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ARTICLE INFO ABSTRACT

Keywords: Background: The communication through coherence model posits that brain rhythms are synchronized across
Neurostimulation different frequency bands and that effective connectivity strength between interacting regions depends on their
DCM

phase relation. Evidence to support the model comes mostly from electrophysiological recordings in animals
Target engagement while evidence from human data is limited.

Transcranial magnetic stimulation Methods: Here, an fMRI-EEG-TMS (fET) instrument capable of acquiring simultaneous fMRI and EEG during
Electroencephalogram noninvasive single pulse TMS applied to dorsolateral prefrontal cortex (DLPFC) was used to test whether pre-
frontal EEG alpha phase moderates TMS-evoked top-down influences on subgenual, rostral and dorsal anterior
cingulate cortex (ACC). Six runs (276 total trials) were acquired in each participant. Phase at each TMS pulse was
determined post-hoc using single-trial sorting. Results were examined in two independent datasets: healthy
volunteers (HV) (n = 11) and patients with major depressive disorder (MDD) (n = 17) collected as part of an
ongoing clinical trial.

Results: In both groups, TMS-evoked functional connectivity between DLPFC and subgenual ACC (sgACC)
depended on the EEG alpha phase. TMS-evoked DLPFC to sgACC fMRI-derived effective connectivity (EC) was
modulated by EEG alpha phase in healthy volunteers, but not in the MDD patients. Top-down EC was inhibitory
for TMS pulses during the upward slope of the alpha wave relative to TMS timed to the downward slope of the
alpha wave. Prefrontal EEG alpha phase dependent effects on TMS-evoked fMRI BOLD activation of the rostral
anterior cingulate cortex were detected in the MDD patient group, but not in the healthy volunteer group.
Discussion: Results demonstrate that TMS-evoked top-down influences vary as a function of the prefrontal alpha
rhythm, and suggest potential clinical applications whereby TMS is synchronized to the brain’s internal rhythms
in order to more efficiently engage deep therapeutic targets.

Dynamic causal modeling
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1. Introduction

Data from animal studies show that brain rhythms are synchronized
across different frequency bands and are highly structured across areas,
layers and their corresponding projections [1]. In the communication
through coherence model, cognition relies on patterns of neural syn-
chronization that change dynamically with stimulation and behavioral
context [1,2]. The model proposes that bottom-up-directed gamma band
influences are controlled by top-down-directed alpha-beta band in-
fluences, and that rhythmic modulation of postsynaptic excitability and
coherence between pre- and postsynaptic neuronal groups are the basis
for strong effective connectivity [1]. Moreover, the effective connec-
tivity strength between interacting regions may depend on their phase
relation, as suggested by recordings in visual cortex of awake cats and
monkeys [3]. However, there is limited human data in support of this
model as a principle for top-down influences and dynamic network
coupling. An inherent challenge in acquiring such data is the need for
non-invasive, spatiotemporal measurements of distributed brain activ-
ity. With respect to brain stimulation, if methods for acquiring such data
in humans could be developed, then one could imagine using them to
advance both basic and clinical neuroscience. For example,
perturbation-based neuroimaging systems could be used to advance our
understanding of basic cognitive neuroscience via probing of directed
dynamics and causal interactions of neural networks. Clinically, such
methods could be used to individualize neurostimulation to maximize
target network engagement for treating diseases such as depression.

EEG, fMRI, and transcranial magnetic stimulation (TMS) have been
used together in a pair-wise fashion to non-invasively investigate brain
networks, and the feasibility of concurrent fMRI-EEG-TMS (fET) with
offline analysis of results has been previously demonstrated [4]. We
have created a system of simultaneous fET, where the timing of TMS
delivery relative to the EEG signal can be determined. This enables
assessment of EEG phase-dependent TMS effects on brain activity.
Importantly, it would allow us to test whether TMS that is synchronized
to the brain’s internal cortical rhythms has differential effects on deeper
corticolimbic brain structures involved in emotion processing and
regulation. If so, this could facilitate clinical applications. For example,
TMS could be timed to optimize therapeutic engagement of the anterior
cingulate cortex (ACC) in patients with major depressive disorder
(MDD).

Neural oscillations in the alpha band (8-12 Hz) are viewed as an
active inhibitory mechanism that gates and controls information pro-
cessing depending on task demands [5], and global synchrony in the
(upper) alpha band may subserve resting-state BOLD activity in the
(task-positive) fronto-parietal network related to cognitive control and
attention [6,7]. While alpha activity can be predominantly recorded
from the occipital lobes at rest with eyes closed, EEG recordings of alpha
at F3 reflect neural activity that is distinct from occipito-parietal activity
(see Supplementary Information S.10 in Ref. [8]). Previous studies have
shown that the timing of stimulus onset relative to the phase of the alpha
cycle influences perception [9-11], suggesting alpha phase could
potentially act as a gating mechanism where different phases in the cycle
are associated with states of low and high excitability within the
network.

