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Objectives: To compare cerebellar transcranial direct current stimulation (tDCS)-induced electric field strengths
between individuals with spinocerebellar ataxia type 3 (SCA3) and healthy controls and to identify factors that
underlie the variability in field strength.

Methods: MRI scans from 68 SCA3 mutation carriers spanning the disease spectrum and 37 healthy adults were
used to reconstruct tetrahedral volume meshes of the head. Electric field simulations of midline cerebellar tDCS
were performed with the buccinator muscle, frontopolar region, and lower neck as reference electrode positions.
Eight regions of interest were defined throughout the cerebellum.

Results: Simulated electric field strengths induced by cerebellar tDCS were generally lower in SCA3 mutation
carriers than in healthy controls, particularly in the anterior lobe and with cephalic reference electrodes. The
frontopolar montage induced the highest field strengths, while the lower neck montage caused the lowest field
strengths. Skin-cerebellum distance, Scale for the Assessment and Rating of Ataxia (SARA) score, and “occipital
angle” were independently associated with electric field strength.

Conclusion: Skin-cerebellum distance, posterior fossa morphometry, ataxia severity, and electrode montage
predict cerebellar tDCS-induced electric field strength in SCA3 mutation carriers. These results may guide the
development of personalized neuromodulation protocols and inform the design of future cerebellar tDCS trials in
degenerative ataxias.

Significance: This study identified clinical and anatomical factors that affect cerebellar tDCS-induced field
strength in individuals with the most common type of dominantly inherited ataxia worldwide.

1. Introduction lobule VIII - collectively referred to as the sensorimotor cerebellum - is

associated with gait ataxia, appendicular dysmetria, and dysarthria

Degenerative ataxias comprise a diverse group of inherited and ac-
quired conditions that share a progressive cerebellar syndrome as their
central clinical theme. Because of the established functional diversity of
the cerebellar cortex and its dense reciprocal connections with essen-
tially all supratentorial regions, cerebellar neuronal loss usually mani-
fests with various combinations of motor and non-motor symptoms. In
particular, damage to the anterior lobe, medial parts of lobule VI, and

(Schmahmann, 2019, Stoodley and Schmahmann, 2010). Lesions of
lobule VI, Crus I, and Crus II — the cognitive cerebellum - are linked to
impairments in executive functions, visuospatial cognition, and lin-
guistic processing. Finally, injuries to the posterior vermis and fastigial
nucleus - the limbic cerebellum — have been shown to induce deficits in
emotional processing, affect regulation, and eye movements
(Schmahmann, 2019, Stoodley et al., 2016, Stoodley and Schmahmann,
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2010).

Novel therapeutic strategies that mitigate motor, cognitive, and af-
fective impairments and enhance quality of life are urgently required in
patients with degenerative ataxias. Recent years have witnessed
increasing interest in cerebellar non-invasive stimulation techniques as a
potential new treatment avenue, aimed at augmenting local cerebellar
neuroplasticity and strengthening cerebellocerebral connectivity
(Benussi et al., 2023, Maas et al., 2020, Miterko et al., 2019). Compu-
tational modelling studies in healthy individuals have established the
biophysical feasibility of modulating cerebellar structures using trans-
cranial direct current stimulation (tDCS) over the back of the head
(Parazzini et al., 2014, Rampersad et al., 2014). Repeated sessions of
cerebellar midline tDCS have subsequently been shown to improve
ataxia severity in etiologically heterogeneous groups of patients,
accompanied by an increase in cerebellar-motor cortex connectivity
(Benussi et al., 2018, Benussi et al., 2017). Inspired by these results, we
performed a randomized, double-blind, sham-controlled trial in in-
dividuals with spinocerebellar ataxia type 3 (SCA3) — the most common
type of dominantly inherited ataxia worldwide — using a similar stimu-
lation protocol (Maas et al., 2022b). Although our study did not
demonstrate short-term or long-term treatment effects of tDCS on the
group level, clinically relevant improvements in a subset of patients
were observed that lasted for several months. Interestingly, more recent
tDCS trials in a mixed sample of both degenerative ataxias and cerebellar
strokes (Reumers et al., 2025), as well as in Friedreich ataxia (Naeije
et al., 2023), confirmed this finding of interindividual variability in
treatment response, albeit with overall positive effects on ataxia
severity. If proven effective, identifying predictors of treatment success
would be highly relevant for clinicians in the ataxia field and may
eventually lead to individually tailored tDCS protocols.

