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Multifocal tDCS targeting the resting state motor network increases cortical
excitability beyond traditional tDCS targeting unilateral motor cortex
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Scientists and clinicians have traditionally targeted single brain regions with stimulation to modulate brain
function and disease. However, brain regions do not operate in isolation, but interact with other regions through
networks. As such, stimulation of one region may impact and be impacted by other regions in its network. Here
we test whether the eﬀects of brain stimulation can be enhanced by simultaneously targeting a region and its
network, identiﬁed with resting state functional connectivity MRI. Fifteen healthy participants received two
types of transcranial direct current stimulation (tDCS): a traditional two-electrode montage targeting a single
brain region (left primary motor cortex [M1]) and a novel eight-electrode montage targeting this region and its
associated resting state network. As a control, 8 participants also received multifocal tDCS mismatched to this
network. Network-targeted tDCS more than doubled the increase in left M1 excitability over time compared to
traditional tDCS and the multifocal control. Modeling studies suggest these results are unlikely to be due to
tDCS eﬀects on left M1 itself, however it is impossible to completely exclude this possibility. It also remains
unclear whether multifocal tDCS targeting a network selectively modulates this network and which regions
within the network are most responsible for observed eﬀects. Despite these limitations, network-targeted tDCS
appears to be a promising approach for enhancing tDCS eﬀects beyond traditional stimulation targeting a single
brain region. Future work is needed to test whether these results extend to other resting state networks and
enhance behavioral or therapeutic eﬀects.

Introduction
Scientists and clinicians have traditionally used brain stimulation,
both invasive and noninvasive, to target single regions in order to
modulate brain function and disease (Nitsche and Paulus, 2000;
Nitsche et al., 2003; Fox et al., 2014; Wang et al., 2014; Eldaief
et al., 2013; Brunoni et al., 2012). Stimulating primary motor cortex,
for example, can increase corticospinal excitability (Nitsche and
Paulus, 2000; Horvath et al., 2014) and may improve motor symptoms

in stroke and Parkinson's Disease (Horvath et al., 2014; Schlaug et al.,
2008; Broeder et al., 2015). However, brain regions do not operate in
isolation; they communicate with other regions, through excitatory and
inhibitory interactions, in distributed brain networks (Siegel et al.,
2015; Yeo et al., 2011; Sporns et al., 2004; Grefkes and Fink, 2014;
Grefkes et al., 2008). It is likely that these network-level interactions
are inﬂuenced by stimulation of a single site, and inﬂuence the impact
of stimulation at that site (Fox et al., 2014; Wang et al., 2014; Chen
et al., 2013; Volz et al., 2015; Nettekoven et al., 2015; Polanía et al.,

Abbreviations: EEG, electroencephalography; FDI, ﬁrst dorsal interosseus muscle; fMRI, functional magnetic resonance imaging; M1, primary motor cortex; MEP, motor evoked
potential; tDCS, transcranial direct current stimulation; TMS, transcranial magnetic stimulation
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Fig. 1. Experimental design. Motor evoked potentials (MEPs) were assessed at baseline, and after tDCS at regular intervals (A). MEPs were elicited with neuro-navigated robotic TMS to
optimize accuracy/precision and minimize bias (B). For all sessions, electrodes were placed in identical locations, with electrical current applied through the electrodes in one of three
conﬁgurations (C): traditional tDCS (N = 15), network tDCS (N = 15), and network-mismatch tDCS (N = 8). Anodal stimulation is represented in red, cathodal stimulation in blue.

regions of a distributed brain network (Ruﬃni et al., 2014). One
popular tool for visualizing brain networks is resting state functional
connectivity MRI (rs-fcMRI), which identiﬁes functionally associated
brain areas through synchronous oscillations of spontaneous brain
activity (Yeo et al., 2011; Fox et al., 2005; Fox and Raichle, 2007).
Recently, we presented an algorithm for determining the optimal
placement and current output of multifocal tDCS electrodes to best
target a spatially distributed resting state network (Ruﬃni et al., 2014).
However, this algorithm was based on several assumptions regarding
tDCS-induced electric ﬁelds, the neurophysiological eﬀect of these
electric ﬁelds, and the interactions between brain regions within a
resting state network (Ruﬃni et al., 2014). Whether a multifocal tDCS
array targeting a brain network results in diﬀerent neurophysiological
eﬀects compared to traditional tDCS targeting a single brain region
remains to be tested experimentally.
Here, we conduct the ﬁrst test of network-targeted stimulation,
using multifocal tDCS to simultaneously stimulate left primary motor