Previous research using simultaneous TMS-EEG has demonstrated
that motor excitation following TMS pulses varies with EEG phase and
amplitude [12-15]. Using simultaneous EEG-fMRI, our group has pre-
viously shown that BOLD activity in decision related networks were
modulated by the prestimulus EEG alpha phase during an auditory
oddball task [16]. Based on these previous findings, we hypothesized
that single pulse TMS stimulation to left DLPFC synchronized with
respect to alpha phase would modulate ACC functional and effective
connectivity with the left DLPFC as well as ACC activation.

Here, fET was used to determine whether TMS delivered to DLPFC at
different phases of the alpha cycle modulated functional and effective
connectivity with ACC. Whether alpha phase at TMS pulse onset
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modulated ACC BOLD activity was also examined. We examined single
pulse TMS during a task-free, resting state design for two main reasons:
global synchrony in the (upper) alpha band has been previously shown
to underlie resting-state BOLD activity in the (task-positive) fronto-
parietal network related to cognitive control and attention [6,7], and
also to mirror the task-free design that was done during the rTMS
therapy sessions in a subset of subjects undergoing treatment [8]. Our
fET instrument can acquire simultaneous fET and remove fMRI artifacts
from the EEG automatically in real-time [17]. Offline analyses were used
to recover the exact phase of alpha at each single pulse TMS onset via
causal signal processing. Being able to observe changes in the level of
connectivity and activity in the ACC following a TMS pulse that is timed
to EEG cortical rhythm may lead to optimizations in TMS timing that
could have better clinical efficacy than current, non-synchronized TMS
approaches.

We focused our study on the ACC (see ClinicalTrials.gov ID:
NCT03421808) and more specifically three subregions of ACC (dorsal
ACC, or dACC; rostral ACC, or rACC, and subgenual ACC, or sgACC) and
their TMS-evoked functional connectivity with DLPFC based on previ-
ously established functional or structural connectivity between these
ACC subregions with DLPFC and their relevance to TMS treatment of
depression and related symptomatology [18-21]. A psychophysiological
interactions (PPI) [22,23] analysis was used to estimate and compare
correlations between two regions’ (nuisance adjusted) BOLD time
courses as a function of condition (i.e. TMS pulses during one of four
alpha phase bins). This analysis was chosen to test for phase dependence
of TMS-evoked brain functional connectivity (FC) given the importance
of functional connectivity between DLPFC and sgACC in determining
TMS outcomes [19,21]. Significant PPI findings were further interro-
gated with Dynamic Causal Modeling (DCM) and model selection to test
for evidence of top-down TMS-evoked effective connectivity between
DLPFC and sgACC and to test whether the estimated connectivity
strengths vary as a function of prefrontal alpha phase at TMS pulse
onset.

2. METHODS

Due to space constraints, full methods are presented in detail as
supplementary information (SI) in the supplement. Briefly, results from
two independent datasets (cohorts) are presented in the current study:
the primary dataset consisted of healthy volunteers (HV, N = 11), and a
second dataset was comprised of patients with major depressive disorder
drawn from an interim blinded analysis of an ongoing clinical trial
(MDD, N = 17). See SI sections S.1.1 and S.1.2 for sample details
including inclusion and exclusion criteria. The second dataset was used
to test generalizability of the findings in the primary dataset, and not to
make direct comparisons between HV and MDD.

Each subject in the study underwent fMRI and EEG scanning while
receiving single-pulse TMS neurostimulation using a simultaneous 3-
way fET acquisition system developed by our group and previously
described in Ref. [17]. Each subject, except for 3 HV subjects, received 6
sessions of fET scanning, and 46 TMS pulses were delivered per session.
Three HV subjects had 1 or 2 sessions discarded due to system mal-
functions. The instrument included a custom 43 channel MR compatible
bipolar EEG system (Innovative Technologies, CA, USA) described in
Refs. [24,25], a Siemens 3T Prisma MRI Scanner using a custom 12
channel head coil (Rapid MR International), and a MagStim Rapid2 TMS
neurostimulator with a modified MRI-compatible TMS coil. Functional
imaging was performed with a custom 12-channel head coil (Rapid MR
International, LLC, Columbus, OH, USA) and a multi-echo multiband
pulse sequence (CMRR, University of Minnesota) while EEG was
simultaneously acquired at 488 Hz sampling rate using an MR
compatible bipolar EEG cap with 36 electrodes placed on the subject’s
head. The montage is a hardwired bipolar EEG cap designed to minimize
the induced electromagnetic interference from the MR and TMS fields
[24]. The location of the DLPFC was measured and marked (under the
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F3 electrode) for TMS coil placement in the MRI scanner. We used the
Beam F3 locator to mark the EEG F3 [26] location in DLPFC of each
subject consistent with recent consensus guidelines [26-28]. Full details
of fET acquisition and scanning parameters are described in SI S.1.3.

