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Dear Editor,

Transcranial Magnetic Stimulation (TMS) has emerged as a signifi-
cant non-invasive brain stimulation technique for clinical and research
applications. Recently, the field has witnessed a remarkable increase in
methodological rigor (e.g. Ref. [1]) to address the high intra- and
interindividual variance [2] that is often seen for TMS. Despite this
commitment towards more reliable and reproducible results, a notable
gap persists: the absence of a simple metric to assess and report the
stimulation accuracy in terms of coil placement throughout a TMS ses-
sion. During TMS, coil displacements due to subject or experimenter
movements can significantly affect the stimulation of target [3] and
off-target regions and thus impede therapeutic or scientific outcomes
[4]. Although TMS neuronavigation systems are being used extensively,
allowing for precise recordings of coil placements and thus displacements,
no straightforward metric currently exists to quantify this critical factor.
In contrast, only computationally complex simulations allow for
post-experimental quantification of the induced electric fields (e-fields)
in a high-resolution (voxel-wise-like) manner [5].

Here, we introduce a metric to quantify the placement accuracy of a
TMS coil over the course of a stimulation protocol: pulsewise coil
displacement (PCD). PCD quantifies the pulse-to-pulse displacement of
the TMS coil, combining three positional (%, y, z) and three rotational
parameters (roll, pitch, yaw) in one compound metric, following a
rationale similar to framewise displacement (FD [6]) for fMRI. By
quantifying the coil displacement with a single metric, PCD provides a
meaningful assessment for trial-to-trial stimulation accuracy as well as
the overall quality of a TMS session. Due to the focus on coil displace-
ments in contrast to, for example, simulations of the induced e-field,
PCD yields the same output, both when used with an individual scan or
with a template scan for neuronavigation.

PCD is calculated from tracking data that can be recorded effortlessly
with any neuronavigation software, offering granularity at the level of
individual pulses, bursts, or stimulation trains. Positional (in mm) and
rotational (in °) displacements with respect to a user-selected reference
can be calculated for each recorded coil placement. We provide func-
tions within the pyNIBS Python package for importing neuronavigation
tracking data from all major neuronavigation systems (e.g., pynibs.
read_triggermarker_localite() to import displacements,
pynibs.calc_tms_motion_params () to transform tracking data to
coil origin, and pynibs.compute_pcd () to compute PCD and its in-
termediate metrics PCDpos and PCDyo). The pyNIBS package can be
easily installed via the Python package manager, and since PCD
computation involves only simple geometric calculations (see below),
only minimal computational resources are required. See gitlab.gwdg.
de/tms-localization/papers/pcd for example scripts to import neuro-
navigation data.

PCD computation. First, the positional parameters are transformed
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from subject space (X, Ys, Zs) to a TMS-coil-based origin (X¢, Yc, Zc;
Fig. 1a), allowing for distinct quantification of tangential versus
orthogonal (z-direction) coil movements, which yield a linear change of
the coil-cortex distance. Second, displacements are calculated for each
pulse n towards a user-defined reference coil placement. This reference
placement can for example be a pre-experimentally defined or optimized
coil placement or a functionally defined placement throughout the TMS
session. Here, we utilize an optimal coil placement as the reference.
Third, positional and rotational parameters are processed independently
to yield PCDyos and PCDyo: The impact of rotational displacements de-
pends on the coil geometry, as, for example round coils show no dif-
ferences in cortical stimulation for different yaw angles (Fig. 1a), while
figure-of-eight coils yield different e-field patterns outside the stimula-
tion cone. Similarly, effects of rotational displacements will differ across
pulse shapes, TMS intensities [7], functional domains, and cortical re-
gions [8].

To enable the quantification of coil displacements independent of a
specific coil model and other TMS parameters, pitch and roll deviations
of the coil are transformed into positional displacements on the cortex for
a given skin-cortex distance (SCD), here assumed to be 20 mm as this is a
typical minimal cortical depth for TMS targets (see SI for details on this
projection). Users can adjust the SCD parameter by changing the
skin_cortex_distance parameter of pynibs.compute_pcd(),
although we recommend using the default value to allow for comparison
across sessions and studies. Yaw deviations, i.e., tangential rotations
(Fig. 1), are included as sin(yaw) and scaled with SCD to weigh all three
rotational parameters in a similar manner.

Z. displacements from an optimal coil placement yield quadratic
changes in the target stimulation due to the orthogonal definition of Z.
towards the skin surface. As differences in contact pressure can lead to
(small) displacements towards the head, we also encode the direction of
Az via sign(Az,.), although the majority of Z. displacements are expected
to happen in positive direction, i.e., away from the head. In contrast, X,
and Y, displacements from the optimal placement reduce the target
stimulation in a manner described by the Euclidean distance, calculated
as \/Ax2 + Ay? due to the tangential definition of X and Y. towards the
skin surface. Finally, for each pulse n, PCD is defined as the sum of
positional and rotational displacements:

PCDyos_n =1/ AX2, + Ay2 + AZ2 - sign(Az.,)

PCD,,c_n =SCD - sin(Ayaw,) + cortex_projection(Apitch, Aroll, SCD)