2011). For example, transcranial magnetic stimulation (TMS) administered to brain regions connected to primary motor cortex alters
motor cortex excitability and its response to a subsequent TMS pulse
(Kujirai et al., 1993; Koch et al., 2007; Pinto and Chen, 2001). If one
simultaneously stimulated multiple brain regions connected to primary
motor cortex, this could result in a larger eﬀect on motor cortex
excitability than stimulating motor cortex alone.
One type of brain stimulation potentially well-suited for targeting a
distributed brain network is transcranial direct current stimulation
(tDCS) (Ruﬃni et al., 2014; M.A. Nitsche and Paulus, 2000; Polanía
et al., 2011; Polanía et al., 2012; Kuo et al., 2013). Traditionally, tDCS
involves two electrodes placed on the scalp surface: a positively charged
anode (thought to enhance excitability of underlying cortex) and a
negatively charged cathode (thought to suppresses excitability of
underlying cortex) (Nitsche et al., 2008). More recently, high-density
multi-electrode tDCS arrays have become available (Caparelli-Daquer
et al., 2012) and could be used to simultaneously stimulate multiple
35
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Materials and methods

cortex (M1) and its associated network, deﬁned using resting state
functional connectivity MRI. We selected the motor network for our
initial experiments as tDCS eﬀects on motor cortex excitability are
reproducible, quantitative, objective, and potentially therapeutically
valuable (Broeder et al., 2015; Wu et al., 2009; Horvath et al., 2014).
We selected rs-fcMRI as our tool for deﬁning the motor network
because the spatial topography of the resting state motor network is
highly consistent across individuals (Mueller et al., 2013), rs-fcMRI
identiﬁes positive and negative correlations that can guide placement
of anodes and cathodes (Fox et al., 2005; Ruﬃni et al., 2014), and rsfcMRI can be used to deﬁne nearly any brain network (Fox and Raichle,
2007; Yeo et al., 2011), making the current approach potentially useful
for targeting networks outside the motor system.

Participants and study design
Fifteen healthy, right-handed volunteers (11 men, 4 women; ages
33.8 ± 17.8 years) participated in this study. All 15 participants
underwent tDCS in two diﬀerent conﬁgurations: traditional tDCS
(single anode over left M1 and single cathode over the contralateral
supraorbital region) and network tDCS (8 electrodes conﬁgured to
stimulate multiple regions in the network of left M1). To control for
non-speciﬁc eﬀects of multifocal tDCS, a subset of these individuals (6
men, 2 women; ages 27.0 ± 15.6 years) additionally underwent network-mismatch tDCS (8 electrodes conﬁgured to excite left M1 but
suppress remaining regions of the motor network). Only a subset of
participants received network-mismatch tDCS because this control
condition was added after many participants had already completed
the experiment and we wished to counterbalance session order. Each

Fig. 2. Traditional versus network tDCS. The hand area of left M1 (A) was targeted by traditional tDCS (B). The left M1 hand area and regions functionally connected to the left M1 hand
area (positive correlations in red, negative correlations in blue), constituting the motor network (C), were targeted by network tDCS (D). For both traditional tDCS (B) and network tDCS
(D), the electrode montage (anodes in red, cathodes in blue), normal / perpendicular component of the electric ﬁeld (entering cortex in red, exiting cortex in blue), and electric potential
are displayed. The electric potential shows the direction in which current will ﬂow (from positive to negative), regardless of particular neuroanatomy. Both conditions shared identical
electrode placements, diﬀering only in which electrodes injected current. Network tDCS increased motor excitability compared to traditional tDCS (N = 15) (E). Data are normalized to
baseline; for un-normalized data see Fig. S3. Error bars represent standard error of the mean.
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sion: standard six movement parameters, mean whole brain signal,
mean brain signal within the lateral ventricles, and the mean signal
within a deep white matter ROI. The ﬁrst temporal derivatives of these
regressors were included within the linear model to account for timeshifted versions of spurious variance. Seed-based functional connectivity analysis was performed by extracting spontaneous ﬂuctuations in
fMRI activity from the left M1 hand ROI, then computing the Pearson's
correlation between this extracted time course and the time course of
all other brain voxels. Results were combined across the 98 subjects by
converting r values to Fisher z values and performing a random eﬀects
analysis (Student's T-test).
The result of this analysis is a map of resting state functional
connectivity with the left M1 hand region. The map includes positive
correlations over the bilateral primary motor cortex, as reported
previously (Yeo et al., 2011; Biswal et al., 1995; Fox and Raichle,
2007), and negative correlations over the prefrontal and parietal
cortices (Fig. 2C). The functional signiﬁcance of negatively correlated
brain regions remains a matter of debate (Fox et al., 2009; Murphy
et al., 2009), but may reﬂect brain regions with opposing functions
(Fox et al., 2005). Peak coordinates in this rs-fcMRI map were
identiﬁed using an automated peak search algorithm with a t score
threshold of > 4.25 or < −0.4.25 (Table S1).
Based on this left M1 rs-fcMRI map, we then used an algorithm
(Ruﬃni et al., 2014) to identify an 8 electrode conﬁguration (based on
the 10/10 EEG system) that would produce an electric ﬁeld optimally
matched to this network map (StimWeaver, Neuroelectrics). The
details of this algorithm and the ﬁnite element model upon which it
is based have been published previously (Ruﬃni et al., 2014; Miranda
et al., 2013). Brieﬂy, MRI data from the publically available Colin27
brain was segmented into 5 diﬀerent tissues (scalp, skull, cerebrospinal
ﬂuid, grey matter and white matter; Fig. S2) using freeware tools
(Freesurfer, www.freesurfer.net; ITK-Snap, http://www.itksnap.org/;
and SPM 8, http://www.ﬁl.ion.ucl.ac.uk/spm/ with the toolbox MARS,
http://neuralengr.com/mars/). The segmentation masks were
processed for continuity and smoothed using scripts written in
Matlab (www.mathworks.com). The electrodes were modeled as
cylinders with a radius of 1 cm and a thickness of 3 mm,
representing the conductive gel beneath the electrode cap. A volume
FE mesh with ~4.8 million tetrahedral second order elements was
created using Iso2Mesh (http://iso2mesh.sourceforge.net/), a Matlab
toolbox. The mesh was imported into Comsol (www.comsol.com)
where the E-ﬁeld calculations were performed. All tissues were
considered homogeneous and isotropic.
A genetic algorithm was then used to identify the location of
electrodes within the 10-10 EEG grid system, and the current to
administer through each electrode, to best match the spatial topography of the rs-fcMRI motor network (Ruﬃni et al., 2014). This
algorithm matched the components of the electric ﬁeld entering the
cortex at a normal (i.e., perpendicular) angle (thought to be excitatory)
to positive correlations in the motor network map, and components of
the electric ﬁeld exiting the cortex at a normal angle (thought to be
inhibitory) to the negative correlations. The ideal solution was the one
that minimized error relative to no intervention (ERNI), a goodness of
ﬁt measure (Ruﬃni et al., 2014). The tDCS algorithm was constrained
by safety parameters, in which the total injected current could not
exceed 4 mA, and no more than 2 mA could be injected per electrode,
consistent with the safety limits of the Starstim device. The algorithm
identiﬁed the optimal electrode conﬁguration and amperage to be:
872 uA from C1, 888 uA from C2, 1135 uA from C3, 922 uA from C4,
−1843 uA from Fz, −1121uA from P3, −1036uA from P4, and 183uA
from T8 (4 mA total; Fig. 2D).