Between-subject differences in electric field strength at the target site
have been proposed as a contributing factor to the efficacy of tDCS given
their associations with changes in functional network connectivity,
gamma-aminobutyric acid (GABA) concentrations, and motor-evoked
potentials (Antonenko et al., 2019, Laakso et al., 2019, Mosayebi-
Samani et al., 2021, Nandi et al., 2022). Approximately 60-70% of the
variance in cerebellar tDCS-induced electric field strength and distri-
bution in healthy individuals is explained by skin-cerebellum distance
and morphometric posterior fossa features (Gomez-Tames et al., 2019,
Klaus and Schutter, 2021, Maas et al., 2023). In addition to anatomical
factors, selection of the position of the reference electrode has recently
been reported to affect electric field characteristics when applying
cerebellar midline tDCS. Specifically, the (cephalic) frontopolar and
buccinator montages yielded significantly higher electric field strengths
throughout the cerebellum - at the expense of focality — as compared
with the (extracephalic) lower neck montage (Maas et al., 2023).

Prior computational modelling studies have focused on healthy
controls. An important outstanding question remains to what extent
tDCS over the lower occiput is able to target the cerebellum in cerebellar
patients at different disease stages, and consequently, which individuals
may potentially benefit most from this intervention (Manto et al., 2021).
Neuroimaging-based simulation studies of cerebellar tDCS-induced
electric fields could provide valuable insights and may guide the
development of personalized treatment protocols, but are currently
lacking in patients with cerebellar disorders. In this modelling study, we
used a large MRI data set from an international cohort of SCA3 mutation
carriers and matched healthy controls to evaluate between-group dif-
ferences in strength and distribution of cerebellar tDCS-induced electric
fields within the cerebellum. Furthermore, we comprehensively exam-
ined the influence of ataxia severity, individual anatomical character-
istics, and electrode montage on electric field strength in SCA3.
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2. Methods
2.1. Study design and participants

Eligible participants were SCA3 mutation carriers covering almost
the entire disease course (i.e., from pre-ataxic stage to wheelchair-
dependency) and healthy controls who had undergone structural brain
MR imaging in the prospective, longitudinal European Spinocerebellar
ataxia type 3 / Machado-Joseph Disease Initiative (ESMI) cohort study.
Clinical data in ESMI were collected at eleven European and two US
ataxia referral centers. Sites acquiring MRI scans were Bonn, Nijmegen,
Minneapolis, Essen, London, Heidelberg, Baltimore, and Aachen.

Apart from a genetically confirmed SCA3 status and an age > 18
years, there were no other specific inclusion or exclusion criteria for
mutation carriers. Healthy controls did not have a history of neurolog-
ical or psychiatric disorders.

The study protocol was approved by the medical ethics committees
of contributing centers. Written informed consent was obtained from
each participant.

2.2. MRI acquisition

MRI data were acquired using 3 T Siemens scanners with body coil
transmission and 32-channel receive phased-array head coils. T1-
MPRAGE (repetition time = 2500 ms, echo time = 4.37 ms, inversion
time = 1100 ms) and T2-FLAIR sequences (repetition time = 5000 ms,
echo time = 397 ms, inversion time = 1800 ms) were recorded in
sagittal direction and contained 192 slices. All scans share a 1-mm
isotropic resolution and 256 x 256 matrix size.

2.3. Electric field simulations

High-resolution MRI scans were transformed into individualized
tetrahedral volume meshes using SimNIBS’ headreco pipeline (version
3.2.6) (Saturnino et al., 2018). Every head mesh was inspected visually
to ensure segmentation accuracy. Starting from four fiducial points (i.e.,
the nasion, inion, left pre-auricular point, and right pre-auricular point),
the software calculates EEG electrode positions according to the inter-
national 10-10 system (Jurcak et al., 2007). In keeping with previous
randomized controlled trials (Benussi et al., 2018, Benussi et al., 2017,
Maas et al., 2022a, Maas et al., 2022b, Reumers et al., 2025), a 4-mm
thick rectangular target electrode (7 x 5 cm) was centered in the
midline 2 cm below the inion of each head model. Similarly sized
reference electrodes were positioned over the right cheek, the middle of
the forehead over Fpz, and the lower neck to simulate the buccinator
montage, frontopolar montage, and right lower neck montage (as an
approximation of the deltoid montage), respectively (Maas et al., 2023).

Following clinical trial practice (Benussi et al., 2018, Benussi et al.,
2017, Maas et al., 2022a, Maas et al., 2022b, Reumers et al., 2025), a
current intensity of 2 mA was used in all simulations. Standard con-
ductivity values were applied: Gscap = 0.465 S/m, Gguy = 0.01 S/m,
Gcerebrospinal fluid = 1.654 S/m, Ogrey matter = 0.276 S/m, Gwhite matter =
0.126 S/m, and Geye paits = 0.50 S/m (Rezaee and Dutta, 2019, Wagner
et al., 2004, Windhoff et al., 2013). The field focality of each montage
was determined as the volume of grey matter with a field strength equal
to or higher than 50% of the 99.9th percentile (Saturnino et al., 2018).