The EEG data was corrected for TMS and gradient artifact, and then
rereferenced from a bipolar to a unipolar referencing scheme (see
Ref. [24] and SI S.1.4 for more details). The phase of the alpha oscilla-
tion ¢, at the trigger time of a TMS pulse was then estimated with a
machine learning approach that produces causal estimates of the
instantaneous phase from the raw signal [29] (see S.1.4.3 for details).

For fMRI analysis, three regions (dorsal, rostral and subgenual ACC)
were defined and used for ROI functional connectivity and activation
analysis. Dorsal ACC (dACC) and rostral ACC (rACC) anatomical masks
were generated from freesurfer in AFNI for the left and right dorsal
(caudal) and rostral (ventral) ACC. The subgenual ACC (sgACC) ROI was
generated using a 10 mm sphere centered at MNI = [6 16 -10] and
excluding white matter as previously described in Ref. [19]. This loca-
tion corresponds to the MNI coordinate that is most responsive to in-
terventions for depression averaged across multiple studies [19], and is
also anticorrelated with various TMS DLPFC target sites at rest [21]. The
T2-weighted fMRI data were preprocessed using SPM12 (see SI S.1.5 for
more details).

Our primary statistical analysis tested whether TMS-evoked func-
tional connectivity (FC) between the left DLPFC stimulation site and
ACC depended on alpha phase at TMS pulse onset using a generalized
Psychophysiological Interactions analysis (PPI) [22,23], see SI S.1.5.3.
We then interrogated the direction and phase-dependent dynamics of
coupling between the left DLPFC and sgACC using Dynamic Causal
Modeling (DCM) for SPM12 (see SI S.1.5.4). Our secondary analyses
tested for phase-dependent TMS-evoked BOLD activation in the ACC
using both conventional SPM (GLM) ROI analysis as well as generalized
additive mixed models (GAMM, see SI S.1.5.5). Note that all analyses
except for the GAMM grouped together TMS pulse onsets into four
separate phase bins. Phase binning allowed for the use of more con-
ventional approaches (i.e. 1-way ANOVA, GLM, PPI and DCM) at the
expense of averaging away signal within each phase bin. The GAMM
model overcomes this limitation at the expense of higher model
complexity.

3. RESULTS

3.1. Functional connectivity between DLPFC and sgACC depends on EEG
alpha phase

The overall study design and analysis workflow is outlined in Fig. 1.
Given the importance of resting-state FC between the DLPFC TMS
stimulation site and sgACC in determining depression treatment out-
comes [19,21], our main statistical analysis tested whether TMS-evoked
DLPFC-sgACC FC is moderated by prefrontal alpha EEG phase.
Throughout the study, phase angles are expressed in relation to a cosine
(i.e. 0° is the peak) consistent with related studies of phase-locked TMS
delivery [30]. Generalized psychophysiological Interactions (PPI)
analysis (see SI S.1.5.3) was applied with phase bin as the “psycholog-
ical” condition-of-interest, and TMS pulse onsets were grouped into one
of four conditions according to phase bin (bin 1: —x to —1/2 &, bin 2:
—1/2 7 to 0, bin 3: 0 to 1/2 w, and bin 4: 1/2 & to ©). Below we present
results using both conventional ROI analyses as well as small volume
correction which is sensitive to weaker, spatially distributed signal
within each ROL

ROI analysis: When applying an ROI analysis (averaging signal within
each of 5 ROIs: sgACC and left and right rACC and dACC), alpha phase at
TMS pulse onset moderated DLPFC-sgACC functional connectivity in
both datasets (HV: F3 49 = 3.07, p = 0.038 uncorrected; MDD: F3 ¢4 =
3.2, p = 0.029 uncorrected; Fisher’s combined p = 0.009), but not
DLPFC-dACC or DLPFC-rACC functional connectivity (see Fig. 2, top
row). To further interrogate the results a permutation approach was
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) EEG
Each t:
Simultaneous Post hoc determination of
fMRI-EEG-TMS alpha phase at each TMS
pulse
6 sessions, 46
TMS pulses per
session fMRI

Test phase-dependent TMS
effects on fMRI signal

A}

DLPFC -ACC FC ACC activity - Conventional
and EC GLM and GAMM
(main statistical (secondary statistical
analyses) analyses)

Fig. 1. Overall study design and analysis flow. Simultaneous fMRI and EEG
were acquired from each subject during single pulse TMS delivery (6 sessions
per subject, 46 TMS pulses per session). After preprocessing, the EEG signal was
used to estimate the alpha phase at each TMS pulse. This information was then
used in the fMRI analysis to test for phase-dependent effects of TMS on DLPFC-
ACC functional and effectivity connectivity (main statistical analyses) and on
ACC activity (secondary statistical analyses.

applied whereby SPM.mat design files (TMS phase conditions) were
shuffled across subjects and followed by the same ROI analysis. The
resulting p-values were consistent with ROI analysis results (HV p =
0.02; MDD p = 0.02; Fisher’s combined p = 0.004).

