmo, 

2014) our sample size and experimental design (i.e. assessing interactions across 

timepoints and stimulation and physical activity conditions) may still have lacked 

experimental power to detect small/moderate effects. Future studies are recommended to 

explore the interactions between exercise, multi-day rTMS, and GABA concentration with 

larger sample sizes and within-subject experimental designs.  

 

Conclusions  

In summary, we did not find evidence that multi-day rTMS to parietal cortex influences WM 

function or GABA concentration. While single doses of rTMS to parietal cortex are 

associated with transient improvements to aspects of brain structure and function, our 

results challenge the notion that multiple doses induce longer-lasting effects. However, we 

do report some evidence of increased WM function and GABA concentration (across voxel 

sites) following multi-day pre-SMA stimulation. Thus, the pre-SMA may be a useful 

stimulation target for future studies aimed at enhancing WM function. We also observed 

positive associations between cardiorespiratory fitness and changes in WM following pre-

SMA stimulation, suggesting that habitual exercise may be associated with increased 

responsiveness to multi-day rTMS. While there are a number of factors known to influence 

the response to rTMS (Ridding & Ziemann, 2010), increasing cardiorespiratory fitness may 

provide a novel approach to minimise variability and enhance cognitive outcomes. Given the 

established clinical utility of both exercise and rTMS, future studies are required to determine 

whether additive effects may be achieved when applied in tandem.  
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Supplementary Materials 

 

Table 1: Comparison of demographic variables and baseline WM performance 
between week one stimulation groups 

 

 

Demographic 
variable 

Mean (SD)  
Parietal rTMS 

Mean (SD)  
Pre-SMA rTMS Statistic df p Effect size  

Age (years) 26.26 (10.64) 24.84 (8.65) 0.45a 1,36 .65 0.15b 

Sex  47.4 % female 63.2 % female 0.96c 1 .33 .16d 

Baseline  
reaction time 0.58 (0.07) 0.54 (0.08) 1.48a 1,36 .15 0.48b 

Baseline d’  3.10 (0.83) 2.73 (0.72) 1.48a 1,36 .15 0.48b 

a t statistic (Independent-samples t-test); b Cohen’s d; c chi-square statistic; d Cramer’s V 
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Figure S1. Association between self-reported exercise and VO2max. There was a 
significant positive association observed between self-reported exercise and VO2max 
(across PA groups, r = .61, p = 4.29 x 10-5). Circles represent individual scores, solid line 
shows regression line of best fit, dotted lines depict 95% confidence interval. VO2max score 
is represented on the y-axis and exercise level (self-reported weekly minutes of exercise) is 
represented on the x-axis. ** p < 5 × 10-5. 
 
 
 

Comparison of working memory performance following the first week of stimulation 

To account for the possibility of carry-over effects between stimulation conditions, we 

assessed working memory following the first stimulation condition only (i.e. between-subject 

factors of stimulation site, and physical activity group). 

 

For reaction time, there was no significant main effect of Time (baseline, post-rTMS; F1,34 = 

0.44, p = .51, 𝜂!"= .01) or Physical Activity (high PA, low PA; F1,34 = 0.62, p = .44, 𝜂!"= .02). 

However, there was a significant main effect of Stimulation Condition (parietal, pre-SMA; 

F1,34 = 5.51, p = .025, 𝜂!" = .14, BF10 = 2.55), due to faster reaction time in the pre-SMA 

stimulation condition (averaged over Time and Physical Activity) (M = 0.53, SE = 0.02), 

relative to the parietal stimulation condition (M = 0.59, SE = 0.02), with a small effect size 

(Cohen’s d = 0.38; p = .025 [Tukey corrected post hoc test], BF10 = 2.55). There was also a 

significant interaction between Stimulation Condition and Time (F1,34 = 7.36, p = .01, 𝜂!" = 

.18, BF10 = 5.32), due to a faster reaction time post pre-SMA stimulation (post pre-SMA, M = 

0.52, SE = 0.02), relative to post parietal stimulation (post parietal, M = 0.60, SE = 0.02), 

with a small effect size (Cohen’s d = 0.49; p = .025 [Tukey corrected post hoc test], BF10 = 

5.32). However, no significant interaction was observed between Stimulation Condition, 

Time, and Physical Activity (F1,34 = 0.92, p = .34, 𝜂!" = .03).  

