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Abstract

Transcranial Magnetic Stimulation (TMS) is a non-invasive brain stimulation method that safely
modulates neural activity in vivo. Its precision in targeting specific brain networks makes TMS
invaluable in diverse clinical applications. For example, TMS is used to treat depression by
targeting prefrontal brain networks and their connection to other brain regions. However, despite
its widespread use, the underlying neural mechanisms of TMS are not completely understood.
Non-human primates (NHPs) offer an ideal model to study TMS mechanisms through invasive
electrophysiological recordings. As such, bridging the gap between NHP experiments and human
applications is imperative to ensure translational relevance. Here, we systematically compare the
TMS-targeted functional networks in the prefrontal cortex in humans and NHPs. To conduct this
comparison, we combine TMS electric field modeling in humans and macaques with resting-state
functional magnetic resonance imaging (fMRI) data to compare the functional networks targeted
via TMS across species. We identified distinct stimulation zones in macaque and human models,
each exhibiting variations in the impacted networks (macaque: Frontoparietal Network,
Somatomotor Network; human: Frontoparietal Network, Default Network). We identified
differences in brain gyrification and functional organization across species as the underlying cause
of found network differences. The TMS-network profiles we identified will allow researchers to
establish consistency in network activation across species, aiding in the translational efforts to

develop improved TMS functional network targeting approaches.
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method that can
safely modulate neural activity in vivo (Rossi et al., 2009). This technique applies a rapidly
changing magnetic field through a coil placed at the scalp, which induces an electric field in
underlying brain regions. TMS has high spatial resolution (Deng et al., 2013; Opitz et al., 2011),
which enables targeted stimulation of specific brain networks. As such, TMS is an emerging
therapeutic option for several neurological and psychiatric disorders (Lefaucheur et al., 2014).
TMS is approved by the Food and Drug Administration to treat depression, obsessive-compulsive
disorders, and smoking cessation, with ongoing clinical trials for other indications. Despite its
increasing applications in clinical and basic research, the physiological outcomes of TMS are
known to be variable across individuals (Hamada et al., 2013; Lépez-Alonso et al., 2014). One
potential reason is the imprecise targeting of brain circuits with TMS. Due to individual differences
in neuroanatomy, the induced electric fields can differ significantly across individuals. To address
this issue, computational models based on the finite element method (FEM) have been developed
to estimate the TMS-induced electric field in individually realistic head models (Windhoff et al.,
2013). This modeling technique allows researchers to predict the impact of unique anatomical
patterns, such as brain gyrification and cerebrospinal fluid (CSF) thickness, on the stimulation
regions (Opitz et al.,, 2011; Thielscher et al., 2011). However, acknowledging that the
correspondence between anatomy and function is not always one-to-one, FEM modeling, while
adept at capturing unique anatomical features, does not incorporate aspects of functional brain
organization. This is particularly important for targeting higher-order association areas implicated
in the treatment of depression (Rizvi and Khan, 2019; Schutter, 2009; Zhao et al., 2022).

In higher-order association areas, the relationship between brain anatomical landmarks and
functional behavior remains subject to ongoing research (Amiez et al., 2006; Goulas et al., 2012;
Margulies and Petrides, 2013). Resting-state functional magnetic resonance imaging (r-fMRI) has
emerged as a popular method to map functional brain networks in vivo (Power et al., 2011; Stephen
M. Smith et al., 2013). R-fMRI enables precision mapping of individual functional networks with
high test-retest reliability (Gratton et al., 2020; Laumann et al., 2015). Consequently, researchers
have suggested using r-fMRI to guide TMS targeting (Fox et al., 2012; Oathes et al., 2021).
Network-guided TMS has the potential to account for individually unique functional brain
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networks and target symptom-specific brain networks (Siddiqi et al., 2020). Our research team has
further developed this method and combined it with FEM modeling (Opitz et al., 2016), identifying
distinct r-fMRI networks stimulated by TMS-induced electric fields. This allows researchers to
integrate both anatomical and functional aspects of TMS targeting. While these methods have
provided important tools to predict TMS activation of functional networks, they need further
experimental validation. In humans, mostly indirect measurements of TMS physiological effects
are available, hampering efforts to elucidate TMS network mechanisms. Research in non-human
primates (NHPs) has proven fruitful in exploring these assumptions and studying TMS

mechanisms leveraging invasive physiological recordings.