PCD;, = PCDpos_n + PCDyo;_n

PCD validation via e-fields. We created a large set of virtual TMS ex-
periments with realistic coil drifts to sample pulse-to-pulse coil
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Fig. 1. Pulsewise coil displacement (PCD) combines positional and rotational displacements of the TMS coil in one metric. A) The TMS coil is tracked via
neuronavigation in the individual subject-space (X, Ys, Zs), with the origin within the brain. The orientation of the coil (yaw, pitch, roll) is tracked based on a coil-
centered coordinate system (X.Y.Z.). To calculate PCD, the positional coil displacements, i.e., shifts in (X, Y, Zs) direction, are transformed into (X, Y., Z¢) shifts to
allow meaningful interpretation, such as shifts in z-direction quantifying changes of the coil-cortex-distance. B) PCD correlates with the induced electric field at the
stimulation target. Coil position (PCD,cs) and coil rotation (PCD,) displacements affect cortical stimulation exposure, quantified as the overall stimulation strength |
E|. PCD yields high correlation strength (r = —0.81) with |E| at the stimulation target and slightly lower for correlations with simulated MEPs at motor threshold
(MEPy,,) and at the upper saturation range (MEPygp,). Data based on 100 simulated random walks of 501 pulses each, yielding 50,100 simulations. C) Output from
pynibs.compute_pcd (). Experimental data were obtained from a double, spaced cTBSgoo study with a break after 200 bursts. X-axes: Burst number. Cumulative
displacements are presented for visual inspection only. PCD integrates displacement information from all six displacement variables and provides time-series data

and summary statistics.

displacements. Starting with an optimal coil placement for a cortical
target [9], we computed 500 subsequent coil placements in a random
walk fashion, including positional and rotational displacements
concurrently. This was repeated 100 times, yielding 50,100 coil posi-
tions/orientations across 100 virtual experiments. For each coil place-
ment, the e-field was calculated with SimNIBS (v4.5 beta; [10,11]) to
validate the PCD metric with respect to changes in local stimulation
exposure. Please refer to the SI for details on the random coil walk and
e-field simulation. We extracted the grey matter e-field magnitude at the
predefined target (|E|warger) in @ 1 mm grey-matter-only sphere. Both
compound metrics, PCD,,s and PCD;,;, were significantly correlated with
|E| target (*(PCDpos, |Eliyrger) = — 0.81; F(PCDro, |El ) = — 0.21; both p
< 0.001). PCD, the sum of PCD,, and PCD;,, yielded a correlation of
similar height with |E|targer (r(PCD, |El,p,) = — 0.81) (Fig. 1b).
Compared to Euclidean error quantifications, which sum the magnitude
of displacements, PCDyy, outperforms these approaches significantly
(see SI for details). As expected, Euclidean error metrics are highly
correlated with PCD submetrics and it should be noted that these
alternative quantification approaches might provide an alternative
strategy to quantify coil displacement. As coil displacements not only
yield stimulation changes at the cortical target, but also at off-target
regions, we also extracted the e-field at two anatomically plausible
off-targets at the same cortical depth (see SI for details). Depending on
the off-target location, either Ax, or Ay, yield increases of |E|. Compared
to the real target, Az, shows decreased relevance for |E|.
7(PCD, |El oy targee) is higher than any sub-metric with |E| at these
off-target regions (Fig. S3).

PCD validation via simulated MEPs. Based on the realized e-fields at
the cortical target, we computed motor evoked potentials (MEPs) based
on the dual variability source model (DVS; [12]; see SI for details on the
implementation). By upscaling the e-fields, we generated two kinds of

1046

MEPs: MEPy,, at the motor threshold and MEPy;,, at the saturation
range of the input-output curve. With this analysis, we showcase the
relationship between PCD and displacement-dependent changes of a
corticospinal response as a proxy of displacement-dependent changes of
cortical modulation per se. Utilizing the DVS approach does not take the
directional sensitivities of neuronal activation into account [7], thus
most probably underestimating the effect of PCD;. As expected, PCD
shows slightly lower, albeit still strong correlation with the two MEP
types relative to |E|: 7(PCD,MEPy,,) = — 0.62; r(PCD, MEPyg, = —0.77
(Fig. S2).

Real world data. We include a PCD computation for a recently
completed cTBS study in our lab [13]. This study combined a double,
spaced cTBSgqg protocol (i.e., two cTBSgqp trains over the same area with
a break of 10 minutes [14]) with manual coil handling for a
right-hemispheric target (Fig. 1c). PCD distills information from all six
displacement sources, including the renewed placement at the begin-
ning of the second cTBSg( train and the compensation placements at the
end of the sessions when head motion increased. In addition to
time-series PCD values, summary statistics across the session are
provided.

In summary, PCD combines positional and rotational displacements
in a single value per TMS pulse, burst, or train, allowing an easy and
direct assessment of coil displacements. Comparing PCD to
displacement-dependent changes of the cortical stimulation exposure,
we show that PCD parallels these changes at the cortical target to a high
degree and, to a lesser degree, for cortical off-targets. Besides cortical
stimulation exposure, PCD also reflects changes in cortical responses due
to coil displacements as shown via simulated MEPs. Thus, we believe
that PCD captures relevant information across functional domains,
outcome metrics and stimulation paradigms, which should be demon-
strated in future studies. Importantly, PCD requires neither individual
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structural MRI scans nor complex e-field simulations nor the definition
of cortical targets versus off-targets — a task involving a cascade of
critical decisions [15] —, as PCD is computed solely on the coil place-
ments, which are readily available from any neuronavigation system.
We hope this example of utilizing coil displacement data will encourage
researchers to track, record, analyze, and share these valuable data.
Besides use-cases including quality control, intervention monitoring, and as
a trial-wise exclusion criterion, PCD might also be used as an explanatory
variable in higher-level statistical models to help identify stimulation
effects.
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