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Abstract

Introduction: Repetitive transcranial magnetic stimulation
(rTMS) is a widely utilized, noninvasive brain stimulation
technique for treating neurological and psychiatric disor-

ders worldwide. The efficacy of rTMS is influenced by in-
dividual head morphology, which shapes the induced
electric field (E-field) in the brain. The standard practice for
dosing rTMS involves adjusting the intensity to a defined
percentage of the motor threshold (MT), a method
exemplified by the globally adopted, US FDA-approved
protocol of using 120% MT for depression. Since head
morphology varies systematically across ethnic groups,
current dosing protocols may lead to inconsistent cortical
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dosing. Methods: Here, we used large-scale computational
modeling (N = 1,085) to systematically evaluate TMS dosage
across “White,” “Han Chinese,” and “Black or African Am.”
populations. Results: Our findings reveal striking ethnic
disparities in the E-field ratio between the therapeutic
target (left dorsolateral prefrontal cortex, DLPFC) and the
calibration site (left primary motor cortex, M1). “Han
Chinese” individuals exhibited a significantly higher
E-field ratio (E-fieldp prc/E-fieldyy = 1.226) compared to
“White” individuals (E-fieldp prc/E-fieldy; = 1.096). These
differences are primarily driven by variations in scalp-to-
cortex distance (SCD). Based on these findings, we derived
both simplified population-level adjustment formulas and
individualized  SCD-based dosing equations and
implemented them in a web-based tool for practical use.
Conclusion: Our results suggest that applying a uniform
multiplier of MT to DLPFC stimulation may introduce sys-
tematic differences in delivered cortical dose across ethnic
populations, highlighting that universal dosing conventions
derived predominantly from specific demographic cohorts
may embed bias, such that established safety and efficacy
profiles may not be uniformly applicable across diverse

global populations. © 2026 The Author(s).
Published by S. Karger AG, Basel

Introduction

Repetitive transcranial magnetic stimulation (rTMS) is
an effective noninvasive neuromodulation therapy for
various neurological and psychiatric disorders including
depression [1-6]. It operates on the principle of elec-
tromagnetic induction: a magnetic coil placed on the scalp
generates a focused electric field (E-field) in the brain,
which in turn induces neuronal depolarization. Crucially,
the therapeutic efficacy of rTMS is understood to be dose-
dependent, depending on the strength of the E-field
delivered to the intended cortical target [7]. In the
treatment of depression, the primary clinical target is the
left dorsolateral prefrontal cortex (DLPFC) [8, 9]. How-
ever, the clinical dose for this non-motor target is usually
determined indirectly. Standard practice, adopted globally
and enshrined in US Food and Drug Administration
(FDA)-approved protocols, is to stimulate the DLPFC at
an intensity set to 120% of the individual’s resting MT
(RMT) [3, 10-12]. This RMT is defined as the minimum
intensity required to elicit a motor response from the
primary motor cortex (M1) [13, 14]. Although the RMT
measurement at M1 inherently personalizes the dose to
account for anatomical variation at that site, a critical flaw
emerges when this is used to infer the dose for the DLPFC.
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The standard application of a fixed 120% multiplier rests
on the implicit premise that the anatomical relationship
and tissue properties between these 2 distinct cortical
regions are constant across different populations.

Evidence demonstrates that individual head mor-
phology, including the scalp, skull, and cerebrospinal
fluid, profoundly shapes the spatial distribution and
magnitude of the transcranial magnetic stimulation
(TMS) induced E-field [15, 16]. This influence is rooted
in fundamental physical principles: the induced E-field
attenuates as a function of distance and is further
modulated by the heterogeneous conductive properties
of the intervening tissue compartments. Consequently,
the actual dose reaching the cortex is influenced not only
by stimulator output but also by an individual’s ana-
tomical geometry [15, 17]. This variability is underscored
by computational modeling studies, where fixed-
intensity protocols have yielded highly variable corti-
cal E-fields across participants [18].

Importantly, such variability extends beyond indi-
vidual differences to exhibit population-level patterning.
Research in biological anthropology and medical fo-
rensics indicates that head and brain morphology vary
systematically across ethnic groups [19-22], hinting that
the anatomical parameters shaping E-field induction are
not uniformly distributed but may instead exhibit subtle
divergences across population lineages. Specifically,
anthropometric studies of cranial morphology have
reported relatively more globular cranial forms in Asian
populations compared to more elongated cranial forms
in African populations [19]. Given that E-field induction
is sensitive to these spatial configurations, such varia-
tions may lead to nuanced shifts in the actual dose
reaching the cortex across different populations. This, in
turn, raises a critical yet overlooked clinical question: if
the relative anatomy between M1 and the DLPFC varies
systematically with population background, does the
current “one-size-fits-all” 120% RMT dosing strategy
inadvertently lead to systematic dosing discrepancies?
Geriatric rTMS provides a precedent for this possibility.
In older cohorts, age-related cortical atrophy [23] tends
to increase the scalp-to-cortex distance (SCD), poten-
tially weakening the induced E-field and possibly con-
tributing to the attenuated clinical efficacy observed in
these populations [24, 25]. On the other hand, higher
stimulation intensity is known to increase the risk of
adverse effects, including headaches and seizures [26].