Non-human primates are ideally suited to investigate TMS neural mechanisms (de Lima-Pardini
et al., 2023; Hanlon et al., 2021). Compared to other mammals, NHPs have human-like cortical
complexity and prefrontal cortex development (Lear et al., 2022). These features allow researchers
to conduct translational studies using TMS of prefrontal brain regions, a common target area in
treating depression. More importantly, invasive recordings in NHPs have allowed researchers to
study the neural effects of TMS with precision not available in humans (Mueller et al., 2014; Perera
et al., 2023; Romero et al., 2019). However, despite its unique opportunities, the translation
between NHP and human TMS applications is not straightforward. The anatomical features (i.e.,
size, gyrification) (Alekseichuk et al., 2019) and functional organization (Xu et al., 2020) lack one-
to-one homology to human models. Notably, the evolutionary expansion of the human neocortex
results in a highly convoluted cortex, especially in higher-order regions (Donahue et al., 2018;
Mars et al., 2018; VVan Essen, 2004; VVan Essen and Dierker, 2007). Salience, frontoparietal (FPN),
default mode networks (DN), and their interactions exhibit greater variations in humans than those
observed in NHPs (Ardesch et al., 2019; Donahue et al., 2018; van den Heuvel et al., 2023). This
disparity highlights the need for a bidirectional translational pipeline that can map TMS functional

network targeting between humans and NHPs.

Here, we develop an integrated cross-species framework that combines interspecies anatomical
alignment with r-fMRI to map TMS functional networks between humans and NHPs. This is based
on our recently developed cross-species functional alignment method (Xu et al., 2020) that enables
a quantitative comparison of functional homology across humans and NHPs. We focus on the
prefrontal cortex due to its intricate complexity across species and crucial role in TMS clinical
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applications. We systematically compare the functional networks targeted with TMS in the
prefrontal cortex between macaques and humans. We highlight commonalities and differences in
TMS functional networks across species and investigate factors leading to these observed
differences.

Methods

Overview

To compare TMS-activated functional networks in humans and non-human primates, we used two
publicly available datasets of functional MR images: the Human Connectome Project (HCP) s1200
release (Van Essen et al., 2012) and the Oxford (anesthetized) macaque samples from the open-
source NHP consortium, PRIMatE-Data Exchange (PRIME-DE) (Milham et al., 2018). For each
dataset, we developed individual FEM head models and simulated the TMS-induced electric fields
for a set of locations in prefrontal brain regions (Figure 1A, C). The TMS electric field simulations
were used as weighted seed regions for functional connectivity analyses (Figure 1B, D). We
categorized which functional networks are activated by TMS using the Yeo parcellation (Yeo et
al., 2011). Finally, we compared the functional network activation pattern across species by
utilizing the previously established macaque-human cortical transformation (Xu et al., 2020).
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Figure 1. Overview of the integrated TMS-rfMRI network modeling pipeline. The TMS-fMRI network modeling pipeline
predicts the ability of TMS to activate, at a specified coil location and orientation, specific functional connectivity networks. From

anatomical MR images, finite element method (FEM) head models are generated for both human and non-human primate (NHP,
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macaque) datasets. A) Stimulation grids are placed over F3, depicted for one human subject. Each stimulation grid consists of 36
points (6x6, directions: lateral-medial, anterior-posterior with 10mm spacing) (left). For each grid location, 12 coil orientations (0-
165 degrees, 15-degree steps) are simulated, shown at one sample location over the gray matter surface (right). C) Stimulation
grids are placed over the left prefrontal cortex, consisting of 36 coil locations (6x6, directions: left-right, anterior-posterior) with
5mm spacing) 4 mm above the scalp, depicted on one NHP subject (left). For each coil location, 12 coil orientations (0-165 degrees,
15-degree steps) are simulated, represented in blue and red arrows at one sample location. The grid and the sample coil orientations
are shown over the pial surface (right). B, D) The simulated electric field strength (E) is interpolated to the 32k FreeSurfer LR
(fsLR) surfaces generated within the HCP preprocessing pipeline. An example electric field distribution (left) for the coil location
and orientation (indicated by the red arrow in panel A) is depicted on the 32k fsLR surface. Node weights within the pial surface
are created based on their electric field strength (threshold: > 50% Emax) to determine a seed region (middle). A functional
connectivity map (right) for the seed region is generated by correlating at each pial node the r-fMRI time series with the weighted

time series of the seed region.

