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Abstract 

Since 1997, when Bohning and colleagues demonstrated for the first time the feasibility of 

interleaving transcranial magnetic stimulation (TMS) with functional magnetic resonance 

imaging (fMRI), this combination became a very promising techniques to study brain 

connectivity. However, the implementation of a reliable setup for interleaved TMS/fMRI is 

still technically challenging. In this thesis, I intended to further explore and develop 

methodological improvements and to apply them in order to better understand the neural 

underpinnings of the behavioral TMS effects and to study brain connectivity. First, I 

developed and validated a new hardware/software coil positioning method for interleaved 

TMS/fMRI and demonstrated the feasibility of our overall setup. Second, a setup for 

combining TMS with continuous arterial spin labeling (CASL) was implemented and I tested 

the feasibility of this novel combination. Third, I demonstrated that this combination is 

sensitive enough to reliably measure rCBF changes induced by TMS, and that interleaved 

TMS/CASL can detect differences between the effects on regional cerebral flow (rCBF) of 

two different stimulation protocols. Fourth, it was shown that interleaved TMS/CASL is 

suitable to target questions from cognitive neuroscience. It was demonstrated that TMS 

applied over left dorsal premotor cortex (PMd) has different effects on the remote rCBF 

activation depending on the motor task. Overall, the results presented in this thesis suggest 

that interleaved TMS/CASL can become an interesting complement to interleaving TMS with 

normal blood oxygenation level dependency (BOLD) fMRI, and that this combination can be 

considered for studying the impact of fully-fledged repetitive TMS protocols. 
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1. Introduction 

In 1985 Barker and his colleagues performed the first successful transcranial magnetic 

stimulation (TMS) experiment (Barker et al., 1985). Since then, TMS became a well-

established noninvasive tool for stimulating the cortex of the brain, with a broad range of 

applications from the experimental treatment of different brain disorders to the study of the 

processes involved in action, cognition and perception. On the methodological level, single-

pulse TMS was complemented by more complex stimulation protocols such as the “classical” 

repetitive TMS (rTMS) protocols (Pascual-Leone et al., 1994; Chen et al., 1997a) or theta 

burst protocols (Huang et al., 2005). RTMS protocols can modulate cortical excitability 

beyond the duration of the stimulation itself and, depending on the stimulation parameters, 

can induce inhibitory of facilitatory effects on the brain activity. These modulatory effects are 

not limited to the directly targeted cortical area, but can affect a wider neural network 

transynaptically. Modulation of cortical excitability by rTMS may be useful not only as a 

research tool but also as potential treatment of neurological and psychiatric disorders like 

stroke (Nowak et al., 2010; Dimyan et al., 2010) or major depression (Lam et al., 2008; 

Schutter et al., 2009). Thus, there is a great interest in developing novel and more effective 

rTMS protocols. Combining rTMS with neuroimaging is one promising way of investigating 

the underlying neural mechanisms and the affected networks.   

In the mid-1990s TMS started to be combined with different neuroimaging methods, most 

commonly with positron emission tomography (PET) and functional magnetic resonance 

imaging (fMRI). This offers three main advantages (Siebner et al., 2001a). First, brain 

imaging before the TMS intervention helps to accurately position the TMS coil over a distinct 

cortical area which is targeted by TMS. Since TMS can be used to interfere with regional 

cortical function during a given task, the TMS effects on task performance can help to clarify 

the task-specific functional contribution of a given cortical area which has previously shown 

task-related activation in a functional imaging study (e.g. Sack et al., 2009). Second, brain 

imaging can be used to assess the aftereffects of rTMS protocols, allowing us to study the 

plasticity of the human cortex and to better understand their putative therapeutical effects 

(e.g. Speer et al., 2000; Lee et al., 2003; Siebner et al., 2003; O'Shea et al. 2007). Third, 

imaging the brain during TMS is a promising approach for assessing cortical excitability and 

intracerebral functional connectivity. 

In 1997 Bohning and colleagues (Bohning et al., 1997) demonstrated for the first time the 

feasibility of interleaving TMS with BOLD (blood oxygenation level dependency) fMRI. 

Since then, interleaved TMS/fMRI proved to be a promising technique to assess brain 

connectivity. For example, it was used to demonstrate activity changes in remote areas of the 

brain induced by stimulation of the motor cortex (Bohning et al., 1998; Bestmann et al., 

2003), dorsal premotor cortex (Bestmann et al., 2005), dorsolateral prefrontal cortex (Nahas 

et al., 2001), or the frontal eye fields (Ruff et al., 2006). In addition, TMS was used to disturb 

task-related activity in a brain region of interest while fMRI allowed monitoring the effects 

on both local and remote BOLD activations (Sack et al., 2007). This represents a substantial 
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extension to the classical “virtual lesion approach” (Cowey 2005) which can be used to 

demonstrate the causal involvement of the directly stimulated area to the task under study. 

The potential advantages offered by the combination of TMS with fMRI motivated me to 

further explore and develop methodological improvements and to apply them in order to 

better understand the TMS effects on brain activity and brain connectivity. In particular, large 

parts of my thesis were motivated by a specific disadvantage of BOLD-based fMRI, namely 

its low temporal stability. This prevented the usage of interleaved TMS/fMRI in studying 

longer lasting rTMS effects up to now. As a result, rTMS effects were mostly studied using 

PET. These studies either  assessed regional cerebral blood flow (rCBF) using H2
15

O PET 

(e.g. Paus et al., 1997; Siebner et al., 2001c; Speer et al., 2003) or regional cerebral metabolic 

rate of glucose consumption (rCMRglc) using [
18

F]deoxyglucose PET (e.g. Siebner et al., 

2001b; Siebner et al., 1998). While PET offers high sensitivity and specificity and provides 

absolute measurements, it has also substantial limitations such as its low temporal resolution 

and, in particular, the subjects‟ exposure to radiation, which limits the number of 

measurements per subject. As an alternative to BOLD-based fMRI, I explored the possibility 

to combine TMS with ASL imaging. ASL provides a direct quantitative measure of perfusion 

(i.e., rCBF), thereby complementing the information offered by BOLD imaging in 

characterizing the brain responses to TMS stimulation. In particular, ASL offers better 

temporal stability and opens the possibility to study slow modulatory rTMS effects. Hence, 

during my PhD project, I had the following agenda: 1) to develop and validate a new 

hardware/software coil positioning method for interleaved TMS/fMRI, 2) to develop a setup 

and to investigate the feasibility of combining TMS with continuous arterial spin labeling 

(CASL), 3) to investigate if this novel combination is sensitive enough to measure the 

regional cerebral blood flow (rCBF) changes induced by the TMS and if it can be used to 

distinguish the impact of two different rTMS protocols, namely continuous 2Hz rTMS and 

short 10Hz rTMS trains, and 4) to investigate if interleaved TMS/CASL is suitable for 

targeting questions from cognitive neuroscience and if it can be used for studying brain 

connectivity. 

The first goal of my PhD was to implement a reliable setup for interleaved TMS/fMRI (see 

Fig. 1a). A MR-compatible figure-8 coil (MRi-B88) is connected through a high current filter 

to the TMS stimulator (MagPro X100, MagVenture, Denmark) that is placed outside MR 

cabin in order to avoid interferences with the scanner. Custom-written software controlled by 

trigger signals coming from the scanner is used for interleaving the TMS pulses with the echo 

planar imaging (EPI) acquisition, thus preventing the TMS pulses to disturb the EPI images. 

The timing between the TMS pulses and the EPI acquisition is presented in Fig. 1b. First, it 

was checked in phantom studies if the EPI data quality was affected by the interleaved TMS 

pulses. An important practical challenge is the accurate positioning of the coil inside the MR 

scanner. Therefore, in a second step, I developed and validated a positioning method for 

interleaved TMS/fMRI that for the first time allows the exchange of TMS coil positions 

between a neuronavigation system and a MR-compatible holding device. This allows easy 

and precise TMS coil placement inside the MR scanner using pre-planned positions that were 

previously recorded using the neuronavigation system. The first part of my PhD project was 
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rounded off by a motor cortex study in order to demonstrate the feasibility of our overall 

interleaved TMS/fMRI setup. 

 

Fig. 1 a) General setup for interleaved TMS/fMRI. b) The timing between the TMS pulses and the 

EPI acquisition. In order to prevent the TMS pulses to disturb the EPI images a sufficiently long gap 

between TMS and fMRI data acquisition has to be applied (≈100ms; Bestmann et al., 2003). 

The second goal of my PhD was to extend our setup to combine for the first time TMS with 

CASL. In ASL imaging, rCBF is assessed based on the subtraction of tag images in which an 

radio frequency (RF) pulse is used to tag the inflowing blood from unaltered control images 

(see Fig. 2). Both types of images are acquired in an alternating sequence, so that image 

variations caused by scanner instabilities like field drifts or subject motion effectively cancel 

out after subtraction, allowing the acquisition of quantitative and constant signals during long 

term measurements and even different sessions. This allows us to determine baseline 

perfusion values and to measure rCBF quantitatively and, in turn, opens the possibility to 

assess both the immediate and the more long-term effects of rTMS stimulation on brain 

baseline state and activation. In contrast to PET imaging, the subjects are not exposed to 

radiation and the spatial and temporal resolutions are in the range of normal fMRI 

experiments. However, compared both with PET and BOLD imaging, ASL offers a lower 

signal to noise ratio (SNR) and a limited field of view. Also, in order to combine TMS with 

ASL, one has to consider and to mitigate new technical challenges, besides the ones implied 

by the combination of TMS with BOLD fMRI.  
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Fig. 2 Quantitative measurement of rCBF using CASL: 1 – An RF pulse is tagging the inflowing 

arterial blood; 2 - The tag image is acquired; 3 – The experiment is repeated without tagging; 4 – The 

control image is acquired. RCBF is assessed based on the subtraction of the tag image from the 

control image.  

After the implementation of the interleaved TMS/CASL setup and after performing quality 

measurements, I used this technique to investigate and to compare the effects of two different 

stimulation protocols on rCBF (continuous 2Hz rTMS and short 10Hz rTMS trains, 

respectively). We choose to investigate these two protocols since combined TMS-PET 

studies have previously shown that periods of continuous rTMS and periods of short 

successive rTMS trains applied to the motor cortex act differently onto rCBF in motor and 

remote regions: rCBF was positively correlated with stimulation intensity for continuous 1Hz 

rTMS (Speer et al., 2003), while it was negatively correlated with the number of 10Hz rTMS 

trains (Paus et al., 1998). The two different rTMS protocols were applied to the motor cortex 

and the effect on rCBF was measured using CASL. Continuous 2Hz rTMS was applied at 3 

different intensities while short 10Hz rTMS trains were applied at constant intensity but with 

varying numbers of trains per stimulation block. Our hypothesis was that motor and premotor 

areas will exhibit rCBF intensity dependent increases for continuous 2Hz rTMS stimulation 

while during the stimulation with 10Hz rTMS trains the rCBF will decrease with increasing 

the number of trains. We directly compared the rCBF time courses in response to these 

protocols, thereby capitalizing on the higher temporal resolution of CASL compared to PET 

imaging. The activated network due to the two stimulation protocols was also compared with 

the activation map elicited by volitional movement (acoustically triggered by 50% rMT 

stimuli). 

In my last PhD project, I used interleaved TMS/CASL to investigate the task-dependency of 

the local and remote rCBF activations in response to stimulation of the dorsal premotor 

cortex (PMd). Based on studies in non-human primates, a functional distinction between the 

medial and lateral premotor areas is suggested: Medial areas are thought to be more involved 

in internally generated movements while the lateral regions (in particular their dorsal part; 

PMd) might preferentially contribute to tasks involving sensory-motor mappings (Mushiake 

et al. 1991; Passingham et al. 2004). The goal was to test the involvement of left PMd in 
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internally and externally generated movements performed with the ipsilateral hand, by 

assessing the functional effective connectivity, with the driving idea that the specialization of 

an area should also be reflected in its connectivity pattern (Passingham et al. 2004). Using a 

block design, short bursts of TMS were delivered to left PMd during three different motor 

states (i.e., during associative or freely selected sequential key presses with the ipsilateral 

hand, or during passive viewing as control). The key presses were cued by abstract visual 

stimuli under two different conditions corresponding to internally and externally guided 

movements: Subjects were asked to freely select the finger and make a fresh choice upon 

each new trial in one condition whereas they were required to use a prelearned arbitrary 

visuomotor association in the other condition. 
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2. Methodological Developments 

2.1  New Coil Positioning Method for Interleaved TMS/fMRI 

Neuronavigation systems as used in many TMS studies for the precise targeting of cortical 

areas (Schönfeldt-Lecuona et al., 2005) cannot be utilized inside the MR cabin. To 

circumvent this limitation, Bohning
 

et al.
 

developed a mechanical holding device in 

combination with a simple software program which enabled positioning of the TMS coil over 

a desired target area (Bohning et al., 2003) within the MRI scanner. Critically, the target had 

to be manually located in a structural scan acquired directly before the start of the interleaved 

TMS/fMRI experiment, based on the individual brain anatomy. In order to eliminate the need 

for the manual and time-consuming identification of individual brain structures, I developed 

an improved positioning method which allows accurate TMS coil placement inside the MR 

scanner using pre-planned coil positions previously determined with a neuronavigation 

system. Initially, a T1-weigthed high-resolution (1mm iso-voxel) structural image is acquired 

once for each subject for usage in our neuronavigation system (BrainView, Fraunhofer IPA, 

Stuttgart, Germany). In BrainView, coil positions-of-interest are saved with respect to the 

coordinate system defined by the high resolution image. In the combined TMS/fMRI 

experiment, the position of the subject„s head is then determined using a fast structural image 

(FLASH) lasting ~1 min, which is automatically coregistered to the high resolution image 

using custom-written software (MATLAB, Natick, USA) and SPM5 (Wellcome Department, 

UCL, GB) functions. The software automatically determines the parameters of the coil 

holding device corresponding to the pre-planned coil position, thereby preventing the need to 

manually identify brain structures. Further software features are presented in Table 1. The 

accuracy of the positioning method was assessed using an agar phantom, demonstrating that 

pre-planned coil positions can be reached within 2.9 ± 1.3 (SD) mm (6 mm maximum offset) 

which is in a comparable range of spatial accuracy as reported for neuronavigation systems 

used outside of the MRI scanner (Schönfeldt-Lecuona et al., 2005). 

 The high-resolution structural image is displayed together with the coregistered FLASH image to 

visually verify the coregistration result. 

 A list of coil positions is provided. The user has the possibility to add a position, to restore it, and to 

save the overall list as MATLAB file. 

 Head movements in the course of an experiment displace the originally targeted cortical area with 

respect to the fixed TMS coil. The amount of displacement can be monitored by regularly acquiring 

FLASH images. For each new image, the software computes an updated coil position and compares it 

with the positions in the list, so that the (apparent) change of coil position indicates the amount of 

displacement. 

 A set of coil holding parameters can be transformed back into a coil position for usage in the 

neuronavigation system, or in a further interleaved TMS/fMRI session. 

 It automatically determines the orientation of the EPI slices parallel to the TMS coil plane. This is 

necessary to minimize the susceptibility artifacts induced by the TMS coil (Baudewig et al., 2000). 

 

Table 1 Features of the positioning software for the TMS coil placement inside the MR scanner. 
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2.2  Validation of the Interleaved TMS/fMRI Setup 

Phantom measurements were acquired according to the functional biomedical informatics 

research network (fBIRN) protocol (Friedman et al., 2006) to test for the potential impact of 

the TMS pulses on the EPI image quality. Three different measurements have been 

performed using an agar phantom: (i) Without the TMS coil, (ii) with TMS coil, but without 

stimulation, and (iii) with TMS stimulation at 80% of the maximal intensity. The EPI 

parameters and the stimulation protocol were the same as in the motor cortex study described 

in the next paragraph. For each EPI slice, the mean across volumes was determined to check 

for static signal dropout and distortions. Additionally, the signal-to-fluctuation-noise ratio 

(SFNR) was determined by dividing the mean by the standard deviation across volumes. Low 

SFNR values signal a high temporal variability of the EPI signal, hinting, e.g. towards an 

unwanted impact of the TMS pulses on the EPI measurements. The SFNR calculation 

showed that the temporal stability was not affected by the stimulation itself. As expected, 

static signal dropouts could be observed due to the presence of the coil inside the MR scanner 

in the three slices in direct vicinity to the coil. Importantly, these slices are closer to the coil 

than the cortex is in normal experiments (slice thickness 4 mm, gap between slices 1 mm). 

Static distortions could be observed in slices up to 35 mm away from the coil on the surface 

of the phantom.  

In order to quantify the amount of distortions in the EPI brain images, phase maps were 

recorded for two subjects using the standard Siemens gradient-echo field map sequence, with 

and without the TMS coil being positioned over the motor cortex. The voxel shifts in the 

images were estimated using FSL 4.0 PRELUDE and FUGUE (FMRIB, Oxford University, 

Oxford, UK). The analysis revealed moderate distortions that were mainly restricted to the 

first 4 slices underneath the coil. In both subjects, the estimated maximal pixel shifts for the 

corresponding EPI slices were 1.4 and -1.8 voxels, respectively. The central brain region 

directly underneath the TMS coil (corresponding to the stimulated M1/S1) exhibited hardly 

any distortions. 

 

Fig. 3 RTMS stimulation protocol. a) Short 5Hz rTMS trains (10 pulses) were followed by rest 

periods of 17.2 s. b) Pauses of 68 ms were introduced after every 132 ms in the EPI sequence, i.e. 

after every second slice. The TMS pulses were applied at the beginning of these pauses, thus 

preventing the interference with the EPI acquisition (Bestmann et al., 2003).  
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In order to test the viability of our overall interleaved TMS/fMRI experimental setup, the 

BOLD activity induced by short 5Hz rTMS trains (10 pulses) on the motor cortex was 

investigated in 5 subjects. The TMS “Hot Spot” of a particular finger muscle (abductor 

pollicis brevis; APB) in the motor cortex (M1) was determined offline and its position was 

saved using the neuronavigation system. In the MR scanner, the TMS coil was placed on the 

“Hot Spot” using our positioning method. Subsequently, the lowest TMS intensity resulting 

in activation of the finger muscle (the resting motor threshold, rMT) was determined using 

electromyographical recordings. The TMS stimulation was interleaved with the MRI 

acquisition using custom-written software. Pauses of 68 ms were introduced after every 132 

ms in the EPI sequence, i.e. after every second slice. The pauses were used to interleave the 

EPI sequence with trains of 10 biphasic TMS pulses applied every 200 ms for 2 s at 110% 

rMT, followed by rest periods of 17.2 s. This was repeated 25 times (see Fig. 3). Two runs 

with TMS stimulation at 110% rMT were acquired. In one additional run, the TMS intensity 

was set to 50% rMT and the subjects performed volitional thumb movements, acoustically 

triggered by the TMS coil clicks. The results of the supra-threshold stimulation are in 

concordance with previous findings (Bohning et al., 2000; Bestmann et al., 2004). Significant 

BOLD responses were observed in the motor system (stimulated primary sensorimotor area 

[M1/S1i], cingulate and supplementary motor areas [CMA, SMA], thalamus ipsilateral to 

stimulated M1, bilateral putamen, bilateral cerebellum), in the bilateral auditory cortices, the 

ipsilateral inferior colliculus and the bilateral insula (Fig. 4a). Volitional movement resulted 

in stronger BOLD effects, but in a similar spatial activation pattern (Fig. 4b). Taken together, 

these findings and the results of the quality assurance measurements demonstrates a good EPI 

signal quality and validate our overall setup.  
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Fig. 4 a) Group activation map for rTMS stimulation (N=5, voxel threshold z=2.3, cluster threshold 

p=0.05 corrected, MNI space) shown on an individual structural image. b) Group activation map for 

volitional movement (same threshold level as used for rTMS). 

 

 

 



Methodological Improvements in Combining TMS and Functional MRI 
 

 

 

16 

2.3  Interleaved TMS/CASL: General Setup and Quality Measurements 

Fig. 5 shows a schematic diagram of the interleaved TMS/CASL setup. An in-house written 

CASL sequence with EPI readout (2D gradient-echo echo planar imaging) and separate RF 

coils placed on the subject neck for labeling the inflowing blood in the right and left carotid 

(Zaharchuk et al., 1999) were used for assessing the rCBF. Custom written software 

controlled by trigger signals coming from the scanner was used for interleaving the TMS 

pulses with the MRI acquisition. The same software was used to interrupt the tagging phase 5 

ms before and 15 ms after applying a TMS pulse in order to prevent putative TMS effects on 

the labeling of the inflowing blood. These temporal gaps were also applied in the rest periods.  

PC

:
Inhibition of

CASL tagging

(5ms pre to
15ms post TMS)

Triggering of
CASL tagging

RF tagging signal

TMS pulse trigger

TMS stimulator

MR scanner

CASL
tagging 

coils

MR volume trigger

CASL pulse 
generator

 

Fig. 5 Schematic diagram of the combined TMS/CASL setup. 

Phantom quality measurements and phase maps images for two subjects were acquired using 

the procedure described in section 2.2, in order to test the feasibility of our interleaved 

TMS/CASL setup. Phantom measurements were performed without TMS coil, with the coil 

attached to the phantom but not connected to the stimulator, and during two stimulation 

protocols (continuous 2 Hz rTMS and 10Hz rTMS trains, 2 seconds gaps, both at 100% 

stimulator output). The two stimulation protocols and the CASL sequence parameters were 

the same as for the motor cortex study described in section 3.1. The phantom quality 

measurements revealed no signal drop out. Only moderate distortions in the first 3 slices at 

the rim of the phantom were detected due to the presence of the TMS coil. The stimulation 

itself had no influence on the image quality. The analysis of the phase maps measurements 

revealed a maximal amount of shifts of 1.3 and -2.3 voxels, respectively. The maximal voxel 

shifts occurred at some positions at the rim of the brain and, in general, only few voxels 

exhibited shifts greater than 1 or smaller than -1. Based on these results, we decided not to 

apply distortion correction to the CASL images in next studies. Taken together, the results of 

the quality assurance measurements and the findings of the phase maps measurements 

demonstrate that with our setup we can acquire ASL images with good quality.
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3. Interleaved TMS/CASL: Applications in Neuroscience 

3.1  Comparison of the Effects of Two Stimulation Protocols: Continuous  

2Hz rTMS and Short 10Hz rTMS Trains 

After the implementation of the interleaved TMS/fMRI setup it was investigated whether 

ASL imaging is sensitive enough to reliably measure TMS-induced rCBF changes and 

whether this combination can be used to distinguish between the impacts of two different 

rTMS protocols. 