session was held on separate days at least 48 h apart. Session order was
counter-balanced between participants, including those that received
all three stimulation conditions. Each session consisted of a baseline
measurement of motor excitability, application of tDCS, and reassessment of motor excitability at regular intervals (Fig. 1). We screened
participants for adverse eﬀects of brain stimulation at the start and end
of each session. This study was approved by the Beth Israel Deaconess
Medical Center Institutional Review Board, and written informed
consent was obtained from all participants.
tDCS intervention
In each session, we applied traditional tDCS, network tDCS or
network-mismatch tDCS (see montage details below). For all conditions, we delivered tDCS through the Starstim tDCS system
(Neuroelectrics, Barcelona, Spain), using 3.14 cm2 Ag/AgCl gelled
electrodes placed into holes of a neoprene cap corresponding to the
international 10/10 EEG system, with the central Cz position aligned to
the vertex of the head. For all three conditions, we placed electrodes at
C1, C2, C3, C4, Fz, P3, P4, T8 and Fp2, although only a subset of these
electrodes was used in any one stimulation condition. As such, the cap,
gel and electrode placement were identical for all conditions; only the
amount of current delivered through each electrode varied. Current
was delivered through each electrode via a wireless neurostimulator.
For all conditions, tDCS was applied for 10 min, preceded by a 30 s
ramp up period and followed by a 30 s ramp down period. Mild
tingling, warmth and/or itching were experienced in all conditions.
Traditional tDCS montage
For traditional tDCS, we delivered a total of 2 mA: 2 mA through C3
(the left M1 anode) and −2 mA through Fp2 (the contralateral
supraorbital cathode) (Fig. 2B, Fig. S1). We intentionally placed
electrodes at standard EEG electrode positions (e.g. C3) instead of
individualized positions (e.g. over the motor hotspot), for three
reasons. First, this C3-FP2 montage has been used in prior studies to
target left M1 (Hanley et al., 2015; Noetscher et al., 2014; Laakso et al.,
2015). Second, standardized positioning facilitates modeling of the
associated electric ﬁelds (Miranda et al., 2013) and thus our optimization algorithm for matching a tDCS conﬁguration to a functional
connectivity map (Ruﬃni et al., 2014). Finally, our goal was to test a
generalizable approach to network-targeted stimulation that could
potentially be applied to any cortical network, and individualized
hotspots are diﬃcult to identify outside of the motor system.
Network tDCS montage. Generating our network tDCS montage
consisted of two main steps: 1) identifying the left M1 resting state
functional connectivity (rs-fcMRI) map and 2) ﬁnding an electrode
montage that best matches this network map.
First, we used rs-fcMRI to identify the brain network associated
with the left M1 hand area. To do so, we deﬁned a region of interest
(ROI) in the left M1 hand area: we used a 6 mm radius sphere based on
ROI sizes in prior rs-fcMRI experiments (Fox et al., 2005), and
centered the sphere on Montreal Neurological Institute (MNI) coordinates from a prior study of fMRI activation for right hand movements
(x=−41, y=−20, z=62; Fig. 2A) (Buckner et al., 2011). We then used
this left M1 ROI as a “seed region” to generate a rs-fcMRI map, using
an existing rs-fcMRI dataset from 98 healthy, right handed individuals
(48 males, ages 22 ± 3.2 years). Details of this dataset and its
associated processing have been reported previously (Fox et al.,
2012a). Brieﬂy, subjects were instructed to rest quietly in an MRI
scanner while spontaneous ﬂuctuations in brain activity were measured. Rs-fcMRI preprocessing steps included spatial smoothing with a
6 mm full-width at half-maximum Gaussian kernel, temporal ﬁltering
(0.009–0.08 Hz) and the removal of the following variables by regres-

Network-mismatch tDCS montage. As a control multifocal
stimulation condition, network-mismatch tDCS was conﬁgured to
keep left M1 stimulation similar to or higher than that of network
tDCS, while opposing the remaining motor network. The network37
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Fig. 3. Network versus network-mismatch tDCS. The electrode conﬁguration and electric potentials of network tDCS (A) and network-mismatch tDCS (B), with anodes in red and
cathodes in blue. Both conditions shared identical electrode placements, diﬀering only in injected current. Network tDCS increased motor excitability, whereas network-mismatch tDCS
did not (n = 8) (C). Data are normalized to baseline; for un-normalized data see Fig. S4. Error bars represent standard error of the mean.

