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� Skin-cerebellum distance is the dominant factor determining cerebellar tDCS-induced electric field strength in healthy adults.
� Interindividual differences in posterior fossa morphometry add unique explanatory variance to skin-cerebellum distance.
� When targeting the midline cerebellum, field strength and focality differ between cephalic and extracephalic electrode montages.
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Objective: Clinical, behavioural, and neurophysiological effects of cerebellar transcranial direct current
stimulation (tDCS) are highly variable and difficult to predict. We aimed to examine associations between
cerebellar tDCS-induced electric field strength, morphometric posterior fossa parameters, and skin-
cerebellum distance. As a secondary objective, field characteristics were compared between cephalic
and extracephalic electrode configurations.
Methods: Electric field simulations of midline cerebellar tDCS (7 � 5 cm electrodes, current intensities of
2 mA) were performed on MRI-based head models from 37 healthy adults using buccinator, frontopolar,
and lower neck reference electrodes. Average field strengths were determined in eight regions of interest
(ROIs) covering the anterior and posterior vermis and cerebellar hemispheres. Besides skin-cerebellum
distance, various angles were measured between posterior fossa structures. Multivariable linear regres-
sion models were used to identify predictors of field strength in different ROIs.
Results: Skin-cerebellum distance and ‘‘pons angle” were independently associated with field strength in
the anterior and posterior vermis. ‘‘Cerebellar angle” and skin-cerebellum distance affected field strength
in anterior and posterior regions of the right cerebellar hemisphere. Field strengths in all examined cere-
bellar areas were highest in the frontopolar and lowest in the lower neck montage, while the opposite
was found for field focality. The lower neck montage induced considerably less spreading toward anterior
cerebellar regions compared with the buccinator and frontopolar montages, which resulted in a more
evenly distributed field within the cerebellum.
Conclusion: In addition to skin-cerebellum distance, interindividual differences in posterior fossa mor-
phometry, specifically pons and cerebellar angle, explain part of the variability in cerebellar tDCS-
induced electric field strength. Furthermore, when targeting the midline cerebellum with tDCS, an extra-
cephalic reference electrode is associated with lower field strengths and higher field focality than cepha-
lic montages.
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Significance: This study identifies two novel subject-specific anatomical factors that partly determine
cerebellar tDCS-induced electric field strength and reveals differences in field characteristics between
electrode montages.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite its modest size, the human cerebellum has been esti-
mated to contain approximately 80% of neurons in the entire brain
and to possess a surface area that is almost 80% of the neocortex
(Azevedo et al., 2009; Sereno et al., 2020). The cerebellar cortex
has reciprocal connections with essentially all supratentorial
regions and is engaged in numerous networks subserving motor
control, cognitive processing, and emotional regulation (Buckner
et al., 2011; Krienen and Buckner, 2009). This functional diversity
is reflected in the complex topographic manner by which the cere-
bellar cortex and its afferent and efferent projections are organized
(Stoodley and Schmahmann, 2010). While the anterior lobe, lobule
VIII, and medial parts of lobule VI contain face, arm, and leg repre-
sentations, thereby comprising the sensorimotor cerebellum, lob-
ules VI and VII are involved in various cognitive tasks and
damage to these areas has been shown to induce cognitive impair-
ments (Schmahmann, 2019). Moreover, the posterior vermis and
fastigial nucleus have been extensively linked to emotional pro-
cessing and are also known as the limbic cerebellum
(Schmahmann, 2019; Stoodley and Schmahmann, 2010).