Interleaved TMS/CASL was performed on 10 right-handed healthy subjects at our 3T 

Siemens scanner. Inside the scanner, the TMS coil was positioned over the representation of a 

finger muscle (abductor pollicis brevis; APB) in the primary motor cortex using our 

positioning method (Moisa et al., 2009) and the resting motor threshold (rMT) was 

determined. Three different conditions were investigated in each subject: 2 Hz continuous 

rTMS, short 10 Hz rTMS trains and volitional movement. In total, 16 experimental runs were 

conducted in two different sessions, at least one week apart. The order of intervention was 

counterbalanced between sessions and between subjects. Each run consisted of 8 blocks and 

each block consisted of 24 s of rTMS followed by 52 s of rest. 2 Hz continuous rTMS was 

investigated for three different stimulation intensities: 100%, 110% and 120% rMT (in total 6 

runs, 2 runs for each stimulation intensity). The 10 Hz rTMS trains consisted of 8 pulses 

which were delivered at 110% rMT intensity and were applied with three different intertrain 

intervals: 2, 4 and 12 s corresponding to a number of 12, 6 and respectively 2 trains per 

stimulation block (in total 6 runs, 2 runs for each different intertrain interval). Finally, 4 

experimental runs were performed with volitional movement which was acoustically 

triggered by 50% rMT stimuli. Each experimental run contained 158 volumes and one 

volume consisted of 8 slices covering the motor and premotor areas. 

In a control experiment performed in the TMS lab, the time courses of the motor evoked 

potentials (MEPs) were investigated for two of the rTMS protocols, namely continuous 2Hz 

rTMS and 10Hz rTMS trains with 4 s intervals (both at 110% rMT; same protocol as used 

inside the scanner). Twenty test pulses were applied before the first stimulation block and 

again after the last block (pulse interval: 8 s). Additionally, six test pulses (8 s spacing) were 

applied between each two successive stimulation blocks, resulting in altogether 82 test pulses. 

MEPs were recorded from the right APB muscle and quantified as peak-to-peak amplitudes. 

The MEP amplitudes were first normalized to the mean of the 82 test pulses. Subsequently, in 

order to compare the MEPs with the rCBF time courses, the rTMS blocks were divided in 4 s 

time intervals (corresponding to the TR of one CASL volume) and the amplitudes were 

averaged across these intervals. Finally, averaging across blocks and across subjects was 

performed.  

 

The rTMS stimulation elicited robust rCBF and BOLD signal increases in motor and 

premotor areas: Stimulated M1/S1i, CMA/SMA, as well as medial and lateral parts of PMd. 

The positive group rCBF and BOLD activations largely overlap. The activation rCBF clusters 
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for volitional movement overlap well with those due to rTMS stimulation, but are smaller in 

extent and are restricted to the ipsilateral M1/S1, ipsilateral PMd, CMA and SMA. 

 

Next, we investigated which regions exhibit parametrical changes in rCBF with increasing 

stimulation intensity (continuous 2 Hz rTMS) and increasing number of trains (10Hz rTMS), 

respectively (Fig. 6). A positive relationship between the number of 10Hz trains and rCBF 

was observed in most of the areas that showed general rCBF activations due to rTMS 

stimulation. For 2Hz stimulation, increasing rCBF with increasing stimulation intensity 

occurred only in the stimulated M1/S1 and, to a lesser extent, in CMA, the medial part of the 

ipsilateral PMd and the lateral part of the contralateral PMd. 

 

z=59 z=61 z=65 z=67z=63

linear increase
2Hz only 10Hz  only2Hz & 10Hz

L R

 

Fig. 6 Regions exhibiting increasing rCBF with increasing stimulation intensity for continuous 2Hz 

rTMS (green), with increasing number of trains for 10Hz rTMS (yellow), and overlap between both 

(blue). 

The perfusion time courses elicited by different stimulation conditions were assessed in eight 

regions of interest (ROIs) corresponding to the motor and premotor systems. The relative 

rCBF signal change obtained from 2 representative regions (ipsilateral M1/S1 and SMA) is 

illustrated in Fig. 7a&b for all six stimulation conditions. For 10Hz rTMS trains, the time 

courses consistently show a clear-cut peak at the beginning of the stimulation period and then 

fall off. In contrast, the rCBF increase is rather constant during continuous 2 Hz stimulation. 

This difference was formerly tested for two of the stimulation protocols, namely continuous 2 

Hz rTMS and 10 Hz rTMS trains with 4 s intervals, both at 110% rMT. The data was 

reanalyzed using separate regressors for the first and second halves of the stimulation and the 

two halves compared on the group level (Fig. 7c). For 10 Hz trains, most of the affected 

motor and premotor regions were more strongly activated during the first half compared to 

the second half of stimulation (yellow and blue areas in Fig. 7c). In contrast, for 2 Hz rTMS, 

higher rCBF values during the first half were almost completely restricted to the directly 

stimulated M1/S1 (blue and green areas). None of the regions exhibited the opposite effect, 

i.e. stronger activation during the second rather the first half of stimulation. For 2 Hz 

stimulation, the MEPs recorded in the control experiment showed an increasing trend, while 

the MEPs in response to the 10 Hz trains were constant throughout the stimulation period. 

That is, we observed a clear-cut dissociation between MEP and rCBF time courses for the 10 

Hz trains. 
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To conclude, the rCBF in motor and premotor areas correlated positively both with 

stimulation intensity (continuous 2Hz rTMS) and the number of 10 Hz trains. Interestingly, 

the two rTMS protocols yielded markedly different rCBF time courses, which did not 

correlate with the amplitudes of the peripheral muscle responses. 
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Fig. 7 RCBF signal changes in 2 representative regions for 10 Hz rTMS trains (a) and for continuous 

2 Hz rTMS (b). c) Regions with higher CBF in the first 12 s compared to the second 12 s of 

stimulation; for 2 Hz 110% stimulation (green), for 10Hz trains – 4 s gaps (yellow), and overlap 

between both (blue). The stimulation intensity and the number of pulses were matched between these 

two protocols. Only the temporal arrangement (continuous vs. bursts) was different. 

 

3.2  State Dependence of rTMS Effects on the Dorsal Premotor Cortex 

In the last project of my PhD it was investigated if interleaved TMS/CASL is suitable to 

target questions from cognitive neuroscience. Specifically, I investigated the task-dependency 

of the local and remote rCBF activations in response to stimulation of the dorsal premotor 

cortex. 

Motivated by prior studies demonstrating that the effects of rTMS protocols depend on the 

activation state of the stimulated cortex (e.g., Bestmann et al., 2008; O‟shea et al., 2007), we 

used interleaved TMS/CASL to assess the effects of short bursts of TMS delivered to left 

PMd during three different motor states (i.e., during associative or freely selected sequential 

key presses with the ipsilateral hand, or during passive viewing as control). 

Interleaved TMS/CASL was performed on 9 subjects at our 3T Siemens scanner. Fig. 8 

illustrates the experimental design. The stimulation site above the left PMd was determined 

offline using a procedure described previously (see Bestmann et al., 2008; Schluter et al., 

1998). Inside the scanner, the TMS coil was positioned over the “Hot Spot”, the resting and 

active motor thresholds (rMT and aMT) were determined and then the coil was repositioned 
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over the left PMd. A 2 x 3 factorial block design was used with TMS over left PMd (TMS 

high = 110% rMT, TMS low = 70% aMT) and motor state (associative key presses [AK] vs. 

freely selected key presses [FK] vs. passive viewing [PV]) as experimental factors. Each 

subject underwent two sessions which differed in terms of the motor task. Sessions were 

separated by at least one week. Prior to a session, they were trained on one of the two tasks 

(associative or freely selected key presses). Subsequently, 8 experimental runs were acquired, 

4 runs during which the subject performed the task and 4 runs with passive viewing. Using a 

block design, each run contained 3 successive blocks with 60 seconds of task followed by 

120 seconds of rest.  During the task phases, subjects viewed a randomized sequence of 5 

geometrical figures. In the associative finger tapping session, each figure instructed a 

response with a specific finger. In the free selection session, subjects had to respond with a 

freely selected finger when a figure was displayed. In the control runs, subjects had to 

passively view the figures. The figures were presented at a rate of 0.8 Hz. During the rest 

periods the subjects had to fixate a white cross presented in the central visual field. TMS was 

applied as successive short 10Hz trains during the task periods (5 pulses per train, 4 sec gap 

between trains). 

 

 

Fig. 8 Schematic diagram of the experimental design. One motor task was tested per session (either 

associative or freely selected key presses) while passive viewing was assessed in both sessions. One 

condition was investigated per experimental run. The order of runs within one session was pseudo-

randomized across subjects and the order of sessions was counterbalanced across subjects. Each run 

consisted of three alternating epochs of task and rest with task epochs lasting 60 s and rest epochs 

lasting 120 s. 

The behavioral data analysis revealed that mean reaction times (RTs) were consistently 

longer for associative opposed to freely selected responses. This RT difference reflected the 

difference between both tasks in terms of movement selection. Subjects could decide on the 

next button press during the pause between two visual stimuli when freely selecting the key 

presses. In the associative task, no movement preparation was possible before the 

presentation of the visual cue, resulting in longer RTs. However, the interaction between 

TMS intensity and task was not significant. Accordingly, pairwise comparisons of mean RTs 

revealed no effect of TMS intensity in both tasks. The intensity of TMS had also no effect on 

mean error rates during associative key presses. 

The main effect of key presses (pooled across both tasks) versus passive viewing, irrespective 

of TMS intensity, showed significant rCBF increases in the sensorimotor system, including 

right (contralateral to the site of stimulation) M1/S1, bilateral cingulate and CMA/SMA as 

well as bilateral dorsal and ventral premotor areas (PMv, PMd). Task related decreases in 



  Applications in Neuroscience 
 

 

21 

rCBF were observed bilaterally in the superior frontal gyri (SFG), the middle frontal gyri 

(MFG), the paracingulate gyri, the posterior CMA, the inferior parietal lobe (IPL) and the 

precuneous. 

Several areas exhibited higher rCBF increases with freely selected movements compared to 

movements based on visuomotor associations. Regional rCBF increases with free selection 

were found in SFG, MFG and IPL bilaterally, left posterior CMA, as well as right posterior 

SMA. These increases in regional activity with free movement selection were located mainly 

outside the brain regions showing common increases in rCBF with both motor tasks, 

indicating that the free selection task recruited additional cortical areas outside the core 

executive motor network that subserved both motor tasks. No brain region within the field of 

view exhibited stronger rCBF increases with associative movement selection relative to free 

selection at this threshold level. 

The interaction between TMS intensity and type of motor task revealed that the modulatory 

effects of TMS depended on the mode of movement selection (Fig. 9a). Several precentral 

and mesial cortical motor areas showed a stronger TMS-related increase in rCBF with 

associative but not with free movement selection, resulting in a significant interaction 

between TMS intensity and task ([TMSHIGH - TMSLOW]AK - [TMSHIGH - TMSLOW]FK). The 

cortical regions showing a stronger activation for associative movement selection when 

effective TMS was given to left PMd were primarily located in the right hemisphere, 

including the right M1, right PMd and adjacent parts of right PMv and the caudal part of right 

BA9 as well as the right anterior insula. Additional clusters were found in mesial premotor 

areas, including clusters in posterior SMA and anterior CMA. In mesial regions, TMS-related 

differences in motor activation were expressed bilaterally, yet activity changes were more 

pronounced in the right hemisphere. We also tested for brain areas exhibiting TMS-related 

rCBF increases during associative key presses compared to passive viewing ([TMSHIGH - 

TMSLOW]AK - [TMSHIGH - TMSLOW]PV).  Again, mesial and right-hemispheric cortical areas 

showed stronger TMS-related increases in rCBF with associative movement selection relative 

to the non-motor control task (green and blue regions in Fig. 9b). Distinct clusters in the right 

M1, PMd, BA9 and CMA showed TMS-induced rCBF increases for associative movement 

selection compared to both, free selection and passive viewing (blue areas in Fig. 9b).  

No TMS-related increases in rCBF were observed during freely selected movements relative 

to associative movement selection. The cuneus was the only region where TMS enhanced 

rCBF with free movement selection compared to passive viewing ([TMSHIGH - TMSLOW]FK - 

[TMSHIGH - TMSLOW]PV).  

Our results up to now showed that both motor tasks evoked similar activation levels in a 

common network of parieto-premotor regions including the stimulated left PMd. In fact, 

freely selected responses engaged additional prefrontal regions. However, effective TMS 

caused specific rCBF increases in medial and right motor regions only when a prelearned 

associative visuomotor mapping had to be used, but not for freely selected responses and 

passive viewing. 
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Fig. 9 a) Interaction between motor task and TMS intensity ([TMSHIGH - TMSLOW]AK - [TMSHIGH - 

TMSLOW]FK).  b) Overlap of the results depicted in (a) with the interaction between associative key 

presses vs. passive viewing and TMS intensity ([TMSHIGH - TMSLOW]AK - [TMSHIGH - TMSLOW]PV). 

In addition to a standard GLM analysis we used psychophysiological interaction (PPI) 

analyses (Friston et al. 1997) to investigate how the functional connectivity between the 

stimulated left PMd and the other motor areas changed across motor task. The first PPI was 

used to test for regions showing a change in functional coupling with the left PMd during the 

associative compared to passive viewing condition. The second PPI analysis was conducted 

to compare the associative task with the freely selective task. A range of areas (right M1, 

right PMd, right BA9, left secondary somatosensory motor cortex, bilateral CMA and SMA) 

exhibited increased functional coupling for the associative task compared to passive viewing 

(blue and green regions in Fig. 10a). The second PPI analysis revealed an enhanced coupling 

between the left PMd and a subgroup of these regions (right M1, right BA9 and bilateral 

CMA) when comparing associative with freely selected responses, using a threshold of 

Z=1.96 at the voxel level and a cluster extent threshold of 35 voxel (yellow and blue regions 

in Fig. 10a). The areas indentified in this second PPI overlapped with those determined when 

testing the interaction between TMS intensity and task (blue regions in Fig. 10b), thus 

confirming the specificity of the TMS effects for AK as observed in the previous analysis. 
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Fig. 10 Task-dependent changes in the functional coupling between the left PMd and other motor 

areas, assessed using PPI analyses. a) Overlap between the PPI results indicating increased coupling 

for associative vs. freely selected movements and the PPI results indicating stronger coupling for 

associative responses compared to passive viewing. b) Overlap between the PPI results indicating 

increased coupling for associative versus freely selected movements and the interaction between 

associative versus freely selected key presses and TMS intensity (as depicted in Fig. 9a). 
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4. Discussion 

New Coil Positioning Method for Interleaved TMS/fMRI and Validation of our Overall 

Setup 

A novel method for TMS coil placement in interleaved TMS/fMRI studies that allows the 

exchange of coil positions between a neuronavigation system and a MR-compatible holding 

device was developed. The spatial accuracy (2.9 ± 1.3 mm) of this method is in the range 

reported for neuronavigation systems used in normal TMS studies (Schönfeldt-Lecuona et al., 

2005). This method was motivated by Bohning et al. (Bohning et al., 2003) and therefore 

shares some similarities with their approach. However, our method incorporates several 

important advantages. It provides an easy way to repeatedly position the TMS coil at pre-

recorded stimulation sites, without the need to manually identify brain structures in structural 

2D images before each new experiment. In addition, it allows us to easily determine the 

amount of coil displacement due to subject movement in the course of an experiment. Finally, 

the automatic calculation of the EPI slice tilts to minimize the susceptibility artifacts reduces 

the required setup time. We demonstrated that the interleaved TMS-fMRI setup is safe to use 

and the quality measurements showed that we can acquire EPI images at a good quality. In 

particular, the static signal dropouts in the EPI images of the agar phantom were moderate 

and were not visible in the images of the subjects‟ brains. Also, the moderate distortions 

visible in the EPIs of the phantom were absent in the brain images, making it unnecessary to 

use distortion correction based on field mapping. The SFNR images did not reveal any 

additional noise induced by the TMS stimuli or the stimulator itself. The results of the motor 

cortex stimulation study are in concordance with previous findings (Bohning et al., 2000; 

Bestmann et al., 2004) and together with the quality assurance measurements demonstrate the 

viability of our overall setup. 

After the implementation, the feasibility of the interleaved TMS/CASL setup was tested. The 

results of the phantom quality measurements are in concordance with the results of our first 

quality test (Moisa et al., 2009) and show that we can achieve ASL images at a good quality.  

The analysis of the phase maps measurements revealed that the maximum voxel shifts occur 

at the rim of the brain and in general only few voxels exhibited shifts greater than 1 or 

smaller than -1, which should be acceptable for most applications.  

Comparison of the Effects of Two Stimulation Protocols: Continuous 2Hz rTMS and 

Short 10Hz rTMS Trains 

The effects of two stimulation protocols (2 Hz continuous rTMS and short 10 Hz rTMS 

trains) on rCBF were investigated using interleaved TMS/CASL. We found robust rCBF 

changes in response to rTMS stimulation, measured by simultaneous ASL imaging, thereby 

demonstrating the feasibility of this new combination. The observed spatial activation 

patterns are in concordance with the results of previous motor cortex studies (Bestmann et al., 

2004; Bohning et al., 2000; Fox et al., 1997; Siebner et al., 2001b), showing significant rCBF 

increases due to rTMS in motor and premotor areas. Additionally, the positive rCBF 

activation clusters overlap well with the positive BOLD activation as well as with the rCBF 
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increases due to volitional movement. The activation clusters due to volitional movement 

were generally smaller than those due to rTMS and did not involve regions in the right 

hemisphere. This was probably caused by the employed behavioral task (simple finger 

tapping instead of, e.g. sequential finger movements). 

For continuous 2 Hz rTMS, significant rCBF increases with increasing stimulation intensity 

were mainly restricted to the stimulated M1/S1, ipsilateral PMd, and small parts of 

CMA/SMA, but did not extend to regions contralateral to the coil. This is in concordance 

with the findings of previous combined TMS-PET (Fox et al., 2006; Speer et al., 2003) and 

interleaved TMS-fMRI studies (Bestmann et al., 2004). The MEP time courses show a trend 

towards increased amplitudes at the end of the stimulation blocks for continuous 2 Hz rTMS. 

This seems to be mirrored by similar tendencies in the rCBF time courses in some of the 

areas (e.g., CMA, lateral part of PMd ipsilateral to coil). Importantly, however, the time 

courses for rCBF and MEPs, respectively, do not show a comparable dissociation for 

continuous 2 Hz rTMS as for the 10 Hz trains. 

For the stimulation with 10 Hz rTMS trains, the linear increases in rCBF with increasing 

number of trains are in contrast to previous PET results (Paus et al., 1998).  In fact, Paus and 

colleagues (1998) observed negative rCBF in M1/S1 when spacing the trains at 2 s intervals, 

while this condition yielded the highest rCBF values in our case. This discrepancy probably 

arises from the fact that we used supra- rather than sub-MT stimulation and applied shorter 

stimulation periods (24 s instead of 60 s). We did, however, observe a significant decrease in 

rCBF amplitude in the second part of the stimulation in many regions, consistently across all 

stimulations with 10Hz trains. As the MEP amplitudes for 10Hz trains did not show a similar 

decrease, this particular change in rCBF cannot be explained by changes in sensory feedback 

and might therefore hint towards the slow build-up of a cortical inhibitory component. Since 

the PET results reported by Paus and colleagues (1998) are based on the summation of rTMS 

effects across 60 s, it might be that the inhibitory overcomes the excitatory effect for 

extended stimulation periods. This might lead to an overall negative net effect, in particular in 

the absence of activity related to sensory feedback. Support for this hypothesis comes from a 

study in which short high-frequency trains (6 Hz, 10 s inter-train interval) were applied to the 

primary visual cortex of the cat while recording from single cells in the dorsal lateral 

geniculate nucleus (de Labra et al., 2007). The repeated TMS trains led to a successive 

reduction of both the spontaneous spiking activity and the responses to visual stimulation, 

and this effect remained for a few minutes even after TMS stopped. Interestingly, mainly 

tonic activity but not spike bursts was affected by TMS. This might explain why in our case 

dissociations between MEPs (which are elicited by rather short-term bursts of activity) and 

rCBF (averaging across both bursts and the tonic activity in the inter-train intervals) were 

observed. Clearly, this interpretation has to be considered with caution, as the study of de 

Labra et al. (2007) was conducted in anaesthetized animals, thereby targeting a different 

brain area than done here. 
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State Dependence of rTMS Effects on the Dorsal Premotor Cortex 

Finally, interleaved TMS/CASL was used in order to test the effects of TMS bursts delivered 

to the left PMd on remote brain activity during two different motor tasks performed with the 

ipsilateral hand and during passive viewing as additional control. We demonstrated that 

effective TMS caused specific rCBF increases in a network of regions consisting of right 

PMd, an adjacent area in right BA9, right M1 and right CMA only when a prelearned 

associative visuomotor mapping had to be used, but not for freely selected responses and 

passive viewing (blue areas in Fig. 9b). These results were further confirmed by PPI analyses 

revealing an enhanced functional coupling between the left, stimulated PMd and similar right 

and mesial motor regions that occurred specifically for the associative responses compared to 

freely selected key presses and passive viewing (blue areas in Fig. 10a). Importantly, the 

missing TMS effects on error rates and reaction times preclude the possibility that our 

findings were affected by behavioral confounds.  

The subjects responded generally faster for freely selected compared to associative responses. 

Deiber and colleagues (1991) already pointed out that this difference is expected as, when 

making internal selections, the subjects can determine the next key press during the time 

period between two visual stimuli that set the pace of the responses. In contrast, when using a 

prelearned visuomotor mapping, they have to wait for the next stimulus to come up in order 

to select the appropriate response. Importantly, however, the activation levels in a common 

parietal-premotor network were roughly matched between the two tasks in our case. In fact, 

compared to both associative responses and passive viewing, freely selected responses 

engaged additional parietal and prefrontal structures including the right dorsolateral 

prefrontal cortex.  

