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The dependency of TMS-evoked potentials on electric-field orientation in the cortex
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Dear editor,

Optimal targeting of transcranial magnetic stimulation (TMS) is 
often challenging due to the many stimulation parameters, such as the 
location and orientation of the induced electric field, the stimulation 
intensity, and the timing of the TMS pulse. All these parameters signif
icantly affect the stimulation outcomes [1], yet their roles in shaping the 
TMS-evoked transcranial responses are not well known. Such knowledge 
would help target specific cortical circuits and increase the utility of 
TMS as a functional and structural neuroanatomical tool for mapping 
cortical regions [2].

The orientation of the induced electric field, a stimulation parameter 
that influences the efficacy of TMS [3,4], possibly also affects which 
neuronal populations are primarily stimulated by the TMS pulse [5–7]. 
The aim of this work is to determine how the amplitudes and effective 
connectivity patterns of TMS-evoked potentials (TEPs) depend on 
stimulus orientation.

We analysed a dataset [8] containing EEG responses to TMS deliv
ered to the pre-supplementary motor region in 36 evenly spaced ori
entations in six subjects (2 male, ages 22–42), with 48 trials per 
orientation. Orientation 0◦ was defined as the posterior–anterior 
direction.

To explore the effects of the stimulus orientation on the TEP ampli
tudes in the spatiotemporal domain, we applied cluster-based statistics 
[9]. To increase the power of the initial statistics test, neighbouring 
orientations were paired into single distributions to increase 
within-group sample size, with 75–96 observations per grouped orien
tation. We merged the data from the different subjects by applying 
Stouffer’s Z method [10]; Supplementary material] within the 
cluster-based permutation framework, after applying single-factor 
ANOVA as the initial test statistic. The threshold for clustering and the 
cluster-level alpha was set at 0.05, and 0–500 ms post-stimulus was 
examined with 1000 randomizations.

Source estimation was performed for each subject to further inves
tigate changes in the propagation of TMS-evoked activity after giving 
pulses with different electric-field orientations. Each depth-weighted 
minimum-norm-estimated (MNE) source point was thresholded by 
first permuting the baseline across conditions 1000 times by drawing 
random trials to form random surrogate trial set for each orientation. 

Then, the maximum over the whole spatiotemporal domain of the MNE 
estimate of each permutation was stored. The threshold was set at the 
95th percentile of the stored maximum statistics distribution.

To investigate changes in the source estimates when stimulating in 
different orientations, we evaluated the Activation Concurrence (AC) at 
each spatiotemporal point, i.e., the number of orientation conditions 
that produced suprathreshold activations, as well as the Activation 
Variability (AV), i.e., the variance over the conditions, normalized by 
the maximum variance per subject.

The cluster-based statistical test showed a significant effect of 
orientation (p = 0.001) on the evoked responses, indicating largest 
differences across orientations at early time points (<50 ms) close to the 
stimulation site. After 50 ms, the centre of the cluster shifted laterally 
and posteriorly, extending to 114 ms post-stimulus.

Visually inspecting the TEPs in the electrodes with the largest test 
statistic in 25 ms blocks indicate that, at latencies shorter than 15 ms, a 
stimulus orientation of approximately 100◦ produced a larger negative 
deflection at the stimulated site, after which stimulus orientations 
around − 90 and 90◦ produced the strongest responses (Fig. 1).

The source estimates suggested orientation-dependent differences in 
signal propagation from the stimulated site. The results were highly 
consistent across the subjects at 35–45 ms after the TMS pulse, showing 
both high AC and AV, indicating that the response is stable, yet the 
amplitude varies with orientation. After 45 ms, the heterogeneity in 
signal propagation increased: S2, S3, S4 and S6 showed central supra
threshold responses in specific orientations. S5 showed suprathreshold 
responses over M1 at approximately 55–65 ms.

In line with previous research [3,4], the most prominent TEP am
plitudes were evoked when orienting the electric field perpendicularly 
to a gyrus. Visual inspection of the TEP amplitudes did not reflect 
prominent changes with a 180◦ shift in stimulus orientation (supple
mentary material). This might be attributed to EEG measuring post
synaptic currents, which are more generic to all cortical activations 
compared to, for instance, corticospinal activations. In other words, due 
to the spatial limitation of EEG, 180◦ shifts in the orientation might 
produce similar responses despite potentially activating different 
neuronal populations. Thus, different stimulus orientations either acti
vate similar neuronal populations and only affect the stimulation 
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efficacy, and/or EEG cannot distinguish between the post-synaptic 
currents from different neighbouring neuronal populations.

Notably, there was no clear effect of the orientation past 100 ms, 
indicating that the later responses may reflect other non-specific re
sponses to the TMS pulse, or may have poorer signal-to-noise ratio than 
earlier components.

AC indicated that the 35–45 ms responses are robustly evoked, but 
vary in amplitude when the stimulus orientation changes, while later 
suprathreshold responses were only evoked with certain orientations. 
These results indicate that the orientation may also affect the efficacy of 
signal propagation from the stimulated site.

Our results indicate that the stimulus orientation plays a major role 
in overall cortical reactivity, which is reflected in the total response, 
including reactivity and effective connectivity. Moreover, our results 
imply that stimulating distant targets would require mapping to specify 
the exact orientation to reach the desired cortical structure.
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Fig. 1. A. The cluster-based statistical test showed a significant effect of orientation. The cluster is marked by asterisks, and the dark blue areas show the test statistic 
values within the cluster. B. Visually inspecting the data over the orientations in the channel with the largest test statistic in 25-ms time windows suggests that early 
responses (<50 ms) show largest peaks close to the stimulated site. Time windows outside of significant clusters are masked with a grey overlay. C–D. We quantified 
both the Activation Concurrence (AC; C), and the Activation Variability (AV; D). On the colormap, black indicates the absence of suprathreshold sources, relating to 
low AC. At 35–45 ms, both AC and AV are high in most subjects at the stimulated site, after which the heterogeneity in signal propagation from the stimulated 
site increases.
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