 

For d’, there was no significant main effect of Stimulation Condition (parietal, pre-SMA; F1,34 

= 0.72, p = .40, 𝜂!" = .02), or Physical Activity (high PA, low PA; F1,34 = 0.08, p = .78, 𝜂!"= 

.00). However, there was a significant main effect of Time (baseline, post-rTMS; F1,34 = 4.83, 
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p = .03, 𝜂!"= .12), due to higher d’ values (averaged over Stimulation Condition and 

Physical Activity) post rTMS (M = 3.10, SE = 0.13), relative to baseline (M = 2.92, SE = 

0.13), with a small effect size (Cohen’s d = 0.33; p = .035 [Tukey corrected post hoc test], 

BF10 = 1.37). There were also significant interactions between Stimulation Condition and 

Time (F1,34 = 4.67, p = .04, 𝜂!" = .12, BF10 = 1.60), and Time and Physical Activity (F1,34 = 

4.26, p = .047, 𝜂!" = .11, BF10 = 1.41). Tukey corrected post-hoc tests revealed a significant 

increase in d’ values across time in the high PA group with a small effect size (baseline M = 

2.88, SE = 0.18; post-rTMS M = 3.22, SE = 0.18, p = .024, Cohen’s d = 0.49, BF10 = 1.41), 

and a significant increase following pre-SMA stimulation, with a medium effect size (baseline 

M = 2.73, SE = 0.16; post-rTMS M = 3.08, SE = 0.17; p = .020, Cohen’s d = 0.50, BF10 = 

1.60). However, no significant interaction was observed between Stimulation Condition, 

Time, and Physical Activity (F1,34 = 0.02, p = .89, 𝜂!" = .00).  
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Figure S2. Effects of multi-day rTMS and physical activity on working memory 
following the first stimulation condition only. Some evidence of improved working 
memory performance following multi-day pre-SMA rTMS; no change following multi-day 
parietal rTMS. The left panel (A,B) shows performance on the n-back task following parietal 
rTMS (A, reaction time; B, d’ scores). The right panel (C,D) shows performance on the n-
back task following pre-SMA rTMS (C, reaction time; D, d’ scores). Circles represent 
individual scores with high PA individuals depicted in black and low PA individuals in grey; 
squares and error bars depict group mean and standard error. * p < .05. 
 

 

Follow-up assessment of working memory performance 

To assess whether stimulation induced lasting effects on working memory performance, 

working memory assessments taken at follow up (~1.5 weeks following final rTMS session) 

were compared between stimulation groups using an independent ANOVA. No significant 

differences in reaction time (s) were found between parietal stimulation and pre-SMA 

stimulation (F1,34 = 3.15, p = .085, 𝜂!" = .08), nor between high PA and low PA (F1,34 = 0.08, 

p = .79, 𝜂!" = .00). There was no significant interaction between Stimulation Condition and 

Activity Group (F1,34 = 0.11, p = .74, 𝜂!" = .00). Similarly, no significant differences in d’ 

values were found between parietal stimulation and pre-SMA stimulation (F1,34 = 1.20, p = 

.28, 𝜂!" = .03), nor between high PA and low PA (F1,34 = 1.56, p = .22, 𝜂!" = .04). There was 

no significant interaction between Stimulation Condition and Activity Group (F1,34 = 1.75, p = 

.19, 𝜂!" = .05). Overall, these results suggest that multi-day rTMS did not exert a long-

lasting influence on working memory performance.  
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Figure S3. Follow-up assessment of working memory function. No evidence of long-
lasting changes (~15 days) to working memory performance following multi-day rTMS. (A) 
Reaction time at follow-up assessment (parietal stimulation, left; pre-SMA stimulation, right); 
B) d’ values at follow-up assessment (parietal stimulation, left; pre-SMA stimulation, right). 
Circles represent individual scores, with high PA individuals depicted in black and low PA 
individuals in grey. For each group, mean values are indicated by horizontal dashed lines, 
whereas higher and lower quartiles are indicated by dotted lines. 
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MRS voxel localisation   

Across stimulation conditions and physical activity groups, the overlap in voxel position 

(mean ± SD) for baseline and post-rTMS assessments for the parietal voxel was 88.2% ± 