Both motor tasks used matched visual input and relied on the preparation and execution of 

non-stereotyped key press sequences of similar complexity. The specific difference was in 

the usage of a prelearned visuomotor association for motor selection compared to free 

selection. Our results concord with the view obtained from lesion studies in humans and 

monkeys that PMd is critically involved in conditional sensorimotor mappings (Halsband and 

Passingham, 1982; Petrides, 1986; Halsband and Freund, 1990; Petrides, 1997) despite the 

fact that functional imaging studies in humans did observe learning-related activity changes 

only in other premotor areas (Sakai et al., 1999; Toni et al., 2001; Eliassen et al., 2003; 

Bédard and Sanes, 2009). Our findings support the hypothesis that PMd is predominantly 

involved in the execution and maintenance of already learned rules (Bédard and Sanes, 

2009). In that respect, they significantly extend and complement the results of two prior 

studies combining TMS with fMRI to study the role of PMd in visuomotor control (O'Shea et 

al., 2007; Bestmann et al., 2008). These studies used passive viewing (Bestmann et al. 2008) 

or a simple motor execution task (O'Shea et al. 2007) as control conditions. O‟Shea and 

colleagues (2007) temporally lesioned the left PMd using 1 Hz rTMS and showed subsequent 

compensatory activity increases in mesial and right premotor areas for a conditional 

visuomotor task performed with the right hand. Here, we demonstrated immediate rCBF 

increases in response to TMS hinting towards on-the-flight compensation in a very similar 
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network of regions. In addition, this compensatory pattern occurred for key presses 

performed with the left hand, consistent with the generalized role suggested for the left PMd 

in controlling both contra- and ipsilateral movements (Chen et al., 1997b; Schluter et al., 

1998; Johansen-Berg et al., 2002; Rushworth et al., 2003). 

By revealing immediate compensatory effects to rTMS trains delivered repeatedly during the 

1 min task periods, our study bridges the temporal gap between the offline effects studied by 

o‟Shea et al. (2007) and the study of Bestmann et al. (2008) in which event-related TMS was 

used to look at functional effective connectivity. Bestmann et al. used a task involving visual 

feedback for the online control of the grip force of the left hand. They demonstrated specific 

activity increases in right PMd and right M1 in response to the stimulation of left PMd only 

when the subjects performed the task, but not during rest. We extend this finding by showing 

that right-hemispheric compensation generalizes beyond grip control. Importantly, a similar 

response pattern for internally guided movements was absent in our case. This suggests that, 

for both the associative tasks used in our study and by o‟Shea et al. and the online-control 

task employed by Bestmann et al., the common functional role of the left PMd was the 

maintenance of a specific sensorimotor mapping.  

To conclude, this study demonstrated context-dependent effects of left PMd stimulation on a 

specific remote network of medial and right motor regions. Effective TMS increased rCBF in 

this network only for key presses relying on a prelearned associative visuomotor mapping, 

but not for freely selected responses and passive viewing. The absence of behavioral TMS 

effects suggests that these increases reflect compensatory activity in response to the disturbed 

left PMd. Despite the occurrence of longer reaction times for associative compared to freely 

selected key presses, both motor tasks evoked similar activation levels in a common network 

of parieto-premotor regions including the stimulated left PMd. Furthermore, freely selected 

responses recruited additional prefrontal regions. This makes it unlikely that the observed 

differences in the impact of TMS on remote activity simply stem from differences in task 

complexity. Rather, our results strengthen the view that the execution and maintenance of a 

specific sensorimotor mapping is a critical function of PMd. 

Methodological considerations of interleaved TMS/CASL 

In contrast to combining TMS with PET, interleaved TMS/CASL offers a better temporal and 

spatial resolution and does not utilize radiation. ASL is insensitive to low-frequency 

fluctuations and exhibits a reduced inter-subject and inter-session variability compared to 

BOLD imaging, possibly reflecting a more direct link between rCBF and neural activity 

(Aguirre et al. 2002; Tjandra et al. 2005; Liu and Brown 2007). As a consequence, we were 

able to carry out normal random-effects group analyses at acceptable significance levels 

despite the reduced sensitivity of ASL compared to BOLD fMRI on the single subject level. 

In particular, the good inter-session reproducibility proved to be beneficial, e.g. for 

comparing the impact of TMS over left PMd on different motor tasks. Disadvantages of the 

ASL approach were the limited field of view that only partially covered subcortical structures 

and did not extend to the cerebellum as well as the reduced temporal resolution stemming 

from the alternating acquisition of tag and control images. However, these disadvantages are 
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offset by the possibility to study rCBF changes across longer time periods (Wang et al., 2003; 

Wang et al., 2005a).  
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5. Summary 

The objectives of this dissertation were to develop new methodological improvements in 

combining TMS with fMRI. First, a setup for interleaved TMS/fMRI was implemented. 

Phantom quality measurements helped to demonstrate that we can acquire EPI images with 

good quality. A new positioning method was developed which allows placing the TMS coil 

inside the MR scanner, with good spatial accuracy, over cortical sites previously determined 

with a neuronavigation system. The first motor cortex study validated our overall interleaved 

TMS/fMRI setup and demonstrated that it is safe to use. 

Our setup was then extended in order to be able to interleave TMS with CASL. The 

feasibility of this novel combination was demonstrated both by phantom quality 

measurements and a study targeting the human motor cortex. In particular, it was shown that 

interleaved TMS/CASL can be used to investigate the effects on rCBF of different rTMS 

protocols, offering a better temporal resolution than PET and preventing the subjects‟ 

exposure to radiation. Different rCBF time courses could be distinguished for different rTMS 

protocols, namely for continuous 2Hz rTMS and short 10Hz trains. Finally, it was further 

demonstrated that interleaved TMS/CASL is also suitable for cognitive neuroscience 

research. We showed that CASL is able to detect task-dependent rTMS effects on rCBF 

across interconnected brain regions when targeting the left PMd. Importantly, behavior was 

not disrupted by TMS, ruling out confounding effects of, e.g. reaction times on the brain 

activation pattern. Most notably, the stimulation of left PMd resulted in an increased rCBF in 

a specific remote network of medial and right motor regions only during a conditional 

response task relying on a prelearned associative visuomotor mapping, but not for freely 

selected responses or passive viewing. This strengthens the view that the left PMd is a key 

node maintaining an already learned conditional rule. The rCBF increases in functionally 

related medial and right motor areas hint towards an immediate (on-the-flight) compensatory 

reorganization, in turn maintaining behavioral performance.  
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6. Outlook 

One interesting aspect which could be investigated in future studies using interleaved 

TMS/ASL is the rCBF responses to sub-threshold rTMS intensities. This seems feasible since 

we have already demonstrated that the CASL method is sensitive enough to detect rCBF 

changes at relatively low TMS intensities of 100% rMT (i.e., just eliciting finger twitches 

when left M1 was stimulated during rest). By stimulating with sub-threshold intensities, 

direct rCBF changes due to rTMS stimulation could be investigated without confounding 

indirect activity changes due to the afferent sensory feedback caused by the muscles 

responses.  

ASL imaging offers the possibility to study rCBF changes across longer time periods (Wang 

et al., 2003; Wang et al., 2005a). In this respect, ASL imaging should be particularly well 

suited for studying the impact of fully-fledged rTMS protocols. Furthermore, ASL could be 

implied not only to investigate new stimulation paradigms but also other stimulation 

techniques such as transcranial direct current stimulation (tDCS) (Paulus 2003). Moreover, 

the combination of ASL and TMS also has the potential to determine neural correlates of 

compensatory plasticity both in healthy volunteers and in patients. It is important to know 

whether stimulation protocols that are effective in healthy subjects are equally effective or 

suitable to patients. This may lead to the development of more efficient protocols for basic 

research and therapeutic TMS applications.  

Different studies have shown that neuroactive drugs can change the cortical excitability and 

thereby the effectiveness of TMS (Ziemann 2004). The direct quantitative measure of rCBF 

provided by ASL is less susceptible to drug administration compared to BOLD signal. Thus, 

combined TMS/ASL could be implied to investigate drug-related rCBF changes that 

accompany the modulation of the TMS effects on the peripheral electrophysiological level. In 

particular, this approach could offer insights into the question whether the changed 

effectiveness is caused by local or rather by network-effects of the drug. 

We showed that interleaved TMS/CASL can be applied to study TMS effects on baseline 

rCBF as well as task-dependent TMS effects. Since little work has been done so far in this 

respect, this novel combination could also offer important insights into how focal TMS 

disrupts neuronal processing during a task, causing a “virtual lesion” (Pascual-Leone et al., 

1999; Pascual-Leone et al., 2000). In this respect, ASL imaging could be used as a 

complement to BOLD EPI imaging to topographically monitor the brain activity changes due 

to a transient, non-invasive, TMS-induced behavioral perturbation. The measured rCBF 

signal comes primarily from small vessels and surrounding tissue while the BOLD signal 

derives primarily from larger arteries and veins. In particular, it has been hypothesized that 

the functional rCBF signal may be more localized to the sites of neuronal activation than the 

BOLD signal. However, whether ASL imaging helps to gain more useful insights in this 

respect compared to BOLD imaging remains to be seen. 
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One future direction of investigation involves the comparison of the functional connectivity 

assessed using interleaved TMS/ASL with the structural connectivity revealed by diffusion 

tensor imaging (DTI) (Behrens et al., 2005). Because brain regions that are connected 

functionally are also likely to be connected anatomically, areas of functional connectivity 

may show direct or indirect connectivity pathways on DTI images. In this sense, the DTI 

technique can be used for determining the structural connectivity between the stimulated 

cortical area and the direct connected areas in the brain, thus excluding the regions showing 

non-specific coactivations. A comprehensive description of the TMS effect on interconnected 

brain areas could be achieved by determining the degree of correlation between functional 

and structural connectivity. Due to its better spatial specificity compared to BOLD, ASL 

could be implied to compare the network of regions modulated by rTMS with structural 

connectivity pattern of the target area assessed with DTI while BOLD EPI could be used to 

investigate the immediate impact of TMS on brain connectivity.  

In order to better understand the TMS effects on brain activity, model-based analyses of the 

impact of TMS on effective connectivity could be applied using, e.g. dynamic causal 

modeling (DCM) (Friston, 2003). This approach could help to obtain hypotheses on the 

question how causal interregional influences in response to TMS are mediated across brain 

regions. For example, using DCM and Bayesian model selection one could test if TMS over a 

targeted region modulates the activity in remote brain regions more likely via a direct 

connection or via intermediate interconnected areas. However, whether model-based analysis 

is more suitable for TMS-ASL studies compared with TMS-BOLD fMRI studies remains to 

be seen. In this respect, TMS combined with ASL could be used for experimental designs 

which are not suitable for BOLD imaging (e.g., designs which implies comparison of data 

from different experimental sessions or for pre-post designs).  
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Abbreviations 

AK Associative key presses 

AMT Active motor threshold 

APB Abductor pollicis brevis 

ASL Arterial spin labeling 

BA9 Brodmann area 9 

BOLD Blood oxygenation level dependent 

CASL Continuous Arterial spin labeling 

CMA Cingulate motor areas 

DCM Dynamic causal modeling 

DTI Diffusion tensor imaging 

EPI  Echo planar imaging 

FBIRN Functional biomedical informatics research network  

FK Freely selected key presses 

FMRI Functional magnetic resonance imaging 

IPL Inferior parietal lobe 

M1 Primary motor cortex 

MEP Motor evoked potentials 

MFG Middle frontal gyri 

MR Magnetic resonance 

MRI Magnetic resonance imaging 

PET  Positron emission tomography 

PMd Dorsal premotor cortex 

PMv Ventral premotor cortex 

PPI Psychophysiological interaction 

PV Passive viewing 

RCBF Regional cerebral blood flow 

RCMRglc Regional cerebral metabolic rate of glucose consumption 

RF Radio frequency 

RMT Resting motor threshold 

ROI Region of interest 

RT Reaction time 

RTMS Repetitive transcranial magnetic stimulation 

S1 Primary somatosensory cortex 

SFG Superior frontal gyri 

SMA Supplementary motor areas 

SNR Signal to noise ratio  

SFNR Signal-to-fluctuation-noise ratio 

TDCS Transcranial direct current stimulation 

TMS Transcranial magnetic stimulation 

TR Repetition time 
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Technical Note

New Coil Positioning Method for Interleaved
Transcranial Magnetic Stimulation
(TMS)/Functional MRI (fMRI) and Its Validation in a
Motor Cortex Study

Marius Moisa, MS,1 Rolf Pohmann, PhD,1 Lars Ewald, MS,2 and Axel Thielscher, PhD1*

Purpose: To develop and test a novel method for coil place-
ment in interleaved transcranial magnetic stimulation
(TMS)/functional MRI (fMRI) studies.

Materials and Methods: Initially, a desired TMS coil posi-
tion at the subject’s head is recorded using a neuronaviga-
tion system. Subsequently, a custom-made holding device
is used for coil placement inside the MR scanner. The pa-
rameters of the device corresponding to the prerecorded
position are automatically determined from a fast struc-
tural image acquired directly before the experiment. The
spatial accuracy of our method was verified on a phantom.
Finally, in a study on five subjects, the coil was placed
above the cortical representation of a hand muscle in M1
and the blood oxygenation level-dependent (BOLD) re-
sponses to short repetitive TMS (rTMS) trains were as-
sessed using echo-planar imaging (EPI) recordings.

Results: : The spatial accuracy of our method is in the
range of 2.9 � 1.3 (SD) mm. Motor cortex stimulation re-
sulted in robust BOLD activations in motor- and auditory-
related brain areas, with the activation in M1 being local-
ized in the hand knob.

Conclusion: We present a user-friendly method for TMS
coil positioning in the MR scanner that exhibits good spa-
tial accuracy and speeds up the setup of the experiment.
The motor-cortex study proves the viability of the approach
and validates our interleaved TMS/fMRI setup.

Key Words: interleaved TMS/fMRI; motor cortex; neu-
ronavigation; coil positioning; image quality
J. Magn. Reson. Imaging 2009;29:189–197.
© 2008 Wiley-Liss, Inc.

INTERLEAVING TRANSCRANIAL MAGNETIC STIMU-
LATION (TMS) with functional MRI (fMRI) is a promising
approach to study the functional connectivity between
brain areas in humans. For example, fMRI can be used
to measure the blood oxygenation level-dependent
(BOLD) activity induced by TMS to demonstrate the
connectivity between the stimulated area and coacti-
vated areas (1,2). Alternatively, in the so-called “virtual
lesion approach,” TMS disturbs task-related activity in
a targeted brain region and fMRI monitors the effect on
local and remote BOLD activations (3).
A major practical problem is the positioning of the

TMS coil at the subject’s head inside the MR scanner to
precisely target a desired brain area. Neuronavigation
systems have become the advanced standard in TMS to
achieve high spatial accuracy of coil placement (4,5).
However, these systems cannot be used inside the MR
cabin. Here, we present a positioning method for inter-
leaved TMS/fMRI that for the first time allows the ex-
change of TMS coil positions between a neuronaviga-
tion system and an MR-compatible holding device. This
allows easy and precise TMS coil placement inside the
MR scanner using preplanned positions that were pre-
viously recorded using the neuronavigation system.
First, our method is introduced and its spatial accuracy
is validated. Subsequently, its viability is demonstrated
in a pilot study on five subjects, in which it is used to
target the representation of a hand muscle in M1.

MATERIALS AND METHODS

Coil Positioning Method: General Outline

Our method is based on a custom-built mechanical
coil-holding device with 6 degrees of freedom (DoF) (Fig.
1a and e). It consists of MR-compatible materials and
fits into the cylindrical radiofrequency (RF) head coil
with an inner diameter of 29 cm. Themechanical design
of the device was inspired by one previously described
(6).
Initially, a high-resolution structural image is ac-

quired once for each subject (magnetization-prepared
rapid gradient echo [MPRAGE], 192 sagittal slices, ma-
trix size � 256 � 256, voxel size � 1 mm3, TR/TE/TI �

1High-Field Magnetic Resonance Center, Max Planck Institute (MPI) for
Biological Cybernetics, Tübingen, Germany.
2MagVenture, Farum, Denmark.
Contract grant sponsor: Max-Planck Society; Contract grant sponsor:
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of this article.
Received April 14, 2008; Accepted August 27, 2008.
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1900/2.26/900 msec, 12-channel head coil, 3T Sie-
mens TIM Trio, Erlangen, Germany). The image is
loaded into a neuronavigation system (BrainView,
Fraunhofer IPA, Stuttgart, Germany) (7) that tracks the
TMS coil position in real time and visualizes it in respect
to the subject’s individual brain anatomy.
Prior to an interleaved TMS/fMRI experiment, the

neuronavigation system is used to record the desired

coil positions, which are saved with respect to the high-
resolution image. This step can be done at any time
before the experiment, which reduces the time to set up
the subject in the scanner.
At the beginning of an experiment, the position of the

subject’s head inside the RF head coil is determined by
a fast structural image (fast low-angle shot [FLASH], 60
horizontal slices, matrix size � 128 � 128, voxel size �

Figure 1. a: The TMS coil and the coil-holding device mounted in the scanner. b: Transformation steps performed by the
software to compute the coil-holding parameters from a prerecorded coil position. c: GUI of the positioning software. d:
Validation measurements: markers were placed on an agar phantom (a 250-mL plastic bottle attached to a 17-cm sphere). The
TMS coil was replaced by a pointer. The average distance between the tip of the pointer and the positions indicated by the
markers determines the spatial accuracy of our positioning method. e: Coil holder with the different translation and rotation
axes indicated by arrows.
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2 � 2 � 3 mm, TR/TE � 339/2.46 msec, one-channel
transmit/receive (Tx/Rx) head coil, PN 2414895; USA
Instruments, Aurora, CO, USA) within 54 seconds. The
image is loaded into our custom-written positioning
software (based on MATLAB, The MathWorks, Natick,
MA, USA) and automatically coregistered to the high-
resolution reference image by means of SPM5 functions
(Wellcome Trust Centre for Neuroimaging, University
College London [UCL], London, UK). This step is used to
determine the coordinate transformation from the high-
resolution reference image to the scanner coordinate
system relative to the isocenter (Fig. 1b). The pre-
planned coil positions can then be loaded into the po-
sitioning software and transformed into real-world
scanner coordinates. The latter values are used in a
second transformation step to determine the transla-
tion and rotation parameters of the coil-holding device,
similar to the method described by Bohning et al (6).
Once a coil position has been recorded using the neu-
ronavigation system, the parameters for the holding
device are automatically determined by our software
based on a fast FLASH image of the subject’s head.
Additional software features are as follows (Fig. 1c):

● The high-resolution structural image is displayed
together with the coregistered FLASH image to vi-
sually verify the coregistration result.

● A list of coil positions is provided. The user has the
possibility to add a position, to restore it, and to
save the overall list as MATLAB file.

● Head movements in the course of an experiment
displace the originally targeted cortical area with
respect to the fixed TMS coil. The amount of dis-
placement can be monitored by regularly acquiring
FLASH images. For each new image, the software
computes an updated coil position and compares it
with the positions in the list, so that the (apparent)
change of coil position indicates the amount of dis-
placement.

● A set of coil-holding parameters can be trans-
formed back into a coil position for usage in the
neuronavigation system, or in a further interleaved
TMS/fMRI session.

● The echo-planar imaging (EPI) slice tilts that are
necessary to minimize the susceptibility artifacts
induced by the TMS coil (8) are automatically de-
termined. It should be noted that the tilts minimiz-
ing the image artifacts underneath the coil might
unfavorably affect susceptibility-related signal loss
in brain regions such as the orbitofrontal cortices
(9). Consequently, depending on the experimental
question under study, a compromise will some-
times be necessary.

Coil Positioning Method: Calibration and
Validation

The precision of our method depends on the two suc-
cessive coordinate transformations from the high-reso-
lution reference image to the MR scanner space, and
further on from these coordinates into the parameter
space of the holding device (Fig. 1b). The accuracy of the
first step is determined by the coregistration procedure
of the FLASH image onto the reference image, which is

ensured by regular visual inspection of the coregistra-
tion results. Additionally, for two subjects, the accuracy
was checked post hoc using five FLASH images from
different experimental sessions. The coregistered and
resliced FLASH images were coregistered among each
other (i.e., the first onto the second, third, fourth, and
fifth; the second onto the first, third, fourth, and fifth,
etc.). If the initial coregistrations of the FLASH images
onto the reference image were perfect, the coregistered
FLASH images would overlap perfectly and the subse-
quent mutual coregistrations would yield identity
transformation matrices. In other words, the deviations
of the transformation matrices from the identity matrix
were used to quantify the stability of the first transfor-
mation step across different sessions.
To adjust the second transformation step from the

MR scanner space to holding device parameters, the
coil was replaced by three small MR-visible spheres
placed on a small plate and FLASH images for 20 pa-
rameter sets of the coil-holding device were taken,
thereby approximately covering the space correspond-
ing to frontal, parietal, and temporal brain regions. The
sphere centers were manually localized in the FLASH
images and compared with their theoretical positions
calculated from the parameter sets. Subsequently, in a
numerical search procedure (a trust-region interior-re-
flective Newton method provided by the Optimization
Toolbox of MATLAB), offsets were added to the coil pa-
rameters and the set of offset values was determined
that minimized the average deviation between the the-
oretical and measured values across all 20 parameter
sets. The robustness of the search procedure was en-
sured by randomly jittering the initial values of the
search and refitting the data. The estimated values
were saved and used as constant offsets in the subse-
quent calculations. After one week, the coil-holding de-
vice was remounted in the scanner and 20 additional
measurements were performed. The average deviation
between the theoretical and measured values was de-
termined to validate the optimized second transforma-
tion step.
The accuracy of the overall procedure from the re-

cording of a position using the neuronavigation system
to the calculation of the holding device parameters was
validated using the agar phantom shown in Fig. 1d. To
ensure mathematically unambiguous results of the
coregistration procedure, the overall phantom was
made asymmetric by gluing a small box-like phantom
to a spherical phantom. Twenty-six points were marked
on the surface of the sphere and their positions were
recorded with the neuronavigation system, again cov-
ering the space corresponding to frontal, parietal, and
temporal brain regions. As markers we used paper la-
bels with one central dot indicating the target position,
surrounded by concentric rings having millimeter spac-
ing. After placing the phantom in the MR scanner and
taking a FLASH image, the holding device parameters
corresponding to the 26 coil positions were computed.
The positions indicated by the holding device were then
visually compared with the target points on the phan-
tom using the concentric rings on the marker and a
small ruler to determine their spatial deviation. This
procedure was conducted two times in sessions one
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week apart to assess the stability of the overall position-
ing method. It should be noted that only five of six DoFs
are tested in this way. The pointing device (Fig. 1d)
replacing the TMS coil in these measurements repre-
sents an axis that is perpendicular to the coil plane and
runs through the midpoint of the coil. It corresponds to
the peak of the induced electric field (10). The accuracy
of coil rotations around this axis was not tested.