Cortical excitability measures

mismatch conﬁguration controlled for the higher total injected current
(4 mA) of network tDCS, and for potential multifocal scalp sensations.
We maintained the currents at C1 and C3, and for the remaining 6
electrodes, reversed the polarity from that of network tDCS, such that
anodes became cathodes (suppressing positively correlated nodes), and
cathodes became anodes (exciting negative correlated nodes). To
ensure current conservation, we adjusted the currents for these
reversed electrodes, maintaining proportions between cathodes and
between non-left M1 anodes (i.e., C2, C4 and T8 were proportionately
scaled from network tDCS, as were Fz, P3 and P4). Thus, networkmismatch tDCS was delivered as follows: 872 uA from C1, −1782 uA
from C2, 1135 uA from C3, −1851uA from C4, 919 uA from Fz, 559 uA
from P3, 515 uA from P4, and −367uA from T8 (4 mA total; Fig. 3B).

We assessed how each tDCS conﬁguration aﬀected cortical excitability by applying TMS to left and right M1 to elicit muscle contractions from the contralateral hand. The strength of the muscle contraction was recorded as a MEP, the amplitude of which reﬂects cortical
excitability from the targeted M1 region (Bestmann and Krakauer,
2015).
We used a ﬁgure-of-8 TMS coil (Model Cool-B65; MagPro X100,
MagVenture, Atlanta, Georgia, USA) to ﬁnd left and right hand motor
hotspots, deﬁned as the optimal cortical locations to elicit MEPs from
the contralateral ﬁrst dorsal interosseus muscle (FDI). We held the
TMS coil tangential to the head, with the handle rotated approximately
45° away from the midsagittal plane, and delivered single pulses at
suprathreshold intensity in ~1 cm intervals. MEPs were measured
using surface electromyography, with gelled electrodes positioned over
the belly and tendon of the left and right FDI muscle, and recorded at
4 kHz with a band-pass ﬁlter of 0.3–1000 Hz, a 5 mV range, a 200 ms
timespan of 1024 samples, and a 60 Hz notch and mains ﬁlter (Scope,

We generated all electric ﬁeld and electric potentials for ﬁgures with
modeling
software
(Neuroelectrics
Instrument
Controller,
Neuroelectrics).
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Data analysis

PowerLab 4/25 T, Ad instruments, Colorado Springs, Colorado, USA).
The location and position of the left and right hand motor hotspots
were recorded using a neuronavigation system (Localite, Sankt
Augustin, Germany) (Santarnecchi et al., 2014). Because most participants did not have their own MRI, a standard MRI brain atlas
(MNI152) was used to record the motor hotspots. The use of a standard
brain with neuronavigation allows for reproducible positioning of the
TMS coil, but does not allow one to relate the hotspot to individual
anatomy. Four participants had their own MRI from participation in a
prior experiment, and in these cases the participant's own MRI was
used for neuronavigation.
After identifying the motor hotspots, we applied the tDCS cap with
the stimulation electrodes inserted, and administered electrically
conductive gel beneath each electrode with a syringe. We then used a
TMS-robot (Axilum, Strasbourg, France) to position the TMS coil over
the previously deﬁned left and right stimulation sites at the previously
deﬁned orientations (Supplemental Video 1), the ﬁrst use of such
technology to assess tDCS eﬀects. The robotic TMS not only optimized
stimulation accuracy and precision (Ginhoux et al., 2013; Richter et al.,
2013), which can improve MEP measurements (Toschi et al., 2009),
but also eliminated any bias associated with hand-held TMS administration. The TMS-robot held the same TMS coil model used to ﬁnd the
optimal stimulation sites. We adjusted the force sensitivity of the TMSrobot to accommodate the cap and electrodes beneath the coil. TMS
was applied over/through the tDCS cap as in prior neuronavigated
TMS/tDCS experiments to avoid introducing error into the neuronavigation (Santarnecchi et al., 2014). Speciﬁcally, placing and removing
the tDCS cap between TMS measurements could displace the subject
tracker, resulting in small oﬀsets in the TMS coil position.
Supplementary material related to this article can be found online
at doi:10.1016/j.neuroimage.2017.05.060.
Using the robot-administered TMS, resting motor thresholds were
computed for both the left and right M1, deﬁned as the minimum TMS
intensity required to elicit a peak-to-peak MEP amplitude ≥50 uV in at
least 50% of 10 consecutive trials. TMS intensity was increased to 120%
of the resting motor threshold, then adjusted to elicit MEPs of 1–
1.5 mV (or until maximum stimulator output was reached). Five of our
15 participants required maximum stimulator output at some point
during the experiment (3 required max output for both traditional and
network tDCS, 1 for network tDCS only, and 1 for traditional tDCS
only).
To assess baselines, we used the TMS-robot to deliver 60 single
pulses of TMS at the previously determined intensities to each the left
and right motor cortices. Baselines were collected in 2 sets of 30,
alternating between the left and right hemispheres. All TMS pulses
were administered from an automated system that randomly jittered
the TMS pulse intervals, such that pulses occurred anywhere between 5
and 10 s apart. For all MEPs, we instructed participants to keep their
eyes open and hands relaxed. EMG activity was monitored in real time
to ensure muscles were relaxed prior to each TMS assessment. If EMG
activity was present, subject's hands were repositioned and relaxation
instructions were repeated. We reassessed cortical excitability from
both hemispheres immediately after tDCS was complete, 15 min after,
30 min after and 60 min after. At each time point, we delivered 30,
jittered, single pulses of TMS to the left, then the right, motor cortices.
We recorded the peak-to-peak amplitude of each MEP. In rare cases (
< 5% of all blocks), muscle activation was observed between TMS
pulses during MEP acquisition. In such cases, the TMS assessment was
stopped, all MEPs for that time point were deleted, and 30 MEPs were
re-acquired after repeating relaxation instructions. These events almost
always occurred during baseline (pre-tDCS) assessment as subjects
learned proper hand positioning and relaxation. Participants usually
remained seated between measurement periods, but were permitted to
stand, walk, and use the bathroom if necessary.