Modulation of cerebellar cortical activity with non-invasive
brain stimulation techniques, such as transcranial direct current
stimulation (tDCS), has not only enriched our understanding of
the wide array of cerebellar functions, but is also considered a
promising strategy to reduce motor, cognitive, and affective symp-
tom severity in patients with neurological and psychiatric disor-
ders (Benussi et al., 2023; Ferrucci et al., 2016; Grimaldi et al.,
2016; Maas et al., 2020). Depending on the specific function, task,
or symptom, one may select a unilateral hemisphere or midline
montage. The latter seems particularly attractive when the vermis
is the main target area, such as in studies of (pathologically dis-
turbed) postural control, eye movements, and emotional process-
ing (Cattaneo et al., 2022; Craig and Doumas, 2017; Ehsani et al.,
2017; Ferrucci et al., 2012; Inukai et al., 2016; Panouilleres et al.,
2015; Steiner et al., 2016). However, clinical and fundamental
studies administering tDCS to the cerebellum often yield heteroge-
neous results, which is not only related to the positioning of elec-
trodes and other stimulation-related parameters such as current
intensity and session duration, but also to a considerable degree
of between-subject variability in the susceptibility to tDCS
(Fertonani and Miniussi, 2017; Li et al., 2015; Oldrati and
Schutter, 2018; Polania et al., 2018). From a therapeutic point of
view, interindividual differences may at least in part account for
the overall null effects in several clinical trials and potentially limit
the application of tDCS in patients with neurological and psychi-
atric diseases (Hulst et al., 2017; Maas et al., 2022b). Although var-
ious possible sources of interindividual variability in the response
to cerebellar tDCS have been identified in recent years, further
research into additional contributing factors is warranted to opti-
mize and perhaps even personalize (treatment) protocols
(Gomez-Tames et al., 2019; Klaus and Schutter, 2021; Li et al.,
2015; Manto et al., 2022; Polania et al., 2018; Rezaee and Dutta,
2020).

Besides the physiological state and orientation of neurons in the
target area relative to the current flow, accumulating evidence
indicates an important role for local electric field strength in the
neuromodulatory efficacy of tDCS (van Dun et al., 2016). Indeed,
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associations between individual field strengths and neurophysio-
logical outcomes, including changes in motor evoked potential
amplitudes, functional network connectivity, and gamma-
aminobutyric acid (GABA) concentrations, have been reported with
sensorimotor cortex stimulation (Antonenko et al., 2019; Laakso
et al., 2019; Mosayebi-Samani et al., 2021; Nandi et al., 2022). A
significant proportion of the variation in local field strength among
healthy adults can be attributed to anatomical differences (Opitz
et al., 2015).

Two initial modelling studies, based on one and three subjects,
demonstrated the biophysical feasibility of reaching the cerebel-
lum with tDCS applied over the lower occiput (Parazzini et al.,
2014; Rampersad et al., 2014). In line with modelling research that
focused on supratentorial areas, additional investigations with a
larger number of head models have confirmed substantial
interindividual variability in field strength and distribution within
the cerebellum (Gomez-Tames et al., 2019; Klaus and Schutter,
2021; Rezaee and Dutta, 2020). Interestingly, skin-cerebellum dis-
tance emerged as the principal determinant, explaining more than
half of the total variation in field strength underneath the target
electrode (Gomez-Tames et al., 2019; Klaus and Schutter, 2021).
It should be noted that a midline approach, aimed at targeting
the vermis, has only been examined in one previous study, which
exclusively used cephalic reference electrodes (Gomez-Tames
et al., 2019). Direct comparisons between cephalic and extra-
cephalic montages are currently lacking for cerebellar tDCS.

Driven by marked differences in posterior fossa morphometry
between healthy adults, this study aimed to explore other
subject-specific anatomical features that could explain additional
variance in field strength following cerebellar tDCS. Furthermore,
we evaluated possible differences in field characteristics between
cephalic and extracephalic montages. Specifically, we (1) examined
field strengths in eight regions of interest (ROIs) in the vermis and
hemispheres of the anterior and posterior lobe using buccinator,
frontopolar, and lower neck montages, (2) determined associations
between field strength and morphometric posterior fossa parame-
ters, and (3) applied multivariable linear regression models to
identify factors that may independently predict field strength in
different cerebellar regions.
2. Methods

2.1. Participants and study design

Thirty-seven adult volunteers (18 males; mean age 47.7 years
[SD 12.7 years], range 22–69 years) who served as healthy controls
in the prospective European Spinocerebellar ataxia type 3 /
Machado-Joseph disease Initiative (ESMI) cohort study were
included. None of them had a history of neurological or psychiatric
disorders and Scale for the Assessment and Rating of Ataxia (SARA)
scores were all below the acknowledged cutoff of three points
(Schmitz-Hubsch et al., 2006). ESMI participants were recruited
at eleven European centers and, additionally, at two Northern
American sites. MRI scans were performed in Bonn (n = 14), Min-
neapolis (n = 6), Nijmegen (n = 5), Essen (n = 4), Aachen (n = 3), Hei-
delberg (n = 3), and Baltimore (n = 2). The local ethics committees
of the contributing centers approved the study protocol. All partic-
ipants provided written informed consent.
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2.2. MRI acquisition