Coil Positioning Method: Technical Details on the
Coil Holder

Figure 1e shows the coil holder with the TMS coil at-
tached to it. Its basis (material: Delrin) is stably at-
tached to the patient table of the MR scanner by two
clamps at the front side of the holder so that its position
relative to the RF head coil stays fixed when the patient
table moves. The main axis of the holder (indicated by Z
in Fig. 1e) is oriented parallel to the z-axis of the scan-
ner. Its height was chosen to coincide with the center of
the RF head coil. The main axis and the frontal parts
are made from polyetherethylketone (PEEK) to increase
their mechanical stability. The holder has two transla-
tion (X, Z) and four rotation DoFs (coil �, �1, �2, and
�3). Axis �1 is displaced from a position directly above
the TMS coil in order to reduce the thickness of the part
of the holder that is attached at the back of the TMS
coil. This in turn helps to maximize the available space
inside the RF head coil. Axis �1 (material: bronze) is
indirectly driven by a worm drive (bronze) that operates
toothed rings (aluminum) by means of a tooth belt (in-
ternally enforced using aramid fibers rather than metal
wires). Axis �2 is directly driven by a worm drive
(bronze). The scale of axis �1 has a resolution of 3°, and
can be read with an accuracy of�1.5°. The scales of the
other axes have a resolution of 1 mm and 1°, respec-
tively. A computer-aided design (CAD) model of the
frontal holder parts (starting with the plate correspond-
ing to the X-axis) is available in STEP (ISO 10303) for-
mat and may be obtained from the corresponding au-
thor.

Coil Positioning Method: Software Details

The positioning software (graphical user interface [GUI]
shown in Fig. 1c) and the BrainView navigation system
(Fraunhofer IPA, Stuttgart, Germany) use the Brain-
Voyager (Brain Innovation, The Netherlands) data for-
mats and coordinate systems for the structural refer-
ence image and the coil positions. Coil positions are
saved in a head coordinate system that was originally
developed to store electroencephalograph (EEG) elec-
trode positions in BrainVoyager and uses the left and
right ears and the nasion as anatomical landmarks.
The reference image is stored as a structural volume file
(*.vmr). Additionally, the transformation matrix from
the head coordinate system to the structural image
space is stored in a separate file (*.sfh). These two files
have to be loaded into the positioning software prior to
loading coil positions. Coil positions can either be pre-
recorded using the neuronavigation system, or planned
offline by using the coordinates of a desired target po-
sition as shown by BrainVoyager.

The FLASH images have to be exported in digital im-
aging and communications in medicine (DICOM) for-
mat from the scanner console to a target directory on
the computer running the positioning software. The
software imports the FLASH images from this directory
and coregisters them on the structural image using
SPM5 functions. Up to now, only Siemens DICOM files
have been tested. However, as our software uses the
SPM5 import function, its usage should also be possible
with other MR scanner brands. After coregistration, the
software computes the translation and rotation param-
eters of the holding device, which then have to be man-
ually adjusted. The overall process of FLASH image
acquisition (54 seconds), transfer and import into the
positioning software (about one minute), coregistration
(three minutes), and manual adjustment (three min-
utes) takes around eight minutes. The MATLAB code of
the software may be obtained by contacting the corre-
sponding author.

Tests on Safety and Subject Comfort

Prior to the motor study, the safety of the interleaved
TMS/fMRI setup and the EPI data quality during TMS
stimulation were assessed. The voltages induced in the
TMS coil by the MR gradients were measured using the
approach described in (15). To test for torque reactions,
the TMS coil was manually held in the scanner bore at
several different orientations and fired at 100% output
intensity. The coil windings are embedded in dampen-
ing material that is placed between the wires and the
outer coil casing, which effectively reduces the vibration
and noise levels when applying TMS pulses in the scan-
ner bore. This was tested in one subject by stimulating
occipital, frontal, central, and parietal areas in the MR
scanner at 100% output. The mechanical stability of
the coil was ensured in a stress test. The coil plane was
consecutively oriented orthogonal and parallel to the
orientation of the static B0 field. The output level of the
stimulator was set to 100% biphasic “Powermode,” in
which the capacitors of the stimulator and the MagOp-
tion extension are operated in parallel so that the peak
currents reach �140% of the peak currents for normal
biphasic stimulation. Continuous repetitive stimula-
tion at 10 Hz was applied until the coil reached the
temperature limit (42°C) and the stimulator switched
off automatically. This was repeated twice for each of
the two coil orientations tested.

Motor Cortex Study: General Procedure

Five healthy subjects gave informed written consent to
participate in the study, which was approved by the
local ethics committee. In an initial “Hot Spot” search,
the TMS coil position that caused the strongest twitch-
ing of a particular finger muscle (abductor pollicis bre-
vis) was determined and its position was saved using
the neuronavigation system. In the MR scanner, the
TMS coil was placed on the “Hot Spot” using our posi-
tioning method. As a side note, an earlier version of the
holding device than described in this work was used in
the motor study. Parts of it were mechanically less sta-
ble, resulting in a slightly lower accuracy (�1 mm) of
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the overall positioning method. However, we do not
think that this had a major impact on the outcome of
the study.
After coil placement, the lowest stimulation intensity

resulting in an activation of the muscle (the “motor
threshold” [MT]) was determined using electromyo-
graphic recordings. The interleaved TMS/fMRI setup
consisted of a MagPro X100 stimulator with MagOption
(MagVenture, Farum, Denmark) and an MR-compatible
figure-8 coil (MRi-B88). To prevent the MR images from
being affected by RF noise, the stimulator was placed
outside the MR cabin and the coil was connected
through a high-current filter (E-LMF-4071; ETS-
Lindgren, St. Louis, MO, USA) attached to the copper
shielding of the cabin (11). The TMS stimulation was
interleaved with the MRI acquisition using custom-
written software. Pauses of 68 msec were introduced
after every 133 msec in the gradient echo (GE) EPI
sequence, i.e., after every second slice (204 volumes, 24
slices parallel to the coil plane, voxel size � 3 � 3 � 4
mm3, 0.5 mm gap, matrix size � 64 � 64, TR/TE �
2410/30 msec, bandwidth (BW) � 2232 Hz/pixel, one-
channel Tx/Rx head coil). The pauses were used to
interleave the EPI sequence with trains of 10 biphasic
TMS pulses applied every 200 msec for two seconds at
110% MT, followed by rest periods of 17.2 seconds (Fig.
3a). This was repeated 25 times. Two runs with TMS
stimulation at 110% MT were acquired. In one addi-
tional run, the TMS intensity was set to 50%MT and the
subjects performed volitional thumb movements,
acoustically triggered by the TMS coil clicks. After each
run a FLASH image was acquired to check for coil dis-
placements due to head movements.

Motor Cortex Study: Data Analysis

After careful visual inspection of the EPI volumes for
putative TMS-related artifacts, the data were analyzed
using FSL3.3 (FMRIB, Oxford University, Oxford, UK).
Motion and slice time correction was applied to the EPI
time series, followed by brain extraction, temporal high-
pass filtering (50-second cutoff) and Gaussian spatial
smoothing (5-mm full-width at half-maximum
[FWHM]). The statistical model was constructed by con-
volving a stick function that indicated the times of TMS
stimulation with a gamma function modeling the stan-
dard hemodynamic response. After estimation of the
general linear model (FSL FILM), the resulting statisti-
cal maps were registered onto the Montreal Neurologi-
cal Institute (MNI) template. The single statistical re-
sults for the runs of an individual subject were first
combined in a fixed-effects analysis. An FSL FLAME
mixed-effects analysis was then used to obtain group
results (threshold: z � 2.3 at voxel level and P � 0.05
corrected at cluster level).
Time courses were obtained for eight structural re-

gions of interest (ROIs) corresponding to the motor sys-
tem (M1/S1, cingulate motor area [CMA]/supplemen-
tary motor area [SMA], posterior bilateral putamen), the
auditory system (bilateral auditory cortex, inferior col-
liculi) and a control region in white matter (centered at
x � 24, y � –28, z � 33, MNI space). For each subject,
the ROIs were manually determined in the high-resolu-

tion structural image. They were intersected with the
individual statistical maps (threshold: P � 0.05 uncor-
rected at voxel level) to determine the subregions exhib-
iting task-related activity. The mean signal change of
the voxels in the subregions was averaged across trials,
using the mean of the two volumes prior to trial onset as
baseline. Additionally, the variability of the observed
BOLD signals was assessed by calculating the standard
error across trials.

EPI Image Quality

A spherical agar phantom and the procedures outlined
in the Function Biomedical Informatics Research Net-
work (fBIRN) protocol (16) were used to assess the EPI
data quality during TMS stimulation. Three EPI runs
were performed and their results compared 1) without
the TMS coil, 2) with the coil attached to the phantom
but not connected to the stimulator, and 3) with TMS
stimulation at 80% of the maximal output intensity
(thereby exceeding the maximal intensity used for mo-
tor cortex stimulation). The EPI parameters were iden-
tical to those used in the motor cortex study. For each
EPI slice, the mean across volumes was determined to
check for static signal dropout and distortions. Addi-
tionally, the signal-to-fluctuation-noise ratio (SFNR)
was determined by dividing the mean by the SD across
volumes. Low SFNR values signal a high temporal vari-
ability of the EPI signal, hinting, e.g., toward an un-
wanted impact of the TMS pulses on the EPI measure-
ments.
In order to quantify the amount of distortions in the

EPI brain images, phase maps were recorded for two
subjects using the standard Siemens GE field map se-
quence, with and without the TMS coil being positioned
over the motor cortex. The raw maps were phase-un-
wrapped, converted to radians/second, and used to
estimate the pixel shifts in the EPI images (using FSL
PRELUDE and FUGUE).

RF Noise Measurements

The effectiveness of the high-current filter in eliminat-
ing the RF noise caused by the stimulator was tested
using the Siemens RF noise service sequence. During
the sequence, the MR gradients and RF excitation are
kept switched off while the RF receiver scans for RF
noise in a range of �250 kHz relative to the center
frequency. The setup was identical to that used for the
EPI data quality measurements. In a further test, the
amplitudes of the RF excitation pulses of the EPI im-
ages were set to 0V while keeping the other EPI param-
eters unchanged from those used in the motor cortex
study, and the three conditions previously tested with
the fBIRN protocol were repeated. Additionally, one run
was acquired with the TMS coil connected to the stim-
ulator, which was set to 100% output intensity but was
not firing. For each of the runs, the SD across volumes
was calculated to determine the amount by which the
RF noise contributes to the noise in the SFNR measure-
ments.
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RESULTS

Coil Positioning Method: Validation Results

The mutual coregistrations of the resliced FLASH im-
ages resulted in negligible rotation angles and mean
deviations (� SD) of 0.55 � 0.09 mm and 0.69 � 0.14
mm for the two subjects tested. This indicates that the
first transformation step of the FLASH images onto the
high-resolution image yields stable results across dif-
ferent sessions. Additionally, we checked whether the
presence of the skull in the FLASH images affected the
registration results. In two subjects, the brains were
extracted in the reference and the FLASH images using
the BET tool of FSL3.3. The FLASH images with and
without skull were subsequently registered to the ref-
erence image. The results differed only marginally (�0.5
mm), so that subsequently the original FLASH images
with skull were used for coregistration.
After calibration, the accuracy of the second transfor-

mation step from MR scanner coordinates to the pa-

rameter space of the coil holder was in the range of
1.9 � 0.8 mm (mean � SD) for the 20 positions used in
the validation measurements. The average deviations in
the x-, y-, and z-directions (in scanner coordinates)
were 1.0 � 0.8 mm, 1.2 � 0.8 mm, and 0.7 � 0.4 mm,
respectively. The accuracy of the overall procedure was
tested twice in separate sessions by comparing the 20
markers on the phantom with their corresponding po-
sitions indicated by the holding device (Fig. 1d). The
average deviations were 2.9 � 1.3 mm (maximum off-
set: 6.0 mm) and 2.6 � 0.9 mm (maximum offset: 4.5
mm), respectively.

Safety and Subject Comfort

The maximal peak-to-peak voltage induced in the TMS
coil by the MR gradients was �4V, which is low enough
to not affect the stimulator. We could not detect any
torque reactions when firing the coil inside the scanner.
Using an additional thin (�2 mm) layer of foam plastic

Figure 2. a: Mean images of the 12 EPI slices closest to the TMS coil for the EPI measurements without coil and with rTMS
stimulation. The TMS coil is placed directly above the first slice. b: SFNR images without the coil and with rTMS stimulation.
With �130, the SFNR values in both the control run and the measurement with TMS fall below the limit of 200 for good EPI
quality given in the fBIRN protocol (16). This was caused by choosing a higher BW than defined by fBIRN. The normal SFNR
values of the scanner exceed 220 when using the standard fBIRN parameters. c: Noise spectrum for the TMS coil connected to
the enabled stimulator. The noise amplitude is scaled in arbitrary units (range, 0–4096). d: SD images for the EPI measurements
without RF excitation pulse. Shown are the results for rTMS stimulation. The same slices as in image a are selected. e: EPI
images for one exemplary subject, with and without the TMS coil placed above the first slice. The slice orientation was chosen
to be parallel to the TMS coil placed above the motor cortex. f: Phase maps for the images shown in e. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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was sufficient to reduce the coil vibrations to a subjec-
tively comfortable level, even at 100% stimulator out-
put. Noise levels could be reduced to subjectively com-
fortable levels by ear plugs. The stress test did not
reveal any mechanical or electrical damage of the coil,
indicating that it is safe to use the coil up 100% bipha-
sic output level at 3T.

EPI Image Quality

The TMS coil caused signal dropouts in the three EPI
slices closest to it and spatially more extended but mod-
erate distortions (Fig. 2a). As expected, these effects
were static and were also visible when assessing the
effects of the coil without stimulation (data not shown).
The SFNR images did not reveal any additional tempo-
ral EPI signal fluctuations due to the repetitive TMS
(rTMS) trains (Fig. 2b). The EPI images of the subjects’
brains contained no visible dropouts, probably because
the coil-cortex distance was larger than the distance
between the first three slices in Fig. 2 and the coil (�14
mm). The field maps acquired for two subjects revealed
moderate distortions that were mainly restricted to the
first four slices underneath the coil (Fig. 2e and f show
the results for one of the subjects). In both subjects, the
estimated maximal pixel shifts for the corresponding
EPI slices were 1.4 and –1.8 voxels, respectively. Impor-
tantly, the central brain region directly underneath the
TMS coil (corresponding to the stimulated M1/S1) ex-
hibited hardly any distortions.

RF Noise

Figure 2c shows the RF noise spectrum for TMS coil
placed in the scanner and connected to the enabled
TMS stimulator. The high-current filter effectively pre-
vents RF noise from entering the MR cabin, except for
one small peak close to the center frequency. The fre-
quency and amplitude (230% of the background noise) of
the peak stays constant within and between sessions. The

peak stays when the stimulator is left on, but is disabled
(which prevents the power unit from recharging the ca-
pacitor). This makes it unlikely that the peak is generated
in the high-voltage section of the stimulator.
In order to determine the impact of the RF noise peak

on EPI image quality, EPI measurements without initial
RF excitation were acquired. In this case, no signal from
the phantom is acquired, so only RF noise contributes
to the images. Visual inspection of the mean and SD
images did not reveal any patterns like bright dots or
stripes that usually hint of RF noise in any of the con-
ditions tested (Fig. 2d). However, when the TMS coil was
connected to the stimulator, the average SD was gen-
erally slightly enhanced throughout the whole image
(4.6 compared to 4.4 for baseline). No difference was
observed between the conditions with rTMS stimulation
and with connected coil but without stimulation. Given
the intensities and noise levels of the EPI acquisitions
shown in Fig. 2a, increasing the SD by 0.2 corresponds
to decreasing the SFNR by approximately 3 units. In
consequence, the impact of the RF noise peak on the
EPI image quality is negligible.

Motor Cortex Stimulation

Significant BOLD responses were observed in the motor
system (stimulated left M1/S1, SMA/CMA, thalamus
ipsilateral to stimulated M1, bilateral putamen, and
bilateral cerebellum), in the bilateral auditory cortices,
the ipsilateral inferior colliculus, and the bilateral in-
sula (Fig. 3b). Volitional movement resulted in stronger
BOLD effects, but in a similar spatial activation pattern
(Fig. 3c and d). In contrast to rTMS stimulation, voli-
tional movement led to a positive BOLD activation in
M1 contralateral to the TMS coil. The numbers of acti-
vated voxels in the ROIs are presented in Table 1. The
cluster sizes for rTMS stimulation are on average lower,
but in the same range as for volitional movement. In all

Figure 3. a: rTMS stimulation
protocol. b: Group activation
map for rTMS stimulation (N �
5, voxel threshold z� 2.3, clus-
ter threshold P � 0.05 cor-
rected, MNI space) shown on
an individual structural image.
c: Group activation map for vo-
litionalmovement (same thresh-
old level as used for rTMS) d:
Overlap between the activation
maps for rTMS stimulation and
volitional movement.
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subjects, rTMS stimulation results in robust BOLD
curves for all ROIs tested, except for the control region
in white matter (Fig. 4a). Averaged across subjects, the-
BOLD effect strength for rTMS stimulation is compara-
ble to that caused by volitional movements (Fig. 4b).

DISCUSSION

We present a novel method for TMS coil placement in
interleaved TMS/fMRI studies that allows the exchange
of coil positions between a neuronavigation system

Table 1
Average size (� SE) of the ROIs in Cubic Millimeters for the Two Experimental Conditions

Condition M1/S1 CMA/SMA
Ipsilateral
putamen

Contralateral
putamen

Ipsilateral
auditory

Contralateral
auditory

Inferior
colliculi

White matter

rTMS 439 � 63 644 � 113 405 � 60 343 � 75 1300 � 166 1259 � 200 102 � 15 96
Volitional 484 � 87 810 � 166 481 � 32 393 � 47 1290 � 161 1253 � 194 123 � 18 96

Figure 4. a: Individual ROI time courses for rTMS stimulation. b: Time courses for rTMS stimulation and volitional movement,
averaged across subjects. Shown is the mean signal change� standard error (SE). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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and an MR-compatible holding device. The method
was validated in a motor cortex study on five subjects.
The spatial accuracy (2.9 � 1.3 and 2.6 � 0.9 mm,
respectively) of our method is in the range reported
for neuronavigation systems used in normal TMS
studies (5). With one exception, the observed devia-
tions were below 5 mm. The maximally observed de-
viation was 6.0 mm, which still compares favorably
to, e.g., coil placement according to the EEG 10-20
system (12) or relative to the motor representation of
finger muscles (13). However, it will depend upon the
experimental question if this amount of accuracy is
sufficient or not.
Our method was motivated by Bohning et al (6) and

therefore shares some similarities with their approach.
However, our method incorporates several important
advantages. It provides an easy way to repeatedly posi-
tion the TMS coil at prerecorded stimulation sites, with-
out the need to manually identify brain structures in
structural 2D images before each new experiment. In
addition, it allows us to easily determine the amount by
which the originally targeted area is displaced from the
TMS coil due to subject movement in the course of an
experiment. Finally, the automatic calculation of the
EPI slice tilts to minimize the susceptibility artifacts
reduces the required setup time. However, our ap-
proach is limited concerning the brain areas that can be
reached. While coil positioning over the frontal, pari-
etal, and parts of the temporal areas is feasible, the coil
cannot be positioned over the occipital poles and sur-
rounding brain areas.
The presented interleaved TMS-fMRI setup is safe to

use and enables us to acquire EPI images of good qual-
ity. In particular, the static signal dropouts in the EPI
images of the agar phantom were moderate and were
not visible in the images of the subjects’ brains. EPI
images of both the phantom and the subjects’ brains
exhibited moderate distortions. In the brain images, the
distortions were restricted mainly to the first four EPI
slices and did not affect the stimulated M1/S1 region.
Consequently, it is very unlikely that the spatial local-
ization of the observed BOLD activations was strongly
affected by them. Still, we plan to use field maps for
distortion correction in future studies. The SFNR im-
ages and RF noise measurements demonstrated that
the noise induced by the TMS stimuli or the stimulator
itself was negligible.
In concordance with previous findings (1,2), the brain

regions activated by rTMS stimulation belong mainly to
the motor or the auditory system. They exhibit a robust
spatial overlap with those obtained for volitional move-
ment. The signals in the ROIs show the expected BOLD
time course. Taken together, these findings and the
results of the quality assurance (QA) measurement
demonstrate a good EPI signal quality and validate our
overall setup. The rTMS-induced activation in M1 is
localized to the hand knob (14), i.e., to the part of M1
containing the representation of the hand muscles (Fig.