Small Volume Correction: In addition to conventional ROI analysis
(where signal within each mask is averaged together), a voxel-wise
analysis within each ACC mask was applied using the mask for small
volume correction. Consistent with the ROI analysis results, alpha phase
bin at TMS pulse onset moderated functional connectivity between the
DLPFC TMS target site and sgACC in the HV dataset (voxel-wise FWE
corrected p = 0.068, cluster-extent corrected p < 0.05). The results from
3dClustSim (compiled December 11, 2018) were confirmed using non-
parametric permutation (FSL v5.0 randomise function) with 2000 per-
mutations and a CDT of F = 2.75 (equivalent to p = 0.01 uncorrected for
F with [3,64] degrees of freedom). Exchangeability blocks (i.e. subjects)
were provided to the algorithm so that phase bin parameter estimates
were permuted within each subject given they are not independent
measures. The results confirm a significant effect of alpha phase bin on
DLPFC-sgACC FC (first dataset and second dataset cluster-extent cor-
rected p = 0.0035 and p = 0.0085, respectively, and Fisher combined p-
value = 0.00035). A voxel-wise analysis was also conducted using the
same cluster-determining threshold (p = 0.01 uncorrected) to test for
brain-wide effects of phase bin on activation analysis (standard GLM
approach) and TMS-evoked functional connectivity with DLPFC. Neither
analysis yielded significant clusters at p < 0.05 cluster-extent corrected
(data not shown) when using 3dClustSim (compiled December 11,
2018) or FSL v5.0 randomise.

Note that our use of a cluster-determining threshold (CDT) of p =
0.01 is unlikely to result in false positives in our analysis because we use
an ROI approach. Eklund et al. [31] was concerned with CDT and
false-positive rates using whole-brain cluster-extent correction. Eklund
et al. also concluded that permutation-based approaches (i.e. FSL ran-
domise) have acceptable false positive rates, and our results were more
significant when permutation-based approach (FSL randomise) was
applied (the p-values for DLPFC-sgACC FC were one order of magnitude
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Fig. 2. Alpha phase at TMS stimulation moderates functional connectivity between DLPFC (EEG F3) and subgenual anterior cingulate cortex (sgACC). Generalized
psychophysiological interactions analysis (PPI) was used to estimate TMS-evoked DLPFC-sgACC functional connectivity within each of four alpha phase bins. The
voxel-wise analysis was restricted to a search space within a subgenual ROI generated using a 10 mm sphere centered at MNI = [6 16 -10] and excluding white matter
as in Ref. [19]. A group level omnibus F-test on the beta weight parameter estimates (PE) identified a cluster in the primary dataset (p < 0.05 corrected, left). The
findings replicated in the second independent cohort (p < 0.05 corrected, right). The bottom row shows violin plots of PEs averaged within clusters (contiguous

voxels surviving p<0.05 uncorrected).

smaller than 3dClustSim).

A cluster within the sgACC ROI search region was defined using an F-
test thresholded atp < 0.05 un-corrected, then used to visualize and plot
the beta parameter estimates for each of the four phase bins across
subjects. The functional connectivity between DLPFC and sgACC was
highest (most positive) when the TMS pulse occurred during the rising
phase of the alpha oscillation in bins 1 and 2 (—3/4x and —1/4x), and
the lowest (negative) during the falling phase in bins 3 and 4 (centered
at 1/4n and 3/4r, respectively, see Fig. 2, bottom left). This finding
replicated in the MDD dataset (voxel-wise FWE corrected p = 0.037,
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cluster-extent corrected p < 0.05, see Fig. 2, bottom right). The greatest
pairwise difference, consistent across both datasets, W2 between phase bin 1
vs. bin 4: DLPFC—sgACC functional connectivity was highest in bin 1 and lowest in phase
bin 4 (MDD: tg4 = 4.4, FWE voxel-wise corrected p = 0.004, cluster
extent corrected p < 0.05).

We tested whether results are sensitive to phase bin center selection
by repeating the analysis with phase bin centers shifted by 45°. In this
analysis, no effect of phase bin was observed, likely because the signal
was diluted by averaging events from adjacent phase bins with the
highest and lowest PPI beta estimates (see SI S.2).
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3.2. Top-down DLPFC-sgACC effective connectivity depends on EEG
alpha phase

Functional connectivity results indicate there is a statistical associ-
ation between fMRI BOLD activity in ACC and DLPFC that depends on
alpha phase, but they do not enable inference about the direction of
information flow between the two areas. To infer causal influences be-
tween DLPFC and ACC in response to TMS, as a function of alpha phase,
a simple dynamic causal model (DCM) of DLPFC and sgACC was esti-
mated for each subject. The DCM modeled experimental modulation
(TMS) of both extrinsic (i.e. between-region) and intrinsic (i.e. self or
within-region) connections during each of four phase bins (see section
3.1). A form of Bayesian Model Comparison and Reduction [32] was
applied to compare the full model to ‘reduced’ versions of the model
along three factors: TMS modulation of top-down vs bottom up extrinsic
connectivity, TMS modulation of DLPFC vs sgACC intrinsic connectivity,
and TMS as driving input to DLPFC vs sgACC (see Figure S1A in SI). The
full DCM model is represented by the 1st model along each factor shown
in Figure S1A in SI. This created a search space of 64 unique models. The
average ‘baseline’ effective connectivity (EC), or bidirectional connec-
tivity representing the mean across all TMS phase conditions or during