5.7% and 90.1% ± 5.2% for the pre-SMA voxel. A repeated-measures ANOVA conducted on 

proportion of baseline and post-rTMS voxel overlap showed no significant showed no 

significant main effect of Voxel Site (parietal, pre-SMA; F1,33 = 2.80, p = .10, 𝜂!"= .08), 

Stimulation Condition (parietal, pre-SMA; F1,33 = 0.20, p = .66, 𝜂!" = .00), or Physical Activity 

(high PA, low PA; F1,33 = 0.72, p = .40, 𝜂!"= .02), nor interaction between Voxel Site and 

Stimulation Condition (F1,33 = 0.13, p = .72, 𝜂!" = .00), or Voxel Site, Stimulation Condition, 

and Physical Activity (F1,33 = 0.40, p = .53, 𝜂!" = .01).  

 

Analysis of MRS voxel grey matter, white matter, and CSF fractions  

We assessed the proportion of grey matter, white matter, and CSF across voxels, time, and 

stimulation conditions. 

 

Grey matter 

A repeated-measures ANOVA was conducted on the proportion of GM within voxels, and 

showed no main effect of Time (baseline, post-rTMS; F1,34 = 0.14, p = .71, 𝜂!"= .00), 

Stimulation Condition (parietal, pre-SMA; F1,34 = 0.65, p = .42, 𝜂!" = .02), Physical Activity 

(high PA, low PA; F1,34 = 3.60, p = .066, 𝜂!"= .10), or Voxel Site (parietal, pre-SMA;  F1,34 = 

2.42, p = .13, 𝜂!" = .07), nor interaction between Stimulation Condition and Time (F1,34 = 

0.01, p = .94, 𝜂!" = .00), Stimulation Condition, Time, and Physical Activity (F1,34 = 0.68, p = 

.42, 𝜂!" = .02) or Stimulation Condition, Time, Physical Activity, and Voxel Site (F1,34 = 0.17, 

p = .68, 𝜂!" = .01).  

 

White matter 
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A repeated-measures ANOVA was conducted on the proportion of WM within voxels, and 

showed no main effect of Time (baseline, post-rTMS; F1,34 = 0.14, p = .71, 𝜂!"= .00) or 

Stimulation Condition (parietal, pre-SMA; F1,34 = 0.51, p = .48, 𝜂!" = .01). However, there 

was a significant main effect of Physical Activity (high PA, low PA; F1,34 = 4.32, p = .045, 

𝜂!"= .11) with significantly higher WM proportions in high PA subjects (M = 46.2%, SE = 

1.3%), relative to low PA subjects (M = 42.3%, SE = 1.3%). Additionally, we observed a 

main effect of Voxel Site (F1,34 = 16.72, p = .0003, 𝜂!" = .33), with significantly higher WM 

proportions in the parietal (M = 46.8%, SE = 1.1%) voxel relative to pre-SMA (M = 41.7%, 

SE = 1.1%). There was no significant interaction between Stimulation Condition and Time 

(F1,34 = 0.01, p = .92, 𝜂!" = .00), Stimulation Condition, Time, and Physical Activity (F1,34 = 

0.74, p = .40, 𝜂!" = .02), or Stimulation Condition, Time, Physical Activity, and Voxel Site 

(F1,34 = 0.35, p = .56, 𝜂!" = .01).  

 

CSF 

A repeated-measures ANOVA was conducted on the proportion of WM within voxels, and 

showed no main effect of Time (baseline, post-rTMS; F1,34 = 0.04, p = .84, 𝜂!"= .00), 

Stimulation Condition (parietal, pre-SMA; F1,34 = 0.03, p = .87, 𝜂!" = .00), or Physical Activity 

(high PA, low PA; F1,34 = 0.68, p = .41, 𝜂!"= .02). However, we observed a main effect of 

Voxel Site (F1,34 = 14.71, p = .0005, 𝜂!" = .30), with significantly higher CSF proportions in 

the pre-SMA voxel (M = 15.9%, SE = 0.8%) voxel relative to parietal voxel (M = 12.3%, SE = 

0.8%). There was no significant interaction between Stimulation Condition and Time (F1,34 = 

0.03, p = .87, 𝜂!" = .00), Stimulation Condition, Time, and Physical Activity (F1,34 = 0.60, p = 