3b, z � 56 and 62). This, in turn, validates the spatial
accuracy of our positioning method.
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Continuous Arterial Spin Labeling (CASL) offers the possibility to quantitatively measure the regional cerebral
blood flow (rCBF). We demonstrate, for the first time, the feasibility of interleaving Transcranial Magnetic
Stimulation (TMS) with CASL at 3 T. Two different repetitive TMS (rTMS) protocols were applied to the motor
cortex in 10 subjects and the effect on rCBF was measured using a CASL sequence with separate RF coils for
labeling the inflowing blood. Each subject was investigated, using a block design, under 7 different
conditions: continuous 2 Hz rTMS (3 intensities: 100%, 110% and 120% resting motor threshold [MT]), short
10 Hz rTMS trains at 110% MT (8 pulses per train; 3 different numbers of trains per block with 2, 4 and 12 s
intervals between trains) and volitional movement (acoustically triggered by 50% MT stimuli). We show
robust rCBF increases in motor and premotor areas due to rTMS, even at the lowest stimulation intensity of
100% MT. RCBF exhibited a linear positive dependency on stimulation intensity (for continuous 2 Hz rTMS)
and the number of 10 Hz trains in the stimulated M1/S1 as well as in premotor and supplementary motor
areas. Interestingly, the 2 different rTMS protocols yielded markedly different rCBF activation time courses,
which did not correlate with the electromyographic recordings of the muscle responses. In future, this novel
combination of TMS with ASL will offer the possibility to investigate the immediate and after-effects of rTMS
stimulation on rCBF, which previously was only possible using PET.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Up to now, two different imaging techniques have been used for
assessing the effect of Transcranial Magnetic Stimulation (TMS) on
brain metabolism in the stimulated cortex and in connected areas. The
first approach combines TMS with positron emission tomography
(PET) to measure changes in regional cerebral blood flow (rCBF using
H215O PET; Paus et al., 1997; Siebner et al., 2001b; Speer et al., 2003) or
regional cerebral metabolic rate of glucose (rCMRglc, [18F]deoxyglu-
cose PET; Siebner et al., 2001a, 1998) in order to characterize the
immediate and after-effects of repetitive TMS (rTMS) protocols. PET
offers high sensitivity and specificity and provides absolute measure-
ments, allowing for direct comparisons between different scanning
sessions and the assessment of longer lasting effects. However, PET
imaging has low temporal resolution, limiting the experiments to
block designs. Another major disadvantage of PET imaging is the
subjects' exposure to radiation, which limits the number of measure-
ments per subject.
The second technique combines TMS with blood oxygenation

level-dependent echo planar imaging (BOLD EPI; Bestmann et al.,
2004; Bohning et al., 2000), offering a better spatial and temporal
resolution. However, the baseline value of the BOLD signal depends on
scanning parameters (such as coil sensitivity, amplifier linearity, etc.)

that vary between experiments. As a consequence, the assessment of
slow BOLD signal changes hinting towards modulatory rTMS effects
and the comparison of absolute values in pre-post designs are not
possible. As an alternative to BOLD imaging, TMS can be combined
with arterial spin labeling (ASL) imaging. ASL provides a direct
quantitative measure of perfusion (i.e., rCBF), thereby complementing
the information offered by BOLD imaging in characterizing the brain
responses to TMS stimulation. For example, this could help to remove
the confounding effects of baseline perfusion changes on BOLD
activity after different drug administrations. In ASL imaging, rCBF is
assessed based on the subtraction of tag images inwhich an RF pulse is
used to tag the inflowing blood from unaltered control images. Both
types of images are acquired in an alternating sequence, so that image
variations caused by scanner instabilities like field drifts or a subject
motion effectively cancel out after subtraction, allowing the acquisi-
tion of quantitative and constant signals during long-term measure-
ments and even different sessions. This allows us to determine
baseline perfusion values and measure rCBF quantitatively and, in
turn, opens the possibility to assess both the immediate and the more
long-term effects of rTMS stimulation on brain baseline state and
activation. In contrast to PET imaging, the subjects are not exposed to
radiation and the spatial and temporal resolutions are in the range of
normal fMRI experiments.
The aim of the present study was to demonstrate, for the first time,

the technical feasibility to interleave TMS with multi slice continuous
ASL (CASL) imaging. Combined TMS–PET studies have previously
shown that periods of continuous rTMS and periods of short successive
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rTMS trains act differently onto rCBF in motor and premotor regions:
rCBF was positively correlated with stimulation intensity for contin-
uous 1 Hz rTMS (Speer et al., 2003), while it was negatively correlated
with the number of 10 Hz rTMS trains (Paus et al., 1998). Here, two
different rTMSprotocols (continuous 2Hz rTMS and 10Hz trains)were
applied to themotor cortex in 10 subjectswhile acquiring CASL images.
We directly compared the rCBF time courses in response to these
protocols, thereby capitalizing on the higher temporal resolution of
CASL compared to PET imaging.We show that the sensitivity of CASL is
high enough to robustly detect rCBF increases due to rTMS stimulation
inmotor and premotor areas, even at amoderate stimulation intensity
of 100% motor threshold (MT). In contrast to the findings of Paus et al.
(1998), rCBF in these areas correlated positively bothwith stimulation
intensity (continuous 2 Hz rTMS) and the number of 10 Hz trains.
Interestingly, the two rTMS protocols yielded markedly different rCBF
time courses, which did not correlate with the amplitudes of the
peripheral muscle responses. In future studies, the novel combination
of TMS with ASL proves to be a promising tool for investigating the
effects of rTMS on rCBF, in particular for longer rTMS protocols, which
was previously only possible using PET.

Methods

General procedures

Ten right-handedhealthy subjects (5 females;meanage±SD: 26.3±
3.0 years) with no history of neurological disorders were included in
the study. Informed written consent was obtained for each subject
prior to the first experiment. The study was approved by the local
ethics committee of the Medical Faculty of the University of Tübingen.
A high-resolution structural image was acquired once for each

subject which was used for subsequent neuronavigation (MPRAGE, 192
sagittal slices, matrix size=256×256, voxel size=1 mm3, TR/TE/
TI=1900/2.26/900 ms, 12-channel head coil, 3T Siemens TIM Trio).
Each subject then participated in a session outside the MR scanner in
which the optimal TMS coil position (“Hot Spot”) to stimulate a
particular finger muscle (right abductor pollicis brevis; APB) was
determined and saved using a neuronavigation system (BrainView,
Fraunhofer IPA, Stuttgart, Germany). Subsequently, two sessions of
interleaved TMS/CASL imaging were performed. In theMR scanner, the
TMS coil was positioned over the “Hot Spot” using a method previously
described (Moisa et al., 2009) and the motor threshold (MT) was
determined using electromyographical (EMG) recordings (details are
given in the next section). As outlined below, two different rTMS
protocols were then tested in several experimental runs. In a final
session, again outside the scanner, the time courses of themotor evoked
potentials in response to the different rTMS protocols were recorded.

Interleaved TMS/CASL: data acquisition

Scanning was performed on a 3T Siemens TIM Trio (Siemens AG,
Erlangen, Germany) with a one-channel RF transmit/receive head coil
(model PN 2414895; USA Instruments, Aurora, CO, USA). The subjects
were told to keep their eyes open and their right hand relaxed
throughout the experiment. After positioning the TMS coil over the
“Hot Spot”, the motor threshold was determined using muscle evoked
potentials (MEP) recorded from the right APB inside the MRI scanner
bymeans of aMR-compatible EEG amplifier (BrainAmpMR plus, Brain
Products, Germany) and 3 Ag/AgCl pin electrodes. MEP responses
were assessed as peak-to-peak amplitudes in time windows from 15
to 40 ms after the magnetic pulses. The resting motor threshold (MT)
determined as the lowest TMS intensity eliciting MEP responses of
N50 μV in at least 5 out of 10 trials. Movements of the electrodes
within the B0-field of the scanner due to the TMS-induced muscle
twitches resulted in signal variations similar to ballistocardiogram
artifacts seen in EEG recordings. These artifacts were generally small

at lower stimulation intensities close to MT and delayed in time
compared to the MEP response, allowing us to assess reliable peak-to-
peak amplitudes. While using EMG recordings for assessing the MT,
we decided not to apply them during the interleaved TMS/CASL
measurements as the latter would have required additional metho-
dological development.
In the interleaved TMS/CASL experiments, three different experi-

mental conditions were tested: Continuous 2 Hz rTMS, short 10 Hz
rTMS trains and volitional movement. In total, 16 experimental runs
were conducted in 2 sessions. The order of conditions was counter-
balanced between sessions and between subjects. Each run consisted
of 8 blocks of rTMS stimulation, each block consisting of 24 s of rTMS
followed by 52 s of rest. Continuous 2 Hz rTMS was tested at three
different stimulation intensities, corresponding to 100%, 110% and
120% MT (2 runs per intensity). The 10 Hz rTMS trains consisted of 8
pulses which were separated by 100 ms and delivered at 110% MT.
Three different inter-train intervals were investigated: 2, 4 and 12 s
corresponding to 12, 6 and 2 trains, respectively, per stimulation
block. Two runs were acquired per inter-train interval. Finally, 4
experimental runs (2 in each session) were performed with volitional
movement which was acoustically triggered by TMS coil clicks at an
intensity of 50% MT, using the protocol for continuous 2 Hz
stimulation. Biphasic magnetic stimuli were delivered by a MagPro
X100 stimulator (MagVenture, Denmark) with an MR-compatible
figure-8 coil (MRi-B88).
An in-housewritten CASL sequencewith EPI readout (2D gradient-

echo echo planar imaging) and separate RF coils placed on the subject
neck for labeling the inflowing blood in the right and left carotid was
used (Zaharchuk et al., 1999; Zhang et al., 1995). Each experimental
run contained 158 volumes (79 pairs of control— tag images; imaging
parameters: matrix size=64⁎64, voxel size=3×3×4 mm3, 0.5 mm
gap, TR/TE=4000/20 ms, bandwidth=2442 Hz/pixel, tag duration/
delay=2689/810 ms for 2 Hz stimulation and volitional movement,
2737/820 ms for 10 Hz trains, tag gradient strength 2.0 mT/m). One
volume consisted of 8 slices covering the motor and premotor areas
and was acquired in ascending order, parallel to the inferior border of
rostral and splenial parts of the corpus callosum. In this way, the slice
orientation was roughly aligned across subjects to minimize the
spatial information loss in the group analysis. Before each functional
scan, a control magnitude image used for the rCBF quantification was
acquired (6 volumes; TR=8 s; no labeling and saturation pulses were
used, all other parameters were kept the same as for the functional
images). Additionally, in the first session, a whole-brain EPI was
acquired once that was used for image registration during post-
processing (32 slices, matrix size=64⁎64, voxel size=3×3×4 mm3,
0.5 mm gap, TR/TE=1600/20 ms, bandwidth=2442 Hz/pixel).
TMS was interleaved with the CASL imaging by applying the

magnetic pulses during the tag delay (leaving pauses of at least
100 ms to the next EPI readout; Bestmann et al., 2003a) or directly
after the EPI readout before CASL tagging started again. Additionally,
short temporal gaps of 20 ms were introduced during the tagging to
apply further TMS pulses. These gaps were kept throughout the
experimental run to keep the tagging identical between stimulation
blocks and rest periods. The temporal distribution of TMSwith respect
to the acquisition of a CASL volume is shown in Figs. 1B and C for
continuous 2 Hz rTMS and 10 Hz rTMS trains, respectively. A
schematic diagram of the setup used for interleaving the TMS pulses
with the CASL imaging is depicted in Fig. 1A. The MR scanner
controlled the timing of the CASL tagging phases and sent triggers
indicating the start of a volume to an additional control computer.
Custom-written software on this computer triggered the TMS pulses
and inhibited the CASL tagging in temporal windows (5 ms pre to
15 ms post) around the pulses. More details on the interleaved TMS/
CASL setup, including a quantification of the field distortions by the
TMS coil and tests of the image quality based on an agar phantom, can
be found in the Supplementary material.
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Interleaved TMS/CASL: data analysis

Data preprocessing and analysis were carried out using FSL4.0
(FMRIB, Oxford University, Oxford, UK). The first two volumes of each
run were excluded to allow brain tissue to reach steady state
magnetization. After visual inspection of the raw images for putative
TMS-related artifacts, they were motion corrected, registered to the
whole-brain EPI, temporally high-pass filtered (152 s cut-off) and
spatially smoothed (Gaussian with 5 mm full-width at half-max-
imum). For each run, the combined perfusion and BOLD signal was
modeled using three regressors (see www.fmrib.ox.ac.uk/fsl/feat5/
perfusion.html for details): An alternating intensity variation of
constant height between control and tag images was used to model

the perfusion baseline. BOLD activation was modeled as the convolu-
tion of the block design pattern (24 s stimulation— 52 s rest, repeated
8 times) with a standard hemodynamic response function (HRF; blue
curve in Fig. 2B). Perfusion activation was modeled as the multi-
plication of the regressors for the baseline and the BOLD signal,
thereby implicitly assuming that the stimulus-related perfusion
changes have a similar time course as the BOLD signal. The condition
using 10 Hz rTMS trains with 12 s gaps in-betweenwas analyzed twice
with two different regressor shapes: First, in order to assess the
regions activated by this condition, an optimal regressor modeling the
two rTMS trains at the beginning and in the middle of the stimulation
block with a 12 s gap in-between was used (red curve in Fig. 2A).
Second, the original regressor (blue curve in Fig. 2B) that equally

Fig. 1. (A) Schematic diagram of the combined TMS/CASL setup. (B) Relative timing of interleaved 2 Hz rTMS stimulation and CASL volume acquisition. The upper row shows how
TMS was interleaved with the acquisition of a single image volume. The second row depicts the temporal distribution of the TMS stimuli within a stimulation block of 6 volumes. (C)
Relative timing for interleaving CASL volume acquisitionwith 10 Hz rTMS trains. The top row shows the distribution of the TMS stimuli within one image volume for an interval of 2 s
between rTMS trains. In the next three rows, the distribution of the rTMS trains in a stimulation block of 6 volumes is visualized for the different inter-train intervals. For 10 Hz trains
at 4 s intervals (third row), the first train of 8 pulses was skipped so that no gaps had to be introduced during RF tagging. For 10 Hz trains at 12 s intervals (fourth row), one volume
containing an rTMS train was followed by two volumes without TMS.
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weighted the 24 s of stimulationwas applied to be able to compare the
average rCBF change during the stimulation period with the changes
caused by other conditions. While the results of the first analysis were
used when compiling group activation maps, the results of the second
analysis were used for a linear regression analysis to compare the rCBF
changes across rTMS conditions (see below).
Analysis started by estimating separate general linear models for

each experimental run in every subject. The two runs corresponding to
the same rTMS condition (and the four runs for volitional movement)
were then combined in each subject using a fixed-effects analysis. At
this stage, data from two subjects were excluded from further analysis
due to low signal-to-noise ratios of the rCBF values (both for rCBF
baseline and activation), possibly caused by poor labeling of the
inflowing blood by the two RF tagging coils. In order to create group
results, the maps of the individual parameter estimates of the
remaining 8 subjects were normalized to MNI space by first registering
the whole-brain EPI to the T1-weighted anatomical image and then the
anatomical image to theMNI template. The normalized individualmaps
of parameter estimates were fed into a second-level mixed-effects
analysis with experimental conditions and subjects as fixed and
random factors, respectively. An F-test pooling across all six rTMS
conditions was applied to identify regions exhibiting robust TMS-
related rCBF changes (z=2.3 at voxel level and p=0.05 corrected at
cluster level). This initial analysis was used to constrain the search space
in the subsequent analysis to voxels showing robust rCBF increases in
response to rTMS and thus address the multiple-comparisons problem.
Further general F-tests were applied to estimate rTMS-related BOLD
activations (z=3.1 at voxel level and p=0.05 corrected at cluster level)
and group rCBF changes due to volitional movement (same threshold
level as used for rTMS-related rCBF changes).
In order to identify regions exhibiting parametrical changes in rCBF

with increasing stimulation intensity (continuous 2 Hz rTMS) and
increasing number of trains (10 Hz rTMS), respectively, two linear
regression analyses were conducted on the group level. The resulting

maps were thresholded at p=0.05 uncorrected and intersected with
the general rCBF activation as determined by the initial F-test.
Further analyses were conducted for 2 of the conditions, namely

continuous 2 Hz rTMS and 10 Hz rTMS trains with 4 s intervals, both at
110% MT. Since the stimulation intensity and the number of pulses
were matched between both conditions, we wanted to determine the
amount of similarity in the rCBF changes. The rCBF activations were
compared using a paired T-test on the group level (p=0.05
uncorrected). Additionally, in order to determine whether the two
rTMS protocols affected rCBF differently during the first versus the
second half of the stimulation period, the analysis was repeated using
first-level models with separate regressors for the two halves of the
stimulation block (regressors for the first and last 12 s, respectively,
both convolved with a standard HRF). For each of the two rTMS
protocols, the rCBF increases were compared between two halves of
the stimulation block using paired T-tests on the group level (p=0.05
uncorrected). Additionally, we tested for differences in rCBF activation
between the two rTMS protocols, for each of the two halves of the
stimulation block separately (paired T-tests; p=0.05 uncorrected).

rCBF time courses

The perfusion time courses elicited by the different stimulation
conditions were compared in eight regions of interest (ROIs) corre-
sponding to motor and premotor areas. In each subject, the ROIs were
first definedbasedon the individual anatomy. Theprimary sensorimotor
areas (MI/SI) were defined as the parts of the anterior and posterior
bank of the central sulcus located around the hand knob (Yousry et al.,
1997). The medial portions of the dorsal premotor areas (PMd) were
determined using the junction of the superior precentral sulcuswith the
superior frontal sulcus, and the more lateral parts of the superior
precentral sulcus were defined as lateral PMd (Tomassini et al., 2007).
The supplementary motor area (SMA) was defined as being located
medially between the medial portions of the superior frontal gyri,

Fig. 2. Theoretical rCBF time courses for stimulation with 10 Hz trains (A) and continuous 2 Hz (B). The signals were normalized to the maximum of the time course for 2 Hz
stimulation at 100% MT. The time courses were created by convolution of a stick function indicating the time points of the TMS pulses with a canonical HRF response. They indicate
how rCBF would behave if it scaled perfectly linearly with the number of pulses and stimulation intensity. The horizontal black bars on the x-axes indicate the stimulation period. (C)
Variation of theMEP amplitude along the stimulation period. The amplitudes were normalized to the mean of all TMS test pulses applied before, after and in between the stimulation
blocks and averaged across successive 4 s intervals (corresponding to the TR of one CASL volume).
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anterior to the precentral gyrus (comprising the pre-SMA and SMA
subdivisions; Picard and Strick, 2001). The cingulate motor area (CMA)
was defined as the region inferior to the SMA lying within the cingulate
sulcus (Picard and Strick, 2001). We were specifically interested
whether the rCBF time courses differed between continuous 2 Hz
rTMS and 10 Hz rTMS trains, thereby only considering those parts of the
ROIs that generally responded to rTMS stimulation. Therefore, secondly,
an individual rCBF activation map was derived for the complete image
volume using an F-test pooling across all rTMS conditions (p=0.05
uncorrected, fixed-effects analysis) and the anatomical ROIs were
intersected with the individual CBF activation map to restrict the ROIs
to voxels exhibiting significant rCBF changes due to rTMS stimulation.
For ROIs in which none of the voxels was significant on the single-
subject level, the rTMS group activation map was used for intersection.
As exception, the ROIs for the M1/S1 region contralateral to the
stimulation site were solely based on anatomy as, when pooling across
all rTMS conditions, this region did not exhibit significant rCBF changes,
neither on the single-subjectnor on the group level. For each subject, the
mean rCBF signal changewas averaged across all significantvoxels in the
defined ROIs and across stimulation blocks. The mean of the last four
time points before the rTMS period was used as baseline. Finally, the
time courses were averaged across subjects.

Quantification of rCBF

In order to test whether the absolute values of the measured rCBF
were in the expected range, quantification of the baseline blood flow
was performed for the eight ROIs defined above. The following

equation from Wang et al. (2005) was used that assumes that the
labeled blood spins remain primarily in the vasculature rather than
exchanging completely with tissue water:

rCBF = λR1a
ΔM
Mcon

1
F

with F = 2α exp −wR1að Þ− exp − τ + wð ÞR1a½ �f g
ð1Þ

Constant λ=0.9 mL/g is the blood/tissue water partition coefficient
and R1a=0.67 s−1 is the longitudinal relaxation rate of blood. ΔM
stands for the mean CASL perfusion image and was computed by
pairwise subtraction of the control and labeled images and averaging
across the last four time points before each rTMS stimulation period.
Mcon is the average control image intensity and was obtained by
averaging the 6 EPI volumes acquired with a TR of 8 s before each
functional run. The termw is the post labeling delay time and consists
of a constant delay between the end of RF labeling and the start of the
EPI readout (810ms for continuous 2Hz rTMS; 820ms for 10Hz trains;
Figs. 1B and C) plus the time between EPI onset and the slice
acquisition (0–306ms for the 1st to 8th slices).wwas adjusted for each
ROI by using the slice acquisition time of the middle slice of the ROI.
Constant τ stands for the duration of the labeling pulse. It is 2689 ms
and 2737 ms for continuous 2 Hz and 10 Hz trains, respectively, when
not taking the tagging gaps introduced for the TMS pulses into
account. For continuous 2 Hz rTMS and 10 Hz rTMS with 2 s intervals
between trains (Figs. 1B and C), the 20 ms gaps divided the original
continuous tagging period in several successive short phases. We

Fig. 3. Group activation maps for rCBF (A) and BOLD (B), pooled across all rTMS conditions and overlaid over an individual high-resolution anatomical image. (C) Overlap between
the positive rCBF group activations for rTMS stimulation and volitional movement.
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took this into account by replacing the original factor F in Eq. (1) by
the sum

F = 2αfexp −wR1að Þ− exp − w + dn − 15 msð ÞR1a½ �

+
Xn

i=2

exp − w+di+5 msð ÞR1a½ �−exp − w + di−1− 15 msð ÞR1a½ �f g

+ exp − w + d1 + 5 msð ÞR1a½ �− exp − τ + wð ÞR1a½ �g
ð2Þ

where n is the number of stimuli applied in the tagging phase (n=5
for 2 Hz rTMS and n=8 for 10 Hz trains with 2 s intervals) and di are
the delays of the TMS pulses with respect to the end of the tagging
phase. The labeling efficiency α quantifies the inversion of the
magnetization of the inflowing blood. Since the inversion process is
less efficient at the beginning and the end of RF labeling pulses, the
20 ms gaps during labeling might result in a reduced overall efficiency
(i.e., a smaller α) and have to be taken account of when calculating α.
For this, the adiabatic inversion process was simulated by Bloch-
equation simulations: Using the realistic parameters of the experi-
ment, the inversion was modeled using 50 μs steps (Pohmann et al.,
2009). The computation was performed for continuous labeling, as
well as including the gaps for continuous 2 Hz rTMS and 10 Hz rTMS
with 2 s intervals between trains. The resulting αwas then used when
calculating factor F in Eq. (2). Comparison of the inverse 1/F between
CASL acquisitions with and without gaps allowed us to determine the
amount by which the gaps affect the quantification.
For each individual experimental run, the absolute baseline rCBF

was computed in each of the previously defined 8 ROIs. In order to
restrict the calculation to graymatter voxels, the individual map of the

baseline perfusion activation was thresholded and used as mask
(Z=12 in 6 subjects; Z=9 in 2 subjects). Subsequently, for each ROI
the absolute baseline rCBF was averaged across all runs and subjects.