A HV (N=11)
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baseline in non-centered models, A matrix in the DCM [33], was
included in all models (see SI S.1.5.4). Note that the term “modulate” is
used here in the same way it is used in the DCM for fMRI literature: as in
an experimental condition may “modulate” self-connections, connec-
tions between regions, and/or activity of a region itself. The term is not
used to suggest the induction of synaptic plasticity (i.e., short-term and
long-term plasticity).

Model evidence was summed across all models belonging in each
level, or ‘family’ of models, for each factor (Figure S.1B in SI). In the HV
dataset, results suggest a model in which TMS modulates intrinsic con-
nectivity of both DLPFC and sgACC as well as both bottom-up and top-
down connectivity between the two regions, while TMS does not directly
drive activity in either region. In the HV dataset, the average top-down
effective connectivity (EC) was excitatory (i.e. the A matrix parameter
was positive with significant posterior probability P, > 0.95), and the
bottom-up EC was inhibitory (negative A matrix parameter, P, > 0.95),
while in the MDD dataset, both the top-down and bottom-up average EC
were excitatory (Fig. 3A). In the HV dataset, the top-down EC was
modulated by TMS alpha phase (uncorrected p < 0.001), while trend-
level evidence suggested intrinsic sgACC connectivity was modulated
by alpha phase at TMS pulse onset in both datasets (Fig. 3A). The DLPFC-

MDD (N=17)
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Fig. 3. Dynamic causal modeling suggests TMS-evoked top-down DLPFC-sgACC effective connectivity (EC) depends on EEG alpha phase. A) The top 2 winning
network structures from Bayesian Model Comparison (see methods) are shown in each dataset. EC strengths that were modulated by alpha phase at TMS pulse onset
are shown with asterisks (* indicates p < 0.05 uncorrected, *** indicates p<0.001 uncorrected). Results suggest prefrontal alpha phase moderates TMS-evoked
DLPFC-sgACC top-down EC in HV, but not in MDD. B) Violin plots in HV show top-down EC is inhibitory during the rising phase of alpha, and excitatory during
the falling phase. In MDD, the DCM results suggest alpha phase at TMS pulse onset moderates intrinsic (self) sgACC connectivity, with the lowest parameter values
(excitatory effects) during the initial rising phase of the alpha wave. See Figure S1 in SI for network model space and model comparison results.
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sgACC EC results in HV were confirmed using a non-parametric per-
mutation analysis, whereby the DCM and repeated measures ANOVA
were re-estimated 50 times after randomly permuting phase bin labels
with respect to each subject’s fMRI data. In this analysis, no F-value in
the null distribution was higher than the F-value that resulted from
unshuffled data (p < 0.01, data not shown). A violin plot of the top-down
EC in the HV dataset shows higher (more excitatory) connectivity when
TMS was delivered during alpha phase bins 3 and 4 (bin centered at z/4
and 3x/4, respectively, Fig. 3B, left), while a plot of intrinsic (self)
sgACC connection in the MDD dataset shows TMS is excitatory (less
inhibitory) when delivered during phase bin 1 (—37/4) relative to the
other phase bins (Fig. 3B, right). Note the self-connections are unitless
log scaling parameters that scale (multiply up or down) the default
connection strength of —0.5Hz, so the more negative the self-connection
parameter, the less inhibited the region. Note also that the MDD group
data is included out of convenience to test generalizability of the find-
ings in HV, and that we are not interested in the differences between HV
vs. MDD per se. Any differences observed in the best fitting group DCMs
(Fig. 3) should be interpreted with caution.

The results presented in Fig. 3B reflect models with mean centered
input matrix U (see Ref. [33]), where the inputs are TMS pulse onsets
with zero duration during the four conditions (phase bins). According to
Ref. [33] this can increase the model evidence, by enabling the con-
nectivity parameters to stay nearer to their prior expectation (of zero)
during model fitting. It also means the parameters in matrix A represent
the average effective connectivity across experimental conditions. Our
primary analysis mean centered the inputs since we were mainly
interested in testing for differences in connectivity strengths across the
four TMS phase bins.

We also examined the effects of not mean centering the inputs as we
were interested in estimating the effects of TMS modulation on con-
nectivity, in general, relative to the implicit baseline (i.e. periods in
between TMS pulses). This also allowed us to further explore sgACC-
DLFPC feedback loop dynamics by estimating effective connectivity
during the baseline periods (in between TMS stimulation). Results from
these models are presented in SI Figure S2. When the input matrix U was
not mean centered, the extrinsic (top-down and bottom-up) connectivity
strengths no longer contributed significantly to the model fit. In these
models, TMS modulated intrinsic (self) connections of DLPFC and
sgACC, while sgACC intrinsic connectivity was modulated by phase bin
(see SI Figure S2). The most consistent finding across both sets of models
(mean-centered and non-mean centered input matrices U) was that
models in which TMS modulated intrinsic sgACC connectivity had the
best model fits, and that the intrinsic sgACC connectivity strengths
showed a phase-dependent effect.