2.4. Regions of interest

Average field strengths were estimated in eight functionally diverse
areas of the cerebellar cortex, covering the vermis and hemispheres of
the anterior and posterior lobe (Maas et al., 2023). Regions of interest
(ROIs) had a radius of 5 mm and were situated 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
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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
verb generation, word reading, and theory of mind), left Crus II (ROI5;
MNI coordinates: x = -23, y = -82, z = —39; involved amongst others in
theory of mind and interval timing), the vermis of lobule VIIIA (ROI6;
MNI coordinates: x = 0, y = =70, z = —40; involved amongst others in
emotional processing, a finger sequencing task, and hand movements),
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 lobule VIIIA (ROI8; MNI coordinates: x = -21,y = -59, z
= -57; involved amongst others in left hand movements and a finger
sequence task) (King et al., 2019, Maas et al., 2023). The mni2-
subject_coords function in SimNIBS was used to transform MNI co-
ordinates to subject space.

2.5. Cerebellar volumetry

The cerebellum was subsegmented into 25 cortical and 2 white
matter labels using CerebNet (Faber et al., 2022). Parcellations were
inspected visually to ensure segmentation accuracy. Total cerebellar
grey matter and total cerebellar white matter volume were selected as
the volumes of interest in this study and calculated as the sum of indi-
vidual cortical and white matter labels, respectively. Brainstem volume
and estimated total intracranial volume (eTIV) were obtained with
FreeSurfer software.

2.6. Individual anatomical characteristics

Skin-cerebellum distance was determined on each participant’s T1-
MPRAGE scan, along with four morphometric parameters of the poste-
rior fossa (Maas et al., 2023). The former was defined as the shortest
(perpendicular) distance between the skin approximately 2 cm below
the inion (i.e., the position of the target electrode’s center) and the outer
surface of the vermis on a midsagittal slice. In addition to a midline
distance, similar measurements were conducted for both hemispheres at
points midway between the vermis and the most lateral parts of the
cerebellum. The following angles involving posterior fossa structures
were measured on a midsagittal MRI slice: (i) tentorial angle (i.e., be-
tween a line through the tentorium and a line connecting the nasion and
tuberculum sellae), (ii) cerebellar angle (i.e., between 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), (iii) pons angle (i.e., between a line through the dorsal
surface of the pons and a line through the tentorium), and (iv) occipital
angle (i.e., between a line connecting the nasion and tuberculum sellae
and a line from the opisthion through the most curved position of the
posterior fossa CSF space directly behind the cerebellum) (Maas et al.,
2023).

2.7. Ataxia severity

The Scale for the Assessment and Rating of Ataxia (SARA) was used
to quantify the overall severity of ataxia, with a range from 0 (no ataxia)
to 40 (most severe ataxia) (Schmitz-Hubsch et al., 2006). Standardized
assessments of gait, stance, sitting, speech, finger chase, nose-finger test,
fast alternating hand movements, and heel-shin slide were performed
and rated by experienced and trained investigators.

2.8. Statistical analysis

Analysis of variance (ANOVA) with montage as within-subject factor
and group as between-subject factor was applied to evaluate differences
in electric field strength between SCA3 mutation carriers and healthy
controls in each ROI. Mauchly’s test was used to check the assumption of
sphericity and followed by a Greenhouse-Geisser correction if necessary.
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Associations between electric field strength and skin-cerebellum
distance, morphometric posterior fossa features, ataxia severity, total
cerebellar grey matter volume, and total cerebellar white matter volume
were explored with Pearson or Spearman coefficients, if appropriate.
Stepwise linear regression analyses were subsequently performed to
identify factors that independently affect electric field strength. To limit
the number of regression analyses, we 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, Naeije et al., 2023,
Reumers et al., 2025), and selected the midline and right-sided ROIs (i.
e., ROI1 and ROI6 in the anterior and posterior vermis and ROI2, ROI4,
and ROI7 in the right cerebellar hemisphere).

All statistical analyses were performed in SPSS Statistics (IBM,
version 29). The Benjamini-Hochberg procedure was applied to control
the false discovery rate (FDR) at 0.05.

3. Results
3.1. Demographic and clinical characteristics of participants

Sixty-eight SCA3 mutation carriers and thirty-seven healthy controls
participated in this study. Age and sex were comparable between both
groups (SCA3: 46.6 + 12.3 years, 36/68 males [52.9%]; healthy con-
trols: 47.7 + 12.7 years, 18/37 males [48.6%]). SCA3 mutation carriers
had a mean SARA score of 9.0 points (SD = 7.1 points), disease duration
of 10.7 years (SD = 6.5 years), and repeat length of 67.8 (SD = 4.6).
Absolute cerebellar grey matter, white matter, and brainstem volumes,
as well as normalized volumes of these structures (i.e., relative to eTIV)
and morphometric parameters are listed for SCA3 mutation carriers and
healthy controls in Supplementary Table 1. There were no significant
differences in electric field strengths and morphometric posterior fossa
parameters between individuals with SCA3 from different sites (all p
values > 0.24).