EMG data recording and analysis

In the TMS lab, the time courses of the motor evoked potentials
(MEPs) were investigated for two of the rTMS protocols, namely
continuous 2 Hz rTMS and 10Hz rTMS trainswith 4 s intervals (both at
110%MT; sameprotocol as used inside the scanner). Twenty test pulses
were applied before the first stimulation block and again after the last
block (pulse interval: 8 s). Additionally, six test pulses (8 s spacing)
were applied between each two successive stimulation blocks,
resulting in altogether 82 test pulses. MEPs were recorded from the
right APBmuscle and quantified as peak-to-peak amplitudes. TheMEP
amplitudes were first normalized to the mean of the 82 test pulses.
Subsequently, in order to compare the MEPs with the rCBF time
courses, the rTMS blocks were divided in 4 s time intervals
(corresponding to the TR of one CASL volume) and the amplitudes
were averaged across these intervals. Finally, averaging across blocks
and across subjects was performed.

Results

Imaging results

The rTMS stimulation elicited robust rCBF (Fig. 3A) and BOLD signal
(Fig. 3B) increases in motor and premotor areas: stimulated primary
sensorimotor area (M1/S1i), cingulate and supplementarymotor areas

Fig. 4. (A) Regions exhibiting increasing rCBF with increasing stimulation intensity for continuous 2 Hz rTMS (green), with increasing number of trains for 10 Hz rTMS (yellow), and
overlap between both (blue). (B) Regionswith higher rCBF in the first half compared to the second half of stimulation for 2 Hz rTMS at 110%MT (green), for 10 Hz trains with 4 s intervals
(yellow), and overlap between both (blue). (C) Analysis of the second half of stimulation for continuous 2 Hz rTMS and for 10 Hz trains at 4 s intervals (both at 110% MT). The shown
regions exhibit higher rCBF for 2 Hz rTMS than for 10 Hz trains.
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(CMA, SMA), as well as medial (PMdim, PMdcm) and lateral (PMdil,
PMdcl) parts of the bilateral dorsal premotor areas. As can be seen from
Figs. 3A and B, the positive group rCBF and BOLD activations largely

overlap. The overlap between the rCBF increases due to rTMS
stimulation and volitional movement, respectively, is shown in blue
in Fig. 3C. The activation clusters for volitional movement overlap well

Fig. 5.Mean perfusion time courses (±SE) in 8 ROIs for continuous 2 Hz rTMS (A) and for 10 Hz rTMS trains (B). The time courses were normalized to the baseline rCBF determined
from the last four volumes before the TMS stimulation period.
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with those due to rTMS stimulation, but are smaller in extent and are
restricted to the ipsilateral M1/S1, ipsilateral PMd, CMA and SMA.
A significant rCBF decreasewas observed in the superior frontal gyrus

ipsilateral to the TMS coil (SFGi in Fig. 3A), while BOLD signal decreases
occurred in a more widespread network (Fig. 3B; M1/S1 contralateral to
coil, posterior SMA, bilateral SFG, posterior part of bilateral superior
parietal lobe, precuneous). Inspection of the BOLD signal time courses for
the regions being at the rim of the brain (bilateral SFG and SPL) revealed
smooth time courses without any hints towards the deactivations being,
e.g. driven by putative motion artifacts. For some of the rTMS conditions
considered in isolation, an rCBF decrease in the contralateral M1/S1 as
well as in other areas exhibiting BOLD signal decreases could be observed
(Fig. S.2 in the Supplementary material).
Fig. 4A shows regions exhibiting increasing rCBF with increasing

number of trains (10 Hz rTMS; yellow and blue areas) and increasing
stimulation intensity (continuous 2 Hz rTMS; green and blue areas),
respectively. A positive relationship between the number of 10 Hz trains
and rCBF was observed in most of the areas that showed general rCBF
activations due to rTMS stimulation (see Fig. 3A). For 2 Hz stimulation,
increasing rCBFwith increasing stimulation intensityoccurredonly in the
stimulated M1/S1 and, to a lesser extent, in CMA, the medial part of the
ipsilateral PMd and the lateral part of the contralateral PMd.
The relative rCBF signal change obtained from8ROIs is illustrated in

Figs. 5A and B for all six stimulation conditions. For 10 Hz rTMS trains,
the time courses consistently showa clear-cut peak at the beginning of
the stimulationperiod and then fall off. In contrast, the rCBF increase is
rather constant during continuous 2 Hz stimulation (see Fig. S.3 for the
BOLD time courses determined from a subset of the ROIs). This
difference was formerly tested for two of the stimulation protocols,
namely continuous 2 Hz rTMS and 10Hz rTMS trains with 4 s intervals,
both at 110%MT. The datawas reanalyzed using separate regressors for
the first and second halves of the stimulation and the two halves
compared on the group level (Fig. 4B). For 10 Hz trains, most of the
affected motor and premotor regions were more strongly activated
during thefirst half compared to the second half of stimulation (yellow
and blue areas in Fig. 4B). In contrast, for 2 Hz rTMS, higher rCBF values
during the first half were almost completely restricted to the directly
stimulated M1/S1 (blue and green areas). None of the regions
exhibited the opposite effect, i.e. stronger activation during the second
rather the first half of stimulation. When directly comparing the
second halves of stimulation between both rTMS protocols, many
regions were more active during continuous 2 Hz stimulation than for
10 Hz trains (Fig. 4C), despite the same number of stimuli applied at
the same intensity. No significant differences in rCBF activation
strength could be observed for the first halves.

rCBF quantification

The simulations indicate that the labeling efficiency α (see Eq. 1)
was only negligibly affected by the 20 ms gaps introduced in the
tagging phases: α is 0.937 for conditions without gaps (i.e., 10 Hz
trains with 4 and 12 s intervals) and is reduced to 0.925 and 0.919
when introducing 5 gaps for 2 Hz stimulation and 8 gaps for 10 Hz
trains at 2 s intervals, respectively. The inverse 1/F that describes the
dependency of absolute rCBF on both tagging duration and labeling
efficiency, was mildly reduced from 0.90 to 0.86 (2 Hz condition) and
0.85 (10 Hz trains at 2 s intervals), respectively. In other words,
ignoring the gaps during quantification would have resulted in a
relative error of around 6%. The mean baseline perfusion values in the
8 ROIs are summarized in Table 1.

MEP time courses

ThemeanMEP amplitudes, averaged across successive 4 s intervals of
the stimulation block, are shown in Fig. 2C for continuous 2 Hz
stimulation (blue lines) and 10 Hz trains with 4 s intervals (red lines),
respectively, both at 110% MT. The MEPs for 2 Hz stimulation show an
increasing trend (p=0.165, paired T-test across subjects between thefirst
4 s and the last 4 s in the stimulation block)while theMEPs in response to
10 Hz trains were constant throughout the stimulation period.

Discussion

We found robust rCBF changes in response to rTMS stimulation,
measured by simultaneous ASL imaging, thereby demonstrating the
feasibility of this new combination. The observed spatial activation
patterns are in concordance with the results of previous motor cortex
studies (Bestmann et al., 2004; Bohning et al., 2003; Fox et al., 1997;
Siebner et al., 2001a), showing significant rCBF increases due to rTMS
inmotor and premotor areas. Additionally, the positive rCBF activation
clusters overlap well with the positive BOLD activation as well as with
the rCBF increases due to volitional movement. The activation clusters
due to volitional movement were generally smaller than those due to
rTMS and did not involve regions in the right hemisphere. This was
probably caused by the employed behavioral task (simple finger
tapping instead of, e.g. sequential finger movements). The absolute
values for the baseline rCBF are in the same range as previously
reported values (Calamante et al., 1999; Yang et al., 2000; Yongbi et al.,
2002), serving as further validation of our novel TMS–CASL combina-
tion. As a side note, the gaps introduced during tagging affected the
quantification results only mildly. Ignoring them in order to simplify
the quantification procedure would therefore cause only small
deviations around 6% in the absolute rCBF values.
The regions exhibiting BOLD signal decreases in response to rTMS

correspondwith previously reported areas showing rCBFandBOLD signal
decreases in response to magnetic stimulation (Bestmann et al., 2003b,
2004; Speer et al., 2003). While in our case only one region (SFGi in Fig.
3A) showed significant rCBF decreases when pooling across all rTMS
conditions, additional regions (in particular M1/S1 contralateral to the
coil) could be observed for some of the conditions considered in isolation
(Fig. S.2 in the Supplementary material). The higher number of regions
with deactivations only in the BOLD map but not in the rCBF map was
therefore probably caused by the lower SNR of the rCBF measurements.
For continuous 2 Hz rTMS, significant rCBF increases with

increasing stimulation intensity were mainly restricted to the
stimulated M1/S1, ipsilateral PMd, and small parts of CMA/SMA, but
did not extend to regions contralateral to the coil. This is in
concordance with the findings of previous combined TMS–PET (Fox
et al., 2006; Speer et al., 2003) and interleaved TMS–fMRI studies
(Bestmann et al., 2004). This might in part be due to the SNR of PET
and CASL being too low to detect moderate rCBF increases in the other
areas. When assuming that rCBF depends linearly on the number of
pulses and stimulation intensity, then the theoretical rCBF increase
due to higher TMS intensities is rather moderate compared to, e.g. the
effect of doubling the number of pulses (Figs. 2A and B). Changing the
number of TMS pulses might therefore be more powerful to induce
clear-cut parametric changes in rCBF. The MEP time courses show a
trend towards increased amplitudes at the end of the stimulation
blocks for continuous 2 Hz rTMS. This seems to be mirrored by similar
tendencies in the rCBF time courses in some of the areas (e.g., CMA,
lateral part of PMd ipsilateral to coil; Fig. 5A). Importantly, however,

Table 1

CMA SMA M1/S1 contra PMdm contra PMdl contra PMdl ipsi PMdm ipsi M1/S1 ipsi

Mean±SE (mL/100 g/min) 76.286±3.297 73.742±3.869 65.964±2.504 69.704±4.530 72.366±2.917 69.558±4.387 63.524±3.357 62.149±3.061

Absolute baseline rCBF values (±SE) in the 8 ROIs.
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the time courses for rCBF and MEPs, respectively, do not show such a
dissociation for continuous 2 Hz rTMS than for 10 Hz trains.
In contrast to previous PET results (Paus et al.,1998),we found linear

increases in rCBF with increasing number of trains for the stimulation
with 10Hz rTMS trains. In fact, Paus et al. (1998) observed negative rCBF
in M1/S1 when spacing the trains at 2 s intervals, while this condition
yielded the highest rCBF values in our case. This discrepancy probably
arises from the fact thatwe used supra- rather than sub-MTstimulation
and applied shorter stimulation periods (24 s instead of 60 s). In
particular, supra-MT stimulation induces sensory feedback due to
muscle twitches which is likely to increase rather than decrease rCBF in
motor and premotor areas. In case of M1, this is possibly also due to the
partial volumingof this areawith the somatosensory cortex. Thus, in our
case, enhancing the number of rTMS trainsmight have enhanced rCBF in
these areas by inducing additional sensory feedback. We did, however,
observe a significant decrease in rCBF amplitude in the second part of
the stimulation in many regions, consistently across all stimulations
with 10 Hz trains (Fig. 4C). As the MEP amplitudes for 10 Hz trains did
not show a similar decrease, this particular change in rCBF cannot be
explained by changes in sensory feedback and might therefore hint
towards the slow build-up of a cortical inhibitory component. Since the
PET results reported by Paus et al. (1998) are based on the summation of
rTMS effects across 60 s, it might be that the inhibitory overcomes the
excitatory effect for extended stimulation periods. This might lead to an
overall negative net effect, in particular in the absence of activity related
to sensory feedback. Support for this hypothesis comes from a study in
which short high-frequency trains (6 Hz, 10 s inter-train interval) were
applied to the primary visual cortex of the cat while recording from
single cells in thedorsal lateral geniculate nucleus (de Labra et al., 2007).
The repeated TMS trains led to a successive reduction of both the
spontaneous spiking activity and the responses to visual stimulation,
and this effect remained for a few minutes even after TMS stopped.
Interestingly, mainly tonic activity but not spike bursts was affected by
TMS. This might explain why in our case dissociations between MEPs
(which are elicited by rather short-term bursts of activity) and rCBF
(averaging across both bursts and the tonic activity in the inter-train
intervals) were observed. Clearly, this interpretation has to be
considered with caution, as the study of de Labra et al. (2007) was
conducted in anaesthetized animals, thereby targeting a different brain
area than done here.
To summarize, we present the first study showing the feasibility of

interleaving rTMS stimulation with CASL imaging. In contrast to
combining TMS with PET, this novel combination offers a better
temporal and spatial resolution and does not utilize radiation. Given
the lower SNR of ASL compared to PET, we were rather cautious
concerning the lowest stimulation intensity tested and the length of
the employed rTMS blocks. However, our results demonstrate that the
sensitivity of the employed CASL method was good enough to detect
rCBF changes already at relatively low TMS intensities of 100% motor
threshold (i.e., just eliciting finger twitches). This opens the possibility
to investigate rCBF responses to sub-threshold rTMS and longer
stimulation periods, respectively, in future studies. In particular, as ASL
allows the investigation of slow modulations of rCBF, this novel
combination might become an interesting complement to interleav-
ing TMS with normal BOLD EPI.
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Interleaved TMS/CASL: Comparison of different rTMS protocols 
Supplementary Material 
 
The interleaved TMS/fMRI setup consisted of a MagPro X100 stimulator with MagOption 
(MagVenture, Farum, Denmark) and an MR-compatible figure-8 coil (MRi-B88). To prevent 
the MR images from being affected by RF noise, the stimulator was placed outside the MR 
cabin and the coil was connected through a high-current filter (E-LMF-4071; ETSLindgren, 
St. Louis, MO, USA) attached to the copper shielding of the cabin (Bohning et al., 2003). The 
effectiveness of the high-current filter in eliminating the RF noise caused by the stimulator 
was tested using the Siemens RF noise service sequence. The reliable positioning of the TMS 
coil over the motor cortex was achieved using a special coil-holding device in combination 
with in-house written software (Moisa et al., 2009). 
 
Phantom Tests on CASL Image Quality 
Measurements using a spherical phantom filled with agar gel were performed in order to 
assess the quality of the CASL images in the presence of TMS stimulation (Friedman and 
Glover, 2006). Four runs were performed using a procedure previously described (Moisa et 
al., 2009): without TMS coil, with the coil attached to the phantom but not connected to the 
stimulator, with continuous 2 Hz rTMS, and with 10Hz rTMS trains (both at 100% stimulator 
output). The CASL parameters as well as the stimulation protocols were identical to those 
used in the motor cortex study. For each CASL slice, the mean across volumes was 
determined to check for static signal dropout and distortions. The mean images showed no 
signal drop out and only moderate distortions in the first 3 slices at the rim of the phantom. 
This effect was static, caused by the abrupt susceptibility changes due to the presence of the 
TMS coil, and was also visible when assessing the effects of the coil without stimulation. 
Additionally, the signal-to-fluctuation-noise ratio (SFNR) was determined in order to check 
for putative temporal fluctuations in the EPI readout induced by the TMS stimulation. The 
SFNR values remained unchanged during rTMS (Fig. S.1E).  
 
Leakage current inhibition 
When switched on, TMS stimulators constantly induce very small leakage currents on the 
coil cable. In case of the MagPro X100, a current flow of 0.8 mA occurs between TMS pulses 
when it is set to 100% intensity. Weiskopf and colleagues (2009) showed that the EPI images 
can be subtly affected by these leakage currents. As the currents scale with output intensity, 
changing the TMS intensity between different experimental conditions can systematically 
bias the acquired EPIs. This effect can in turn result in false-negative or false-positive 
activations. In order to prevent these effects, a circuit to suppress the leakage currents was 
added to the stimulator by the company (Magventure, Farum, Denmark). In order to test its 
effectiveness, phantom EPI measurements were performed, with and without leakage current 
inhibition added to the stimulator (245 volumes, 24 slices, voxel size 3x3x4mm3, 0.5mm gap, 
matrix 64*64, TR/TE 2410/30ms, bandwidth 2232 Hz/Px, 1ch Tx/Rx head coil). Each of the 
two test runs consisted of 6 blocks of 96.4 s, with the stimulation intensity alternating 
between 15% and 100% of the maximal output intensity. 
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TMS pulses were applied every 19.28 s in temporal gaps introduced between the EPI 

volumes (5 pulses per block). The alternating phases of 100% and 15% stimulation were 

modeled as block design (19.28 s ON, 19.28 s OFF; no convolution with a canonical HRF 

shape). 

The top rows of Figure S.1A&B show the statistical map (at p=0.05 uncorrected) and the 

unthresholded parameter estimates, respectively, for the run without leakage current 

inhibition. As the strength of the leakage currents change between the blocks with 15% and 

100% intensity, respectively, some regions exhibit clear-cut signal increases and decreases. 

The signal time courses for two regions with significant signal modulations are shown as 

dotted lines in Figure S.1C&D. In contrast, in the bottom rows of Figure S.1 A&B, the results 

for the modified TMS stimulator with circuit for leakage current inhibition are shown. The 

previous “active” regions are reduced to a random noise pattern. Accordingly, the time 

courses in the two ROIs are uncorrelated with the experimental design (continuous lines in 

Fig. S.1C&D). All measurements described in this paper were assessed with enabled leakage 

current inhibition. 

 

Field distortions caused by the TMS coil  

In two subjects, field maps were acquired in order to quantify the amount of distortions in the 

CASL images due to the TMS coil. The pixel shifts in the images were estimated using 

FSL4.0 PRELUDE and FUGUE (FMRIB, Oxford University, Oxford, UK). The maximal 

amount of shift assessed by means of the field maps was 1.3 and -2.3 voxels, respectively. 

Importantly, the maximal voxel shifts occurred at some positions at the rim of the brain and 

did not affect motor or premotor areas. In general, only few voxels exhibited shifts greater 

than 1 or smaller than -1. Based on these results, we decided not to apply distortion correction 

to the CASL images. 
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Figure S.1 Statistical maps (thresholded at p = 0.05 uncorrected) (A) and parameter estimates (B) 

when comparing blocks with 100% vs 15% stimulation intensity. The upper and lower rows show the 

results without and with leakage current inhibition, respectively. (C) Upper row: Visualization of the 

ROIs based on the positive and negative regions in the statistical map for the condition without 

leakage current inhibition. Lower row: ROI time courses for the runs with and without leakage current 

inhibition for the ROIs shown in the upper row. (E) SFNR images of the first six CASL slices (out of 

eight) for the measurements without coil, with 2Hz continuous rTMS and with 10Hz trains rTMS 

(both at 100% stimulation intensity).  
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Figure S.2 Group perfusion maps for stimulation with 10Hz trains at 2 s (A) and 4 s (B) 

intervals, respectively (p = 0.05 uncorrected, FSL FLAME mixed effects analysis). In these 

two conditions, negative activations occurred in M1/S1 contralateral to the TMS coil. Further 

rCBF decreases were observed the posterior SMA, bilateral SFG, contralateral IPS and 

precuneus.  
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Abstract 

The dorsal premotor cortex (PMd) is thought to be involved in movement selection based on 

external cues. Here we applied transcranial magnetic stimulation (TMS) to the left dorsal 

premotor cortex (PMd) at low or high intensity while right-handed individuals performed 

externally paced sequential key presses with their left hand. Movements were cued by 

abstract visual stimuli, and subjects either freely selected a key press or chose a finger 

according to a prelearned visuomotor mapping rule. Continuous arterial spin labeling (CASL) 

was interleaved with TMS to directly assess how stimulation of left PMd modulates task-

related brain activity depending on the mode of movement selection. Relative to passive 

viewing, both tasks activated a similar premotor-parietal core network. High-intensity TMS 

gave rise to increased activity in medial and right premotor areas compared to low-intensity 

TMS without affecting task performance. This increase in task-related activity was context-

specific because it was only present when movement selection relied on the learned 

visuomotor associations. We propose that these remote premotor areas were recruited to 

compensate for disrupted visuomotor mapping in the stimulated left PMd. The present results 

support the notion that the left PMd plays an important role in mapping external cues onto the 

appropriate movement. 

 

Keywords: premotor, motor selection, sensory-motor integration, multimodal imaging 
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Introduction 

In humans, it is well established that a fronto-parietal network of brain regions subserves a 

wide range of different motor behaviors. However, it often proves difficult to determine the 

specific functional roles of the areas constituting this “cortical motor network” by means of 

functional neuroimaging, as many of them are commonly activated in most motor tasks. For 

example, based on studies in non-human primates, a functional distinction between the 

medial and lateral premotor (PM) areas has been suggested (Mushiake et al. 1991; 

Passingham et al. 2004). According to this account, medial areas are especially involved in 

internally generated movements whereas lateral regions, in particular the dorsal premotor 

cortex (PMd), are preferentially engaged in mapping external cues onto appropriate motor 

responses. However, neuroimaging studies reported increased activity in both medial 

premotor areas and PMd for internally triggered compared to externally cued movements 

(Deiber et al. 1991; Jenkins et al. 2000; Weeks et al. 2001) or even reported a lack of 

activation in the PMd with externally cued movements (Cunnington et al. 2002). During the 

learning of arbitrary visuomotor associations, performance-dependent activation changes of 

medial areas have been reported, while PMd activity stayed mostly unchanged (Sakai et al. 

1999; Toni et al. 2001; Eliassen et al. 2003; Bédard and Sanes 2009). Additionally, studies 

targeting sub-processes such as the preparation or execution of movements reported similar 

activation time courses in medial premotor areas and PMd (Richter et al. 1997; Cavina-

Pratesi et al. 2006; Jankowski et al. 2009). These studies provided converging evidence that 

the functional specialization of lateral versus medial premotor areas might be gradual rather 

than absolute.  

