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Repetitive Transcranial Magnetic Stimulation (rTMS) engages brain networks for the treatment of Major Depressive Disorder (MDD),
using either rhythmic (e.g., 10 Hz) or patterned (e.g., intermittent Theta Burst, or iTBS) stimulation protocols. The distinct effects of
these protocols on brain function are not well understood. Sixteen subjects with MDD underwent a TMS-electroencephalography
(TMS-EEG) “interrogation” paradigm, in which a broad range of rhythmic and patterned stimulation frequencies were administered
in a randomized order to the left dorsolateral prefrontal cortex (L-DLPFC). rTMS-induced changes in oscillatory activity and effective
connectivity to the DLPFC were examined at each frequency. Linear mixed-effects models revealed widespread changes in power
and connectivity, with magnitude and regional distribution of change dependent upon both protocol and frequency of stimulation.
Increases in beta band power were most prominent with patterned stimulation, while rhythmic stimulation increased both alpha
and beta power at stimulation frequencies greater than 7 Hz (p < 0.05). Source localization showed that patterned and rhythmic
stimulation elicited activation in distinct subregions of the cingulate. Rhythmic and patterned stimulation also had distinct effects
on connectivity: notably, only rhythmic stimulation increased connectivity with regions near the stimulation site, while only
patterned stimulation decreased connectivity to the left precuneus. Both protocols increased the effective connectivity to the
orbitofrontal cortex in the theta and beta response bands (p < 0.05). These results indicate that rhythmic and patterned rTMS
engage distinct brain regions in a protocol- and frequency-dependent manner. Future studies should examine how these

mechanistic differences may relate to clinical outcomes.
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INTRODUCTION

Repetitive Transcranial Magnetic Stimulation (rTMS) is an FDA-
cleared intervention for treatment-resistant Major Depressive
Disorder (MDD), with response rates up to 65% [1-3]. However,
treatment outcomes vary substantially across patients, with many
individuals deriving limited benefit [4, 5].

The two most common rTMS treatment protocols are rhythmic
stimulation (RS; trains of pulses delivered at a uniform frequency,
e.g, 10Hz) and patterned stimulation (PS; 50 Hz triplet bursts
modulated by a carrier frequency, e.g., 5 Hz or intermittent Theta
Burst Stimulation [iTBS]) [6, 7]. While these protocols are equally
efficacious for treatment of depression in populations of patients,
evidence indicates that some patients will show clinical benefit from
either rhythmic or patterned stimulation, but not both [8-10]. The
lack of response to rTMS treatment in some individuals is believed
to reflect the failure of stimulation to engage brain networks [11],
which appears to be dependent on the stimulation parameters
including protocol, target, and frequency of stimulation [12].

In healthy subjects, the extent to which particular networks are
engaged depends in part upon the specific stimulation frequency

[13]. In patients with MDD, different rhythmic frequencies have
been shown to elicit distinct changes in connectivity, with the
degree of change in connectivity originating at the stimulation
site being positively associated with treatment outcomes [14].
These findings are consistent with preclinical work in primates, in
which specific frequencies engage select neural networks [15], as
well as in rodents, where patterned and rhythmic stimulation
differentially affect the pattern of immediate early gene expres-
sion in the brain [16].

Neural oscillations have been attributed a critical role in the
processing of behavioral and emotional states [17] and in
communication among neuronal assemblies through the syn-
chronization of presynaptic activation pattern [18]. Oscillations
also have been found to be dysregulated in pathological
conditions [19, 20]. For example, patients with MDD exhibit
altered oscillatory profiles particularly in theta and alpha, but also
beta bands [21, 22]. Because rTMS has been shown to alter both
oscillatory power and connectivity in a frequency dependent
manner [13, 23-25], it may offer a method for modifying abnormal
network activity patterns and ameliorate mood symptoms [26].