For each participant, tDCS session, and hemisphere, MEPs were
averaged at each time point. The ﬁrst MEP for each time point was
excluded, but all other MEPs were included with no post-hoc processing or exclusions. To assess diﬀerences between stimulation conditions, considering all time points and both hemispheres, we used a
mixed eﬀect linear regression model (SAS Institute Inc., Cary, North
Carolina, USA). This approach was selected over the more common
analysis of variance (ANOVA) because the linear regression model 1)
accounts for the continuity of time (i.e. time points occurring in a
speciﬁc order) and 2) better accounts for inter-subject variability in
baseline MEP (Fitzmaurice et al., 2011). Our linear model included a
random intercept for each participant, and ﬁxed eﬀects terms for main
eﬀects of baseline MEP, hemisphere, condition (traditional tDCS vs
network tDCS vs network-mismatch tDCS), time (minutes from tDCS)
and the interactions of time x hemisphere, time x condition, and time x
hemisphere x condition. Baseline MEP was included as a ﬁxed eﬀect
rather than just another time point so tDCS response would be assessed
relative to this baseline. This is similar to MEP normalization often
used in tDCS analysis, i.e. computing the ratio between post tDCS and
baseline MEPs (M.A. Nitsche and Paulus, 2000; Horvath et al., 2014).
However, our approach has the advantage of accounting for variance in
tDCS response as a function of baseline MEP, a relationship which has
been previously observed (Wiethoﬀ et al., 2014; Tremblay et al., 2016).
Including baseline MEP as a ﬁxed eﬀect controls for this variance,
allowing us to better identify diﬀerences between stimulation conditions. The same model parameters were used to compare traditional
tDCS to network tDCS (in all 15 participants), network tDCS to
network-mismatch tDCS (in the subset of 8 participants) and traditional tDCS to network-mismatch tDCS (in the subset of 8 participants). All tDCS conditions could not be incorporated simultaneously
into a single model, as each contained diﬀerent numbers of participants. We evaluated signiﬁcant eﬀects post hoc using stratiﬁed
analyses, entering data from each hemisphere and each condition
separately into the linear model. All statistics were computed using the
raw MEP data, which were found to be normally distributed (more so
than data normalized to baselines) and thus appropriate for the above
statistical analysis. For display purposes, each MEP time point was
expressed as a ratio to its respective baseline. Such normalization
allows for easier visual comparison between conditions and conforms
to convention in the tDCS literature (Lang et al., 2004). Time courses
from the raw MEP data are presented as supplemental material.
In a post-hoc analysis, we tested whether diﬀerences in muscle
activity just prior to each TMS pulse could explain our MEP results. We
focused our analysis on the most relevant conditions and time points
(traditional tDCS versus network tDCS eﬀects in left M1, baseline
versus 60 min post-tDCS). The root-mean-square (RMS) of the EMG
for the 50 msec prior to each TMS pulse was computed. Pre-trigger
EMG was averaged for the 60 baseline pulses for each subject and the
30 pulses at 60 min post-tDCS. Time points and conditions were
compared using paired t-tests (two-tailed).
Post-hoc modeling of tDCS and individual diﬀerences
To aid in interpretation of results, we performed several modeling
analyses. First, we used our Colin27 head model to estimate the electric
ﬁeld (both total magnitude and normal component) for each of our
three tDCS montages. The goodness of ﬁt between our target network
(i.e., the rs-fcMRI motor network) and the electric ﬁeld produced by
each of our three tDCS montages was computed using two goodness-ofﬁt measures as in prior work (Ruﬃni et al., 2014): the error relative to
no intervention (ERNI), and the weighted cross correlation coeﬃcient
(WCC). A closer match between the electric ﬁeld and the target network
results in a smaller / more negative ERNI and a WCC closer to 1. To
estimate the local eﬀects of our tDCS montages on left M1 itself, we
39
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computed the electric ﬁeld (total and normal component) within our
left M1 ROI, deﬁned by the same 6 mm cortical sphere used to generate
the rs-fcMRI motor network.
To ensure that these modeling results, based on a head model from
a standard reference brain and group-averaged rs-fcMRI data, generalize to individual participants, we repeated all analyses using individualized MRI data from 4 participants in the present experiment.
These four participants completed an MRI scan (GE 3 T HDX scanner)
including structural and rs-fcMRI sequences as part of a separate prior
experiment. T1-weighted structural images were acquired via a 3Dturbo ﬁeld echo sequence (TE= 2.9 ms, ﬂip angle=15°, 0.94 × 0.94 ×
1 mm voxels). Each subject completed three 6.4 min long resting state
fMRI scans (124 volumes, TR=3200 ms, TE=30 ms, ﬂip angle=90°,
3.75 × 3.75 × 3 mm voxels). BOLD imaging employed fat saturation to
minimize signal loss and Array Spatial Sensitivity Encoding Technique
(ASSET) with acceleration factor 2 to minimize geometric distortion.
During the resting state fMRI scans the subjects were asked to lay as
still as possible and stare at a ﬁxation cross.
Anatomical MRI data was used to generate four individualized
ﬁnite element models using the same procedure described above for
the Colin27 brain (Fig. S2) (Ruﬃni et al., 2014; Miranda et al., 2013).
Rs-fcMRI data was processed using the procedures described above,
and individualized rs-fcMRI motor networks were identiﬁed for these
four participants. Finally, individualized left M1 ROIs were deﬁned
along the pre-central gyrus based on the anatomical location of the
hand knob. Using this individualized data, the electric ﬁeld intensity
within the left M1 ROI, and the ﬁt between the tDCS electric ﬁelds and
rs-fcMRI motor network, were calculated for each of the four participants.