However, a general limitation of these studies is that the functional involvement of the lateral 

and mesial premotor areas was probed with correlative measures. Here, the combination of 

transcranial magnetic stimulation (TMS) with functional neuroimaging adds a causal 

dimension. TMS can interfere with neuronal processing in a distinct cortical region, and 

functional neuroimaging can capture the acute effects of the transient TMS-induced focal 

lesion on the distributed neural activity in the motor network (Siebner et al. 2009). Here, we 

used functional neuroimaging to assess acute shifts in weighted activity in premotor areas 

(that is, acute changes in connectivity or short-termed reorganization) during on-line TMS of 

the left PMd, with the driving idea that the specialization of an area should also be reflected 

in its connectivity pattern. Interleaved TMS/fMRI offers the possibility to assess the 

immediate causal influence of single TMS stimuli or short TMS bursts on the activity in 

remote regions (Bohning et al. 1998; Baudewig et al. 2001; Bestmann et al. 2003a). For 

example, when a TMS burst was applied to the left PMd, interleaved fMRI revealed a state-

dependent change in regional activity in right PMd, showing increased activity during 

feedback driven grip force control but decreased activity at rest (Bestmann et al. 2008). 

Alternatively, low-frequency (1Hz) repetitive TMS (rTMS) protocols can be used to 

temporally reduce the excitability in the stimulated cortical area, with the effects remaining 

stable for some time after the end of stimulation (Chen et al. 1997a). This evokes 

compensatory changes in related brain regions which can be mapped “offline” with various 

neuroimaging methods (O'Shea et al. 2007; Siebner et al. 2003; Ward et al. 2010).  For 

instance, 1Hz rTMS of left PMd increased the blood-oxygen-level-dependent (BOLD) signal 
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in medial and contralateral premotor areas during a subsequent motor task in which subjects 

had to apply a complex arbitrary visuomotor mapping rule (O'Shea et al. 2007). This increase 

in remote premotor activity was associated with a normal level of task performance, again 

suggesting that the additional recruitment of remote premotor areas helped to compensate for 

the transient “lesion” that had been induced with 1Hz rTMS in left PMd.  

These combined TMS-fMRI studies point to a critical role of the left PMd in visuomotor 

control of movement that can be compensated by the additional recruitment of remote 

premotor areas. However, the TMS effects on brain activity became evident relative to less 

complex motor control tasks (O'Shea et al. 2007) or passive viewing (Bestmann et al. 2008). 

Therefore it remains unclear whether the observed compensatory network effects were 

specifically related to the task requirements in terms of visuomotor control or simply 

reflected a non-specific change in the overall activation levels within the cortical motor 

network. 

To address this question, we repeatedly applied short bursts of high-frequency TMS to left 

PMd to disrupt neural processing in the left PMd while healthy volunteers produced a 

sequence of key presses with the fingers of the left hand. The experimental design included 

two high-level motor conditions which only differed in terms of movement selection: 

externally guided versus internally determined movements. The acute effects of TMS of left 

PMd on regional neuronal activity were tested using interleaved CASL (continuous arterial 

spin labeling) to assess regional cerebral blood flow (rCBF) (Moisa et al. 2010). We 

hypothesized that TMS of left PMd would trigger a compensatory recruitment of other 

premotor areas but only during externally guided movements in which movement selection 

was based on pre-learned visuomotor associations. 

 



Curriculum Vitae 
 

 

 

71 

Materials and Methods 

Subjects 

Nine right-handed volunteers with a mean age of 26 years (range 24 - 31) participated in the 

study after they had given written informed consent. None of them had a history of 

neurological or psychiatric diseases or was on regular medication. The study was approved 

by the local ethics committee of the Medical Faculty of the University of Tübingen. 

 

Experimental design  

Figure 1A illustrates the experimental design. In a preparatory session we acquired a high-

resolution structural image and defined the site for TMS of the left PMd using 

neuronavigation. After the preparatory session, subjects participated in two experimental 

sessions in which we interleaved TMS and CASL-based fMRI while subjects performed 

externally paced sequential key presses with their left non-dominant hand. In one 

experimental session, each finger movement was determined by an arbitrary non-spatial cue 

(i.e., associative key presses; AK). In the other experimental session the cue only specified 

the timing of the movement, but subjects freely selected which finger to move (i.e., freely 

selected key presses; FK). Additional CASL fMRI runs in which participants only passively 

viewed (PV) the cues without performing any movement served as baseline condition. We 

decided not to intermingle the two motor tasks within one session to prevent putative cross-

over effects. In particular, we wanted to rule out any interfering effect of task switching on 

steady-state performance in the associative finger tapping task. Further on, for subjects being 

tested on freely selected responses in the second session, the temporal separation renders it 

unlikely that the results were biased by an active suppression of the prelearned response 

mapping. The two experimental sessions were separated by at least one week and the order of 

sessions was counterbalanced across subjects. 

Each TMS-CASL session consisted of eight runs. Four fMRI runs were acquired while 

subjects performed one of the two motor tasks (TASK) and four fMRI runs were obtained 

during passive viewing (CONTROL). In two of the four TASK and CONTROL runs, we 

applied high-intensity or low-intensity TMS, respectively, with the order of experimental 

conditions being counterbalanced across subjects. Thus, the experiment had a two-factorial 

blocked design with the factor TMS intensity (2 levels: TMSHIGH vs. TMSLOW, within-session 

effect) and motor state (2 levels: freely selected vs. externally determined movements, 

between-session effect). 

 

Experimental tasks 

During task periods, subjects viewed a randomized sequence of 5 geometrical figures 

presented in the centre of the visual field at a rate of 0.8 Hz. Subjects were required to 

produce a sequence of key presses with the fingers of their left hand in response to the visual 

cues. In experimental runs with associative key presses, each figure instructed a response 

with a specific finger. In experimental runs with freely selected key presses, subjects had to 

randomly select a new response each time a figure was displayed. Here the cues merely 

served to pace the movement but were not relevant in terms of which key to press. There 

were two restrictions to random movement selection. Participants were not allowed to press 
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the same key twice in a row to ensure a change in motor output from trial to trial. The 

subjects were also instructed not to perform an ascending or descending key presses 

sequence. In the control runs, subjects had to passively view the figures without performing 

any movements.  

Prior to CASL-fMRI, participants were trained on the tasks (associative or freely selected key 

presses) which they were to perform in the MR scanner. In the training session, participants 

learned the specific associations between each geometrical figure and key press. Subjects 

practiced the task until they made no errors (3-10 minutes of practice) and were retested 

again immediately before the first fMRI run.  

Using an epoch-related CASL-fMRI design, each run consisted of three alternating epochs of 

task and rest with task epochs lasting 60 s and rest epochs lasting 120 s. During the rest 

periods the subjects had to fixate a white cross presented in the central visual field. Visual 

stimulation and recording of the button presses was done using Cogent (Wellcome 

Department of Imaging Neuroscience, University College London, 

www.vislab.ucl.ac.uk/CogentGraphics.html) programmed in MATLAB (The Mathworks, 

Natick, USA). 

 

Transcranial magnetic stimulation 

The site for TMS of the left PMd was identified in the TMS laboratory. We first defined the 

location of the primary motor hand area (M1-HAND). The M1-HAND site was functionally 

defined as the site on the skull where a clearly suprathreshold TMS pulse elicited the largest 

muscle twitch in the relaxed first dorsal interosseous muscle (FDI) of the right hand. The M1-

HAND site was then used as anchor point for defining the stimulation site in the left PMd. 

According to Schluter and colleagues (1998), the PMd site for TMS was located 2 cm 

anterior and 1 cm medial to the functionally defined M1-HAND site. The exact position of 

the TMS coil over the left PMd was saved using a neuronavigation system (BrainView, 

Fraunhofer IPA, Stuttgart, Germany). This enabled us to precicely locate the PMd site with 

neuronavigated TMS in the following sessions of interleaved TMS-CASL imaging.  

A MagPro X100 stimulator (MagVenture, Denmark) with an MR-compatible figure-8 coil 

(MRi-B88) was used to deliver biphasic magnetic stimuli in the MR environment. The coil 

was positioned tangentially to the skull, with the induced current orientation being 

approximately 45
 
degrees with the subject’s body mid-line. Prior to each TMS-CASL 

session, the left M1-HAND and PMd sites were marked on the subject’s skull based on the 

positions saved by the neuronavigation system. Inside the scanner, the TMS coil was first 

positioned over the M1-HAND using a custom-built MR-compatible coil holding device 

(Moisa et al. 2009) and individual resting and active motor thresholds (rMT and aMT) were 

determined. After threshold measurements, the coil was positioned over the cortical target 

region, the left PMd.  

During the TMS-CASL sessions, we delivered short high-frequency TMS bursts to the left 

PMd in the MR scanner while measuring changes in regional blood flow with interleaved 

CASL. TMS bursts were given at a high intensity (TMSHIGH = 110% of individual resting 

motor threshold) or low intensity (TMSLOW = 70% of individual active motor threshold). 

High-intensity TMS was considered to be effective in modulating PMd activity. In contrast, 

low-intensity TMS was considered too weak to significantly modulate PMd activity, but 
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served as a high-level control for the non-specific effects of TMS caused by acoustic and 

somatosensory stimulation. TMS consisted of high-frequency (10 Hz) bursts consisting of 

five biphasic pulses with an inter-stimulus interval of 100 ms. These bursts were continuously 

applied during the tasks periods of the experimental runs with a 4.0 s gap between two 

consecutive bursts. The stimulus intensity was kept constant during a task block, but pseudo-

randomized among the task blocks of an experimental run. 

 

Interleaved TMS-CASL procedure  

Scanning was performed on a 3T Siemens TIM Trio (Siemens AG, Erlangen, Germany). In 

the preparatory session, we acquired a high-resolution structural MRI of the whole brain 

(MPRAGE, 192 sagittal slices, matrix size = 256×256, voxel size = 1 mm
3
, TR/TE/TI= 

1900/2.26/900 ms, 12-channel head coil). During the experimental sessions, a one-channel 

RF transmit/receive head coil (model PN 2414895; USA Instruments, Aurora, CO, USA) was 

used for interleaved CASL-TMS. 

An in-house written CASL sequence with EPI readout (2D gradient-echo echo planar 

imaging) and separate RF coils placed on the subject neck for labeling the inflowing blood in 

the right and left carotid was used for imaging (Zhang et al. 1995; Zaharchuk et al. 1999). 

Each of the 8 experimental runs acquired per session contained 142 volumes (71 pairs of 

control – tag images; imaging parameters: matrix size = 64*64, voxel size = 3x3x4 mm
3
, 0.5 

mm gap, TR/TE = 4000/20 ms, bandwidth = 2442 Hz/pixel, tag duration/delay = 2343/820 

ms, tag gradient strength 2.0 mT/m). One volume consisted of 16 slices covering the motor, 

premotor, frontal and parietal areas (see Fig. 1B). Before each functional scan, a control 

magnitude image was acquired (6 volumes; TR = 8 s; no labeling and saturation pulses; all 

other parameters were identical to those of the functional images). The control magnitude 

images were used to check for systematic global differences in image intensities between 

sessions. Additionally, in the first session, a whole-brain EPI was acquired once that was 

used for image registration during post-processing (32 slices, matrix size = 64*64, voxel size 

= 3x3x4 mm
3
, 0.5 mm gap, TR/TE = 1600/20 ms, bandwidth = 2442 Hz/pixel).  

The 10Hz rTMS trains were applied during the tagging delay of the CASL sequence (starting 

directly after the end of tagging; stopping at least 100 ms before the EPI acquisition) to 

prevent any side effects of the TMS stimulation on the image acquisition (Bestmann et al., 

2003b; Moisa et al. 2010). Further details on the interleaved TMS/CASL setup can be found 

in Moisa et al. 2010. 

 

Data Analysis 

Reaction times (RTs) were analyzed using a two–way repeated measures analysis of variance 

(ANOVA) with TMS intensity (high vs. low) and task (associative vs. freely key presses) as 

factors. The main effects of TMS intensity and task were assessed, as well as the interaction 

between both. In addition, uncorrected pairwise comparisons of the RTs corresponding to the 

two different TMS intensities were performed separately for each of the motor tasks in order 

to exclude even subtle effects of TMS on task performance. Incorrect responses during 

associative key presses were discarded during the analysis of RTs. A paired t-test assessed 

whether the TMS intensity (TMSHIGH vs. TMSLOW) had an impact on the number of incorrect 

button presses during associative finger tapping. 
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The functional imaging data were preprocessed and analyzed with FSL4.0 (FMRIB, Oxford 

University, Oxford, UK). The first two volumes in each experimental run were discarded to 

allow the brain tissue to reach steady state magnetization. Preprocessing of the functional 

time series included motion correction, linear registration to the individual whole-brain EPI 

(6 degrees of freedom), high-pass filtering (360 s cut-off) and spatial smoothening (Gaussian 

with 5 mm full-width at half-maximum). For each run, the combined perfusion and BOLD 

signal was modeled using three regressors (see www.fmrib.ox.ac.uk/fsl/feat5/perfusion.html 

for details). An alternating intensity variation of constant height between control and tag 

images was used to model the perfusion baseline. BOLD activation was modeled as the 

convolution of the block design pattern (60 s stimulation – 120 s rest, repeated 3 times) with a 

standard hemodynamic response function (HRF). Perfusion activation was modeled as the 

multiplication of the regressors for the rCBF baseline and the BOLD signal, thereby 

implicitly assuming that the stimulus-related perfusion changes have a similar time course as 

the BOLD signal. 

A general linear model was estimated separately for each experimental run and the runs 

corresponding to the same experimental condition were subsequently combined for each 

subject in a fixed effects analysis. At this stage, the analysis of the second session was 

repeated for two randomly selected subjects to control for putative systematic effects of 

varying image intensities on the subsequent statistical comparisons across sessions. 

Generally, the possibility for absolute quantification of rCBF enables robust across-session 

comparisons in ASL imaging. Here, we use differences in image intensity rather than 

absolute rCBF values to limit the complexity of the analysis. However, the only parameter of 

the equation applied for rCBF quantification (Wang et al. 2005b; Moisa et al. 2010) that 

varied across sessions was the intensity of the control magnitude images (MCON). Therefore, 

we obtained two mean MCON images by averaging all control magnitude images separately 

for each session and scaled the raw functional data of the second session voxel-wise by the 

ratio of the two average MCON images. The results of the GLM analyses were only marginally 

affected by this scaling, i.e. the effect of global differences in MCON intensities across 

sessions could be neglected in our study. 

To allow for group level inferences, the maps of the individual parameter estimates were 

normalized to MNI space in a two-step procedure: First, the whole-brain EPI was registered 

to the individual T1-weighted anatomical image and then the anatomical image was 

registered to the MNI template. The normalized individual maps of parameter estimates were 

fed into a second-level mixed-effects analysis with experimental conditions and subjects as 

fixed and random factors, respectively. In addition to the covariates of interest, the two 

different scanning sessions were modeled as additional regressors to further control for 

unwanted across-session effects. Group Z-statistical images were derived using a corrected 

statistical threshold of p <  0.05 at the cluster level. Correction was performed using Monte 

Carlo simulations (AlphaSim, AFNI, http://afni.nimh.nih.gov/afni). The threshold for each 

voxel within a given cluster being set at an uncorrected p < 0.01 (corresponding to Z = 2.3) 

and the extent threshold corresponded to 81 contiguous voxels within a given cluster. 

 

 

http://afni.nimh.nih.gov/afni
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We were specifically interested to learn how the TMS-induced perfusion changes depended 

on the task, as revealed by the interaction between factors TMS and TASK. The 

corresponding activation map was used to determine five regions of interest (ROIs) for the 

visualization of the perfusion changes across conditions. The ROIs were first defined based 

on anatomy and MNI coordinates. The right primary motor area (M1) was defined as the part 

of the anterior bank of the central sulcus located around the hand knob (Yousry et al. 1997). 

The right dorsal premotor area (PMd) was determined using the junction of the superior 

precentral sulcus with the superior frontal sulcus. Based on MNI coordinates, an adjacent 

lateral part of the superior precentral sulcus was determined as the dorsal portion of right 

PMv bordering PMd (Tomassini et al. 2007). The area anterior to the PMv ROI was defined 

as the caudal part of Brodmann area 9 (BA9). The bilateral cingulate motor areas (CMA) 

were determined as the regions anterior to the precentral gyri and lying within the cingulate 

sulci (i.e., inferior to the proper and pre-supplementary motor areas; Picard and Strick 2001). 

The raw ROIs were subsequently intersected with the group activation map for the interaction 

TMS x TASK. This procedure revealed the ventral portion of right M1, so that a further 

control ROI was created for the main part of M1 by intersecting the anatomical ROI with the 

main effect of both tasks versus passive viewing (thresholded at z = 8.0 at voxel level and p = 

0.05 corrected at cluster level). The ROIs were transformed to the individual low resolution 

EPIs. Within each ROI, the statistical parameter estimates (PE) were averaged across all 

voxels. Finally, the PEs were averaged across subjects and plotted for the different 

conditions. 

 

In addition to a standard GLM analysis as outlined above we used psychophysiological 

interaction (PPI) analyses (Friston et al. 1997) to investigate how the functional connectivity 

between the stimulated left PMd and the other motor areas was influenced by the mode of 

movement selection, TMS intensity, and the interaction between both. The first PPI was used 

to test for regions showing a change in functional coupling with the left PMd during the 

associative compared to the free selection task. At the subject level, we first created the input 

data for the PPI analysis by determining the perfusion subtraction time courses between the 

control and tagged EPIs for each run. A sinc interpolation was used to create data sets having 

the same number of volumes as the original input data (see 

http://www.fmrib.ox.ac.uk/fsl/feat5/perfusion.html for details). Subsequently, all runs 

corresponding to either of the two tasks, irrespective of TMS intensity, were combined into 

one data set. The statistical model contained three main regressors: the physiological and the 

psychological time series as effects of no interest; multiplication of both revealed the PPI 

term as the effect of interest. The psychological regressor was obtained by convolving a 

boxcar waveform coding the contrast of tasks (1 during associative key presses, -1 during 

freely selected key presses and 0 during the fixation periods between the task epochs) with a 

canonical HRF. The physiological regressor was generated by averaging the perfusion time 

courses across all voxels within a seed region in the targeted left PMd. This region was 

defined based on the group perfusion activation for factor TMS in the passive viewing 

condition (p <.01 at the voxel level; peak coordinates x = -20, y = -6, z = 54; cluster volume 

= 128 mm
3
; see Fig. S2 in the Supplementary Material). Any putative impact of systematic, 

but unspecific baseline differences between the runs on the PPI results was ruled out by 

http://www.fmrib.ox.ac.uk/fsl/feat5/perfusion.html
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centering the PMd time courses for each run prior to building the physiological regressor. 

The final PPI regressor represented the interaction between the psychological and 

physiological factors. Seven additional regressors of no interest were used to model the time 

periods of the first seven runs using boxcar functions, thereby (in combination with the 

constant term) accounting for any unspecific baseline differences between the eight runs. The 

subject-specific statistical PPI maps were normalized to MNI space and fed into a second-

level mixed-effects analysis to identify consistent changes in functional connectivity at the 

group level. Using the procedure described above, a second PPI analysis was conducted to 

compare the associative task with the passive viewing condition. A third PPI analysis was 

used to test for between-session effects. Here we used the passive viewing periods of both 

sessions to create the psychological regressor. 

 

Results 

None of the participants reported any adverse effects during the course of the experiment. 

Mean stimulus intensity in the TMSHIGH condition was 62.1 ± 4.7 % of maximal stimulator 

output, while mean intensity was 29.5 ± 1.4 % of maximal stimulator output for the TMSLOW 

condition. 

 

Task performance 

The behavioral data are summarized in Figure 1. Mean RTs were consistently longer for 

associative opposed to freely selected responses (F1,8 = 137.63, p <.001; Fig. 1C). This RT 

difference reflected the different mode of movement selection between the two motor tasks. 

Subjects were able to decide on the next button press during the interval between two 

consecutive visual stimuli when they freely selected the key presses. In contrast, no 

movement preparation was possible in the associative task, resulting in longer RTs. This task-

specific difference in RT was not modified by the TMS condition because the interaction 

between TMS intensity and task was not significant. Accordingly, pairwise comparisons of 

mean RTs revealed no effect of TMS intensity in both tasks (Fig. 1E & 1F). The intensity of 

TMS had also no effect on mean error rates during associative key presses (Fig 1D). 

 

Task related brain activation 

Figure 2A depicts the brain regions that were consistently activated during both tasks relative 

to passive viewing, irrespective of TMS intensity. Significant rCBF increases were found in 

the sensorimotor system, including right (contralateral to the site of stimulation) primary 

sensorimotor area (M1/S1), bilateral cingulate and supplementary motor areas (CMA/SMA) 

as well as bilateral dorsal and ventral premotor areas (PMv, PMd). Task related decreases in 

rCBF were observed bilaterally in the superior frontal gyri (SFG), the middle frontal gyri 

(MFG), the paracingulate gyri, the posterior CMA, the inferior parietal lobe (IPL) and the 

precuneous.  

Several areas exhibited increased rCBF with freely selected movements compared to 

movements based on visuomotor associations (Fig. 2B). However, this often corresponded to 

less deactivation when compared to passive viewing rather than real rCBF activations. 

Regions showing increased rCBF for the associative task compared to both freely selected 
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movements and passive viewing were found in right MFG, left inferior frontal gyrus (IFG), 

bilateral SFG, bilateral supramarginal gyri (SMG) and right posterior SMA (Fig. S1 in the 

Supplementary Material). Increases in regional activity with free movement selection were 

mainly located outside the brain regions showing common increases in rCBF with both motor 

tasks (see Fig. 2A). No brain region within the field of view exhibited significantly stronger 

rCBF increases with associative movement selection relative to free selection. 

 

Effect of transcranial magnetic stimulation 

The comparison of high vs. low TMS intensity revealed rCBF increases in the bilateral 

auditory cortices, the right IPL, the posterior CMA and the cuneus during the TMSHIGH 

condition (Fig. 2C). TMSHIGH caused no significant decreases in rCBF relative to TMSLOW. 

Interleaved TMS had no consistent effect on the rCBF in the directly stimulated left PMd 

during both motor tasks. In the passive viewing condition, a trend towards an increase in 

rCBF was observed in left PMd (peak coordinates: x = -20, y = -6, z = 54, Zpreak = 2.8) at a 

lowered statistical threshold (p <.01 at the voxel level, no cluster threshold; see Fig. S2 in the 

Supplementary Material). This trend increase in rCBF was not located at the hemispheric 

surface close to the TMS coil, but rather deep in the superior frontal sulcus.  