'TMS Clinical and Research Service, Neuromodulation Division, Semel Institute for Neuroscience and Human Behavior at UCLA, Los Angeles, CA, USA. 2Department of Psychiatry
and Biobehavioral Sciences, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA. 3Division of Humanities and Social Sciences, California Institute of Technology,

Pasadena, CA, USA. email: tvalles@mednet.ucla.edu

Received: 29 August 2025 Revised: 17 November 2025 Accepted: 10 December 2025

Published online: 7 January 2026

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-025-02306-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-025-02306-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-025-02306-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-025-02306-w&domain=pdf
http://orcid.org/0000-0001-6489-4128
http://orcid.org/0000-0001-6489-4128
http://orcid.org/0000-0001-6489-4128
http://orcid.org/0000-0001-6489-4128
http://orcid.org/0000-0001-6489-4128
http://orcid.org/0000-0003-1854-2337
http://orcid.org/0000-0003-1854-2337
http://orcid.org/0000-0003-1854-2337
http://orcid.org/0000-0003-1854-2337
http://orcid.org/0000-0003-1854-2337
http://orcid.org/0009-0000-8657-1530
http://orcid.org/0009-0000-8657-1530
http://orcid.org/0009-0000-8657-1530
http://orcid.org/0009-0000-8657-1530
http://orcid.org/0009-0000-8657-1530
http://orcid.org/0000-0002-4665-6721
http://orcid.org/0000-0002-4665-6721
http://orcid.org/0000-0002-4665-6721
http://orcid.org/0000-0002-4665-6721
http://orcid.org/0000-0002-4665-6721
http://orcid.org/0000-0002-9367-9213
http://orcid.org/0000-0002-9367-9213
http://orcid.org/0000-0002-9367-9213
http://orcid.org/0000-0002-9367-9213
http://orcid.org/0000-0002-9367-9213
https://doi.org/10.1038/s41386-025-02306-w
mailto:tvalles@mednet.ucla.edu
www.nature.com/npp

T.E. Valles et al.

814

We therefore conducted this study to identify how different
combinations of stimulation frequency and protocol differentially
affect neurophysiologic function.

While some earlier work has demonstrated that patterned and
rhythmic stimulation induce differential changes in cortico-striatal
connectivity in MDD [27], no study has broadly and systematically
examined the effect of stimulation protocol (and frequency within
a protocol) on engagement of brain networks or regions. To
address this question, we performed a within-subject examination
of differences in EEG oscillatory power and effective connectivity
in response to 97 different rhythmic and patterned trains of
stimulation. Our goal was to examine whether there were distinct
effects of rhythmic and patterned protocols, as well as of different
frequencies within a protocol, on activation of brain areas and
alteration of brain connectivity.

MATERIALS AND METHODS
Patient demographics and TMS protocol
Subjects were 16 patients (mean age + standard deviation: 46.5+18.3, 8M
and 8 F) who were treated at the UCLA TMS Clinical and Research Service,
who met DSM-5 criteria for MDD confirmed by the MINI [28], and had failed
to benefit from at least three trials of antidepressant medication therapy.
Subjects had an average baseline Hamilton Depression Rating Scale (HDRS)
score of 18.7 £ 5.2. At the time of the TMS session, or within the preceding
three months, 11 patients were using medications that could affect neural
activity. These medications were grouped into five categories: anxiolytics,
antidepressants, mood stabilizers, psycho-stimulants, and hormones (see
Table S1 for subject counts for each category). Exact permutation tests
revealed that there were no significant differences in the motor thresholds of
patients who were using medication versus those who were not in all
categories except mood stabilizers (p =0.005). We compensated for any
potential disparities in neuronal excitability associated with medication use
by standardizing stimulation intensity to 100% of the motor threshold. See
Supplementary Materials and Methods Section 1 for further details. All study
procedures were conducted in accordance with UCLA Institutional Review
Board approval and relevant ethical guidelines. Participants provided
informed consent before any study-related procedures were initiated.
rTMS was administered using procedures previously reported in detail
[14] and described briefly here. The coil was placed over the left DLPFC
using the Beam-F3 method [29] and TMS was delivered using the Magstim
Super Rapid Plus 1 with a 70 mm Double Air Film coil (Magstim, Whitland
South Wales, UK) for all subjects. Motor thresholds (MTs) were determined
by identifying the minimum stimulation intensity required to elicit a motor
evoked potential (EMG) in the right abductor pollicis brevis (APB) or first
dorsal interosseus (FDI) in at least 50% of applied stimuli. Since this was the
first rTMS session for each participant, stimulation was administered at
100% of their motor threshold to ensure tolerability. During the session,
participants were seated at a semi-reclined position, employing standard
safety protocols including ear protection.