MRI data in all centers were acquired using 3T Siemens scan-
ners with body coil transmission and 32-channel receive phased-
array head coils (Skyra in Bonn and Nijmegen; Prisma in Aachen,
Minneapolis, and Baltimore; Biograph in Essen; Trio in Heidelberg).
T1-MPRAGE (192 slices,matrix size = 256� 256, voxel size = 1mm3,
repetition time = 2500 ms, echo time = 4.37 ms, inversion time =
1100 ms) and T2-FLAIR sequences (192 slices, matrix size = 256 �
256, voxel size = 1 mm3, repetition time = 5000 ms, echo
time = 397 ms, inversion time = 1800 ms) were recorded in sagittal
direction. All MRI scans were checked for possible congenital
abnormalities of the posterior fossa that may affect field strength
and morphometric parameters (see below).

2.3. Electric field simulations

The headreco pipeline in SimNIBS version 3.2.6 was used to cre-
ate tetrahedral volume meshes from individual MRI scans
(Saturnino et al., 2019). Positions of EEG electrodes according to
the international 10–10 system were automatically calculated
based on four fiducial points (Jurcak et al., 2007). A 4 mm thick
rectangular target electrode (7 � 5 cm) was added to the midline
of each head model such that its center was situated 2 cm below
the inion (Iz). Reference electrodes with similar dimensions and
thickness were placed over the right cheek (buccinator montage),
the middle of the forehead over Fpz (frontopolar montage), and
as low as possible in the neck (right lower neck montage). As
MRI scans in ESMI selectively included the brain and cervical spine,
the lower cervical position represents the best possible approxima-
tion of the more commonly used deltoid montage. Simulations on a
single anatomical model suggest that field strengths and spatial
distribution in the cerebellum are roughly similar when the refer-
ence electrode is placed in the right lower neck compared with a
position on the right shoulder (Supplementary Fig. 1).

All simulations were performed with a current intensity of
2 mA. Standard conductivity values were applied for the different
tissue types in the mesh: rscalp = 0.465 S/m, rskull = 0.01 S/m, rcere-

brospinal fluid = 1.654 S/m,rgrey matter = 0.276 S/m,rwhite matter = 0.126
S/m, and reye balls = 0.50 S/m (Rezaee and Dutta, 2019; Wagner
et al., 2004; Windhoff et al., 2013). The field focality of each mon-
tage was determined in every subject as the volume of grey matter
with a field strength (in V/m) equal to or higher than 50% or 75% of
the 99.9th percentile (Saturnino et al., 2019).

2.4. Regions of interest

Eight regions of interest were selected that cover the vermis
and hemispheres of the anterior and posterior lobe (Fig. 1). These
were located in the vermis of lobule V (ROI1; MNI coordinates:
x = 0, y = �66, z = �9; involved in postural control), right lobule
V (ROI2; MNI coordinates: x = 15, y = �55, z = �16; involved in
right hand movements and a finger sequence task), left lobule V
(ROI3; MNI coordinates: x = �18, y = �53, z = �19; involved in left
hand movements and a finger sequence task), right Crus II (ROI4;
MNI coordinates: x = 24, y = �83, z = �40; involved amongst
others in word reading, verb generation, and theory of mind), left
Crus II (ROI5; MNI coordinates: x = �23, y = �82, z = �39; involved
amongst others in interval timing and theory of mind), the vermis
of lobule VIIIA (ROI6; MNI coordinates: x = 0, y = �70, z = �40;
involved amongst others in emotional processing, hand move-
ments, and a finger sequence task), right lobule VIIIA (ROI7; MNI
coordinates: x = 21, y = �61, z = �52; involved amongst others
in right hand movements and a finger sequence task), and left lob-
ule VIIIA (ROI8; MNI coordinates: x = �21, y = �59, z = �57;
involved amongst others in left hand movements and a finger
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sequence task) (King et al., 2019). After transforming these coordi-
nates from MNI to subject space with the mni2subject_coords
function in SimNIBS, average field strengths were obtained in each
ROI with a radius of 5 mm.