Human data

We selected MRI data from ten randomly selected, unrelated participants from the HCP s1200
release (Van Essen et al., 2012). Images included T1-weighted MP-RAGE and T2-weighted MP-
SPACE MRI scans and a r-fMRI scan. The r-fMRI scan used within this analysis was acquired on
day one of the HCP S1200 fMRI protocol (TR=0.72s, 2mm isotropic) and contained a single 15-
minute run (phase encoding left-right) for each participant. Image acquisition and preprocessing
protocols are available with the HCP S1200 release (WU_Minn, 2017). The Minimal
Preprocessing Pipeline (MPP) (Glasser et al., 2013) was applied to all structural imaging files in
the HCP preprocessing pipeline. Briefly, MPP includes spatial/artifact distortion removal, cross-
modal registration, surface generation, and alignment to a symmetric fsLR-32k template surface
(Van Essen et al., 2012). The functional MPP includes motion correction, distortion correction,
ICA-FIX denoising, and spatial smoothness (FWHM=2mm) (Stephen M Smith et al., 2013). In
our analysis, we used the 32k FreeSurfer LR (fsLR) aligned surfaces in native space for each
participant, which capture the individual morphology of the brain shape. The aligned 32k fsLR

surfaces contain 32,492 vertices per hemisphere that are comparable across participants.

Macaque data

The rhesus macaque (Macaca mulatta) data were available from the Oxford dataset of the PRIME-
DE consortium (Milham et al., 2018). The r-fMRI scan consisted of a single 53.3-minute run per
animal under anesthesia with isoflurane. The ethics approval for animal care, MRI, and anesthesia
was carried out in accordance with the UK Animals (Scientific Procedures) Act 1986. The details

of the animal housing, anesthesia protocols, and MRI acquisition were reported in previous studies
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(Noonan et al., 2014) and PRIME-DE (Milham et al., 2018). The macaque imaging data underwent
preprocessing using a customized HCP-like pipeline (Xu et al., 2019, 2018, 2015). Briefly, the
preprocessing of r-fMRI includes slice timing, motion correction, co-registration, nuisance
regression (Friston’s 24 motion parameters, mean signal of white matter (WM) and CSF), and
band-pass filtering (0.01-0.1 Hz). Finally, the preprocessed data was projected from the volume to
the surface space and smoothed (FWHM=2mm) along the surface. To ensure the accuracy of the
individual FEM model, quality assessment and visual inspection were conducted on the co-
registration and surface reconstruction steps. Ten animals were included in our final analysis. Like
HCP's MPP, 32k FreeSurfer surfaces were generated per hemisphere for each animal. The 32k

fsLR surfaces enable direct comparison across animals within the macaque dataset.

Estimation of TMS induced electric fields in Humans

We created individual FEM models for each of the ten participants based on the high-resolution
T1- and T2-weighted images using SimNIBS 3.2 (Thielscher et al., 2015). We constructed a
stimulation grid of 36 coil locations centered on F3 (6x6, left-right and anterior-posterior
directions, 10mm spacing) on each FEM head model, as illustrated in Figure 1A. We designed the
grid to cover different TMS targeting strategies for the dorsolateral prefrontal cortex (DLPFC)
(Avery et al., 2006; George et al., 2010, 1995; Herbsman et al., 2009; Herwig et al., 2001; Pascual-
Leone et al., 1996). We simulated 12 distinct coil orientations, stepping in 15-degree increments,
covering a 180-degree half-circle. At 180-degree turns, electric fields are identical, with only the
field direction reversed. We simulated TMS electric fields using a Figure-8 Magstim coil with a
70mm diameter. For each participant, we simulated 432 electric fields (36 coil locations x 12 coil
orientations). We interpolated the calculated electric field strength from the FEM volumetric mesh
to the pial surface of the 32k fsLR subject surface using an iterative closest point (ICP) algorithm.
Briefly, the ICP algorithm calculates the transformation matrix between a three-dimensional (3D)
source and a 3D target model (Rusinkiewicz and Levoy, 2001). In this study, we used the ICP-
generated transformation matrix to perform the linear transformation between the gray matter
surface of the FEM volumetric model and the pial surface of the 32k fsSLR model. Figure 1B

(left) depicts an example of a simulated electric field distribution.