These observations illustrate a broader principle:
shared anatomical profiles within a subpopulation can
lead to predictable group-level disparities in actual TMS
dosing. We therefore hypothesized that systematic
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variance in the delivered dose may emerge across ethnic
groups, arising as a direct consequence of their distinct
anatomical characteristics. To address this question, we
conducted a multistage investigation. First, we analyzed
an in-house cohort of “White” and “Han Chinese” in-
dividuals to quantify differences in TMS-induced E-field
delivered to the left DLPFC and to identify key ana-
tomical drivers of its variability. To ensure robustness
and generalizability, we validated these findings in an
independent cohort of approximately 1,000 individuals,
including “White,” “Han Chinese,” and “Black or Af-
rican Am.” persons, from the Human Connectome
Project (HCP-YA) and Chinese Human Connectome
Project (CHCP) datasets. We hypothesized that diverse
ethnic populations experience different stimulation
dosages with FDA-approved rTMS protocols that have
been adopted globally.

Methods

Data Sources

High-resolution T1-weighted and T2-weighted
structural MRI data were obtained from 2 indepen-
dent sources. The first dataset comprises our in-house
data acquired from “White” and “Han Chinese” par-
ticipants (shown in online suppl. Table S1, S2; for all
online suppl. material, see https://doi.org/10.1159/
000552942). This dataset comprised 107 healthy par-
ticipants: 54 “White” (18 female, 36 male) and 53 “Han
Chinese” (33 female, 20 male), aged 22-35 years. The
second dataset was derived from public repositories,
specifically the Human Connectome Project Yong-Adult
(HCP-YA)  (https://db.humanconnectome.org) and
Chinese Human Connectome Project (CHCP) (https://
doi.org/10.11922/sciencedb.01374), which provided
high-resolution T1-weighted and T2-weighted images
from “White,” “Han Chinese” and “Black or African
Am.” populations, respectively. To ensure age matching
between the two datasets, only images of individuals aged
22-35 years were included. Details regarding the scan-
ning parameters for the HCP- and CHCP-derived data
are available in the respective original publications.

E-Field Simulation

Structural T1- and T2-weighted images were utilized to
generate a three-dimensional volume conductor model for
each head using the SimNIBS toolbox (v4.1.0) [17]. The
CHARM pipeline was employed for segmentation and
volumetric meshing [27]. Each participant’s anatomical
MRI scans were segmented into nine distinct tissues: scalp,
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compact bone, spongy bone, cerebrospinal fluid, gray
matter, white matter, blood, muscle, and eyeballs (shown in
Fig. 1; online suppl. Table S3) [27]. Subsequently, volu-
metric meshes were generated with the following defined
criteria: facet angle = 30°, facet size = 6 mm, facet distance =
0.4 mm, cell radius = 3 mm, and cell size = 8 mm [27]. All
segmentation and volumetric meshing outputs were vi-
sually inspected and manually checked by experienced
researchers with medical background [28]. Subjects ex-
hibiting segmentation artifacts or inaccurate tissue
boundary delineations were excluded from the study.
Following successful segmentation and meshing, SImNIBS
applied the finite-element method to compute the E-field
using the assigned tissue conductivity values (shown in
Fig. 1; online suppl. Table S3) [27]. We defined the lo-
cations of the left DLPFC and the left M1 as the 10-10 EEG
positions F3 and C3, respectively [17, 27, 29]. During the
simulation, a model of a standard rTMS coil (MagVenture
Cool-B65) was positioned over the F3 and C3 scalp lo-
cations, oriented at a 45° angle to the sagittal midline with
the handle pointing posteriorly [30]. The stimulation in-
tensity was set at 60% maximum stimulator output for
DLPFC and 50% maximum stimulator output for MI,
consistent with FDA-approved rTMS protocols using a
120% RMT adjustment. Following the simulation, the
magnitude of the induced E-field (|E|) was calculated, and
the 99th percentile of |E,,.<| was extracted for subsequent
data analysis at the cortical projection sites corresponding
to F3 (x=-35.5,y=49.4, z=32.4 mm) and C3 (x = -52.2,
y =-16.4, z=57.8 mm) in Montreal Neurological Institute
(MNI) coordinates [31]. To account for individual vari-
ability in cortical excitability, we used the DLPFC/
M1 E-field ratio (E-fieldp; prc/E-fieldy;) as our outcome
rather than directly comparing absolute E-field values
(shown in Fig. 1). Our rationale for employing this M1-
normalized outcome is grounded in long-standing his-
torical tradition [32], expert consensus [33, 34], and es-
tablished guidelines for TMS dosage determination [35]
since stimulation intensity at M1 provides a reliable ref-
erence to determine TMS intensity in non-motor targets
[34]. The batch scripts used for modeling and analysis are
publicly available at https://github.com/nuan750/2026-
zhang-TMS-dosimetric-variability.

Exploratory Analysis of Anatomical Factors Related

to TMS-Induced E-Field Strength

To investigate anatomical factors associated with
interindividual variation in TMS-induced E-field
strength, we first quantified the purely geometric
SCD, and we then derived a tissue resistance index (RI)
that incorporated tissue thickness and conductivity as an
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Fig. 1. Pipeline for E-field modeling. Individualized head models are generated from structural MRI images by
segmenting multiple tissue types, and are then used to simulate the TMS-induced E-field distribution for targets

at the left M1 and left DLPEFC.

exploratory surrogate of tissue electrical properties. This
sequential approach was used to test whether
conductivity-weighted tissue composition could explain
variance in E-field strength beyond simple geometric
separation.