.45, 𝜂!" = .02), or Stimulation Condition, Time, Physical Activity, and Voxel Site (F1,34 = 0.28, 

p = .60, 𝜂!" = .01).  
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In summary, there were also no significant differences in the proportion of grey matter, white 

matter, and CSF fractions within voxels across time and stimulation conditions. Between 

parietal and pre-SMA voxels there was a significant difference in white matter (Parietal M = 

46.8 %, SE = 1.1%; pre-SMA M = 41.7 %, SE = 1.1 %) and CSF (Parietal M = 12.3 %, SE = 

0.8%; pre-SMA M = 15.9 %, SE = 0.8 %). There was also a significant main effect of 

Physical Activity on white matter proportion. 

 

Assessment of MRS data quality 

To examine the consistency of GABA+ quantification across time, stimulation conditions, 

voxel sites and physical activity groups, a repeated-measures ANOVA was conducted on 

EGABA and GABA FWHM values.  

 

For EGABA, there was no main effect of Time (baseline, post-rTMS; F1,33 = 0.28, p = .60, 𝜂!"= 

.01), Stimulation Condition (parietal, pre-SMA; F1,33 = 0.81, p = .37, 𝜂!" = .02), or Physical 

Activity (high PA, low PA; F1,33 = 3.39, p = .074, 𝜂!"= .09), nor interaction between 

Stimulation Condition and Time (F1,33 = 0.10, p = .76, 𝜂!" = .00), or Stimulation Condition, 

Time, and Physical Activity (F1,33 = 0.51, p = .48, 𝜂!" = .02). However, there was a significant 

main effect of Voxel Site (F1,33 = 21.52, p = .0001, 𝜂!" = .39), with higher average EGABA 

values in the pre-SMA voxel (M = 11.59, SE = 0.33) relative to parietal voxel site (M = 9.54, 

SE = 0.33). A post-hoc with Bonferroni correction determined that this difference was 

significant (p = 0.00005, Cohen’s d = 0.76, BF10 = 16286.84). There was no significant 

interaction between Voxel Site, Stimulation Condition, Time, and Physical Activity (F1,33 = 

0.21, p = .65, 𝜂!" = .01).  

 

Similarly, analysis of GABA FWHM values revealed no main effect of Time (baseline, post-

rTMS; F1,34 = 0.02, p = .90, 𝜂!"= .00), Stimulation Condition (parietal, pre-SMA; F1,34 = 0.16, 
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p = .69, 𝜂!" = .00), or Physical Activity (high PA, low PA; F1,34 = 1.84, p = .18, 𝜂!"= .05), nor 

interaction between Stimulation Condition and Time (F1,34 = 0.72, p = .40, 𝜂!" = .02), or 

Stimulation Condition, Time, and Physical Activity (F1,34 = 0.20, p = .66, 𝜂!" = .01). However, 

there was a significant main effect of Voxel Site (F1,34 = 25.34, p = .00002, 𝜂!" = .43) with 

higher average FWHM values in the pre-SMA voxel (M = 24.81, SE = 0.95), relative to 

parietal voxel (M = 18.28, SE = 0.95). A post-hoc test with Bonferroni correction determined 

that this difference was significant (p = .00002, Cohen’s d = .82, BF10 = 169200.10). There 

was no significant interaction between Voxel Site, Stimulation Condition, Time, and Physical 

Activity (F1,34 = 0.48, p = .49, 𝜂!" = .01).  

 

GABA+ estimates were reported relative to the unsuppressed water signal. Therefore, we 

also assessed the stability of water estimates using FWHM values, across baseline and 

post-rTMS assessments, voxel positions (parietal, pre-SMA), and between stimulation and 

physical activity groups. There was no significant main effect of Time (baseline, post-rTMS; 

F1,34 = 0.11, p = .74, 𝜂!"= .00), Stimulation Condition (parietal, pre-SMA; F1,34 = 0.05, p = .82, 

𝜂!" = .00), Physical Activity (high PA, low PA; F1,34 = 0.02, p = .89, 𝜂!"= .00), or Voxel Site 

(parietal, pre-SMA; F1,34 = 3.56, p = .068, 𝜂!" = .09). There was also no significant 

interaction between Stimulation Condition and Time (F1,34 = 1.05, p = .31, 𝜂!" = .03), 

Stimulation Condition, Time, and Physical Activity (F1,34 = 0.01, p = .92, 𝜂!" = .00), or Voxel 

Site, Stimulation Condition, Time, Physical Activity (F1,34 = 0.01, p = .93, 𝜂!" = .00).  