Estimation of TMS induced electric fields in Macaques
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To create a realistic FEM head model, we manually segmented an anatomical T1 image from the
Oxford dataset into six unique tissue types (skin, skull, CSF, GM, WM, Eye) using ITK-SNAP
(Yushkevich et al., 2006). We used this segmentation to create a realistic volumetric head model
using SImMNIBS 3.2 (Thielscher et al., 2015). Due to the complexity of FEM head model generation
in macaques and the requirement to manually segment each tissue layer, we constructed one
complete macaque head model. We created a grid of 36 coil locations, organized in a 6x6
arrangement with directions spanning left-right and anterior-posterior, maintaining a 5mm
spacing, illustrated in Figure 1C. The NHP grid was designed to mimic the grid used for the human
model, scaled down to account for the smaller head size of the macaque. At each coil location, we
investigated 12 unique coil orientations to cover a 180-degree half-circle with 15-degree
incrementing steps. Using this configuration, we generated 432 unique coil parameter sets (36 coil
locations x 12 coil orientations). We simulated TMS electric fields for the same TMS coil used for
the human simulations (focal Figure-8 coil, 70mm diameter, Magstim). We interpolated the
simulated field strength from the FEM volumetric mesh to the pial surface of the 32k fsLR surface
of all subjects within the macaque dataset using an ICP algorithm. Figure 1D (left) shows an
example of electric field distribution on the NHP 32k fsLR surface.

Subject Level TMS Resting State Analysis

For each participant, we conducted 432 TMS electric field simulations and interpolated these
results from the FEM volumetric head models to the 32k fsLR pial surface. For each simulation
on the 32k fsLR pial surface, we determined an associated seed region by thresholding the electric
field to greater than 50% of the maximum electric field strength of the pial surface (Opitz et al.,
2016). Other electric field threshold values generate comparable results (Supplementary Figure
1). In the seed region, we assigned a weight to each node by normalizing the electric field strength
at the node by dividing the node’s electric field strength by the total electric field within the seed
area. Example seed regions for a human and macaque example case are shown in Figure 1C and
Figure 1D. We computed a weighted-average time series by summing the fMRI time series at
each node and multiplying by the individual node weight for each seed region (Opitz et al., 2016).
We correlated the weighted-average time series with the time series of each node of the pial surface
to calculate a whole-brain functional connectivity map. Example whole-brain functional

connectivity maps are shown in Figure 1C and Figure 1D for both humans and macaques,
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respectively. To account for the effects of coil location, we calculated correlations using partial

correlations, with the mean overall 432 averaged time series used as a covariate (Opitz et al., 2016).

Parcellation of Functional Networks

We mapped the Yeo-7 functional network parcellations (Yeo et al., 2011) from FreeSurfer
fsaverage surface to the HCP standard fsLR-32k cortical surface using the label-resample
command (Glasser et al., 2013). We used this parcellation to identify different functional networks
for each participant. The Yeo-7 parcellation mapped on an example 32k fsLR human surface is
shown in Figure 2A. The corresponding Yeo parcellation map on the macaque 32k fsLR surface
was generated via a previously established cross-species functional alignment (Xu et al., 2020). In
short, this alignment was built based on the matched functional connectivity profiles between
human and macaque monkeys, which quantifies homologous regions even when their location was
decoupled from anatomical landmarks (Xu et al., 2020). The NHP Yeo-7 parcellation mapped on
the 32k fsLR NHP surface is shown in Figure 2C.
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Figure 2. Yeo Functional Parcellation across species. The Yeo parcellation divides the gray matter surface into seven functional
networks: Visual (dark purple), Somatomotor (blue), Dorsal Attention (green), Ventral Attention (light purple), Limbic (yellow),
Frontoparietal (orange), Default (red). A) Yeo Parcellation map on a sample human 32k fsLR surface and B) associated functional
network node distribution across the gray matter. Within the human parcellation, the functional network distributions for the seven
networks are relatively evenly distributed, ranging from 7-19% of the gray matter surface. The Default Network is associated with
the highest number of nodes within the 32k fsLR human surface, accounting for 19% of assigned nodes. The Limbic Network is

the lowest assigned network, accounting for 7% of the assigned nodes within the gray matter surface. C) Yeo Parcellation map
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aligned to a sample macaque 32k fsLR surface and D) associated functional network node distribution. Dominant networks are the
Visual Network (26%) and the Somatomotor Network (16%). The functional networks primarily thought to be associated with
higher level cognitive processing, the Default Network and Frontoparietal Network, are more defined in the Human parcellation
compared to the NHP parcellation, 19% vs. 12% and 12% vs. 7% surface area, respectively.