Tissue Thickness and SCD Extraction

Tissue thickness for each subject was quantified using
the GetTissueThickness (GTT) toolbox [36]. This tool
enables the extraction of thickness measurements for soft
tissue, compact bone, spongy bone, veins, CSF, gray
matter, and white matter within a user-defined region of
interest (ROI). For our calculation, the ROIs were de-
fined as the positions corresponding to F3 and C3 ac-
cording to the 10-10 EEG system. Thickness measure-
ments for soft tissue, compact bone, spongy bone, veins,
and CSF were extracted for subsequent analysis. The
distance was computed as the Euclidean distance be-
tween the F3 and C3 scalp positions and the nearest point
on the gray matter surface.

4 Psychother Psychosom
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Tissue RI

We derived a tissue-specific RI to facilitate compari-
sons across tissue compartments. Starting from Ohm’s
law [37, 38], the electrical resistance of a homogeneous
slab is estimated by:

R=L/ (c*A)

where L is the thickness of the tissue layer, o is its
electrical conductivity (S m!), and A is the cross-
sectional area perpendicular to current flow. Because
all measurements were sampled at an identical MNI
target, A can be treated as constant across tissues and
therefore cancels out. The RI thus reduces to:

RI=L/o

which is proportional to a simplified layer-wise resis-
tance and independent of the unknown common area.
This derived metric was computed for each tissue layer
(soft tissue, bone, veins, CSF). Total RI (Rl;y) was
calculated by summing these individual values.

Zhang et al.
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Statistical Analysis

All statistical analyses were performed using SPSS
Statistics 29.0 with a two-tailed alpha level of 0.05 set
for all tests. Demographic characteristics were com-
pared across ethnic groups. Pearson’s chi-squared (\?)
test was used to assess the distribution of the cate-
gorical variable, gender. For the continuous variable,
age, an independent samples ¢ test was applied for the
two-group comparison in the in-house dataset, while a
one-way analysis of variance (ANOVA) was used for
the three-group comparison in the large open-access
dataset. Our primary hypothesis regarding ethnic
differences in E-field strength was tested using an
analysis of covariance (ANCOVA). Ethnicity was
designated as the fixed factor, while age, gender, and
intracranial volume (ICV) were included as covariates
to control for their potential confounding effects. If
the ANCOVA revealed a significant main effect, post
hoc pairwise comparisons with Bonferroni correction
were conducted to pinpoint significant differences
between specific groups. Crucially, it should be noted
that the estimated E-field scales linearly with TMS
intensity based on the quasi-static approximation [39,
40]. Consequently, while the absolute stimulation
intensity varies across individuals according to their
respective MTs, the E-field ratio remains constant for
a given subject under the standard 120% RMT ad-
justment strategy. This physical property ensures that
our statistical comparisons of this ratio are robust and
independent of the specific dosing intensity used in
clinical practice. To explore drivers of E-field vari-
ability, multiple linear regressions were constructed
predicting E-field strength from SCD and Rl
Beyond these baseline models, we systematically
tested: (1) layer-specific RI components, (2) a mean-
centered SCD * Rl interaction, and (3) a quadratic
term Rl > to account for potential localized, in-
teractive, and nonlinear effects. Collinearity was as-
sessed across all models using Variance Inflation
Factors.

Results

Standard Treatment Protocol Yields Ethnic

Variability in the E-field Ratio

We hypothesized that individuals from different
ethnic groups would receive distinct E-field strengths in
the left DLPFC (10-10 EEG electrode position F3). To
test this, we simulated E-field distributions using 3D
head conductor models constructed from individual

Systematic Dosimetric Variability in TMS

structural magnetic resonance imaging (MRI) data. Our
in-house dataset comprised 107 healthy participants:
54 “White” (18 female, 36 male) and 53 “Han Chinese”
(33 female, 20 male), aged 22-35 years. Our in-house
dataset was limited to “White” and “Han Chinese”
participants, as these were the predominant groups
available from our recruitment sites in Hong Kong and
from those of our collaborators in their regions. To
ensure robustness and generalizability, we replicated our
analysis using the HCP and CHCP datasets, which
provided 978 TI1- and T2-weighted MRI scans:
686 “White” (339 female, 347 male), 141 “Han Chinese”
(60 female, 81 male), and 151 “Black or African Am.” (89
female, 62 male) participants. Based on prior evidence of
head morphology differences, we hypothesized that
“Black or African Am.” individuals would also exhibit
distinct DLPFC/M1 E-field ratios.

In the in-house dataset, E-field strength at DLPFC was
54.991 + 6.768 V/m and at M1 was 47.569 + 3.976 V/m in
“White’ individuals, while in “Han Chinese” individuals,
E-field strength at DLPFC was 56.050 + 5.139 V/m and at
M1 was 44.796 + 4.043 V/m. After controlling for age,
gender and ICV, ANCOVA revealed a significant main
effect of ethnicity on the DLPFC/M1 E-field ratio
(F1,101 =9.959, p = 0.002, r]f, =0.090) with “Han Chinese”
individuals exhibiting a significantly higher ratio than
“White” individuals. Age (Fj 101 = 2.722, p = 0.102, ) =
0.026), gender (F} 10; = 2.650, p = 0.107, r]lﬁ =0.026), and
ICV (Fy 101 = 0.662, p = 0.418, nﬁ = 0.007) were not
significant covariates (all p > 0.05); similarly, the age-by-
gender interaction (Fy 10, = 0.159, p = 0.691, r]f) =0.002)
was also not significant (shown in Fig. 2).