3.3. fMRI BOLD activation of the rACC depends on EEG alpha phase at
TMS pulse onset in

3.3.1. MDD patients

In addition to FC with DLPFC, anterior cingulate cortex activity has
been proposed as a prognostic marker of depression treatment outcomes
based on deep brain stimulation and task fMRI studies [34]. Our sec-
ondary statistical analyses therefore tested whether TMS-evoked ACC
activity depends on EEG prefrontal alpha phase. When applying con-
ventional ROI analysis of TMS-evoked ACC fMRI BOLD activation, no
effect of phase bin was detected in any of the ROIs in either dataset
(corrected p > 0.2, see SI S.2 and Figure S6 for TMS-evoked BOLD signal
averaged over subjects and runs for each phase bin). To overcome lim-
itations of averaging responses within phase bin, a Generalized Additive
Mixed Model (GAMM, see SI S.1.5.5) was applied which allows the use
of smooth nonlinear functions to detect (continuous) relationships be-
tween alpha phase and ACC fMRI BOLD activation. The approach is
more sensitive in detecting such non-linear relationships since it pro-
vides a smooth fitting across alpha phase (i.e., avoids binning of the
alpha phases). Table 1 shows the main effect of phase and phase by
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Table 1

GAMM results in HV and MDD datasets and approximate significance of smooth
terms. (**) indicates significance at the 99% confidence level; (*) indicates
significance at the 95% confidence level; (.) indicates significance at the 90%
confidence level.

HV p-value MDD p-value
f(sub,pa) 0.0726 () f(sub,pa) 0.009 (*+)
flpa) 0.246 flpa) 0.386
f(pa):dorsal 0.998 f(pa):dorsal 0.475
f(pa):rostral 0.393 f(pa):rostral 0.017 (*)
f(pa):subgenual 0.219 f(¢pa):subgenual 0.744

region interactions, and the approximate significance of smooth terms
based on alpha phase (¢,). In the HV dataset (N = 11), we did not detect
a significant main effect for phase-dependent BOLD activation across the
3 ACC subregions (f (¢4), p = 0.246) and there was no difference be-
tween the three regions (p > 0.05). In the MDD dataset (N = 17), the
phase-dependent BOLD activation was significant in rACC (f (¢,):rostral,
p = 0.017 uncorrected). Applying Fisher’s method to combine p-values
across results from both datasets suggested an overall phase-dependent
BOLD activation effect within rACC (p = 0.040). The results with respect
to brain regions in the MDD group are summarized in Fig. 4 (left panel),
while Fig. 4 (right panel) plots the corresponding normalized BOLD
signal (BOLDnor) differences between —z and z in rACC. Table 2 shows
results of significance tests for the parametric coefficients of the GAMM
model for both HV and MDD groups. The results show that in the HV
group, there is no significant difference in maximum BOLD activation
across regions (rostral-dorsal: p 0.3875, subgenual-dorsal: p
0.2225), while in the MDD group, there is a significant difference in
maximum BOLD activation between regions (rostral-dorsal: p = 0.0371,
rostral-dorsal: p = 0.0274).

4. DISCUSSION

In this study, we used our recently developed integrated fET in-
strument capable of acquiring simultaneous EEG-fMRI while delivering
noninvasive single pulse TMS, and found that TMS applied to DLPFC
modulates the region’s (fMRI-derived) connectivity with ACC in a way
that depends on prefrontal EEG alpha phase. In both the HV and MDD
datasets, phase dependent functional and effective connectivity with the
left DLPFC was seen in sgACC. The most consistent phase-dependent
effect, observed in both datasets, was DLPFC-sgACC functional con-
nectivity following single pulse TMS. The EEG F3 DLPFC-sgACC TMS-
evoked functional connectivity straddles zero and is overall weakly
negative, consistent with resting state studies that found EEGF3 DLPFC-
sgACC functional connectivity is the least (weakly) negative (r ~ —0.05)
compared to other TMS stimulation sites in the DLPFC (i.e. see Fig. 1 in
Ref. [19]). With the GAMM model, we also observed phase dependent
activation in the MDD group, such that TMS-evoked BOLD responses in
the rACC were lowest when TMS pulses were synchronized nearer to the
peak of the frontal alpha oscillation.