Individual Specific TMS Functional Network Analysis

To assign the functional connectivity maps to the Yeo-7 networks, we first applied a sparsity
threshold to keep only the top 1% correlation values for each functional connectivity map. Other
sparsity thresholds lead to similar network activation patterns (Supplementary Figure 2,
Supplementary Figure 3). We binarized the functional connectivity maps and calculated the
percentage of overlap between the binarized maps for each stimulation configuration to each Yeo
parcellation network. Other assignment metrics lead to similar network activation patterns
(Supplementary Figure 4). The network activation evaluation for all participants in the human

and macaque datasets was conducted in separate analyses.

Intra-Species TMS Functional Network Analysis

To reduce the complexity of the group analysis, we assigned the TMS locations across participants
to nine zones (Z1-Z9) oriented in a 3x3 grid. A single stimulation zone accounted for four coil
locations and 12 coil orientations per participant (Figure 3A). Using these nine stimulation zones,
we analyzed the overlap of the TMS activation profile with the Yeo-7 human and macaque
parcellations. We identified the zone’s predicted functional network based on the highest overlap
with the Yeo-7 networks. In a secondary analysis, we analyzed the effect of TMS coil orientation
within each stimulation zone separately. We reduced the simulated coil orientations into groups of
45-degree steps to account for variations in TMS targeting, resulting in four coil orientations per
coil location. The highest overlap coefficients across each zone’s orientation windows were

calculated to identify the effect of coil orientation on the predicted functional networks.

Inter-Species TMS Functional Network Analysis

In order to explain why specific functional networks were more activated than others we identified
areas that were preferentially stimulated by TMS across all grid locations in the prefrontal cortex.
We calculated an activation index which highlights brain regions most often targeted by TMS
across all simulations. For this we identified the percentage of nodes within GM that were above

the 50% maximum electric field threshold across all 432 simulations. To assess the impact of brain
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gyrification on found results, we repeated the same analysis for a homogeneous conductivity

model (Supplementary Figure 5). The activation index was calculated for both species separately.

Results

Overlap of TMS Activation with Established Functional Networks

We first investigated the TMS functional networks for the human participants. We found that the
Frontoparietal Network (FPN) and Default Network (DN) dominated the predicted network
activation across stimulation locations (Figure 3A, B). Specifically, the FPN was most prominent
in the lateral zones (Z3, Z6, Z9), while the DN was more activated in the medial zones (Z1, Z4,
ZT). There was a transition between the activation of these two functional networks in the middle
zones (Z2, Z5, Z8). To analyze the effect of coil orientation on network activation, we grouped the
coil orientations into four groups, representing coil orientations ranges of 45 degrees (Figure 3C).
We found that in the transition zone functional networks differed across coil orientations, with the
FPN and DN roughly equally activated. These findings align with previously modeled TMS
functional networks in prefrontal brain regions (Opitz et al., 2016).

0° 45° 90°135° 180° 0° 45° 90° 135° 180° 0° 45° 90° 135° 180°

Figure 3. Overlap of TMS functional networks with Yeo Networks in Humans. A) We investigated the effect of coil location
across all participants on a 3x3 zoned grid (Z1-Z9), with each grid zone representing four simulation locations per participant.

B) The relative overlap of the stimulation zone with Yeo functional parcellations is determined by summing the functional
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connectivity maps generated for each TMS coil configuration (coil location and orientation). We identify the highest overlapping
functional networks across each stimulation zone. For humans, the Default Network exhibits the highest activation within the
medial zones (Z1, Z4, Z5), while the Frontoparietal Network is highly activated within the lateral zones (Z3, Z6, Z9). A transition
zone (Z2, Z5, Z8) has contributions from both networks. C. To examine the effect of coil orientation, we condensed the 12 coil
orientations into four groups, each representing a 45-degree range, within each stimulation zone. TMS network activation is largely
independent of orientation and is primarily influenced by the location-based activation of the Default and Frontoparietal Networks.
In the transition zones (Z2, Z5, Z8), network activation differs between Default and Frontoparietal Networks depending on coil
orientation.