2.5. Morphometric posterior fossa parameters

Four different angles were evaluated on a midsagittal MRI slice
in each individual (Fig. 2). First, the tentorial angle (T) was mea-
sured between a line through the tentorium and a line drawn from
the nasion through the tuberculum sellae. We anticipated that a
steeper tentorium, indicated by a larger tentorial angle, is associ-
ated with lower field strengths in the cerebellum, especially in
the anterior areas. Second, the cerebellar angle (C) was defined
by a line through the tentorium and a line from the opisthion to
the most ‘‘curved” position of the posterior fossa cerebrospinal
fluid (CSF) space directly behind the cerebellum. We reasoned that
a smaller cerebellar angle would result in higher field strengths in
the cerebellum. Third, the pons angle (P) was created by the inter-
section of a line through the dorsal surface of the pons and a line
through the tentorium. We presumed that a larger pons angle
would increase the ‘‘window” for the cerebellum, resulting in
higher field strengths following cerebellar tDCS. Finally, the occip-
ital angle (O) was formed by a line drawn from the nasion through
the tuberculum sellae and a line from the opisthion through the
most curved position of the posterior fossa CSF space directly
behind the cerebellum. We hypothesized that a larger occipital
angle would be associated with higher field strengths in the
cerebellum.

2.6. Skin-cerebellum distance

After defining the position of the inion on a midsagittal MRI
slice, the shortest (perpendicular) distance was measured between
the skin approximately 2 cm below this point (i.e., the imaginary
center of the target electrode) and the outer surface of the vermis
in ITK-SNAP version 3.8.0 (Yushkevich et al., 2006). Similar mea-
surements were performed for the left and right cerebellar hemi-
sphere at points halfway between the vermis and the most
lateral parts of the cerebellum.

2.7. Statistical analysis

Average field strengths in each ROI and field focality values
were compared between the three montages using one-way
repeated measures analysis of variance (ANOVA) followed by Bon-
ferroni post hoc tests. The assumption of sphericity was checked
with Mauchly’s test and Greenhouse-Geisser corrections were
applied if necessary.

To evaluate if within-subject field strengths were consistently
associated across montages, Pearson correlation coefficients were
determined. Associations between field strength and skin-
cerebellum distance (midline measurement for ROIs 1 and 6;
right-sided measurements for ROIs 2, 4, and 7; left-sided measure-
ments for ROIs 3, 5, and 8), morphometric posterior fossa parame-
ters, and age were assessed with Pearson correlation coefficients.

Stepwise multivariable linear regression was performed to
identify factors that are independently associated with field
strength. Based on the results of univariate analyses, skin-
cerebellum distance, cerebellar angle, pons angle, and occipital
angle were selected as predictor variables. In order to limit the
number of regression analyses and comparisons, we (1) focused
on the extracephalic montage, which was used in our own and
other trials (Benussi et al., 2017; Maas et al., 2022a; Maas et al.,
2022b), and (2) selected two ROIs in the anterior and posterior ver-
mis and three ROIs within the right cerebellar hemisphere. Statis-



Fig. 1. Axial, sagittal, and coronal images demonstrating the centers of the eight selected regions of interest (ROIs). These include the vermis of lobule V (A, ROI1, MNI
coordinates: x = 0, y =�66, z =�9), right lobule V (B, ROI2, MNI coordinates: x = 15, y =�55, z =�16), left lobule V (C, ROI3, MNI coordinates: x =�18, y =�53, z =�19), right
Crus II (D, ROI4, MNI coordinates: x = 24, y = �83, z = �40), left Crus II (E, ROI5, MNI coordinates: x = �23, y = �82, z = �39), the vermis of lobule VIIIA (F, ROI6, MNI
coordinates: x = 0, y = �70, z = �40), right lobule VIIIA (G, ROI7, MNI coordinates: x = 21, y = �61, z = �52), and left lobule VIIIA (H, ROI8, MNI coordinates: x = �21, y = �59,
z = �57).
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tical analyses were conducted in SPSS Statistics (IBM, version 27)
and GraphPad Prism 9.3.1. The level of significance was set at
0.05 (two-tailed).
3. Results