In the large open-access dataset, E-field strength at
DLPFC was 54.123 + 5.353 V/m and at M1 was 49.596 +
4.328 V/m in the “White” population, 53.122 + 5.071 V/
m at DLPFC and 43.385 + 3.866 V/m at M1 in the “Han
Chinese” population, and 52.051 + 5.606 V/m at DLPFC
and 45.392 + 4.751 V/m at M1 in the “Black or African
Am.” population. The DLPFC/M1 E-field ratio was
significantly greater than 1 across all ethnic groups (one-
sample t tests, all p < 0.001), indicating stronger DLPFC
stimulation relative to M1 using the current FDA-
approved rTMS protocols. We found significant dif-
ferences in the DLPFC/M1 E-field ratio among ethnic
groups (Fyo70 = 81.338, p < 0.001, N2 = 0.144, AN-
COVA), with “Han Chinese” exhibiting the highest ratio
(Magj = 1.226, SE = 0.010), followed by “Black or African
Am.” (M4 = 1152, SE = 0.009), while the “White”
population exhibits the lowest ratio (M4 = 1.096, SE =
0.004). Pairwise comparisons confirmed significant
differences between all ethnic groups (all p < 0.001,
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Bonferroni corrected). Unlike the in-house dataset, age
was a significant factor (F; 70 = 4.173, p = 0.041, r|}2) =
0.004) in this large dataset, but gender (F; 970 = 0.472, p =
0.492, N2 <0.001), ICV (F 970 = 2.692, p = 0.101, n} =
0.003) and the ethnicity-by-gender interaction (F, 979 =
1.017, p = 0.362, r]lzj = 0.002) were not significant (shown
in Fig. 2).

Descriptive analysis of the E-field ratio distributions
revealed a clear separation between the cohorts. The area
of overlap between the density plots for “Han Chinese”
and “White” participants was approximately 54%
(shown in Fig. 3). Probabilistic comparisons further
underscored this disparity: there was a 82% probability
that a randomly selected “Han Chinese” individual
would receive a higher relative stimulation dose than a
randomly selected “White” participant. Furthermore, a
substantial portion of the "Han Chinese” cohort
(71.57%) exhibited E-field ratios that exceeded the 75th
percentile of the "White” cohort, highlighting a sys-
tematic upward shift in the dosage received.

To investigate the clinical relevance of these simulated
dose variations, we conducted a meta-regression analysis on
published studies of left DLPFC rTMS for depression to
compare antidepressant efficacy between “White” and
“Han Chinese” cohorts (shown in online suppl. Fig. S1, S2;
online suppl. Table S4). Ultimately, 51 studies meeting all
inclusion criteria were included (shown in online suppl. Fig.
S1) [10, 11, 41-89]. Given that most trials did not report

Systematic Dosimetric Variability in TMS

ethnicity, cohort ethnicity was primarily inferred from
recruitment region and subsequently confirmed by con-
tacting the authors of all included studies to obtain ethnicity
data whenever reachable. The meta-regression revealed that
ethnicity was a significant predictor of antidepressant effect
size (p = 0.004, 95% CI [0.1476, 0.7489]) in the primary
model using region-based ethnicity assignments. Specifi-
cally, studies with “Han Chinese” participants reported a
substantially larger mean effect size (Hedges’g = —0.882, 95%
CL [-1.153, -0.611], p < 0.001, P = 78.44%) compared to
studies with “White” participants (Hedges’g = —0.408, 95%
CI [-0.576, —0.240], p < 0.001, I = 62.82%) (shown in
online suppl. Fig. S3). Importantly, sensitivity analyses
restricted to studies with author-confirmed ethnicity (n =
13) yielded highly consistent results. Ethnicity remained a
significant moderator of the treatment effect (p = 0.0014).
Specifically, confirmed “Han Chinese” samples continued
to exhibit a substantially larger antidepressant effect
(Hedges’ ¢ = —0.781) compared to “White” samples
(Hedges’ g = —0.227), demonstrating the robustness and
stability of our primary findings (shown in online suppl.
Fig. S4). However, given the substantial methodological,
institutional, and sociodemographic heterogeneity across
studies, these findings provide only indirect, correlational
evidence, rather than evidence for direct dose-response
relationships. Details of the meta-analysis are provided in
the online supplementary materials.

Key Tissue Characteristics Underlying E-Field

Variability

A series of multiple linear regression models across
both datasets and cortical targets revealed that SCD
consistently emerged as the dominant negative predictor
of E-field strength (all p < 0.001; shown in Fig. 4; online
suppl. Table S5-S8). In the in-house dataset, models
incorporating both SCD and RI,,,,; explained substantial
variance. For the left DLPFC (R? = 0.705), SCD remained
a highly significant negative predictor (p < 0.001), while
the addition of RI provided no significant independent
contribution (p = 0.886). A strikingly similar pattern of
SCD dominance was observed at the left M1 (R? = 0.644),
where SCD acted as the sole significant driver of E-field
strength, with total RI again showing no independent
effect (p = 0.181). These fundamental findings were
confirmed in the large open-access dataset. For both the
left DLPFC (R? = 0.586) and left M1 (R? = 0.697), SCD
strongly drove the explanatory power as the primary
negative predictor (all p < 0.001). While the large sample
size rendered the minor effects of Rl,,, and certain
layer-specific RIs (e.g., CSF and soft tissue) statistically
significant in these models, their additional variance