Next, we investigated TMS functional networks in macaques. Here, the FPN dominates the
predicted network activation within the frontal zones (Z1, Z2, Z3, Z4, Z5) (Figure 4A, B). The
posterior zones (Z6, Z7, Z8, Z9) are a transition zone between the FPN and the Somatomotor
Network (SN). We grouped the coil orientations while analyzing the effect of coil orientation on
network activation in the same manner as for the human participants. Here, we found the presence
of secondary networks that were activated only few times (DN, Dorsal Attention Network (DAN),
and Ventral Attention Network (VAN)) throughout all zones, irrespective of coil orientation
(Figure 4C).

A

0° 45° 90°135°180° 0° 45° 90° 135°180° 0° 45° 90° 135° 180°

Figure 4. Overlap of TMS functional networks with Yeo Networks in Macaques. A) We investigated the effect of coil location
across all participants on a 3x3 zoned grid, with each grid section representing four simulation locations per individual. B) The

relative overlap of the stimulation zone with Yeo functional parcellations is determined by summing the functional connectivity
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maps generated for each stimulation coil configuration (coil location and orientation). The highest overlapping functional networks
are aggregated within each zone. The Frontoparietal Network activation is most prominent within the frontal zones (Z1, Z2, Z3,
Z4, Z5), with some default network activation in the most medial locations. The posterior zones (26, Z7, Z8, Z9) act as a transition
zone between Frontoparietal Network activation and other networks (Somatomotor, Dorsal Attention, Ventral Attention). C) To
analyze the effect of coil orientation, the 12 coil orientations were reduced to four groups (encompassing 45 degrees) within each

stimulation zone. Within the NHP dataset, the TMS network activation is largely orientation independent.

Cross-Species Comparison of Functional Network Activation

We investigated which brain regions exhibited the highest electric field activation across all 432
simulations to investigate the difference in functional network activation across species. The
activation index represented the frequency of electric field activation within a specific brain region
(> 50% of Emax) across all simulations. For the human models, we found a uniform spread across
the prefrontal cortex with maximum activation regions of 91% across all simulations within the
transitional zone (Figure 5A). The two primary functional networks that are activated by TMS in
the human prefrontal cortex are the DN and the FPN, being targeted in 53% and 46% of all
stimulation conditions, respectively (Figure 5B). In contrast, other functional networks, including
DAN and VAN, exhibit less frequent activation.

A B
HCP Electric Field Activation HCP Network Activation

0.6%

46.1%
I visual (VN)
. - Somatomotor (SN)
0.4%

I Dorsal Attention (DAN)

0% Activation Index 100% I Ventral Attention (VAN)

NHP Network Activation Limbic (LN)
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Figure 5. Comparative functional network activation across humans and macaques. A) The electric field activation index is
relatively distributed across the stimulation grid across all simulation configurations within the human models. The activation index
is the highest in the center of the grid (91%), aligning with the evaluated stimulation transition zone. B) In the human models, the

DN and FPN are activated by 53% and 46% of the stimulation conditions, respectively. Other functional networks, such as DAN

12
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and VAN, are activated, but to a lesser extent. C) In the NHP models, the electric field activation pattern is concentrated along the
distinct gyral fold in the prefrontal cortex. The activation index, summed across all simulations, demonstrates a preferential
activation of this area and less electric field dispersion when compared to the observed pattern in the human models. In the Yeo
NHP parcellation, this gyral fold is associated primarily with the Frontoparietal Network. D) The Frontoparietal Network is the
most prominent functional network targeted by prefrontal TMS, activated by 64% of all stimulation conditions. The Somatomotor
Network (SN) is activated by 16% of the stimulation conditions. To a lesser extent, other functional networks, DAN, VAN, and
DN are activated.

In all simulation conditions within the NHP model, the electric field strength concentrates along
the distinct gyral fold (i.e., area 8a and 46d) in the prefrontal cortex (Figure 5C). This brain region
is activated in almost all conditions (close to 100%). This is likely due to the surrounding sulci
(i.e. principle sulcus and arcuate sulcus) leading to increased electric field strengths at the CSF-
GM interface (Thielscher et al., 2011). In a homogenous conductivity model, the electric field
strength is more evenly distributed (Supplementary Figure 5). Within the Yeo primate
parcellation, this gyral fold is primarily associated with the FPN. Thus, the FPN emerges as the
dominant target, being activated in 64% of all stimulation conditions (Figure 5D). In addition, we
found comparatively higher activation of other functional networks in the NHP model compared
to the human model. The NHP models show activation of the SN (16%), DAN (9%), VAN (4%)
and DN (8%).