The interrogation protocol [14] consisted of rhythmic and patterned
segments (Fig. 1A). In the rhythmic segments, patients received 76 40-
pulse trains of TMS with an inter-train-interval (ITl) of 26s. Rhythmic
stimulation frequencies between 3-18Hz in 0.2Hz increments were
administered in a randomized order, with the range of frequencies chosen
to encompass commonly used high-frequency rTMS protocols [30]. After a
break of approximately five minutes, the patterned segment of the
interrogation was administered with 21 trains of patterned TMS with an ITI
of 26s. Each train consisted of 10 sets of 50 Hz triplets, delivered at a
frequency between 3 and 7 Hz in 0.2 Hz intervals in a randomized order.
This range was centered on the standard 5 Hz frequency used for iTBS with
frequencies within £2 Hz added to coincide with conventional definitions
of the theta frequency band. For both paradigms, the 0.2 Hz step size was
selected to capture potentially distinct frequency-dependent response
patterns at a fine scale.

EEG recording

64-channel electroencephalographic (EEG) data were collected during the
interrogation using the “eego mylab” system (Advanced Neuro Technology
{ANT}; Enshede, Netherlands) at a sampling rate of 2000 Hz. Electrodes were
placed using the 10-20 system with the ground electrode positioned at AFz
and the reference electrode at CPz. Impedances were kept below 20 kQ.
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EEG pre-processing and power calculation

1 second pre- and 2 s post-TMS trains were concatenated to create 3-s long
epochs, though only data up to one second post-train was used for
analysis. Data immediately before and after the pulses (-5 ms : 20 ms) were
replaced with Gaussian noise to mimic brain signal. Remaining TMS pulse
artifacts were removed by detrending the signal using a Piecewise Cubic
Hermite Interpolating Polynomial (PCHIP).

The FASTER pipeline [31] was used to automatically remove eye, muscle,
heart and other artifacts. The pipeline included bandpass filtering (1-55 Hz),
resampling to 1 kHz, re-referencing to common average montage, ICA-based
artifact removal, and channel rejection. Data were then visually inspected
and epochs which still had visible non-physiological noise or artifacts were
rejected (see Supplementary Materials and Methods Section 2 for more
details regarding the EEG preprocessing pipeline).

The Gabor transform was used to compute spectral power with a
window width of 3 cycles per frequency (see Supplementary Materials and
Methods, Section 3). The frequency spectrum for pre- and post-stimulation
was obtained by averaging the spectrogram across the one-second
windows pre- and post-stimulation respectively. Relative power was
computed by normalizing the spectra values to their total sum.

Response frequencies (i.e., the frequencies at which power and
connectivity were measured using the Gabor transform) were categorized
into four distinct bands: delta (1-3 Hz), theta (3-7 Hz), alpha (7-12 Hz), and
beta (12-18 Hz).

Source localization

To increase the estimation accuracy of the spatial properties of scalp EEG
signals, individual EEG electrode positions were digitized (Brainsight;
Rogue Research Inc.,, Montreal, Canada) and co-registered to a standard
head model (Brainstorm; Tadel et al., 2011). The inverse solution was
calculated using the weighted minimum norm estimate (WMNE) with fixed
dipole orientation and standardized low-resolution brain electromagnetic
tomography (sLORETA) to compute deep structures contributions by
adjusting the noise covariance matrix using a regularization parameter.
The inverse problem in EEG source localization is fundamentally ill-posed
because multiple different configurations of neural sources within the
brain can generate identical electrical potential patterns observed on the
scalp [32]. This ambiguity means that, without additional constraints or
assumptions, such as hypotheses about specific spatial or temporal
characteristics of the signal origin, there is no unique solution for
determining the exact brain sources responsible for the measured scalp
activity. The noise covariance matrix was computed from data that was
recorded during a resting state baseline period.

After solving the inverse problem, reconstructed sources were
represented in a matrix of size Mx Tmpes, Where M = 15,002 is the
number of dipoles and Tsmpres is the total number of samples. Dipoles
were then grouped into 100 brain regions using a Schaefer-100 Atlas [33]
(i.e., the signal space was reduced from Mx Tsgmpres t0 100X Tgmpies USING
principal component analysis) to construct the signals at the centroid of
each of the 100 regions. See Supplementary Materials and Methods,
Section 4 for more details regarding source localization.