Psychother Psychosom 7
DOI: 10.1159/000552942

920z AInc Lz uo Jasn K3a 100S oue |d XeN Aq 4pd Z¥625S000 /06.LSYSY /276255000 /6GTT "0T / 10p /4pd -8 [0 114 /sdd oo “1ab rey //:d 13y wo 14 papeo juwoq



T 4 T T T T T T T

e Han Chinese
80 4 ®  White 4
Rl
(/]
7] .
s 704 °
m _—
© E
2
(o)) £ 601 ]
(2] §
= g
[®] 3
&£
K — u 50 ]
1
c
—
40 A 1
30 1= T T T r r T T T -
6 8 10 12 14 16 18 20 22
SCD (mm)
C
/_\
80 Black or African Am.
® Han Chinese
° e  White

70 1

Open-access dataset
E-field strength (V/im)

8 10 12 14 16 18 20 22 24
SCD (mm)

T T T T T T T T T

60 4 ® Han Chinese
e White

55 i
£ 1
2
£
o
c
2454
w
2
g
us

40

35 4 4

30 L T T T T T T T T T

6 8 10 12 14 16 18 20 22
SCD (mm)
d
//\\
704
Black or African Am.
® Han Chinese
. L4 ®  White

60 ]
E
b4
£ 501
o
<
4
w
b~
&
w404

30 4

75 100 125 150 175 200 225 250
SCD (mm)

Fig. 4. Scalp-to-cortex distance (SCD) is a primary predictor of TMS-
induced E-field strength across different datasets and cortical targets.
The figure demonstrates a significant negative correlation between
SCD (mm) and induced E-field strength (V/m). The analysis is
presented for an in-house dataset (top row, a, b) and an open-access
dataset (bottom row, ¢, d), targeting the dorsolateral prefrontal cortex
(DLPEG; left column, a, c) and the primary motor cortex (M1; right

explained was marginal compared to the robust con-
tribution of SCD. Furthermore, extensive robustness
checks incorporating layer-specific Rls, nonlinear terms,

8 Psychother Psychosom
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column, b, d). Each joint plot contains a central scatter graph with
linear regression lines fitted for different ethnic groups. The in-house
dataset (a, b) includes “Han Chinese” (red) and “White” (dark blue)
participants. The open-access dataset (¢, d) includes “Han Chinese”
(red), “White” (dark blue), and “Black or African Am.” (green)
participants. The marginal axes show the kernel density distributions
for both SCD and E-field strength for each group.

and interaction effects confirmed that SCD’s primary
role is neither an artifact of severe multicollinearity
(maximum variance inflation factors <7.2) nor
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superseded by specific tissue compositions (detailed in
online suppl. Table S5-S8). Taken together, these results
establish that SCD is the primary anatomical determi-
nant of E-field strength, irrespective of the cortical target,
where a larger SCD predicts a weaker E-field.

Ethnic Variation in SCD of DLPFC Relative to M1

Positing that SCD is the primary determinant of
E-field strength, we hypothesized that the observed
ethnic differences in the DLPFC/M1 E-field ratio stem
from variations in SCD. To test this, we next compared
the DLPFC/M1 SCD ratio (SCDg3/SCD¢3) across ethnic
groups. In the in-house dataset, the raw SCD at left
DLPFC and M1 was 13.615 + 2.184 mm and 13.349 +
2211 mm in the “White” population, compared to
12.450 + 1.616 mm and 13.752 + 1.626 mm for “Han
Chinese” individuals. After controlling for age, gender,
and ICV, ANCOVA revealed that “White” population
exhibited a significantly larger DLPFC/M1 SCD ratio
than the “Han Chinese” population (M4 = 1.018, SE =
0.018 vs. Mg = 0.919, SE = 0.018, Fy 10, = 15.188, p <
0.001, r]f) = 0.131) (shown in Fig. 2). None of the co-
variates, including age, gender, and ICV, nor the
ethnicity-by-gender interaction, reached statistical sig-
nificance (all p > 0.05). In the large open-access dataset,
SCD at left DLPFC was 13.651 + 1.947 mm and at left M1
was 12.752 + 1.901 mm in the “White” population,
13.255 + 1.758 mm at left DLPFC and 14.286 + 2.025 mm
at left M1 in “Han Chinese,” and 14.729 + 2.295 at left
DLPFC and 14.861 + 2.390 mm at left M1 in “Black or
African Am.” individuals. The ANCOVA confirmed
significant differences in the DLPFC/M1 SCD ratio
across ethnic groups (F, 970 = 67.478, p < 0.001, ”ﬁ =
0.122). “White” individuals exhibited the largest SCD
ratio (Mg = 1.078, SE = 0.005), indicating greater SCD
to the DLPFC than to the M1. In contrast, this rela-
tionship was reversed for “Han Chinese” individuals,
who showed a ratio below 1 (M4 = 0.945, SE = 0.012).
“Black or African Am.” individuals had a balanced ratio,
with similar distances to both cortices (M4 = 0.995, SE =
0.011). Pairwise comparisons confirmed significant
differences between all ethnic groups (all p < 0.01,
Bonferroni corrected). In this cohort, age was a signif-
icant covariate (F; g7 = 6.598, p = 0.010, r]f) = 0.007),
while gender, ICV, and the ethnicity-by-gender inter-
action remained nonsignificant (shown in Fig. 2).