3.2. Electric field strength and distribution in SCA3 mutation carriers
versus healthy controls

Fig. 1 presents cerebellar tDCS-induced electric field strengths in
volts per meter (V/m) with a buccinator, frontopolar, and lower neck
reference electrode in each of the eight selected ROIs in SCA3 mutation
carriers and healthy controls. Illustrative cerebellar flatmaps of each
montage are shown in Fig. 2 for a mildly, moderately, and severely
affected SCA3 mutation carrier, as well as a healthy control. ANOVA
revealed a significant montage x group interaction for the three ROIs in
the anterior lobe (all p values < 0.001), as well as ROI6 in the posterior
vermis (p < 0.001) and ROI8 in left lobule VIIIA (p = 0.012). The main
effect of reference electrode position on cerebellar tDCS-induced electric
field strength showed a significant difference between lower neck,
buccinator, and frontopolar montages in each of the eight examined
cerebellar regions (all p values < 0.001). The frontopolar montage
consistently yielded the highest field strengths, while the lower neck
montage caused the lowest field strengths (p values < 0.001 for all
pairwise comparisons). The main effect of group showed a significant
difference between SCA3 mutation carriers and healthy controls in the
three anterior cerebellar regions (ROI1: F = 9.03, p = 0.003, partial 7> =
0.081; ROI2: F = 10.38, p = 0.002, partial > = 0.092; ROI3: F = 9.27, p
= 0.003, partial 112 = 0.083) and right lobule VIIIA (ROI7: F = 5.30,p =
0.023, partial 7> = 0.049). Smaller between-group differences in other
posterior cerebellar regions were no longer significant after FDR
correction (ROI4: F = 3.99, p = 0.048, partial 112 = 0.037; ROI6: F =
4.09, p = 0.046, partial 2 = 0.038; ROI8: F = 4.59, p = 0.035, partial >
= 0.043). Between-group differences in electric field strength in each of
the ROIs were larger for the cephalic buccinator (p range 0.001 to 0.062,
Cohen’s d range 0.39 to 0.69) and frontopolar montage (p range < 0.001
to 0.049, Cohen’s d range 0.41 to 0.90) as compared with the extrac-
ephalic lower neck montage (p range 0.037 to 0.58, Cohen’s d range
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Fig. 1. Electric field strengths induced by cerebellar tDCS in each of the eight selected ROIs using different electrode montages in 68 SCA3 mutation carriers and 37
healthy controls. Whiskers represent the minimum and maximum values. The reported partial eta squared value indicates the between-group effect size in each ROL
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Fig. 2. Illustrative cerebellar flatmaps of the lower neck, buccinator, and frontopolar montage for a 46-year old healthy female, 48-year old mildly affected female
SCA3 mutation carrier (SARA score 7), 46-year old moderately affected female SCA3 mutation carrier (SARA score 17), and 46-year old severely affected female

SCA3 mutation carrier (SARA score 25.5).

0.11 to 0.43). Finally, there were significant differences in field focality
between the three montages in healthy controls [F (1.22, 44.07) =
266.24, p < 0.001, partial 4?> = 0.88] and SCA3 mutation carriers [F
(1.55, 103.63) = 256.8, p < 0.001, partial ”2 = 0.79]. The volume of
grey matter with a field strength equal to or higher than 50% of the
99.9th percentile was highest with a frontopolar montage (healthy
controls: 194.3 + 57.7 cm3; SCA3 mutation carriers: 152.0 + 56.1 cm3),
followed by the buccinator montage (healthy controls: 117.2 + 31.1
em®; SCA3 mutation carriers: 93.2 & 32.3 cm®), and lowest in the lower
neck montage (healthy controls: 43.1 & 12.6 cm®; SCA3 mutation car-
riers: 42.0 + 15.7 ecm®).

3.3. Effects of age, interindividual anatomical variability, and disease
severity on electric field strength in SCA3 mutation carriers

Average field strengths in each of the ROIs were inversely associated
with skin-cerebellum distance (Pearson’s r range —0.61 to -0.82, all p
values < 0.001, Fig. 3), SARA score (Spearman’s ry range —0.33 to —
0.59, all p values < 0.006. Fig. 4), and occipital angle (r range —0.31 to —
0.50, all p values < 0.006, Fig. 5). Smaller cerebellar white matter
volume in SCA3 mutation carriers was associated with lower electric
field strengths in part of the ROIs (frontopolar montage: rs range 0.22 to
0.41, prange < 0.001 to 0.08; buccinator montage: rs range 0.20 to 0.34,
p range 0.005 to 0.10; lower neck montage: r; range 0.08 to 0.35, p range
0.003 to 0.51) (Supplementary Fig. 1). No associations were found
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Fig. 3. Associations between cerebellar tDCS-induced electric field strength in each of the eight selected ROIs and skin-cerebellum distance in 68 SCA3 mutation
carriers using a lower neck montage (A, D, G, J, M, P, S, V), buccinator montage (B, E, H, K, N, Q, T, W), and frontopolar montage (C, F, I, L, O, R, U, X).
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Fig. 3. (continued).