Effective connectivity

To assess the influence of the DLPFC (Atlas region #66) on all other 99
regions in the Schaefer atlas, the directional effective connectivity from the
DLPFC to every other brain region was computed using a dynamical
network model (DNM) [34]. In brief, Dynamical Network Models (DNM:s)
used generative models to characterize how each EEG source dynamically
influenced the rest of the EEG network. The DNM was formulated as a
linear time-varying (LTV) model, mathematically describing interactions
between observed brain regions (EEG signals).

The absolute values of effective connectivity were computed for pre-
and post-stimulation periods, separately for all response bands and
subsequently normalized between 0 and 1 to ensure comparability across
subjects and conditions. See Supplementary Materials and Methods,
Section 5 for more details regarding the calculation of effective
connectivity.

Statistical analysis

Linear mixed models (LMMs) were employed to assess whether EEG
sensor-level power, source-level power, and effective connectivity in
specific response bands (delta, theta, alpha, and beta) differed significantly
between pre- and post-stimulation conditions. Rhythmic stimulation
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Fig. 1 Data Collection and Processing Pipeline. A Data were collected from 16 MDD subjects using a 64-channel TMS-compatible EEG
headcap during a single stimulation session. The protocol consists of rhythmic stimulation trains at random frequencies, followed by an
approximate five-minute rest period, after which trains of patterned stimulation are administered. Rhythmic stimulation trains consisted of 40
pulses, with frequencies between 3 and 18 Hz with 0.2 Hz steps administered in a randomized order. Patterned stimulation trains consisted of
10 sets of 50 Hz triplets, delivered at a frequency between 3 and 7 Hz in 0.2 Hz intervals administered in a randomized order. B Recorded EEG
was preprocessed to remove artefacts and identify epochs pre and post each train of stimulation for both rhythmic and patterned paradigms.
Percentage change in the power spectrum was calculated and significant changes in response frequency bands were determined from both
scalp and source signals using linear mixed models. C The Influence of the DLPFC on all regions was calculated using dynamic network
models. Regions that showed a significant change before and after stimulation were determined using a linear mixed model and plotted on
source space.
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7-12 Hz
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Patterned
3-7Hz

Alpha[7, 12Hz] Beta [12, 20Hz]
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Fig.2 Scalp topographical mapping of percentage change in EEG power following rhythmic and patterned stimulation paradigms across
frequency bands. The difference in power pre-post stimulation was plotted on the scalp axial projection, with each row corresponding to a
specific stimulation frequency band. The first three rows represent rhythmic stimulation at theta-RS (3-7 Hz), alpha-RS (7-12 Hz) and beta-RS
(12-20 Hz) while the fourth row illustrates PS. Columns represent the response frequency bands (from left to right): delta (1-3 Hz), theta
(3-7 Hz), alpha (7-12 Hz) and beta (12-20 Hz). Scalp regions are color-coded indicating percentage changes in power ranging from -10% (blue)
to +10% (red). Regions exhibiting statistically significant pre-post differences, as determined by the linear mixed model, are marked with

black stars.

frequencies were grouped into three ranges: theta-rhythmic stimulation
(theta-RS; 3-7 Hz), alpha-rhythmic stimulation (alpha-RS; 7-12Hz), and
beta-rhythmic stimulation (beta-RS; 12-18 Hz). All patterned stimulation
frequencies (3-7 Hz) were considered as one group (PS).

Models were run separately on each channel and source for every
stimulation frequency range at each response frequency band. Each model
had the form:

Value ~ 1 + Timepoint + Stimulation Frequency + (1|Patient ID)

where “Value” denotes the power or effective connectivity measurement, “
Timepoint” designates a binary variable indicating whether the measure-
ment came before or after stimulation, and “Stimulation Frequency”
indicates the stimulation frequency, rounded to the nearest integer and
encoded as a categorical variable. Patient ID was encoded as a random
effect to account for inter-subject variability.

The p-value corresponding to “Timepoint” variable was used to
determine whether the stimulation frequency had a significant effect on
power or connectivity. The coefficient estimate for timepoint variable was
used to determine whether the stimulation induced an increase or
decreased in the output power or connectivity measure. P-values were
corrected over channels/sources for multiple comparisons using the
Benjamini-Hochberg procedure with a false discovery rate of 0.05 [35].