Consistency of Results across Different E-Field Metrics

To ensure that our findings were not driven by
numerical singularities or mesh discretization artifacts
associated with the 99th percentile metric (peak value),

Systematic Dosimetric Variability in TMS

we conducted robustness analysis using the 95th per-
centile and mean E-field values within the target ROI
(radius = 10 mm). First, Pearson correlation analysis
demonstrated high concordance between the 99th
percentile and these alternative metrics across both the
in-house and open-access datasets (all p < 0.001; see
online suppl. Fig. S5-7). Regarding ethnic differences,
analysis in the in-house dataset showed that the E-field
ratio followed the same hierarchical pattern as in the
primary analysis (Han Chinese > White); however, the
difference did not reach statistical significance for either
the mean (all p > 0.05) or the 95th percentile (all p >
0.05) (see online suppl. Table S9). This attenuation is
plausibly attributable to the inclusion of surrounding,
non-focal voxels with lower E-field intensities, which
dilutes between-group contrasts and therefore requires
larger sample sizes to detect. In contrast, in the larger
open-access dataset, statistically significant differences
were observed across both metrics (all p < 0.05), fully
replicating the hierarchical pattern observed in the
primary analysis (“Han Chinese” > “Black or African
Am.” > “White”; see online suppl. Table S9). Taken
together, these results indicate that the observed ethnic
hierarchy in modeled E-field strength is robust and
reproducible across alternative summary metrics when
evaluated in sufficiently powered samples. Further-
more, while variations in mesh resolution and spatial
smoothing algorithms can inherently influence peak
sensitivity, our methodological pipeline strictly con-
trolled for these computational factors. In all datasets,
the average edge length was approximately 0.98 mm
(range ~0.7-1.4 mm), which is closely near to the range
recommended to keep numerical error below ~2% [90].
In addition, the SimNIBS software intrinsically calcu-
lates the E-field using Superconvergent Patch Recovery.
This standard finite-element technique improves nu-
merical accuracy through local higher order fitting
rather than relying on arbitrary spatial averaging. We
therefore expect our findings to remain robust and
stable.

Practical Equations for Clinically Precise TMS Dosing

at Left DLPFC

Synthesizing the preceding findings, we first estab-
lished predictive equations to estimate the E-field
strength at the left DLPFC and left M1 as a function
of stimulator output (dI/dt) for each ethnic group
(shown in online suppl. Table S10). Then we calculated
simplified, group-level dose-adjustment equations. To
achieve E-field equivalence between the 2 sites
(E—ﬁeldDLpFC = E—ﬁeldMl), the DLPFC stimulation
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Table 1. Ethnicity-specific formulas for DLPFC stimulation adjustment

Ethnicity Population-level adjustment SCD-based adjustment
scenario 1: EF strength matched scenario 2: EF strength matched
to M1 to White FDA dose
White Stim_adeLpFC = 108% X Stimy; Stim_adeLpFC = 120% X Stimp, Stim_adeLpFC = Stimp; X (1.063 +
0.030 x Ad)
Han Chinese Stim_adeLch =96% X Stim,\m Stim_adeLpFC = 108% X StimNn Stim_adeLpFC = StimN” X (1.001 +
0.030 x Ad)
Black or Stim_adeLch = 104% X StimNH Stim_adeLch = 115% X Stimr\m Stim_adeLpFC = StimN” X (1.047 +
African Am 0.039 x Ad)

This table summarizes ethnicity-specific formulas for adjusting DLPFC stimulation intensity relative to M1 using two com-
plementary approaches. In the population-level approach, fixed scaling factors were derived from group-level electric field (EF)
relationships. In the SCD-based approach, the adjusted DLPFC intensity is individualized according to the inter-target SCD
difference (Ad). In Scenario 1, the goal was to set the DLPFC stimulation intensity such that the induced E-field at the DLPFC
matched the induced EF at M1 within the same ethnicity. In Scenario 2, the goal was to match the DLPFC EF exposure associated
with the FDA-approved stimulation intensity of 120% resting motor threshold (RMT) in the "White” population. Specifically, the
DLPFC E-field produced by 120% RMT in "White” participants was used as the reference exposure, and the corresponding
stimulation intensities required to achieve the same DLPFC EF were then estimated for the "Han Chinese” and "Black or African
Am.” populations. In all formulas, Stim_adjp,prc denotes the adjusted stimulation intensity for the DLPFC, Stimy; denotes the di/
dt value corresponding to the individual motor-threshold stimulation intensity over M1, and Ad represents the individual DLPFC-
minus-M1 SCD difference. These formulas were derived from simulations performed with the MagVenture MagPro x100
stimulator and Cool-B65 coil and may not be directly generalizable to other stimulator-coil configurations. The FDA-approved

120% RMT reference was motivated by prior randomized controlled trials in predominantly "White” samples.

intensity relative to an individual’s MT-based output
would require multiplication by 1.080 for “White” in-
dividuals, 0.963 for “Han Chinese,” and 1.035 for “Black
or African Am.” individuals. Alternatively, to match the
specific DLPFC/M1 E-field ratio observed in the “White”
cohort under the standard FDA-approved 120% RMT
dosing strategy, the required adjustment factors were
1.08 for “Han Chinese” individuals and 1.15 for “Black or
African Am.” individuals (shown in Table 1). Further-
more, to echo the classic distance-adjustment framework
proposed by Stokes and colleagues [91], we additionally
developed SCD-informed individualized equations.
When SCD information is available, the required DLPFC
output can be estimated using ethnic-specific linear
models expressed as Stim_adjp; prc = Stimpg; X (A + B X
Ad), where Ad represents the individual DLPFC-minus-
M1 SCD difference (shown in Table 1, online suppl.
Section 4, and online suppl. Table S11). To facilitate the
practical application of both approaches, we developed a
user-friendly web-based tool (shown in Fig. 5, https://
calculator-dosage.vercel.app/). Users can automatically
obtain the recommended DLPFC stimulation intensity
derived from our models by inputting a subject’s eth-
nicity, with the option to include SCD data for a more
individualized adjustment.