signiﬁcant time x condition x hemisphere interaction (b = 0.012, t(218)
= 3.68, p < 0.001).
Focusing speciﬁcally on left M1, network tDCS induced a greater
rise in excitability over time (condition x time interaction in left M1, b
= −0.02, t(101) = −4.89, p < 0.0001), with a trend towards a main
eﬀect of condition (b = −0.23, t(101) = −1.83, p = 0.07). At the last
time point, one hour after stimulation, the increase in left M1
excitability following network tDCS was more than double the increase
following traditional tDCS (47% vs 19% increase) and still rising
(Fig. 2E).
In right M1, there was a similar trend towards greater excitability
following network tDCS (main eﬀect of condition: b = −0.23, t(101) =
−1.80, p = 0.08), but no signiﬁcant condition x time interaction (b =
−0.01, t(101) = −1.28, p = 0.20).
Stratiﬁed by condition, there was a main eﬀect of hemisphere in
both traditional tDCS (b = −0.27, t(101) = −2.42, p < 0.05) and
network tDCS (b = −0.29, t(101) = −2.24, p < 0.05), whereby both
conditions increased left M1 excitability above right M1 excitability.
Network tDCS also increased cortical excitability more steeply in left
M1 than in right M1 (time x hemisphere interaction in network tDCS, b
= −0.01, t(101) = −3.29, p < 0.01). A full report of statistical outputs
for traditional and network tDCS can be found in Table S2.
In the subset of participants who underwent the control experiment, we compared network tDCS to network-mismatch tDCS.
Network-mismatch tDCS was designed to maintain left M1 stimulation
and total injected current of network tDCS, but oppose rather than
bolster the remaining motor network (Fig. 3A, B). Network-mismatch
tDCS did not induce the same elevation in left M1 excitability as
network tDCS (Fig. 3C, Fig S4). Statistically, there was a signiﬁcant
main eﬀect of condition, whereby network-mismatch tDCS resulted in
cortical excitability below that of network tDCS (b = −0.33, t(113) =
−2.96, p < 0.005); there were no signiﬁcant main eﬀects of time or
hemisphere, nor were there signiﬁcant interactions. Considering each
hemisphere individually, a main eﬀect of condition was present in right
M1 (b = −0.41, t(52) = −2.29, p < 0.05), which was expected given the
reversed polarity of stimulation there, but also in left M1 (b = −0.29,
t(52) = −2.31, p < 0.05), where the delivered stimulation was nearly
identical between conditions.
Comparing network-mismatch tDCS to traditional tDCS (Fig. S5),

Results
We compared traditional two-electrode tDCS targeting the left M1
(Fig. 2A, B) to “network” tDCS targeting the left M1 and its associated
resting state network (Fig. 2C, D). Network tDCS increased cortical
excitability beyond that seen with traditional tDCS (Fig. 2E, Fig. S3).
Statistical analysis revealed signiﬁcant main eﬀects of time (b = 0.019,
t(218) = 7.72, p < 0.0001), condition (b = −0.22, t(218) = −2.45, p <
0.05), and hemisphere (b = −0.27, t(218) = −2.97, p < 0.01), with a