RESULTS
Sensor-level power differences
RS and PS exhibited several shared effects on response band
power across stimulation frequencies. There were significant and
widespread decreases in delta response band power following all
stimulation protocols, including PS (64 channels), theta-RS (61
channels), alpha RS (64 channels), and beta-RS (64 channels). Beta-
RS induced the strongest decrease with a nearly 10% average
delta response band power reduction in the prefrontal cortex
(PFQ) (Fig. 2, Table S2).

Widespread decreases in the theta response band also were
seen after most protocols, including alpha-RS (33 channels), beta-

SPRINGER NATURE

RS (59 channels) and PS (18 channels). The percent change in
theta response band power ranged between -4.6% and -0.02%. In
contrast, theta-RS did not elicit significant changes in theta
response band power.

Changes in some response bands were distinct to particular
protocols and stimulation frequencies. Alpha response band
power increases were only observed following beta-RS (50
channels), with no significant changes in this response band
observed after any of the other protocols. In contrast, the most
widespread increases in beta response band power were induced
by PS (51 channels), affecting most regions except the left fronto-
central region (FT7, T7, FC5, C5, C3, CP3), and right temporal and
temporo-parietal regions (F8, FT8, T8, TP8, and P8), followed by
beta-RS (41 channels) and alpha-RS (15 channels). Theta-RS did
not induce any significant changes in beta response band power.

Source power differences
Source localized power changes elicited within particular response
bands were largely consistent with the changes seen in sensor-
based analyses. A widespread significant decrease in delta
response band power (p < 0.05 after FDR correction) was induced
by all protocols except for theta-RS. Source-based analyses
revealed significant regional variation, however, with alpha-RS
inducing decreases in delta response band power in 19, primarily
precentral, regions, including somatomotor areas, the precuneus,
bilateral caudal and dorsal cingulate, and left rostral and
perigenual cingulate (Fig. 3, Table S3). Beta-RS induced wide-
spread decreases in delta response band power in similar regions
but on a wider scale (95 of the 100 regions). PS showed decreases
in 3 regions, namely the left posterior cingulate and 2 other
precentral regions.

Theta response band power was affected similarly to delta
response band power, but on a much wider scale. In fact, alpha-RS
elicited decreases theta response band power in 63 regions,

Neuropsychopharmacology (2026) 51:813 - 821
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Fig. 3 Source topographical mapping of percentage change in EEG power following rhythmic and patterned stimulation paradigms
across frequency bands. The difference in power pre-post stimulation was plotted in source space on a cortical parcellation based on
Schaefer 100 atlas. Each row corresponds to a specific stimulation frequency band. The first three rows represent rhythmic stimulation at
theta-RS (3-7 Hz), alpha-RS (7-12 Hz) and beta-RS (12-20 Hz) while the fourth row illustrates patterned stimulation (PS). Columns represent the
response frequency bands (from left to right): delta (1-3 Hz), theta (3-7 Hz), alpha (7-12 Hz) and beta (12-20 Hz). Each subplot includes an axial
top view of the brain, with color-coded regions indicating percentage changes in power ranging from -10% (blue) to +10% (red),
accompanied by sagittal views of the inner left and right hemispheres. Regions exhibiting statistically significant pre-post differences, as

determined by the linear mixed model, are marked with black dots.

including most regions of bilateral cingulate, as well as the
precuneus, parietal, prefrontal and occipital right and left lobes.
Similarly, beta-RS induced a widespread decrease in the theta
response band power (95 regions). PS induced decreases in 23
regions (bilateral posterior cingulate), bilateral caudal anterior
cingulate, prefrontal cortex, left and right precuneus, as well as
some somatomotor areas.

The alpha response band was not affected by any stimulation
protocol except for beta-RS in two regions. Alpha response band
power increased by 6-7% in the right precuneus and the left
occipital lobe.

Beta response band power increased following all stimulation
protocols except theta-RS. Alpha-RS stimulation induced increased
beta response band power in 11 regions, including right and left
caudal cingulate, precuneus, and precentral regions. Both beta-RS
and PS induced a widespread increase in beta response band
power (59 and 64 regions respectively).