10 Psychother Psychosom
DOI: 10.1159/000552942

Discussion

Our findings demonstrate that applying a universal
fixed multiplier (e.g., 120%) to the MT introduces
significant disparities in the delivered E-field dose at
the DLPFC across different ethnic groups. Specifi-
cally, “Han Chinese” individuals exhibited the
highest DLPFC/M1 E-field ratio (1.226) whereas
“White” individuals had the lowest ratio (1.096).
These differences are primarily driven by variations
in SCD: “White” individuals demonstrated a greater
relative SCD over the DLPFC compared to M1, while
“Han Chinese” individuals exhibited a smaller rela-
tive SCD. Critically, the differences in rTMS dose
were mirrored in the antidepressant responses to
rTMS therapy.

Our observed population-level variability in TMS
dosing may provide critical insights into refining future
safety guidelines. When simulating a standardized 120%
RMT dose at the DLPFC, the "Han Chinese” cohort
received a relative E-field exposure mathematically
equivalent to a 134% RMT dose in the "White” pop-
ulation. Current international guidelines recommend an
intensity of 80%-120% RMT as safe for theta-burst
stimulation [34]. Because the nominal 120% RMT
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Fig. 5. Interface of the bilingual web-based TMS precision
dosing tool for DLPFC. a Top section of the interface with the
tool title and brief introduction. b Patient profile and ref-
erence input module, in which users enter ethnicity and M1
stimulation intensity. ¢ Methodology and parameter-setting

dose is routinely and safely administered in "Han
Chinese” clinical cohorts, our findings provide indirect
but compelling evidence that a biophysical exposure
equivalent to roughly 134% RMT (relative to the
"White"” population standard) may, in fact, remain
within safe physiological limits. Beyond this specific
example, our findings highlight a profound systemic
issue. Universal guidelines derived predominantly from
specific demographic cohorts likely harbor inherent
anatomical biases. Consequently, established safety and
efficacy profiles may not seamlessly translate across
diverse global populations. Accounting for these mor-
phological differences is therefore warrants consider-

Systematic Dosimetric Variability in TMS

module for the individualized SCD-based model. d Meth-
odology and parameter-setting module for the population-
level model. e Output panel displaying the recommended
DLPFC stimulation intensity and the corresponding esti-
mation formula.

ation to improve the validity of quantitative comparisons
in future research.

While individualized E-field modeling represents the
optimal future of precise TMS dosing, its reliance on
advanced neuroimaging and computational expertise
makes it largely inaccessible for most clinical settings. To
address dose variability without such resources, additive
distance-adjusted formulas (e.g., Stokes et al. [91]) are
frequently used. However, by relying on a fixed additive
constant, this approach overlooks the nonlinear decay of
electromagnetic fields. Consequently, it leads to severe
E-field variability both within individuals across targets
and between individuals for the same target [92]. In
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contrast, our SCD-based formula better accounts for this
physical variability by equating the actual E-field dose
reaching the target cortex. Furthermore, because our
adjustment is anchored to the individual’s MT, a critical
functional marker of cortical excitability, our strategy
integrates both structural and functional perspectives. In
addition, our method follows the multiplicative nature of
electromagnetic decay. Yet, recognizing that utilizing
this formula still requires individual MRI to measure
cortical depth, we also derived MRI-free, group-level
dose-adjustment methods. Ultimately, this dual-tiered
framework serves as a highly practical heuristic, bridging
the critical gap between advanced biophysical modeling
and widespread clinical practice. However, given these
benchmarks were derived using the MagVenture Cool-
B65 coil (handle pointing posterior-left), caution is
warranted when extrapolating to other coil geometries or
orientations.

Our analyses establish that SCD overwhelmingly
dominates the RI in explaining E-field variability. This
aligns perfectly with TMS biophysics: primary magnetic
fields pass unimpeded through biological tissues,
meaning physical spatial decay, captured directly by
SCD, largely contribute to field attenuation before
reaching the cortex [24, 91]. While massive samples
revealed minor RI effects (e.g., from CSF), their overall
contribution remains marginal. Ultimately, intracranial
E-fields are predominantly shaped by complex 3D
compartment boundaries (particularly skull-CSF and
CSF-GM interfaces) more so than the simple 1D ag-
gregate of tissue resistance estimated by RI [93-95].