0.02, all p values > 0.13), cerebellar angle (r range -0.13 to -0.28, all p
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Fig. 4. Associations between cerebellar tDCS-induced electric field strength in each of the eight selected ROIs and SARA score in 68 SCA3 mutation carriers using a
lower neck montage (A, D, G, J, M, P, S, V), buccinator montage (B, E, H, K, N, Q, T, W), and frontopolar montage (C, F, I, L, O, R, U, X).



R.P.P.W.M. Maas et al.

M ROIS5 - Left Crus I

P

E-field strength (V/m)

S

E-field strength (V/m)

\"

E-field strength (V/m)

E-field strength (V/m)

lower neck

0.30
L « re=-0.49

0254 o . p=0.001
.

0.20+
0.15+

0.10+

0.05+

T T T
[ 5 10 15 20 25 30
SARA score

ROI6 - Vermis lobule VIIIA
lower neck
0.30
R ry=-0.33
wesd @ p=0.006
.
.
0.204, .
. ° .
0.154 . & .
.
0.10+ b .
0.05 .
0. T T T T T 1
[ 5 10 15 20 25 30
SARA score
ROI7 - Right lobule VIIIA
lower neck
0.354
re=-0.51
030 . p<0.001
025 ¢ .
02038 . .
0.154 __’."'. e e
o - e .-,
0.10+ S LD, 2 ¢ (]
.
0.05
0. T T T T 1

T
[ 5 10 15 20 25 30
SARA score

ROI8 - Left lobule VIIIA
lower neck
0.354
ry=-0.36
0304 ° p=0.003
, o
. .
. ..
0.154 :.. &
0.10-
0.05- .
0. T T T 1

T T
[ 5 10 15 20 25 30
SARA score

N ROI5 - Left Crus Il
buccinator
0.40-
ry=-0.45
035 3 p<0.001
£ 0.300 e
s N . 4
£ 0.25 5
= P e
So23 e % &
H I ®  ee®
5 015, 3, .
E s . . . . L]
0.0+ . o e
.
0.05-
0. T T T T T 1
0 5 10 15 20 25 30
SARA score
Q ROI6 - Vermis lobule VIIA
buccinator
0.35
E re=-0.50
0:30: p<0.001
_ -
€
S o2spse °°
E .
‘g’, 0.20 =
g . .
5 o] .
@ 0.15 2 -
2 0.10 . 2N, ©
w
0.05 *
0. T T T T T 1
0 5 10 15 20 25 30
SARA score
T ROI7 - Right lobule VIIIA
buccinator
0.35
s re=-0.49
0.304 p<0.001
£
S 0.25+ "
= .
D 0.20
5 . . .
% 0.15- O .
] .
2 0.10
w
0.05-
0. T T T T T 1
0 5 10 15 20 25 30
SARA score
w ROI8 - Left lobule VIIA
buccinator
0.35
ry=-0.45
0304 * p<0.001
E_|”
S 0.25+ .
= .
> 0.20 @
% 0.15- %5 .
o . =
2 0.10 s
w
0.05-
0. T T T T 1

T
[ 5 10 15 20 25 30

SARA score

Fig. 4. (continued).

Clinical Neurophysiology 181 (2026) 2111405

(o} ROI5 - Left Crus Il
frontopolar
0.45+
s re=-0.44
0.40 o p<0.001
E 035402
S . ® .
< 030 ST
£
go.zs« .',.. - .
. .
Eoz0de e ThTe, o
* * o -
o .
< 0.15- o o e
2 .. .
i 0.10 .
0.054
0. T T T T T 1
0 5 10 15 20 25 30
SARA score
R  ROI6 - Vermis lobule VIIIA
frontopolar
0.45+
rg=-0.59
0400 p<0.001
E 035+
< 0.30
£
o
Bo.
2
] .
T g i
e

E:

0. T T T T T 1
0 5 10 15 20 25 30
SARA score
U ROI7 - Right lobule VIIIA
frontopolar
0.40+
re=-0.49
035, ° p<0.001
= .
§ 0.30-] b.; i
£ 025 ¢
s o
§o0204s"e"" .
";“ ° .
5 0.15] H
el
&
o 010
0.05
0. T T T T T 1
0 5 10 15 20 25 30
SARA score
X ROI8 - Left lobule VIIIA
frontopolar
0.40
re=-0.52
p<0.001
E
2
£
j=
<
2 . .
» .
T
&
&
o 010
0.054
0.