One participant had a retrocerebellar arachnoid cyst and was
excluded from the analyses of morphometric parameters.
3.1. Effects of electrode montage on electric field strength, distribution,
and focality

As illustrated in Fig. 3, one-way repeated measures ANOVA
revealed a significant effect of montage on average field strength
in all examined cerebellar regions (p < 0.001 for all ROIs, eta
squared range 0.81–0.98). Post hoc Bonferroni-corrected compar-
isons showed differences between the lower neck and buccinator
montage (p < 0.001 for all ROIs, Cohen’s d range 0.85–3.14),
between the lower neck and frontopolar montage (p < 0.001 for
all ROIs, Cohen’s d range 1.50–4.79), and between the buccinator
and frontopolar montage (p < 0.001 for all ROIs, Cohen’s d range
0.43–2.08). Field strengths in the anterior and posterior vermis
and in both cerebellar hemispheres were highest in the frontopolar
and lowest in the lower neck montage. Irrespective of electrode
placement, values were highest at the surface of right Crus II and
lowest in left lobule V (for the lower neck and buccinator montage)
or right lobule V (for the frontopolar montage).

The relative difference in average field strength between right
Crus II and left or right lobule V was more pronounced in the
lower neck montage than in the buccinator and frontopolar
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montages (52.6%, 30.9%, and 21.0% on the group level, respec-
tively). These comparisons suggest that an extracephalic refer-
ence electrode induces less spreading toward anterior
cerebellar areas, while cephalic electrode configurations may
lead to more evenly distributed electric fields within the cerebel-
lum (Fig. 4). Indeed, one-way repeated measures ANOVA con-
firms a significant effect of montage on field focality [F (1.72,
62.0) = 41.56, p < 0.001, eta squared = 0.54]. The average volume
of grey matter with a field strength equal to or higher than 75%
of the 99th percentile was 1.5 and 1.7 times lower in the lower
neck montage (mean ± SD, 8.4 ± 2.5 cm3) compared with the
buccinator montage (mean ± SD, 12.8 ± 3.7 cm3, p < 0.001,
Cohen’s d = 1.38) and frontopolar montage (mean ± SD, 14.1 ± 4
.6 cm3, p < 0.001, Cohen’s d = 1.54), respectively, indicating
higher focality with an extracephalic reference electrode
(Fig. 5). When the threshold was lowered to 50% of the 99th per-
centile, differences between the lower neck montage
(mean ± SD, 43.1 ± 12.6 cm3), buccinator montage (mean ± SD,
117.2 ± 31.1 cm3), and frontopolar montage (mean ± SD, 194.3
± 57.7 cm3) were much larger [F (1.22, 44.07) = 266.24,

p < 0.001 overall as well as for all pairwise comparisons, eta
squared = 0.88, Cohen’s d range 1.66–3.62]. Replicating earlier
findings, extracerebellar current spread was mainly observed in
the right temporal lobe when the reference electrode was posi-
tioned over the right cheek (buccinator), while a more diffuse
field with relatively high values in the prefrontal areas was
found with a frontopolar montage (Klaus and Schutter, 2021).

As illustrated in Fig. 6, within-subject field strengths across
montages were highly correlated in all ROIs (lower neck vs. bucci-
nator: Pearson’s r range 0.79–0.94, all p values < 0.001; lower neck
vs. frontopolar: Pearson’s r range 0.73–0.92, all p values < 0.001;



Fig. 2. Midsagittal MRI slice illustrating the pons angle (P), tentorial angle (T),
occipital angle (O), and cerebellar angle (C). The pons angle was defined by a line
through the dorsal surface of the pons and a line through the tentorium. The
tentorial angle was measured between a line through the tentorium and a line
drawn from the nasion through the tuberculum sellae. The occipital angle was
created by the intersection of a line drawn from the nasion through the tuberculum
sellae and a line from the opisthion through the most curved position of the
posterior fossa CSF space directly behind the cerebellum. Finally, the cerebellar
angle was formed by the latter line and a line through the tentorium.