The modulatory effects of TMS depended on the mode of movement selection (Fig. 3A and 

Table 1). Several precentral and mesial cortical motor areas showed a stronger TMS-related 

increase in rCBF with associative but not with free movement selection, resulting in a 

significant interaction between TMS intensity and task ([TMSHIGH - TMSLOW]AK - [TMSHIGH 

- TMSLOW]FK). The cortical regions showing a stronger activation for associative relative to 

free movement selection with effective relative to ineffective TMS were primarily located in 

the right hemisphere, including the right M1, right PMd and adjacent parts of right PMv as 

well as the caudal part of right dorsolateral prefrontal cortex (dlPFC) as well as the right 

anterior insula. Additional regions were found in mesial premotor areas, including clusters in 

posterior SMA and anterior CMA. In these mesial regions, TMS-induced differences in 

motor activation with associative movement selection were expressed bilaterally, yet activity 

changes were more pronounced in the right hemisphere. Figure 3C shows the parameter 

estimates (PE; proportional to the rCBF changes) for both motor tasks in six ROIs. The first 

five ROIs correspond to the regions revealed by the interaction analysis (Fig. 3A). The PE 

plots reveal that the interaction was predominantly driven by an increase in activation for 

TMSHIGH versus TMSLOW during associate movements. The sixth ROI served as control ROI 

and was positioned around the activation peak in right M1 for the main effect of both tasks 

compared to passive viewing (Fig. 2A). The PE plot shows a consistent and robust level of 

rCBF activation for both tasks and both stimulation intensities. In order to rule out the impact 

of unwanted across-session effects on the results presented above, a control analysis tested 

the interaction between TMS intensity and the passive viewing periods across sessions 

([TMSHIGH - TMSLOW]PV1 - [TMSHIGH - TMSLOW]PV2). Visual inspection of the results 

thresholded at a liberal level of p=.05 uncorrected revealed some spurious activations that 

overlapped not at all or only by a few negligible voxels with the regions reported above (data 

not shown). We also tested for brain areas exhibiting TMS-related rCBF increases during 

associative key presses compared to passive viewing ([TMSHIGH - TMSLOW]AK - [TMSHIGH - 
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TMSLOW]PV). Again, mesial and right-hemispheric cortical areas showed stronger TMS-

related increases in rCBF with associative movement selection relative to the non-motor 

control task (green and blue regions in Fig. 3B & Table S1). Distinct clusters in the right M1, 

PMd, BA9 and CMA showed TMS-induced rCBF increases for associative movement 

selection compared to both, free selection and passive viewing (blue areas in Fig. 3B & Table 

1).  

No TMS-related increases in rCBF were observed during freely selected movements relative 

to associative movement selection. The cuneus was the only region where TMS enhanced 

rCBF with free movement selection compared to passive viewing ([TMSHIGH - TMSLOW]FK - 

[TMSHIGH - TMSLOW]PV; Fig. S3 in the Supplementary Material). 

The PPI analyses revealed task-dependent changes in functional connectivity between the 

stimulated left PMd (seed region) and other regions within the motor network. A range of 

areas (right M1, right PMd, right BA9, left secondary somatosensory motor cortex, bilateral 

CMA and SMA) showed increased functional coupling for the associative task compared to 

passive viewing (blue and green regions in Fig. 4A; Table S2). In addition, a second PPI 

analysis revealed enhanced coupling between the left PMd and a subgroup of these regions 

(right M1, right BA9 and bilateral CMA) when comparing associative with freely selected 

responses, using a more liberal cluster threshold with a minimum Z-score of  1.96 at the 

voxel level and a cluster extent threshold of 35 voxel (yellow and blue regions in Fig. 4A). 

The areas indentified in this second PPI overlapped with those determined when testing the 

interaction between TMS intensity and task (blue regions in Fig. 4B; Table 2). Finally, the 

control PPI analysis confirmed that no region within the motor network changed its 

functional coupling with other brain regions in the field of view when comparing the passive 

viewing conditions across sessions. Here we used a very liberal threshold with an uncorrected 

p < 0.05 at the voxel level to minimize the risk for false negative findings.  
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Discussion 

Our CASL measurements of rCBF revealed that a transient functional impairment of left 

dorsal premotor cortex induced by online TMS caused an immediate redistribution of neural 

activity in cortical motor areas when healthy volunteers performed visually paced sequential 

key presses with the left hand. Online TMS induced increases in rCBF in right-hemispheric 

premotor and motor areas as well as in bilateral mesial motor regions including the caudal 

SMA and CMA. Critically, online TMS only increased neuronal activity in these regions 

when movement selection relied on prelearned arbitrary visuomotor associations, but not 

during freely selected key presses or passive viewing. In addition, we found a context-

specific increase in functional coupling between the stimulated left PMd and remote right-

hemispheric and mesial motor regions. Again, this increase in connectivity was only present 

during arbitrary visuomotor mapping but not during freely selected key presses or passive 

viewing.  

Importantly, online TMS did not affect error rates and reaction times during associative 

movement selection. The maintenance of normal task performance during online TMS has 

two implications. First, it is safe to conclude that the observed changes in task-related activity 

and connectivity were not confounded by TMS induced changes in task performance. 

Second, we infer that online TMS failed to induce a functional perturbation that was 

sufficiently strong to deteriorate task performance. Given the fact that the left PMd is an 

important area for mapping arbitrary cues onto the appropriate actions (O´Shea et al. 2007) it 

is plausible to assume that other motor regions that are able to compute visuomotor 

associations effectively compensated for the TMS-induced functional lesion of the left PMd. 

As the TMS bursts were continuously delivered for 1 min during the task blocks, we propose 

that the increased activity in non-stimulated motor areas with arbitrary visuomotor mapping 

reflects an immediate redistribution of neuronal activity in the cortical motor network to 

effectively cope with the disruption of neuronal processing in left PMd. This hypothesis is 

supported by the observation that the increases in activation recruited additional sites adjacent 

to those showing peak activations during the task. For example, a task-specific increase in 

rCBF was observed in the ventromedial part of right M1 while the dorsally located part of 

M1 which overall showed stronger task related activation exhibited no significant change in 

activation during online TMS (Geyer et al. 1996), hinting towards the recruitment of 

additional motor representations. 

For freely selected responses, the only increase in task-related activity during effective TMS 

relative to passive viewing was located in the cuneus. However, this effect was present during 

both motor tasks regardless of the mode of movement selection. A similar, though non-

significant trend towards higher rCBF with effective TMS was also observed during 

associative responses (data not shown). This non-specific increase in visual activity during 

both motor tasks might be induced by a concurrent disruptive effect of TMS on the frontal 

eye field which is located close to the PMd. Alternatively, it might be attributed to non-

specific effects of TMS as the concurrent auditory and somatosensory stimulation during 

TMS might have increased the attentional demands during the processing of the visual 

stimuli. 
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Externally versus internally-guided key presses 

Both motor tasks were matched in terms of visual input and motor output. Both tasks required 

the preparation and execution of non-stereotyped key press sequences of similar complexity. 

The critical difference was that the associative task required subjects to apply prelearned 

visuomotor association for motor selection compared to free selection. The subjects 

responded generally faster for freely selected compared to associative responses (Fig. 1C). 

Deiber and colleagues (1991) already pointed out that this difference is expected as, when 

making internal selections, the subjects can determine the next key press during the time 

period between two visual stimuli that set the pace of the responses. In contrast, when 

applying prelearned visuomotor mapping rules, participants had to wait for the next stimulus 

to come up in order to select the appropriate response. Importantly, however, the activation 

levels in a common parietal-premotor network were roughly matched between the two tasks 

in our case. In fact, compared to both associative responses and passive viewing, freely 

selected responses engaged additional parietal and prefrontal structures including the right 

dorsolateral prefrontal cortex (Figs. 1B & S1). This is in line with previous results on 

internally guided responses (Deiber et al. 1991; Jenkins et al. 2000; Weeks et al. 2001) and 

indicates that RT might not be well suited to fully represent the complexity of the decision 

processes involved in the free selection task in our case.  

Our neuroimaging results are in good agreement with the view obtained from lesion studies 

in humans and monkeys that PMd is critically involved in conditional sensorimotor mappings 

(Halsband and Passingham 1982; Petrides 1986; Halsband and Freund 1990; Petrides 1997). 

Previous functional imaging studies in humans observed learning-related activity in other 

premotor areas when subjects learned arbitrary sensorimotor associations (Sakai et al. 1999; 

Toni et al. 2001; Eliassen et al. 2003; Bédard and Sanes 2009). This is not in contrast to our 

findings which suggest that at least in right-handed individuals, the left PMd is predominantly 

involved in the execution and maintenance of already learned rules (Bédard and Sanes 2009). 

In this respect, the present study significantly extends and complements the results of two 

prior studies combining TMS with fMRI to study the role of PMd in visuomotor control of 

hand actions (O'Shea et al. 2007; Bestmann et al. 2008). These studies used passive viewing 

(Bestmann et al. 2008) or a simple motor execution task (O'Shea et al. 2007) as control 

conditions. O’Shea and colleagues (2007) temporally lesioned the left PMd using 1 Hz rTMS 

and showed subsequent compensatory activity increases in mesial and right premotor areas 

for a conditional visuomotor task performed with the right hand. Here, we demonstrated 

immediate rCBF increases in response to TMS hinting towards on-the-flight compensation in 

a very similar network of regions. In addition, this compensatory pattern occurred for key 

presses performed with the left hand, consistent with the generalized role suggested for the 

left PMd in controlling both contra- and ipsilateral movements (Chen et al. 1997b; Schluter et 

al. 1998; Johansen-Berg et al. 2002; Rushworth et al. 2003). 

By revealing immediate compensatory effects to rTMS trains delivered repeatedly during the 

1 min task periods, our study bridges the temporal gap between the offline rTMS effects 

studied by O’Shea et al. (2007) and the online TMS-fMRI study of Bestmann et al. (2008) in 

which event-related TMS was used to look at functional effective connectivity. Bestmann et 

al. used a task involving visual feedback for the online control of the grip force of the left 

hand. They demonstrated specific activity increases in right PMd and right M1 in response to 
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the stimulation of left PMd only when the subjects performed the task, but not during rest. 

We extend this finding by showing that right-hemispheric compensation generalizes beyond 

grip control. Importantly, a similar response pattern for internally guided movements was 

absent in our case. This suggests that, for the associative tasks used in our study and by 

O’Shea et al. (2007) as well as for the grip force control task employed by Bestmann et al. 

(2008), the common functional role of the left PMd was the maintenance of specific 

prelearned sensorimotor mapping rules.  

Bestmann el al. (2008) argue that the different TMS effects observed for active grip versus 

rest might stem from a different interplay between transcallosal inhibition and excitation 

depending on the current activation state (Ferbert et al. 1992; Chouinard et al. 2003; Marconi 

et al. 2003; Mochizuki et al. 2004; Bestmann et al. 2005). Here, we show that this 

explanation likely is too simple, as we observed context-dependent remote effects despite 

roughly similar activation levels evoked by the two tasks. At any case, our study 

demonstrates the limitations of surrogate markers such as rCBF or BOLD in unambiguously 

reflecting the state of the underlying neural activity (as already pointed out by Bestmann et 

al.) and shows that the combination of TMS with functional neuroimaging can be used to 

partly overcome this problem. 

So far, functional imaging studies which compared the contribution of medial and lateral 

premotor areas to internally vs. externally guided movements have revealed inconsistent 

results (Deiber et al. 1991; Larsson et al. 1996; Jenkins et al. 2000; Weeks et al. 2001). By 

showing that left PMd stimulation did not trigger compensatory activity increases for 

internally guided movements, the present study supports the notion based on studies in non-

human primates (Mushiake et al. 1991; Tanji and Shima 1994; Chen et al. 1995) that 

internally guided movements are predominantly controlled by medial premotor areas. We 

hypothesise that the left PMd might be coactivated in human neuroimaging studies on 

internally guided movements without performing a pivotal functional role, at least if 

movements are performed with the ipsilateral hand. Given the role of left PMd in controlling 

movements of both hands in right-handed subjects, it is likely that similar findings also hold 

for movements with the contralateral right hand. For example, Siebner et al. (2003) reported 

widespread rCBF decreases after 1 Hz rTMS delivered to the left PMd in healthy individuals 

and patients with focal hand dystonia. The suppressive effects of TMS on rCBF were similar 

at rest and during freely selected key presses with the right hand. Consistent with our 

findings, this indicates that the pattern of movement-related activation did not change during 

internally guided movements. 

 

Methodological considerations  

After having demonstrated the technical feasibility of interleaving TMS with ASL imaging 

(Moisa et al. 2010), we now show that this novel combination can also be applied to study 

task-dependent TMS effects rather than just the impact of TMS on baseline rCBF. ASL is 

insensitive to low-frequency fluctuations and exhibits a reduced inter-subject and inter-

session variability compared to BOLD imaging, possibly reflecting a more direct link 

between rCBF and neural activity (Aguirre et al. 2002; Tjandra et al. 2005; Liu and Brown 

2007). As a consequence, we were able to carry out normal random-effects group analyses at 

acceptable significance levels despite the reduced sensitivity of ASL compared to BOLD 
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fMRI on the single subject level. In particular, the good inter-session reproducibility proved 

beneficial for comparing the impact of TMS on the two motor tasks, as confirmed by our 

several control analyses. Disadvantages of the ASL approach were the limited field of view 

that only partially covered subcortical structures and did not extend to the cerebellum as well 

as the reduced temporal resolution stemming from the alternating acquisition of tag and 

control images. To our view, these disadvantages are offset by the possibility to study rCBF 

changes across longer time periods (Wang et al. 2003; Wang et al. 2005a). In this respect, the 

current study further paves the way for studying the impact of fully-fledged repetitive TMS 

protocols for which ASL imaging should be particularly well suited. 

 

Conclusion 

Using interleaved TMS/CASL imaging, this study demonstrated context-dependent effects of 

left PMd stimulation on motor activity in remote right-hemispheric and mesial cortical 

regions. Effective TMS increased rCBF in these cortical areas only for key presses relying on 

a prelearned associative visuomotor mapping, but not for freely selected responses and 

passive viewing. These changes in activation were associated with a change in functional 

connectivity between the stimulated left PMd and remote motor cortical areas in the context 

of arbitrary sensorimotor mappings. These findings show that focal online TMS of a distinct 

brain region triggers an immediate compensatory redistribution of functional activity at the 

network level. Mapping this acute reorganization with CASL imaging offers important new 

insights into the causal dynamics of the functional neuroarchitecture of the intact human 

brain in health and disease.  
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Tables 

 
Table 1 Interaction Associative vs. Freely Selected Responses and TMS intensity 

 

Brain Region Coordinates of 

peak activity 

Z-

value 

of peak 

activity 

Cluster 

Volume (mm
3
) 

Cluster 

Volume 

Intersection
* 

(mm
3
) 

X Y Z  

right caudal BA9 42 8 36 3.3 1056 472 

right PMd 26 2 46 3.8 1848 880 

right PMv (dorsal part) 44 -6 44 3.7 968 - 

bilateral anterior CMA -10 

6 

-4 

-8 

38 

44 

3.0 

3.0 

632 

944 

- 

512 

right M1  38 -14 38 3.3 512 368 

right insula 34 -10 16 3.1 456 - 

left S1 -26 -36 64 2.7 328 - 

bilateral posterior SMA 0 -38 62 3.5 2508 - 
 
*
Intersection volume of the interaction [TMSHIGH - TMSLOW]AK - [TMSHIGH - TMSLOW]FK 

with the interaction [TMSHIGH - TMSLOW]AK - [TMSHIGH - TMSLOW]PV (blue areas in Fig. 

3B). 
BA9 - Brodmann area 9; PMd - dorsal premotor cortex; PMv - ventral premotor cortex; CMA 

- cingulate motor area; M1 - primary motor cortex; S1- primary somatosensory motor cortex; 

SMA - supplementary motor area. 
 

 

 
Table 2 PPI (Associative > Freely Selected Responses) 

 
Brain Region Coordinates of 

peak activity 

Z-

value 

of peak 

activity 

Cluster 

Volume (mm
3
) 

Cluster 

Volume 

Intersection
*
 

(mm
3
) 

X Y Z  

right caudal BA9 40 2 34 2.4 304 96 

right M1 36 -12 38 2.3 536 408 

bilateral posterior CMA 

 

-10 

16 

-26 

-32 

38 

40 

3.1 

3.1 

1024 

1208 

280 

824 
 
*
 Intersection volume between the PPI results (AK > FK) and the interaction [TMSHIGH - 

TMSLOW]AK - [TMSHIGH - TMSLOW]FK (blue areas in Fig. 4B). For abbreviations please see 

legend of Table 1. 
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Figure Captions 

 

Figure 1 A) Schematic diagram of the experimental design. One motor task was tested per 

session (either associative or freely selected key presses) while passive viewing was assessed 

in both sessions. One condition was investigated per experimental run. The order of runs 

within one session was pseudo-randomized across subjects and the order of sessions was 

counterbalanced across subjects. Each run consisted of three alternating epochs of task and 

rest with task epochs lasting 60 s and rest epochs lasting 120 s.  B) Brain coverage of the 

CASL sequence. The field of view contained most of the cortical motor network.  C) 

Reaction times (RTs) for the two different tasks, averaged across TMS intensities.  D) Error 

rates (ERs) for the associative task in dependence on TMS intensity.  E) Dependence of RTs 

during the associative task on TMS intensity.  F) RTs during the free selection task in 

dependence on TMS intensity.  (C-F: the error bars represent the standard error across 

subjects) 

 

Figure 2 Group rCBF activation maps (MNI space); unless indicated otherwise, a threshold 

of Z=2.3 (corresponding to p = .01) at the voxel level and an extent threshold of 81 voxel 

(corresponding to p = .05) at the cluster level were used for all figures; abbreviations: AK – 

associative key presses; FK – freely selected key presses; PV – passive viewing;  A) Main 

effect of key presses (pooled across both tasks) versus passive viewing.  B) Freely selected 

vs. associative key presses (pooled across stimulation intensities).  C) TMS main effect. 

 

Figure 3 A) Interaction between motor task and TMS intensity ([TMSHIGH - TMSLOW]AK - 

[TMSHIGH - TMSLOW]FK).  B) Overlap of the results depicted in (A) with the interaction 

between associative key presses vs. passive viewing and TMS intensity ([TMSHIGH - 

TMSLOW]AK - [TMSHIGH - TMSLOW]PV).  C) Parameter estimates (proportional to the rCBF 

changes) in six regions of interest as indicted by the arrows in (A). The error bars represent 

the standard error across subjects. 

 

Figure 4 Task-dependent changes in the functional coupling between the left PMd and other 

motor areas, assessed using PPI analyses.  A) Overlap between the PPI results indicating 

increased coupling for associative vs. freely selected movements and the PPI results 

indicating stronger coupling for associative responses compared to passive viewing. The PPI 

contrasting associative versus freely selected movements was thresholded at Z = 1.96 at the 

voxel level and a cluster extent threshold of 35 voxel.  B) Overlap between the PPI results 

indicating increased coupling for associative versus freely selected movements and the 

interaction between associative versus freely selected key presses and TMS intensity (as 

depicted in Fig. 3A).  
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Moisa et al. 

Remote motor cortical areas acutely compensate for a transient lesion of 

left dorsal premotor cortex during arbitrary visuomotor mapping 

Supplementary Material 

 

 

 

Table S1 Interaction Associative Responses vs. Passive Viewing and TMS intensity 

 

Brain Region Coordinates of peak activity Z-value of 

peak 

activity 

Cluster 

Volume (mm
3
) 

X Y Z 

right MFG 32 60 20 2.7 472 

right caudal BA9 38 12 40 3.0 2024 

right PMd 26 2 46 3.3 1160 

right anterior CMA  6 

10 

10 

-8 

20 

8 

40 

28 

34 

3.2 

3.2 

3.1 

664 

224 

220 

bilateral posterior CMA 0 -34 44 2.7 1888 

right M1 54 -8 40 3.2 1416 

right S1(ventral part) 58 -4 24 3.0 760 

right S1 34 -36 50 3.2 1408 

left S1 -36 -38 66 3.4 2216 

right SMG 52 -38 56 3.3 616 

right anterior IPS 38 -50 50 3.1 1368 

 

MFG – middle frontal gyrus; BA9 - Brodmann area 9; PMd - dorsal premotor cortex; CMA - 

cingulate motor area; M1 - primary motor cortex; S1- primary somatosensory cortex; SMG – 

superior marginal gyrus; IPS – interparietal sulcus. 

 

 
Table S2 PPI (Associative Responses > Passive Viewing) 

 

Brain Region Coordinates of peak activity Z-value of 

peak 

activity 

Cluster 

Volume (mm
3
) 

X Y Z 

right caudal BA9 36 6 38 3.2 608 

bilateral SMA 

(proper/pre) 

0 4 60 4.0 5992 

right PMd 28 -8 46 3.3 1544 

right M1/S1 36 -22 48 3.6 3984 

bilateral posterior CMA 8 

-6 

-24 

-18 

40 

42 

3.6 

3.4 

3376 

3080 

left S2 (ventral part) -58 -22 16 3.3 744 

 

S2- secondary somatosensory motor cortex. For the other abbreviations please see legend of 

Table S1. 
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Figure S1 Overlap between the group maps indicating higher rCBF activations for freely selected 

versus associative responses and freely selected responses versus passive viewing (both were 

separately thresholded at a voxel level of Z=2.3 and an extent threshold of 81 voxel and then 

intersected; MNI space). Significant rCBF increases occur in the right middle frontal gyrus (MFG), 

the left inferior frontal gyrus (IFG), the bilateral superior frontal gyri (SFG), the bilateral SMG and 

the right posterior SMA. 

 

 

Figure S2 Comparison of TMSHIGH versus TMSLOW, selectively for passive viewing, reveals a 

significant rCBF increase at the site of stimulation (left PMd; voxel threshold Z=2.3, no cluster extent 

threshold; MNI space). 

 

 

Figure S3 Interaction between freely selected key presses versus passive viewing and TMS intensity 

([TMSHIGH - TMSLOW]FK - [TMSHIGH - TMSLOW]PV; voxel threshold Z=2.3, cluster extent threshold of 

81 voxel; MNI space).  
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