T
0 5 10 15 20 25 30

SARA score



R.P.P.W.M. Maas et al.

A

E-field strength (V/m)

E-field strength (V/m)

E-field strength (V/m)

E-field strength (V/m)

Fig. 5. Associations between cerebellar tDCS-induced electric field strength in each of the eight selected ROIs and occipital angle in 68 SCA3 mutation carriers using
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3.4. Independent predictors of electric field strength in SCA3 mutation
carriers

Multivariable linear regression was performed to identify factors that
are independently associated with electric field strength. Following the
abovementioned exploratory, univariate analyses, skin-cerebellum dis-
tance, SARA score, occipital angle, and cerebellar white matter volume
were selected as independent variables. Unstandardized coefficients (b)
and their 95% confidence intervals, standardized coefficients (beta), and
R? values are summarized in Table 1 (lower neck montage), Supple-
mentary Table 2 (buccinator montage), and Supplementary Table 3
(frontopolar montage). Variance inflation factors in the final regression
models ranged between 1.05 and 1.24, which are considered acceptable
values (i.e., < 5) (Akinwande et al., 2015).

Average field strength in the anterior vermis (ROI1) and right cere-
bellar hemisphere (ROI2, ROI4, and ROI7) was independently associ-
ated with skin-cerebellum distance, SARA score, and occipital angle for
the lower neck montage. Together, these variables accounted for 67% of
the variance in electric field strength. Skin-cerebellum distance was the
strongest predictor in each model, but addition of the other two vari-
ables resulted in a significant ~ 10% increase in explained variance.
Electric field strength in the posterior vermis (ROI6) was independently
associated with skin-cerebellum distance and occipital angle, but not
SARA score. Both variables accounted for 62% of the variance in field
strength.

4. Discussion

Electric field strength and distribution within the posterior fossa are
proposed to play an important role in cerebellar neuromodulation with
tDCS, but have so far not been examined in patients with ataxia.
Leveraging high-resolution MRI scans from the ESMI cohort, we simu-
lated cerebellar midline tDCS in SCA3 mutation carriers and examined
how electric field strengths in different cerebellar regions are affected by
ataxia severity, individual anatomical features, and electrode montage.
The main findings of this study can be summarized as follows. First, field
strengths induced by cerebellar tDCS were overall lower in individuals
with SCA3 compared with healthy adults. The largest between-group
difference was found in the anterior lobe. Second, similar to healthy
controls, the frontopolar montage consistently produced the highest
field strengths throughout the cerebellum (with the lowest field focal-
ity), and skin-cerebellum distance emerged as the most important un-
derlying parameter. Third, ataxia severity and occipital angle were
found to be additional predictors of tDCS-induced field strength in SCA3.

Despite considerable interindividual variability in electric field
strengths, especially in the posterior lobe, differences were observed

Table 1
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throughout the cerebellum between SCA3 mutation carriers and healthy
controls. Effect sizes were medium to large for ROIs in the anterior lobe
(which predominantly regulates motor functions) versus small to me-
dium for ROIs in the posterior lobe (which predominantly regulates non-
motor functions). Smaller differences with healthy controls and highest
field strengths in the (more superficially located) posterior lobe could
lead to the hypothesis that tDCS effects might be larger for cognitive and
emotional dysfunction than for motor deficits. However, in the only trial
so far that primarily focused on cognitive performance, Reumers and
colleagues recently reported a significant decrease in ataxia severity in a
mixed sample of patients with degenerative ataxias and cerebellar
strokes but no improvement of executive functioning (Reumers et al.,
2025). Further studies are warranted in etiologically homogeneous
populations, also to evaluate associations between clinical changes and
electric field strengths.

When applying cerebellar midline tDCS, our modelling data show
that placement of the reference electrode over the frontopolar region
produced the highest field strengths throughout the cerebellum.
Whether this also translates into more pronounced physiological,
behavioural, or clinical outcomes requires further investigation. At the
same time, the clinical implications of a more extensive extracerebellar
current distribution, also involving the frontal and temporal lobes,
remain unknown. In addition to progressive motor impairment, patients
with cerebellar disorders including SCA3 commonly experience cogni-
tive and affective symptoms (Hoche et al., 2018, Maas et al., 2021,
Reumers et al., 2024, Schmahmann and Sherman, 1998). These are
thought to result from altered connectivity between the cerebellar cor-
tex and prefrontal, posterior parietal, superior temporal, and paralimbic
cortices (Schmahmann et al., 2019). Given the widespread cerebellar-
cerebral connections, we cannot exclude the possibility that spread of
currents to these extracerebellar regions induced by a frontopolar
montage also affects non-motor symptoms. Finally, possible differences
in tolerability and blinding efficacy between montages should be taken
into account in the design of future trials. Compared with extracranial
references electrodes, a frontopolar montage may be associated with
stronger physical sensations and higher discomfort due to a thinner skin
and higher density of cutaneous nerves on the forehead.