Roderick P.P.W.M. Maas, J. Faber, Bart P.C. van de Warrenburg et al. Clinical Neurophysiology 153 (2023) 152–165
buccinator vs. frontopolar: Pearson’s r range 0.94–0.99, all p
values < 0.001).
3.2. Effects of interindividual anatomical variability on electric field
strength

Average field strengths in each of the ROIs were inversely asso-
ciated with skin-cerebellum distance in all three montages (Pear-
son’s r range �0.65 to �0.80, all p values < 0.001) (Fig. 7).
Significant correlations were also found between field strength
and occipital angle, cerebellar angle, and pons angle, which were
most pronounced for the lower neck montage (occipital angle:
Pearson’s r range �0.34 to �0.48, p range 0.003 to 0.041; cerebellar
angle: Pearson’s r range �0.34 to �0.44, p range 0.007 to 0.041;
pons angle: Pearson’s r range 0.32 to 0.47, p range 0.004 to
0.055) (Fig. 8 and Supplementary Tables S1–S3). By contrast, tento-
rial angle was not related to field strength in any of the examined
montages (Pearson’s r range �0.18 to 0.06, p range 0.30 to 0.99).
Finally, there were no significant associations between field
strengths and age (Pearson’s r range �0.30 to 0.01, p range 0.076
to 0.96).
3.3. Independent predictors of electric field strength

Stepwise multivariable linear regression analyses were per-
formed to identify factors that might predict field strengths in a
selection of ROIs with an extracephalic montage. Based on the
results of the abovementioned univariate analyses, skin-
cerebellum distance, cerebellar angle, pons angle, and occipital
angle were chosen as independent variables. Unstandardized coef-
ficients (b) and their 95% confidence intervals, standardized coeffi-
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cients (beta), R2 values, and improvements in R2 are summarized in
Table 1.

Average field strength in the anterior and posterior vermis was
found to be independently affected by skin-cerebellum distance
(p < 0.001 for both ROIs) and pons angle (p = 0.014 for ROI1 [lobule
V]; p = 0.005 for ROI6 [lobule VIIIA]). Compared with a model that
only contained skin-cerebellum distance, the addition of pons
angle improved the R2 value with 0.08 and 0.09 to 0.60 and 0.64,
respectively. These findings indicate that pons angle explains 8–
9% of the variance in field strength in the vermis.

Similar to both midline regions, skin-cerebellum distance was
the most important factor associated with electric field strength
in right lobule V (ROI2), Crus II (ROI4), and lobule VIIIA (ROI7).
Moreover, the cerebellar angle was found to be a second indepen-
dent predictor of field strength in these areas (p = 0.002 for ROI2;
p = 0.033 for ROI4; p = 0.002 for ROI7), accounting for an additional
5% (Crus II), 10% (lobule V), and 11% (lobule VIIIA) of variance and
resulting in R2 values of 0.66–0.69.
4. Discussion

Inspired by the variability in clinical, behavioural, and neuro-
physiological outcomes across cerebellar tDCS studies, we used
computational modelling to examine how strength and distribu-
tion of the induced electric field within the cerebellum are affected
by interindividual differences in posterior fossa morphometry. Fur-
thermore, we compared field characteristics between the buccina-
tor, frontopolar, and lower neck montages. The main results of this
study can be summarized as follows. First, replicating previous
findings, our data confirm that skin-cerebellum distance is the
dominant factor determining tDCS-induced field strength through-
out the cerebellum. Second, pons angle was independently associ-
ated with field strengths in the anterior and posterior vermis,
while cerebellar angle predicted field strengths in the right cere-
bellar hemisphere. Both morphometric posterior fossa parameters
added unique explanatory variance to skin-cerebellum distance.
Third, compared with the extracephalic lower neck montage, both
cephalic configurations induced higher field strengths in all exam-
ined cerebellar regions. As grey matter volumes with field
strengths equal to or higher than 50% or 75% of peak values were
also significantly larger in the frontopolar and buccinator montage,
the increased field strengths came at the expense of focality.