The primary hypothesis tested in the current study is whether the
prefrontal alpha phase at TMS pulse onset is significantly associated
with ACC activation or ACC functional connectivity (FC) with DLPFC.
The ‘control’ condition (null hypothesis) is no association between these
measures and prefrontal alpha phase, which we tested using both
parametric and non-parametric (permutation based) approaches. The
strongest effects were observed for sgACC-DLPFC functional connec-
tivity (omnibus F cluster-extent corrected p = 0.0035 and p = 0.0085 in
each dataset using FSL randomise, respectively, with a Fisher combined
p = 0.00035 across both datasets). This finding survives p < 0.05
Bonferroni correction which is the most conservative correction for
multiple comparisons when correcting for the total number of inde-
pendent tests (n = 11) across the 5 ACC ROIs which are comprised of 5
conventional GLM activation and 5 PPI models using SVC, and 1 GAMM
activation model which included all ROIs in the same model. Moreover,
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MDD Patient
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Fig. 4. TMS-evoked BOLD activation in rostral ACC
(rACC) is correlated with alpha phase at TMS pulse
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onset in the MDD dataset only. The phase-dependent
BOLD activation is significant (diagonal stripes) in
rACC (left panel). The right panel plots the BOLD
activation (curves fitted from the GAMM models)
against alpha phase. The results show that in the
MDD dataset, the TMS-evoked BOLD response in the
rACC (i.e. the normalized BOLD activation BOLD,,;,
see SI S.1.5.5) is related to the corresponding alpha
phase ¢, at which the TMS pulse is triggered (see
Table 1, random effects on the subject level are not
plotted).
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Table 2

GAMM results in HV and MDD datasets and approximate significance of para-
metric terms. (**) indicates significance at the 99% confidence level; (*) in-
dicates significance at the 95% confidence level; (.) indicates significance at the
90% confidence level.

HV p-value MDD p-value
(Intercept) 0.0285 (*) (Intercept) 5.87e-08 (***)
rostral 0.3875 rostral 0.0371 (¥)
subgenual 0.2225 subgenual 0.0274 (*)

the DLPFC-sgACC FC show a similar pattern relative to phase in both HV
and MDD datasets (i.e. higher FC during the rising, and lower FC during
the falling, phase of prefrontal alpha), which increase confidence that
these results reflect a real physiological, rather than artifactual, effect.

An effective connectivity analysis suggests that in HV there is an
excitatory/inhibitory feedback loop between DLPFC and sgACC and that
TMS has a phase dependent effect on the top-down connection. The
effective connectivity analysis in the MDD dataset suggests: (1) the
DLPFC-sgACC feedback loop is purely positive (excitatory connections)
and reflects hyperactivation of sgACC/ACC; (2) the phase dependent
effect of TMS is not seen in the top-down connection (as in the HV
group), though there are phase-dependent effects on sgACC intrinsic
connectivity. The observed functional and effective connectivity effects
could be mediated via indirect structural connections to sgACC or via
direct structural connections between DLPFC and sgACC. Tract tracing
studies in primates have shown sparse structural connections between
left posterior DLPFC and sgACC [35]. Note that we detected significant
phase-dependent differences in TMS-evoked top-down DLPFC-sgACC
effective connectivity strengths in HV and sgACC intrinsic connectivity
strength differences in MDD even though the sample sizes (N =11 and N
= 17) in each group are smaller than previously recommended sample
sizes (approximately 20) for Dynamic Causal Modeling [36]. This is
likely owing to the fact that participants each had more than 30 min of
scan data (~240 TMS trials total per subject). Previous research suggests
n = 25 events per condition are sufficient for event-related fMRI designs
and minimal gains are obtained after 40 events [37,38]. Our design
includes 240 events per subject, leaving 60 events per condition per
subject, which is likely well-powered to detect phase effects.

A study of single unit recordings in V1 of awake monkeys estimated
spike probability as a function of gamma phase LFP, and found highest
(lowest) spike probabilities during the peak (trough) of the gamma wave
[1,39]. Our GAMM results followed a similar pattern, whereby fMRI
BOLD signal was lowest for TMS pulses timed nearest to the peak of the
alpha wave. However, functional and effective connectivity did not line
up with the peaks and troughs of the EEG alpha wave. Rather, these
measures lined up with the slope of the EEG alpha wave, whereby

/4 3m/4

(P(X
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functional connectivity was highest (positive) for TMS pulses on the
upward slope of the alpha wave, and lowest (negative) for TMS pulses
during the downward slope of the alpha wave. The DCM analysis (in HV)
suggested TMS-evoked top-down DLPFC-sgACC EC was negative
(inhibitory) for TMS pulses on the upward slope of the alpha wave, and
positive (excitatory) for TMS delivered during the downward slope of
the alpha wave. The results are consistent with a previous study that
found neocortical activity converged to a preferred phase of 45° in
response to exogenous or endogenous electrical fields [40]. The findings
suggest that the rate of change of, rather than absolute, membrane po-
tential of cortical neuronal populations is a determining factor in
TMS-evoked downstream DLPFC signaling, and that the “rising” and
“falling” phases of alpha are when cortical neuronal populations are
most “primed” to propagate signals to sgACC.

