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Dear Editor,

Dopamine plays an important role in many brain functions, including
movement, reward and cognition. Abnormalities in dopamine function occur
in brain disorders with symptoms dependent on the affected dopaminergic
pathways. Although medications targeting the dopamine system can be
highly effective, they lack pathway specificity, resulting in adverse effects via
modulation of other dopaminergic pathways. These undesirable effects due
to the lack of network-specific dopaminergic modulation are exacerbated by
varying optimal dopaminergic tone across brain networks [1].

rTMS has shown the capability to modulate neurotransmitter release,
including dopamine signaling [2]. In their pivotal work, Strafella and
colleagues demonstrated that, in healthy volunteers, high-frequency
rTMS targeted to the left dorsolateral prefrontal cortex (DLPFC) resul-
ted in dopamine release in the ipsilateral caudate nucleus [3]; in a
subsequent study, rTMS to the motor cortex resulted in dopamine
release in the ipsilateral putamen [4]. The spatial topography of these
findings aligns with the prevailing models of the functional organization
of corticostriatal projections [5,6], suggesting that rTMS could be used
to modulate dopamine function in a network-specific manner. However,
there are no previous studies directly testing this hypothesis, and not all
sham-controlled rTMS-PET studies have been able to replicate the
rTMS-induced striatal dopamine release [2].

The aim of this study was to test functional connectivity-guided
rTMS for network-specific modulation of the dopamine system. Using
a within-subject design including ten healthy volunteers, we applied a
single session of intermittent theta burst stimulation (iTBS) to two
closely approximated prefrontal targets in separate counterbalanced
sessions. Two striatal regions-of-interest (ROIs) were defined as portions
of the striatum embedded in the ventral attention (ROIgyvan) and
default mode (ROIy;pmn) networks based on a pre-existing striatal 7-
network parcellation [7]. The two stimulation targets were defined as
the prefrontal regions exhibiting the maximal connectivity difference
between the two ROIs using an external connectome derived from
resting state fMRI data from 1000 healthy volunteers (Fig. 1A) [8].
Subjects underwent a brain MRI to obtain T1-weighted images for tar-
geting and resting state fMRI to compute individual functional connec-
tivity between the targets and striatal ROIs. Following stimulation to
each target (targetyan and targetpyn), changes in striatal D2/D3 re-
ceptor availability were measured with [*!Clraclopride PET. Neuro-
navigated iTBS (three pulses at 50 Hz delivered at 5 Hz for 2 seconds
with 8 second burst intervals; 600 pulses; 80% active motor threshold
(AMT) [9]) was applied using a MagPro X100 and MCF-B65 coil. The
induced electric fields (E-fields) were estimated using SimNIBS. Detailed
methodological information is available in the Supplementary material.

The two TMS-PET visits were mean (s.d.) 62 (39) days apart and
tracer was administered 2.2 (0.4) minutes after iTBS. There were no
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significant differences between the two TMS-PET visits in resting motor
threshold, AMT, stimulation intensity, injected dose, or time interval
between the completion of iTBS and tracer injection. The distance be-
tween the center of gravities of targetyan and targetpyn in MNI space
was 5.2 cm with clear differences between the induced E-fields (Fig. 1B).

We hypothesized that each stimulation target would induce dopa-
mine release (BPyp decrease) preferentially in its corresponding striatal
ROI. The stimulation target x ROI interaction was not significant (p =
0.79), indicating no differential effect between ROIs. However, there
was a significant main effect of stimulation target on BPyp (p = 0.002),
with iTBS to targetyay resulting in lower BPyp in both ROIs compared to
iTBS to targetpyy (Fig. 1C). Importantly, these effects were confined to
the a priori ROIs, with no significant BPyp changes in the contralateral
homologous subregions or in any left- or right-sided striatal subregions
of the remaining five networks of the 7-network parcellation.

In the ventral attention network, functional connectivity from the
cortical target to the corresponding striatal subregion (targetyan-ROLg-
vaN) correlated significantly with stimulation-induced BPyp change in
ROIvan (higher connectivity associated with greater decrease in BPnp
after stimulation to targetyan compared to targetpyy) (r = —0.85, p =
0.004; Fig. 1D). In the default mode network, however, the correlation
between the functional connectivity (targetpyn-ROLsypvn) and BPyp
change in ROIypmn was in the opposite direction (higher connectivity
associated with greater increase in BPyp after stimulation to targetpyy
compared to targetyay), but did not reach significance (r = 0.57, p=0.11;
difference between correlation coefficients, p < 0.001; Fig. 1D). The
functional connectivity between these ROIs and the noncorresponding
targets did not correlate with BPxp change (p > 0.7). In exploratory ana-
lyses of factors associated with iTBS-induced dopaminergic responses,
change in BPyp correlated significantly with delay discounting, but not
subjects’ age, BMI, BIS scores, or stimulation-related parameters. More
detailed results available in Supplementary material.