While some literature has highlighted broad gender
differences in TMS dosing metrics by reporting shorter
SCD and stronger E-fields in females [96], a closer ex-
amination of their underlying data reveals a highly
specific alignment with our results. In their compre-
hensive analysis, when measurements were normalized
to the M1 to create relative metrics (equivalent to our F3/
C3 ratio), significant gender differences were notably
absent at the F3 target. Our primary findings corroborate
this localized lack of gender effect. By evaluating the
relative E-field and SCD ratios (F3/C3) across a multi-
ethnic cohort, our rigorous ANCOVA models found no
significant main effect of gender. Importantly, to ex-
plicitly investigate the potential confounding role of head
size, we compared models with and without ICV as a
covariate. Notably, in our exploratory models omitting
ICV, a superficial gender effect emerged in the in-house
dataset (see online suppl. Table S12). However, ac-
counting for ICV as a covariate rendered this effect
nonsignificant, harmonizing the findings across both the

12 Psychother Psychosom
DOI: 10.1159/000552942

in-house and open datasets. This comparison suggests
that the apparent gender differences observed in these
specific TMS metrics may be largely attributable to
underlying disparities in gross anatomical volume,
rather than stemming solely from biological sex. Con-
sequently, these results underscore the importance of
incorporating anatomical covariates to better distinguish
potential physiological effects from baseline structural
variances.

While our findings highlight systematic ethnicity-
related influences on TMS dosing, these deviations must
be contextualized within the broader landscape of clinical
variability [92]. In routine practice, dosing fluctuations
frequently arise from methodological factors, such as
positioning errors and operator variability, alongside
natural intraindividual shifts in cortical excitability over
time [97]. Consequently, while E-field modeling effectively
improves dosing precision, a purely structural approach
cannot fully capture this dynamic complexity. The ultimate
effects of TMS are functional outcomes, which are si-
multaneously modulated by ongoing brain states, func-
tional network activity, and other factors, introducing
significant variance even when the E-field magnitude is
held constant. Furthermore, differences in local boundary
conditions, such as the cerebrospinal fluid-gray matter
interface, and variations in pyramidal nerve fiber orien-
tation may alter physiological efficacy across different
cortical targets. Therefore, a normalized E-field ratio does
not strictly equate to an equivalent TMS effect. Ultimately,
achieving consistent clinical outcomes across diverse
populations requires moving beyond solely E-field-
informed dosing by integrating functionally informed
approaches, such as concurrent neuroimaging or EEG, in
both experimental and clinical settings [98, 99].

Several limitations of the present study warrant
consideration. First, our investigation was confined to
the left DLPFC. This focus was chosen to enhance the
immediate clinical relevance of our findings, given its
status as the primary FDA-approved target for depres-
sion. Nonetheless, as the therapeutic applications of
r'TMS continue to expand, it would be valuable for future
research to extend this modeling approach to other
emerging non-motor targets, such as the right DLPFC or
the medial prefrontal cortex. Second, we defined DLPFC
and M1 targets using standard scalp-based F3 and C3
locations rather than individualized functional targets.
Although this approach maximizes clinical practicality
and reflects the most common non-neuronavigated TMS
practice, scalp-based coordinates may map differently to
the underlying cortex across populations. Consequently,
differences in cranial morphology could introduce
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localization errors that propagate into the simulated
E-fields and derived dosing equations, underscoring the
need for future validation using individualized neuro-
navigated targets. Third, while our work suggests that
dose variations may be associated with broad factors
such as ethnicity, it is important to note that interin-
dividual variability also exists within any given pop-
ulation. Consequently, achieving true personalization
appears to be a logical long-term objective for the field.
Our findings therefore lend support to the rationale for
MRI-guided rTMS, wherein an individual’s structural
scan could be used to inform treatment planning and
personalize the dose. A significant barrier remains,
however: the precise, therapeutically optimal E-field
magnitude required at the cortex is still largely un-
known. As such, establishing this “target dose” through
carefully designed clinical trials that correlate E-field
strength with clinical outcomes appears to be a critical
next step for refining the clinical application of rTMS.
Fourth, in calculating the tissue RI, we made the sim-
plifying assumption that the cross-sectional area (A) at
the MNI target coordinate is constant across individuals.
In reality, electric current is distributed throughout a
three-dimensional volume, meaning that individual
variations in head and tissue geometry can alter both the
effective cross-sectional area and the current’s path.
Consequently, the true tissue resistance may exhibit
variations that our single-point RI metric cannot fully
account for. However, this approximation was necessi-
tated by our methodology, which involved extracting
E-field values at a single coordinate for all subjects.
Finally, we emphasize that ethnicity should be regarded
only as a coarse proxy for population-level variation in
anatomically relevant features, rather than as a biological
essence or a stand-alone basis for treatment assignment.
These findings must not be misused to support pseu-
doscientific claims or any form of racial categorization.
Our results suggest that a uniform “one-size-fits-all”
dosing strategy leads to systematic discrepancies in the
dose delivered to the cortex across populations. Rec-
ognizing these group-level tendencies is therefore cru-
cial, as it provides a necessary foundation for tailored
dosing adjustments that ensure clinical safety and effi-
cacy across diverse patient backgrounds.

Conclusion
Our study shows that the conventional “one-size-fits-

all” dosing strategy for rTMS therapy systematically
produces variable E-field delivery at the left DLPFC

Systematic Dosimetric Variability in TMS

leading to inconsistent treatment dosage. Our findings
highlight SCD as a primary contributor to this observed
variability. These results underscore the need to explore
personalized, anatomy-informed dosing strategies,
which may hold the potential to improve treatment
outcomes and reduce response heterogeneity. The
methods and models presented here offer a potential
pathway toward this goal, with the aim of ultimately
fostering a more reliable and effective application of
r'TMS for patients with neuropsychiatric disorders.
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