4.1. Clinical application in depression

The effects observed here have potentially important implications for
clinical applications involving TMS. Depression involves distributed
cortico-limbic networks, with anterior cingulate cortex (ACC) playing an
important role in the etiology and treatment of the disorder [41-43].
TMS targeting left DLPFC is currently used for treatment of
medication-resistant depression [44-47], yielding remission rates of
28-53% [48]. Understanding the mechanisms of rTMS and increasing
the efficacy of rTMS is an important area of research.

The anti-depressant effects of TMS are likely mediated by connec-
tivity between DLFPC and ACC, and the modulation of ACC activity [19,
49,50]. Previous studies have examined TMS efficacy based on spatial
location of stimulation within DLPFC and find that anterolateral DLPFC
regions lead to better outcomes perhaps because they are more nega-
tively functionally connected with sgACC [21]. Additionally, several
groups have reported that alpha-band oscillations are associated with
both activation and inhibition across and within different functional
networks [5,6,51]. Therefore, by controlling or targeting the phase of
alpha rhythms, we could potentially activate or inhibit brain excitability
within certain networks that are phase-dependent.

Our study finds that TMS-evoked brain excitability or functional
connectivity can be indexed by phase. This suggests that deep targets
may be more efficiently engaged by TMS via optimizing TMS delivery
based on these indeces (e.g., alpha phase) of excitability or functional
connectivity, which in turn could improve TMS treatment efficacy. In
other words, TMS treatment could be improved by synchronizing the
timing of TMS stimulation with the brain’s internal EEG rhythms in way
that maximizes excitability or functional connectivity with deep thera-
peutic targets [8,17,52].

The full clinical results of the background clinical trial are in a
different manuscript under review. This clinical trial showed that
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synchronizing prefrontal TMS with a patient’s prefrontal alpha fre-
quency in a blinded clinical trial is possible and produces progressive
EEG entrainment in synchronized patients only. In this small clinical
trial, there was no difference in overall clinical response between syn-
chronized and not synchronized patients, all treated at their individual
alpha frequency (IAF). A secondary analysis showed that only in the
synchronized (vs. non-synchronized) TMS treatment patient group, the
consistency of the entrained phase across sessions was significantly
associated with response outcome.

Some prior studies have observed that prefrontal alpha frequency
matching might improve TMS depression outcomes [53,54]. They have
not tested for EEG synchronization while also matching individual alpha
frequency. In our study, both arms were delivered at the IAF and we are
only testing whether EEG phase matching caused EEG changes and
predicted clinical outcome. Due to budget limitations and blinding is-
sues, we were not able to include another arm of conventional TMS at a
fixed 10 Hz frequency.

Since the initial design and launch of this trial, there have been other
advances with TMS for depression that have likely improved overall
efficacy and speed of response. These involved individualizing the coil
placement or accelerating the number of pulses within a given week [55,
56]. At this point it is unclear which of these advances, or both, are
responsible for the increased efficacy. We used conventional coil
placement (F3) and only 5 sessions/week. However, our advances with
phase synchronization might ultimately be added to the other in-
novations and have additional increases in efficacy. That is, this issue of
EEG synchronization is likely clinically important regardless of which
other TMS methods are used.

4.2. Limitations

There are some limitations when interpreting the findings in our
paper more broadly. First, how we extracted the alpha oscillation and its
phase from prefrontal EEG could be suboptimal. One reason for that is
the relatively complex EEG-fMRI-TMS apparatus we used in this chal-
lenging recording environment. The apparatus enabled us to perform
the tri-modal experiment to investigate our research question, but
limited us in the number of available EEG electrodes and thus our choice
of spatial filtering methods. Though we record EEG such that adjacent
electrodes are recorded as a hard-wired bi-polar pair, others have found
using more conventional recording techniques that associations be-
tween alpha and 10Hz TMS are seen using an average reference and not
linked ears [53,54]. This raises the possibility that using an average
reference may have yielded different results than the mastoid reference
used here. We did not further study alternative spatial filters to extract
the signal of interest. However, this is an area where we plan to conduct
additional investigations in future research. Another potential limitation
of our study that may have weakened observed effects is that the custom
EEG amplifier that we used for this complex recording environment was
not designed to recover quasi instantly as some commercially available
non-fMRI compatible amplifiers do.

5. Conclusion

Using simultaneous fMRI-EEG-TMS (fET) we find that the timing of
TMS relative to prefrontal alpha phase results in differential sgACC
functional and effective connectivity with the left DLPFC stimulation
site. TMS applied during the rising phase of the alpha wave has an
inhibitory effect on sgACC, while TMS during the falling phase has an
excitatory effect. In addition, we find evidence for EEG alpha dependent
BOLD activation in the rACC, at least in the MDD group. The findings
demonstrate that prefrontal alpha wave activity modulates top-down
influences from executive brain regions to anterior cingulate. More-
over, they suggest potential clinical applications whereby TMS that is
timed to internal brain rhythms could lead to more effective rTMS and
improve clinical outcomes. Future work should examine whether rTMS
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that is synchronized to alpha wave activity can improve clinical
outcomes.
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