Effective connectivity differences
Both patterned and rhythmic stimulation protocols (in particular
theta-RS and beta-RS) elicited significant increases in the effective
connectivity of left DLPFC to the orbitofrontal cortex (OFC) and
subgenual anterior cingulate (sgACC) (Fig. 4, Table S4). This
enhancement was observed in both theta and beta response
bands, indicating a robust modulation of DLPFC-OFC and DLPFC-
sgACC connectivity across multiple oscillatory domains.

PS was uniquely associated with significant decreases in
connectivity to the left precuneus (theta and beta response

Neuropsychopharmacology (2026) 51:813 - 821

band), right frontal operculum (theta response band), and the left
and right occipital lobes (alpha and beta response bands). An
increase in connectivity was seen locally within the prefrontal
cortex (beta response band), to the left rostral ACC, left insula, and
left occipital lobe (alpha response band).

RS was associated with many more unique connectivity
changes than PS, with differential effects by stimulation frequency.
Across the brain, increasing the frequency of RS led to more
widespread connectivity changes. For example, across the theta,
alpha, and beta response bands, theta-RS elicited significant
changes in 23 regions, while beta-RS affected 43 regions.
Additionally, connectivity in higher response frequencies was
more often modulated than that in lower response frequencies.
Across all stimulation protocols, significant changes in the theta
response band were observed in 26 regions, while significant
changes in the beta response band were observed in 40 regions.

Theta- and alpha-RS modulated connectivity of the left PFC to
the stimulation site across all response frequency bands by an
average of 20.7%. Common effects across all response bands also
were seen with theta-, alpha-, and beta-RS all increasing
connectivity to left OFC and sgACC by an average of 20.9%
(except for theta-RS in the alpha response band).

A number of distinct regional effects dependent upon the
specific stimulation frequency band were also observed. Alpha-
RS uniquely increased connectivity to the left dorsal precentral
gyrus (27.3%) in the theta response band and reduced
connectivity to bilateral posterior and occipital cortices in the
beta response band. In the alpha response band, theta-RS

SPRINGER NATURE
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Theta[3-7 Hz] :

Stimulation Frequency

® Only in rhythmic

Alpha [7-12 Hz] ;

Beta [12-20 Hz]

® Only in patterned ® In both paradigms

Fig. 4 Pre-Post Changes in DLPFC influence on cortical regions following rhythmic and patterned stimulation paradigms. The Schaefer-
100 atlas regions are color coded: red indicates significant changes exclusively under rhythmic stimulation, blue under patterned stimulation,
violet under both paradigms, and white showed no significant change. Rows represent (from top to bottom) the stimulation frequencies theta
(3-7 Hz), alpha (7-12 Hz) and beta (12-18 Hz), and columns represent (from left to right) the response frequencies theta, alpha and beta. Each
subplot displays a top axial view and parasagittal views of left and right hemispheres. Changes in the negative direction (i.e. the influence of
DLPFC on the highlighted regions is significantly less after stimulation) are indicated by a yellow arrow overlaid on the region; changes

otherwise represent positive changes.

uniquely increased connectivity to right frontal operculum and
beta-RS elicited the greatest number of unique network changes
including with right ventrolateral precentral gyrus, bilateral
insula, and two occipital lobe regions. Beta-RS also resulted in
extensive increased connectivity with the posterior cingulate
and parietal regions in the beta response band. Overall, as
stimulation frequency increased from theta to beta, the changes
in connectivity became more widespread, especially in high
frequency response bands.

DISCUSSION

These findings demonstrate that patterned and rhythmic rTMS
administered to the left DLPFC in patients with MDD produce
widespread effects on brain activity and connectivity. There were
significant differences in regional patterns of activation, as well as
increases and decreases in connectivity, depending on the specific
stimulation protocol and stimulation frequency applied. PS and RS
elicited some similar patterns of change in regional activation
(e.g., decreases in delta and theta power, increases in beta power).
However, stimulation with each protocol was most commonly
followed by distinct, differential regional changes (e.g., PS most
prominently affecting connectivity to the precuneus and sub-
regions of the cingulate and RS most commonly affecting
connectivity within the PFC). Parallel findings were seen with
the effect of protocol and frequency on connectivity, with some
effects common to both protocols (e.g., increased OFC connectiv-
ity with both RS and PS). RS in general elicited greater connectivity
changes than PS, particularly in the beta stimulation band, but PS
elicited distinct regional changes affecting specific regions that
have been implicated in the pathophysiology of MDD such as the
prefrontal cortex, left rostral ACC, and left insula.