 

Overall, our results demonstrate consistent data quality within each voxel location across 

baseline and post-rTMS assessments, stimulation conditions, and physical activity groups. 

We did observe evidence of differences in data quality between voxel locations, with higher 

EGABA and GABA FWHM in the pre-SMA voxel, relative to the parietal voxel location. These 
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differences may be partially attributable to differences in WM and CSF tissue fractions 

between parietal and pre-SMA voxels.  

 

Analysis of baseline GABA+ concentration between parietal and pre-SMA voxels 

To account for the possibility that regional differences in baseline GABA+ concentration may 

have influenced the response to rTMS, we conducted Wilcoxon signed-ranks test on 

baseline GABA+ concentrations between parietal and pre-SMA voxels across participants. 

There were no significant differences in GABA+ concentration between parietal (M = 2.50, 

SD = 0.53) and pre-SMA (M = 2.83, SD = 1.42) voxel sites (W = 305, p = .67, r = .08, BF10 = 

0.45), suggesting that regional differences in GABA concentration are unlikely to have 

influenced the response to stimulation.  

 

Analysis of individual change in GABA+ concentration following stimulation 

To account for variability in baseline estimates between stimulation conditions, we also 

conducted a 2 x 2 x 2 repeated-measures ANOVA on each subject’s change in GABA+ 

concentration at each voxel location (post-rTMS GABA – baseline GABA). There was no 

main effect of Voxel Site (parietal, pre-SMA; F1,31 = 0.33, p = .57, 𝜂!"= .01), or Physical 

Activity (high PA, low PA; F1,31 = 0.00, p = .97, 𝜂!"= .00). A significant main effect of 

Stimulation Condition was observed (parietal, pre-SMA; F1,31 = 5.26, p = .029, 𝜂!" = .15), 

with a significant difference in Δ GABA+ estimates (averaged across voxel locations) 

between stimulation conditions with a medium effect size (pre-SMA M = 0.60, SE = 0.22; 

parietal M = -0.11, SE = 0.22; Cohen’s d = .39; p = .029 [Tukey corrected post hoc test], 

BF10 = 1.07. We also observed a significant interaction between Stimulation Condition and 

Physical Activity (F1,31 = 4.33, p = .046, 𝜂!" = .12), suggesting that the significant difference 

in Δ GABA+ estimates between stimulation conditions occurred in the low PA group, with a 

medium effect size (pre-SMA M = 0.92, SE = 0.31; parietal M = -0.43, SE = 0.32; Cohen’s d 

= 0.52; p = .028 [Tukey corrected post hoc test], BF10 = 1.05. There was no significant 
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interaction between Stimulation Condition and Voxel Site (F1,31 = 0.95, p = .34, 𝜂!" = .03). 

However, we did observe a significant interaction between Voxel Site, Stimulation Condition, 

and Physical Activity (F1,31 = 4.65, p = .039, 𝜂!" = .13, BF10 = 4.01). A post-hoc Tukey’s test 

revealed a significant difference in Δ pre-SMA GABA+ concentration between stimulation 

conditions, in low PA individuals with a medium effect size (parietal rTMS M = -0.97, SE = 

1.60; pre-SMA rTMS M = 1.45, SE = 2.21; p = .011, Cohen’s d = 0.62, BF10 = 4.01), with no 

other significant differences observed (all Cohen’s d < .44, p > .18).  

 

 

 
Figure S4. Individual change in GABA+ concentration following multi-day rTMS.  
Evidence of a generalised increase in GABA+ concentration following multi-day pre-SMA 
rTMS. (A) GABA+ estimates (post-pre) in the parietal voxel following multi-day rTMS 
(parietal stimulation, left; SMA stimulation, right). B) GABA+ estimates (post-pre) in the pre-
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SMA voxel following multi-day rTMS (pre-SMA stimulation, left; parietal stimulation, right). 
Circles represent individual scores, with high PA individuals depicted in black and low PA 
individuals in grey. For each group, mean values are indicated by horizontal dashed lines, 
whereas higher and lower quartiles are indicated by dotted lines. 
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