In agreement with previous modelling studies, skin-cerebellum
distance was the strongest predictor of electric field strength in all
ROIs, accounting for 50–60% of variance (Gomez-Tames et al.,
2019; Klaus and Schutter, 2021). Here, we demonstrate that a sys-
tematic investigation of morphometric posterior fossa features,
specifically pons and cerebellar angle, adds approximately 10%,
indicating that anatomical factors together explain 60–70% of the
interindividual variability in field strength when tDCS is applied
over the midline. We hypothesize that a larger pons angle and a
smaller cerebellar angle increase the volume of cerebellar cortex
potentially amenable to the modulatory effects of cerebellar tDCS.
In contrast to our hypothesis, steepness of the tentorium, as
expressed by the tentorial angle, did not affect electric field
strength in any of the selected ROIs, which suggests that this mea-
sure is less relevant for tDCS modelling studies in neurotypical
subjects. Furthermore, although occipital angle correlated with
electric field strength in several ROIs in univariate analyses, it
was not retained in multivariable linear regression models. Finally,
this study did not show significant associations between age and
field strengths, which may be explained by the relatively small
proportion of individuals aged 60 years or older (i.e., 16%). Indeed,
cerebellar shrinkage in healthy elderly people has been reported to
start between 50 and 60 years of age (Luft et al., 1999). Further



Fig. 3. Electric field strengths induced by cerebellar transcranial direct current stimulation in each of the eight selected regions of interest (ROIs) using different electrode
configurations. Whiskers represent the minimum and maximum values. **** indicates a p value < 0.001.
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Fig. 4. Cerebellar flatmaps of a representative healthy individual illustrating the distribution of the electric field (in V/m) induced by cerebellar transcranial direct current
stimulation with different montages.

Fig. 5. Focality of the electric field induced by cerebellar transcranial direct current stimulation in different montages. Shown are the volumes of grey matter with a field
strength equal to or higher than 75% (A) or 50% (B) of the 99.9th percentile. Whiskers represent the minimum and maximum values. **** indicates a p value < 0.001.
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research is required to evaluate whether similar associations
between posterior fossa parameters and tDCS-induced electric
field strength can be found in patients with cerebellar and pontine
atrophy due to degenerative diseases.

Reference electrodes in clinical and fundamental cerebellar
tDCS research are most commonly placed on the forehead, cheek,
or shoulder (van Dun et al., 2016). This is the first modelling study
that compared differences in field strength between cephalic and
extracephalic montages. Gomez-Tames and colleagues also per-
formed electric field simulations of a midline approach (in addition
to hemispherical approaches), but exclusively used cephalic refer-
ence electrodes. These investigators similarly found higher field
strengths in the cerebellum with a frontopolar montage compared
158
with a buccinator montage, but did not report statistical compar-
isons (Gomez-Tames et al., 2019). Furthermore, Klaus and
Schutter (2021) recently described differences in field focality
between a series of montages in which the target electrode was
positioned over the right cerebellar hemisphere, with significantly
higher focality when physical distance between electrodes
decreased.

The main limitation of the present work is the absence of beha-
vioural and neurophysiological correlates, such as motor learning
paradigms, cerebellar brain inhibition, or blink reflex excitability.
Besides electric field strength, several other sources of interindivid-
ual variability in tDCS effects have been identified, including
genetic polymorphisms, age, differences in arousal or attentional



Fig. 6. Associations between electric field strengths in each of the eight selected regions of interest (ROIs) across different montages. Shown are the correlations between the
lower neck and buccinator montages (A, D, G, J, M, P, S, and V), between the lower neck and frontopolar montages (B, E, H, K, N, Q, T, and W), and between the buccinator and
frontopolar montages (C, F, I, L, O, R, U, and X).
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Fig. 6 (continued)
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Fig. 7. Associations between electric field strength in each of the eight selected regions of interest (ROIs) and skin-cerebellum distance using a lower neck montage.
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state, and the complex folding of the cerebellum (Li et al., 2015;
Polania et al., 2018). It should be emphasized that our results
mainly serve as a theoretical basis for future cerebellar tDCS stud-
ies, which may explore correlations between the predicted field
strength in a target area and actually observed clinical, beha-
vioural, or neurophysiological effects. Although such associations
have yet to be established for less extensively investigated target
regions, such as the cerebellum, emerging evidence from sensori-
motor cortex tDCS suggests that neuromodulatory effects are
related to absolute field strength values (Antonenko et al., 2019;
161
Laakso et al., 2019; Mosayebi-Samani et al., 2021; Nandi et al.,
2022).