Within each protocol, the effects of stimulation differed
topographically according to the frequency of stimulation. Most
notably, faster RS frequencies (e.g., beta-RS) elicited the most
widespread changes. Together, these findings highlight the
relevance of both protocol and frequency in engaging brain
networks and suggest that tailoring stimulation parameters may
represent an opportunity to optimize rTMS effects.

The results of our investigation demonstrated that the effects of
stimulation were widespread, affecting multiple distant cortical
and subcortical brain areas in the first second after stimulation
offset. Peak effects were often located at sites distant from and
even contralateral to the left DLPFC target. It is important to note
that the distribution of stimulation effects on connectivity was not

SPRINGER NATURE

homologous with any established resting-state or functional
networks. Instead, the most prominent connectivity changes
affected specific regions including the orbitofrontal cortex,
precuneus, dorsal ACC, and sgACC, which can be considered
components of the default mode, salience, cognitive control, and
other networks [36].

While several prior studies have examined the effects of
repetitive stimulation, none have systematically contrasted both
protocol and frequency effects. Consistent with previous reports,
the present study demonstrated that PS affected theta-alpha
amplitude ranges, while RS appeared to selectively modulate
alpha carrier frequencies [37]. The current study extends these
findings, as we observed that only beta-RS produced measurable
changes in alpha and beta power. This suggests that to elicit a
response in a certain frequency, the stimulation frequency may
need to be the same or faster than the desired response
frequency. This difference from prior work may reflect the fact
that the present study directly contrasted pre- and post-
stimulation brain states in a frequency-dependent manner within
the same session.

We also observed that response frequencies were not usually
modulated by their corresponding stimulation frequency in a
direct input/output relationship. Though stimulation frequencies
did sometimes induce changes in the parallel response band (e.g.,
beta-RS increasing beta response band power), changes were
often also seen in other response bands (e.g., theta-RS increasing
beta response band power). Notably, theta-RS and PS did not
always elicit the same response pattern, despite sharing the same
underlying theta frequency. PS produced distinct and robust pre-
post differences mainly in the theta and beta response bands,
suggesting that patterned stimulation was more similar to fast
rhythmic stimulation than slow rhythmic stimulation. At higher
stimulation frequencies, rhythmic protocols induced modulation
in deeper and more integrative regions such as the cingulate
cortex, precuneus, and limbic areas, in agreement with previous
findings [38-40]. While patterned stimulation also affected these
networks, the effects were more spatially restricted. Given that
increased EEG power at a specific frequency is generally
interpreted as reflecting stronger synchronization of local
neuronal populations [41], our results suggest that rhythmic and
patterned stimulation protocols engage partially distinct neural
networks, with the nature and extent of this engagement being
tightly coupled to stimulation frequency.

These findings indicate that it is possible to modulate activity in
distinct and divergent brain regions through a single stimulation
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site (in this case the left DLPFC) by modifying the protocol and
frequency of stimulation. Prior work has shown increases in
middle beta-band connectivity between the left DLPFC and
fronto-limbic regions as well as reductions in gamma-band
connectivity with anterior cingulate cortex [40]. While both
10 Hz rTMS and iTBS targeting the left DLPFC have been shown
to enhance cortico-striatal connectivity [14], we were unable to
make conclusive statements about the cortico-striatal connectivity
in our study due to the ill-posed nature of the source localization
inverse problem and the increasing localization error with depth
[42, 43]. Extending this principle beyond the prefrontal cortex,
10 Hz rTMS and iTBS applied over the motor cortex in Parkinson’s
disease patients have been demonstrated to differentially
modulate large-scale network topology, including sensorimotor
and default mode network connectivity [44], supporting the
notion that stimulation parameters shape distributed network
dynamics. In our study, we extend these findings by showing that
the functional influence of DLPFC on distributed cortical areas,
including the cingulate cortex, precuneus, frontal poles, and
occipital lobe, is highly dependent on the frequency-specific
stimulation paradigm employed. Notably, both rhythmic and
patterned stimulation increased DLPFC-driven connectivity to
the OFC, a region tightly linked to affective valuation and reward
processing, in the theta and beta response bands. These results
are consistent with growing evidence that beta oscillations play a
key role in mediating prefrontal-limbic interactions during
neuromodulation [40].