In line with modelling research in healthy adults (Gomez-Tames
et al., 2019, Klaus and Schutter, 2021, Maas et al., 2023), we showed
that skin-cerebellum distance is the main variable determining cere-
bellar tDCS-induced electric field strength in SCA3 mutation carriers.
The present data indicate that approximately 50-60% of the variance in
field strength in SCA3 mutation carriers is explained by this parameter,
which is comparable to healthy adults. Interindividual differences in
posterior fossa morphometry were previously found to account for
another 10% of variance in healthy volunteers (Maas et al., 2023).

Predictors of cerebellar tDCS-induced electric field strength in five selected ROIs in 68 SCA3 mutation carriers using a lower neck montage. Skin-cerebellum distance,
Scale for the Assessment and Rating of Ataxia (SARA) score, occipital angle, and cerebellar white matter volume were chosen as independent variables.

Predictors R? AR? B 95% CI Beta P value
ROI1 1. Skin-cerebellum distance 0.66 0.1 -0.002 -0.003; -0.002 -0.62 < 0.001
2. SARA score -0.001 -0.002; 0.00 -0.27 < 0.001
3. Occipital angle -0.001 -0.001; 0.00 -0.17 0.044
ROI2 1. Skin-cerebellum distance 0.67 0.09 -0.002 -0.003; -0.002 -0.63 < 0.001
2. Occipital angle -0.001 -0.002; 0.00 -0.26 < 0.001
3. SARA score -0.001 -0.001; 0.00 -0.15 0.049
ROI4 1. Skin-cerebellum distance 0.67 0.11 -0.005 -0.007; -0.004 -0.59 < 0.001
2. SARA score -0.002 -0.004; -0.001 -0.27 < 0.001
3. Occipital angle -0.002 -0.004; -0.001 -0.23 0.003
ROI6 1. Skin-cerebellum distance 0.62 0.04 -0.004 -0.005; -0.003 -0.67 < 0.001
2. Occipital angle -0.002 -0.003; 0.00 -0.23 0.008
ROI7 1. Skin-cerebellum distance 0.67 0.09 -0.005 -0.006; -0.004 -0.62 < 0.001
2. Occipital angle -0.002 -0.003; -0.001 -0.23 0.003
3. SARA score -0.002 -0.003; 0.00 -0.21 0.009

B = unstandardized coefficient, beta = standardized coefficient, CI = confidence interval, AR? = change in R? compared with a model that only includes skin-

cerebellum distance.
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Specifically, larger pons angles and smaller cerebellar angles were
associated with larger field strengths within the cerebellar cortex. In the
present study, we were unable to replicate this finding in SCA3 mutation
carriers, possibly due to differences in cerebellopontine structure in a
neurodegenerative disorder. Notably, the occipital angle, which was
associated with electric field strength in several ROIs in univariate an-
alyses in healthy controls but not retained in multivariable linear
regression models, turned out to be an independent predictor of electric
field strength in SCA3 mutation carriers.

The association between tDCS-induced field strength at the cere-
bellar cortical surface and ataxia severity is an important observation of
this study. It indicates that higher current intensities are required in
more severely affected patients to reach a similar electric field strength
at the target site. As a functional measure, SARA score serves as a sur-
rogate for the anatomical and pathophysiological changes that affect
current flow. These underlying biological mechanisms might relate to
gradually progressive cerebellar and brainstem atrophy, skin-
cerebellum distance, other as yet undefined anatomical factors, or a
complex interplay between them, and warrant further examination in
future tDCS studies that integrate high-resolution neuroimaging, electric
field modelling, and (non-)motor outcomes. From a clinical perspective,
improvements in ataxia severity with a fixed current intensity of 2 mA
were most pronounced in patients with lower SARA scores (Benussi
etal., 2018, Benussi et al., 2017). Although cerebellar volumes were not
reported and patient samples were etiologically heterogeneous, it is
likely that these individuals had the least severe disruption of cerebellar
circuitry and/or cerebellar atrophy. The parallel between these empir-
ical clinical findings and our theoretical modelling work arguably sup-
ports the relevance of evaluating field strengths in cerebellar patients,
aligns with the cerebellar reserve hypothesis (Manto et al.,, 2021,
Mitoma et al., 2020), and suggests that individualized dosing might
increase the efficacy of cerebellar tDCS. However, in addition to abso-
lute electric field magnitudes, the therapeutic potential of repeated
cerebellar tDCS sessions to induce longer-lasting, plasticity-related
changes depends on a complex, as yet largely undefined interaction of
numerous factors, at least including (i) the number of preserved cere-
bellar neurons effectively exposed to a sufficient electric field, (ii) the
specific orientation of these neurons in the highly convoluted cerebellar
cortex with respect to the current flow, (iii) the duration, number, and
repetition frequency of tDCS sessions, and (iv) functional brain state
(Benussi et al., 2023). Stronger field strengths may be relevant for im-
mediate neurophysiological changes, but the dose-response relationship
is not necessarily linear and can plateau or even reverse (Batsikadze
et al., 2013).