Fig. 4. Individualized motor networks and electric ﬁelds. The motor network (A) and modeled electric ﬁelds for our three tDCS montages (B) were determined using subject-speciﬁc
MRI data for a subset of 4 participants. Results from one representative subject are shown here (see Fig. S6, Fig. S7 for other subjects). Both the normal component (top row) and the
total magnitude (bottom row) of the modeled electric ﬁeld are displayed. The ﬁt between each subject's motor network and their individualized electric ﬁelds was computed using a
weighted cross-correlation coeﬃcient (WCC), averaged across the four participants (C). The normal component of the electric ﬁeld from network tDCS best matches the motor network.
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Discussion

there was a signiﬁcant main eﬀect of condition, with network-mismatch tDCS suppressing cortical excitability below that of traditional
tDCS (b = 0.26, t(113) = 2.27, p < 0.05). This eﬀect was signiﬁcant in
left M1 alone (b = 0.30, t(52) = 2.05, p < 0.05), with a trend towards
signiﬁcance in the right M1 alone (b = 0.27, t(52) = 1.85, p = 0.07).
Thus, network-mismatch tDCS not only failed to elevate left M1
excitability to the same extent as network tDCS, but it eﬀectively
suppressed the elevation in left M1 excitability normally induced by
traditional tDCS. A full report of statistical outputs for networkmismatch tDCS and its comparisons can be found in Table S3.
There was no carry over of excitability changes between sessions.
Speciﬁcally, there were no signiﬁcant diﬀerences in baseline excitability
in the LM1 (p = 0.89) or RM1 (p = 0.88) between the ﬁrst and second
sessions, even if network tDCS was performed ﬁrst (LM1, p = 0.88;
RM1, p = 0.63). There was no diﬀerence in muscle activity prior to the
TMS pulses at time points showing the largest MEP eﬀects. Speciﬁcally,
pre-trigger EMG activity in LM1 was similar at baseline versus 60 min
post-tDCS for both the traditional tDCS (0.035 mV vs 0.032 mV, p =
0.56) and network tDCS conditions (0.027 mV vs 0.031 mV, p = 0.35)
and was similar at 60 min post-tDCS directly comparing the traditional
and network tDCS conditions (0.032 mV vs 0.031 mV, p = 0.90).
To aid in interpretation of the above results, we created ﬁnite
element head models for four individual participants using the same
procedure initially used for the Colin27 brain (Fig. S2). We used these
models to compute the total electric ﬁeld (Fig. S6) and normal
component of the electric ﬁeld (Fig. S7) for our three tDCS montages.
Results for a representative subject are shown (Fig. 4). We estimated
the ﬁt of each modeled electric ﬁeld to the left M1 motor network
deﬁned by subject-speciﬁc resting state functional connectivity
(Fig. 4C, Table S4, S5, S6). We also computed the strength of the
modeled electric ﬁeld within subject-speciﬁc left M1 hand knobs
(Fig. 5, Fig. S8, Table S7).
The normal component of the electric ﬁeld from network tDCS
provided the best match to the left M1 motor network (compared to
other tDCS montages or the total electric ﬁeld magnitude). In contrast,
network tDCS resulted in smaller electric ﬁeld magnitudes within the
left M1 hand knob compared to the other tDCS montages (Fig. 5C).
These modeling results were consistent across the ﬁve ﬁnite element
head models (Colin27 and 4 models from individual subjects; Fig. S8).

Here we show that a multifocal tDCS montage designed to stimulate
the distributed brain network of left M1, rather than just left M1 alone,
resulted in a greater increase in left M1 excitability over time. This was
not due to multifocal stimulation per se, as a multifocal array designed
to stimulate left M1 but inhibit the remaining network suppressed the
excitatory eﬀect of traditional left M1 stimulation. These proof of
concept results suggest that the eﬀects of stimulating a target brain
region may be augmented by simultaneously targeting other components of that region's network.
Our results following conventional two-electrode tDCS are consistent with prior reports (Nitsche and Paulus, 2001; Horvath et al.,
2014). Anodal tDCS with similar parameters produces a ~20% increase
in motor excitability that is speciﬁc to the stimulated hemisphere and
can persist for an hour after stimulation (Nitsche and Paulus, 2001;
Horvath et al., 2014). The slightly weaker eﬀects of bifocal tDCS in the
current study may be due to the positioning of the anode over C3 rather
than the speciﬁc motor hotspot or the use of robot-administered TMS,
which may reduce bias in MEP assessment. It is worth noting that the
current experiment is the ﬁrst to use robot-administered TMS to assess
tDCS eﬀects, but conﬁrms results from prior studies in which the
experimenter holding the TMS coil was not always blinded to the tDCS
condition (Horvath et al., 2014).
Network tDCS resulted in very diﬀerent eﬀects on motor excitability
compared to traditional tDCS. Although both conditions resulted in a
similar increase in left M1 excitability immediately after tDCS, the
curves then diverged, with network tDCS causing signiﬁcantly greater
increases in excitability over time. In fact, excitability was still
increasing at our last time point, 60 min after stimulation. There was
no evidence of persistent eﬀects when participants returned for their
next stimulation session (at least 48 h later), however beyond this the
duration of network tDCS eﬀects remains unknown.
We are aware of two prior tDCS experiments that found delayed
and enhanced increases in motor excitability (Kuo et al., 2013; Nitsche
et al., 2004). The ﬁrst examined the eﬀect of the GABA agonist
lorazepam on excitability changes induced by traditional two-electrode
tDCS (Nitsche et al., 2004) while the second examined the eﬀect of
using a single anode surrounded by a ring of 4 cathodes (Kuo et al.,
2013). Both observed slow increases in excitability that peaked 25–