The approach of accessing multiple networks through a single
common neuroanatomic target stands in contrast to the
functional imaging approach in which fMRI is used to select
distinct, individualized DLPFC sites that have specific patterns of
connectivity with other regions (e.g., anticorrelated connectivity
with sgACC) [11, 45]. Alternative stimulation targets also have
been proposed based upon a combination of more pronounced
anxiosomatic or dysphoric features and functional connectivity
[46]. Future studies should further investigate whether a
frequency and protocol-based targeting approach may be viable
for targeting specific circuit dysfunctions or symptoms and
enhancing treatment efficacy.

A growing literature suggests that rTMS-induced changes in
connectivity may serve as biomarkers for clinical outcome
[14, 47, 48]. Given the variable responses to different frequencies
and protocols across regions shown here, future studies could
seek to leverage an interrogation-like paradigm to identify a set of
frequency/protocol combinations that most effectively elicit
desired changes in specific EEG metrics within targeted brain
regions. This approach could be applied not only to MDD, but also
to other disorders with distinct neuropathophysiologic profiles. At
a more individualized level, the interrogation protocol could be
used to determine, for each patient, the frequencies and
stimulation protocols that maximally modulate neural activity
within relevant brain networks. Such a symptom- or disease-
specific mapping approach could enable precision rTMS, tailoring
treatment to the unique neurophysiologic or symptomatic profile
of each patient. By linking frequency- and protocol- specific neural
responses to behavioral or clinical outcomes, this strategy could
enable evidence-based selection of stimulation parameters based
on established biomarkers, while simultaneously facilitating the
discovery of novel biomarkers of rTMS responsiveness.

Despite the strengths of our study, several limitations should be
acknowledged. First, we examined changes in connectivity pre-
post individual pulse trains of rTMS. It is not clear how changes in
connectivity after a pulse train relate to changes that might be
seen following a full treatment session, or a full course of rTMS
treatment. Second, our stimulation paradigm grouped conditions
based on stimulation frequency. While this grouping approach
allowed for an input-output matching of stimulation and response
frequencies, it could have obscured differences in responses
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between frequencies that are numerically close but functionally
distinct. This design decision reflected the challenge of balancing
the goal of sampling a wide range of stimulation parameters with
collecting sufficient data at each condition to generate reliable
estimates. While administering more trains at each individual
frequency might have allowed us to elicit further response
differences, it would have been significantly more burdensome for
the subjects. Conversely, limiting the number of frequencies
tested but increasing the number of trains at each frequency
allows for more robust estimation within each group, but risks
missing potentially important distinctions between closely spaced
frequencies. Third, although we examined both patterned and
rhythmic stimulation within the same session to enable within-
subject comparisons, this design may have introduced carry-over
effects or interactions among frequencies or protocols. The fact
that stimulation frequencies were administered in random order
to each individual subject, however, served to average out carry-
over effects across subjects. Fourth, this study was conducted in a
limited number of subjects with depression (N=16) who were
simultaneously receiving other antidepressant treatments. It is
possible that different effects might be seen in MDD patients
receiving other (or no) treatments, or in healthy control subjects.
Finally, although our findings offer mechanistic insights into the
effects of frequency and protocol on connectivity, the study did
not examine the relationship of connectivity change to clinical
outcomes. Future studies should incorporate longitudinal follow-
up, and multimodal neuroimaging to clarify the causal and clinical
significance of these network-level modulations.

CONCLUSION

Our findings demonstrate that patterned and rhythmic stimula-
tion administered to left DLPFC engaged neural circuits and
modulated brain oscillations in distinct ways, dependent both
upon the protocol and the frequency of stimulation administered.
The elicited changes in activation and connectivity affected
numerous brain areas that have been reported to be involved in
the pathophysiology of MDD. These findings lay the groundwork
for future research examining the relationship between protocol-
and frequency-specific activation and connectivity profiles and
rTMS clinical outcome.
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