A recently published post-hoc analysis from a randomized, sham-
controlled, single-blind cross-over trial in Friedreich ataxia revealed
that clinical effects of cerebellar tDCS were related to cerebellar volume
(Naeije et al., 2025), supporting the notion that an individual’s cere-
bellar anatomy matters (Maas and Schutter, 2025). Patients with larger
grey matter volumes of the anterior and posterior lobe, as segmented
with the CERES pipeline of volBrain (Romero et al., 2017), were more
likely to exhibit motor and non-motor improvements, respectively,
when compared to individuals with smaller volumes. Using CerebNet
(Faber et al., 2022), our modelling study showed an association between
(lower) cerebellar tDCS-induced electric field strengths and (smaller)
cerebellar white matter volume, but not cerebellar grey matter volume,
in SCA3 mutation carriers. We hypothesize that these univariate asso-
ciations may have been due to an extension of the 5-mm radius spherical
ROIs into the cerebellar white matter. Indeed, there is increasing evi-
dence that cerebellar white matter damage is part of the pathophysi-
ology of SCA3 and related to ataxia severity (Ferreira et al., 2024, Putka
et al., 2023).

Strengths of the present study were the inclusion of a large number of
SCA3 mutation carriers in different disease stages, the evaluation of
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three commonly used reference electrode positions, and the selection of
multiple ROIs in functionally diverse parts of the cerebellum. While the
modelling methodology builds on established work, the application to a
neurodegenerative ataxia population is novel and clinically important.
Several limitations of this study should also be discussed. The main
limitation resides in its computational modelling nature without direct
clinical correlates to test the relevance of the predicted between-subject
differences. Inspired by associations between tDCS-induced field
strength in supratentorial brain regions and clinical outcomes in patients
with psychiatric disorders (Mondino et al., 2021, Suen et al., 2021,
Yachou et al., 2025), we primarily provide a theoretical framework for
explaining (part of) the observed heterogeneity in treatment response to
cerebellar tDCS across SCA3 patients (Maas et al., 2022b). Future tDCS
studies are needed to explore associations between the predicted field
strength in a target region and the actually observed clinical and
neurophysiological effects. Second, we acknowledge that certain aspects
of real-world tDCS application are difficult to capture comprehensively
with computational modelling approaches. For instance, the simplified
assumption of perfect skin contact in simulation studies might lead to a
systematic overestimation of electric field strengths at the target site, of
which the exact extent remains unknown. Third, although we excluded
gross segmentation errors with visual inspection, residual deviations
could have affected the precision of the field simulations (Puonti et al.,
2020). Fourth, the assumption of uniform tissue conductivity values in
electric field modelling (Rezaee and Dutta, 2019, Wagner et al., 2004,
Windhoff et al., 2013) disregards real-world anisotropy in cerebellar
white matter and might therefore underestimate tangential currents
along fiber tracts. Moreover, white matter damage in neurodegenerative
diseases, such as SCA3, could introduce differences in conductivity.
Further modelling work might benefit from incorporating diffusion-
weighted imaging sequences, which will allow more accurate esti-
mates, and pathology-adjusted values. Fifth, the use of fixed spherical
ROIs based on MNI coordinates that have been transformed to subject
space may not fully capture interindividual anatomical differences,
especially in patients with advanced cerebellar atrophy. Considering
individualized lobular labels to ensure that only grey matter is included
in regions of interest may further improve the precision of electric field
simulations in the cerebellum. Sixth, as MRI scans in ESMI did not cover
the entire spinal cord, we were unable to include the cerebello-spinal
montage in this modelling study.

In conclusion, our data indicate that skin-cerebellum distance, ataxia
severity, and morphometric posterior fossa parameters are associated
with the magnitude of cerebellar tDCS-induced electric fields in SCA3,
explaining up to 70% of variance. Interindividual differences in field
strength at the target site despite similar electrode positions and current
intensity might eventually set the stage for personalized neuro-
modulation protocols in cerebellar diseases. Our findings also provide
evidence that montage selection significantly influences the magnitude
and spatial pattern of the electric field induced by cerebellar midline
tDCS. Although additional studies are required to empirically link dif-
ferences in field strength to interindividual variability in clinical out-
comes, one may consider to already take these factors into account when
designing cerebellar tDCS trials in patients with degenerative ataxias.
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