Discussion

In this study we compared functional networks in the prefrontal cortex targeted by TMS across
humans and macaques. We investigated different TMS coil locations and orientations and
identified the affected functional networks in humans and macaques. In line with previous work,
we found two dominant networks are activated in humans: The frontoparietal network (FPN) and
the default network (DN) (Opitz et al., 2016). Specifically, we found 1) a dominant DN activation
in a medial, orientation-insensitive zone, 2) a dominant FPN activation in a lateral orientation-
insensitive zone, and 3) a transition zone that allowed for activation of either the DN or the FPN
depending on TMS coil orientation. In the NHP analysis, we found that the FPN was
predominantly activated by the anterior stimulation zones, which was coil orientation-insensitive.
In more posterior stimulation zones, we found that the FPN remained the dominant targeted
network, but depending on coil orientation, targeting of the somatomotor network or dorsal

attention network co-occurred.
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An important distinction between human and NHP TMS functional networks is the ability to target
the DN. We found that in macaques, targeting the corresponding DN in the prefrontal lobe is
notably more challenging than in humans. One reason for this observation is the difference in brain
gyrification across species. Compared to humans, the macaque NHP cortical surface is less gyrated
(Hofman, 2014; Van Essen and Dierker, 2007). In the prefrontal cortex, the human brain is highly
gyrated, while the macaque brain has one prominent gyrus. The gyrification pattern is important
because it affects the TMS-induced electric field. TMS electric fields are enhanced in GM when
currents are crossing the CSF-GM interface (Miranda et al., 2007; Thielscher et al., 2011). The
anatomical features, including gyri, of the brain affect which regions get preferentially stimulated
across the investigated TMS coil locations (Figure 5). In humans, we found strong activation
within the DN-FPN transition zone and evenly distributed activation in each network-specific (DN,
FPN) stimulation zone. In comparison, we found preferential stimulation of the dominant cortical
fold primarily corresponding to the FPN in macaques. Thus, differences in TMS functional

network activation across species are affected by differences in brain gyrification.

The NHP and human network activation profiles exhibit differences in targeting secondary
functional networks. In the human models, the investigated TMS coil locations equally target two
distinct networks (DN and FPN). In contrast, in the NHP models, there is a preferential activation
of the FPN network, but we see increased secondary network targeting. These secondary networks
include the dorsal attention network, somatomotor network, ventral attention network, and DN.
The increased activity in secondary networks can be attributed to the extent of electric field
distribution on the NHP cortical surface. Notably, the cortical gray matter of the human prefrontal
cortex exceeds that of the macaques by up to 1.9-fold (Donahue et al., 2018). Additionally, the
smaller brain size in NHPs results in a larger electric field distribution relative to surface area
(Alekseichuk et al., 2019), leading to the incidental activation of other networks outside the
targeted ones. The prefrontal cortex in humans is remarkably expanded, resulting in pronounced
connections to multimodal areas and greater network modularity (Garin et al., 2022; Liu et al.,
2019; Mantini et al., 2011). DN stands out as the network exhibiting the most significant
differences in both structure and function between humans and NHPs (Xu et al., 2020). Although
DN appears to be present in NHPs in the medial frontal and the posterior cingulate cortex, the

lateral prefrontal cortex in macaque likely plays a role in attention and executive functions
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(Bahmani et al., 2019; Bullock et al., 2017; Petrides et al., 2012). These differences underscore the

translational challenges between human and macaque network targeting.

The comparison of TMS functional networks between humans and NHPs did not reveal a direct
one-to-one mapping across species in the prefrontal cortex. The distinct differences in each species’
anatomical and functional brain organization lead to different functional networks targeted by
TMS, highlighting the challenges of cross-species translation. Our comprehensive study of TMS
functional network targeting can thus inform future translational efforts. Prefrontal TMS is
relevant in the treatment of various neuropsychiatric disorders such as depression. Brain
stimulation therapies targeting functional networks within this region are a promising tool to
modulate neural circuits affected by specific disorders (Siddiqi et al., 2020). NHPs offer a unique
opportunity to validate and refine TMS network targeting strategies. Our cross-species network
comparison can guide these efforts to help improve translational efforts in NHPs. Future
experimental work is needed to validate the predictions made by our network targeting approach
in both humans and NHPs.
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