In order to potentially reduce the variability of results following
cerebellar tDCS, studies with small sample sizes may benefit from
routinely performing brain MRI scans to measure skin-cerebellum
distance and to evaluate morphometric posterior fossa features
beforehand. Proper selection of participants could be an important
step that might increase the likelihood of obtaining more consis-
tent outcomes, especially in therapeutic trials. Furthermore,
asymptomatic congenital abnormalities of the posterior fossa, such



Fig. 8. Associations between electric field strengths in each of the eight selected regions of interest (ROIs) and occipital angle (A, D, G, J, M, P, S, and V), cerebellar angle (B, E,
H, K, N, Q, T, and W), and pons angle (C, F, I, L, O, R, U, and X) using a lower neck montage.
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Fig. 8 (continued)
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Table 1
Predictors of field strength induced by cerebellar transcranial direct current stimulation in five regions of interest (ROIs) using a lower neck montage. Skin-cerebellum distance
(SCD), pons angle, cerebellar angle, and occipital angle were selected as independent variables.

Predictors R2 DR2 B 95% CI Beta P value

ROI1 – vermis lobule V 1. SCD
2. Pons angle

0.60 0.08 �0.003
0.001

�0.003; �0.002
0.00; 0.003

�0.68
0.29

<0.001
0.014

ROI2 – right lobule V 1. SCD
2. Cerebellar angle

0.69 0.10 �0.003
�0.001

�0.004; �0.002
�0.002; 0.00

�0.72
�0.33

<0.001
0.002

ROI4 – right Crus II 1. SCD
2. Cerebellar angle

0.66 0.05 �0.007
�0.002

�0.009; �0.005
�0.003; 0.00

�0.74
�0.23

<0.001
0.033

ROI6 – vermis lobule VIIIA 1. SCD
2. Pons angle

0.64 0.09 �0.004
0.003

�0.006; �0.003
0.001; 0.004

�0.70
0.32

<0.001
0.005

ROI7 – right lobule VIIIA 1. SCD
2. Cerebellar angle

0.67 0.11 �0.006
�0.002

�0.008; �0.005
�0.004; �0.001

�0.70
�0.33

<0.001
0.002

B = unstandardized coefficient, beta = standardized coefficient, CI = confidence interval, DR2 = change in R2 compared with a model that only includes skin-cerebellum
distance.
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as a mega cisterna magna or a retrocerebellar arachnoid cyst, can
be detected in this way. Notably, a mega cisterna magna was
described as an incidental finding in 26 out of 833 healthy adoles-
cents (3.1%) and identified as the most frequent structural brain
anomaly (Sullivan et al., 2017). Although not extremely common,
the unwitting inclusion of subjects with such anomalies in cerebel-
lar tDCS studies may distort results, especially when sample sizes
are small.

Based on our findings and those of others, there is a trade-off
between focality and field strength in the target area when using
conventional bipolar montages (Dmochowski et al., 2011). From
a translational perspective, these observations may have the fol-
lowing implications. When focality is the primary goal (e.g., one
rather specifically wants to modulate the excitability of neurons
in lobule VII), an extracephalic reference electrode position may
be preferred in combination with a higher current intensity. By
contrast, in case of therapeutic purposes (e.g., to improve postural
control in elderly people or in the treatment of patients with neu-
ropsychiatric disorders), the main objective could be to obtain high
electric field strengths within the cerebellum. In such a scenario,
one might prefer a cephalic montage. However, it remains to be
determined how increased spread of the current to extracerebellar
regions, which was most prominent for the frontopolar montage,
will affect clinical outcomes.

In conclusion, our results indicate that up to 70% of the variabil-
ity in cerebellar tDCS-induced electric field strength can be
explained by interindividual differences in skin-cerebellum dis-
tance and posterior fossa morphometry. Furthermore, when using
a midline cerebellar tDCS approach, an extracephalic reference
electrode was found to cause lower field strengths but higher field
focality compared with cephalic montages. Additional work is
required to establish clinical, behavioural, and neurophysiological
correlates in healthy and disease states, which might eventually
support individualized dosing of tDCS.
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