In this proof-of-concept study, we show that a single session of
connectivity-guided iTBS to a cortical target modulates striatal synaptic
dopamine levels via transsynaptic effects. We observed a significant main
effect of stimulation target on BPyp, with effects confined to predefined
striatal ROIs and absent elsewhere in the striatum. The stimulation target
x ROI interaction was not significant, however, indicating that the
observed effects across ROIs did not follow the hypothesized directionality
(i.e., preferential dopamine release in the ROI corresponding to the stim-
ulation target). This limits conclusions regarding ROI-level specificity.

The results may be interpreted as iTBS to targetyan leading to
dopamine release in both striatal ROIs or, alternatively, as iTBS to tar-
getyan and targetpyn having opposing effects on synaptic dopamine
levels in the corresponding striatal subregions. Supporting the latter
interpretation, ventral attention and default mode networks have
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Fig. 1. Connectivity-guided transcranial magnetic stimulation of striatal dopamine function

A) A priori selected striatal regions-of-interest (ROIs) defined as portions of the striatum embedded in the ventral attention (ROIg,van) and default mode (ROIspmn)
networks based on the striatal network parcellations by Choi et al. (2012) [7]. The corresponding cortical stimulation targets were derived based on maximal
functional connectivity difference from the striatal ROIs. The resulting MNI coordinates for target center of gravities were —38, 44, 32 for targetyan and —22, 34, 50
for targetpyn. The effects of the stimulation on striatal dopamine function were investigated by measuring changes in [!'Clraclopride non-displaceable binding
potential (BPyp) in the a priori ROIs. B) Stimulation-induced E-fields in a subject's native space with median (IQR) electric field strengths at the on-target (i.e., target
that was stimulated) and off-target (i.e., target that was not stimulated) in the two stimulation conditions in the whole sample. C) [*'C]raclopride BPyp was
significantly lower after iTBS to targetyan compared to iTBS to targetpyy in both ROIyvan [mean (s.d.) 4.57 (0.40) vs. 4.39 (0.37); corresponding to 3.8% (95% C.I.
0.3-7.3) relative reduction in BPyp] and ROILs,pmn [3.85 (0.24) vs. 3.70 (0.28); corresponding to 3.9% (95% C.I. 0.1-7.6) relative reduction in BPyp]. The mean (95%
C.1.) peak voxelwise BPyp change was 15.5% (8.3-22.7%) in the ipsilateral caudate nucleus (supplementary material). D) Correlations between stimulation-induced
ABPyp and subjects' individual functional connectivity between the stimulated cortical target and striatal ROI (ROI-target connectivity) in the ventral attention
network (VAN) and default mode network (DMN). ABPyp for each ROI was calculated by subtracting BPyp after stimulation to the off-target (i.e., the target cor-
responding to the other ROI) from BPyp after stimulation to the on-target (i.e., the target corresponding to the studied ROI). Thus, increased stimulation-induced
increase in synaptic dopamine levels after on-target compared to off-target stimulation would be reflected as negative ABPyp. *p < 0.05; n. s. = not significant.

previously been shown to have opposing local brain metabolic responses
to high-frequency rTMS compared to sham stimulation [10]. In addition,
the magnitude of iTBS-induced dopaminergic effect correlated with the
strength of individual functional connectivity between the cortical
target and striatal ROI (significant in the ventral attention network but
not in the default mode network), suggesting that individual
connectivity-based targeting, rather than normative connectomes may
be required to optimize dopaminergic effects.

The limitations of this study include lack of an inactive sham con-
dition, small sample size, possible E-field overlap between nearby tar-
gets and investigating effects approaching ['!C]raclopride test-retest
variability. Together, these findings suggest that connectivity-guided
stimulation can modulate the dopaminergic system in a spatially con-
strained manner, although the direction of effects may not be fully
predictable from normative connectivity alone.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.brs.2026.103109.
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