Fig. 5. Electric ﬁeld strength within the left hand knob does not explain tDCS eﬀects. The left M1 hand knob was identiﬁed from the structural MRIs of 4 participants (A); a
representative subject is depicted here (see Fig. S8 for other subjects). The normal component (top row) and total magnitude (bottom row) of the electric ﬁeld was computed for each
tDCS montage, displayed with the left M1 magniﬁed (B). The electric ﬁeld strength within the left M1 hand knob was computed and averaged across the 4 participants (C). Field strength
within left M1 was weaker for network tDCS compared to the other 2 montages.
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cally to impact connected brain region (Kujirai et al., 1993; Koch et al.,
2007; Pinto and Chen, 2001; Hanajima et al., 2004), tDCS is thought to
modulate resting membrane potentials, changing the probability of
neuronal ﬁring rather than directly inducing action potentials (Nitsche
and Paulus, 2000; Bindman et al., 1962). However, neurons are
spontaneously active, thus any change in the probability of ﬁring
changes the number of spontaneous action potentials (Bindman et al.,
1962), which could propagate and impact connected brain regions.
Another possibility is that connected brain regions within a network
counteract the eﬀects of tDCS to any single region, similar to ﬁndings in
stroke (Grefkes and Fink, 2014). Simultaneously modulating connected
regions could interfere with this compensatory process, enhancing and
prolonging tDCS eﬀects. Finally, given recent evidence that single
pulses of TMS alone can increase MEP amplitude over time (Pellicciari
et al., 2015), it is possible that the diﬀerent tDCS interventions
interacted with the TMS to produce the diﬀerent excitability changes.
Obviously, these mechanistic explanations are speculative and additional work is needed to better understand our observed eﬀects.
The current experiment focused on electrophysiology / MEPs
because that is the best-validated measure of tDCS-induced eﬀects
(Nitsche and Paulus, 2000; Horvath et al., 2014). Future research may
beneﬁt from studying other outcome measures such as brain imaging
or behavior. For example, several neuroimaging measures have been
used to assess tDCS eﬀects (Polanía et al., 2011; Zheng et al., 2011;
Stagg and Nitsche, 2011) and might be useful in assessing the spatial
speciﬁcity of network tDCS. Similarly, the clinical relevance of network
tDCS depends on showing an impact on behavior. Behavioral eﬀects
following tDCS are often highly variable (Horvath et al., 2014, 2015;
Hashemirad et al., 2016), however the enhanced electrophysiological
eﬀects observed here could potentially translate into enhanced behavioral or therapeutic eﬀects. We believe both are possible, as prior work
has correlated increases in MEPs with behavior (Garry et al., 2004) and
therapeutic beneﬁt (Fregni et al., 2006; Kim et al., 2006).
There are several additional limitations which should be noted.
First, while participants were blinded and robot-administered TMS was
used to reduce bias, the experimenter administering tDCS was not
blinded to the stimulation condition. Second, the adequacy of the
participant blinding was not directly assessed, thus participants may
have theoretically noticed diﬀerent scalp sensations between stimulation conditions. However, the two multifocal arrays were matched for
total current and electrode size/location, scalp sensations are generally
not altered by the location of injected current (Fertonani et al., 2015;
Garnett and den Ouden, 2015), and participants were unaware of each
condition's hypothesized eﬀect. Third, only 8 of our 15 participants
completed the control experiment using network-mismatch tDCS. This
number was suﬃcient to demonstrate signiﬁcant diﬀerences between
network tDCS and traditional tDCS, but given this lower sample size
eﬀects of network-mismatch tDCS should be interpreted with caution.
Finally, the electrode conﬁgurations used here were based upon one
tDCS modeling approach (Ruﬃni et al., 2014). While the present
results suggest this approach may have predictive value, alternative
modeling techniques may result in diﬀerent, and perhaps superior,
solutions (Datta et al., 2009; Miniussi et al., 2013).
Future work is needed to determine whether the enhanced eﬀects of
network tDCS on the motor network generalize to other brain networks. It remains unknown whether the stimulation augmentation we
observed is idiosyncratic to the motor network, or is attributable to
network stimulation more generally. Fortunately, resting state functional connectivity can identify a network associated with any brain
region (Fox et al., 2005, 2006; Fox and Raichle, 2007), and the
algorithm applied here can identify a multifocal electrode array
matched to any brain network (Ruﬃni et al., 2014). In cases where a
single brain region is targeted for neuromodulation – e.g., the
dorsolateral prefrontal cortex for depression (Pascual-Leone et al.,
1996) – simultaneously targeting other components of that region's
network may enhance the neuromodulatory eﬀects. In cases where

30 min after the stimulation, exceeding the typical duration and
magnitude of bifocal tDCS. In both cases, the mechanism was unclear,
however one study reasoned that connected brain regions outside M1
must play a role (Nitsche et al., 2004). This interpretation is consistent
with the present study, in which remote but connected brain regions
were directly targeted with tDCS. To our knowledge, no prior tDCS
experiment has observed electrophysiological eﬀects that were still
increasing 60 min after the end of stimulation. If replicated in patients,
longer lasting tDCS eﬀects could prove valuable for therapeutic
applications.
Though network tDCS in this study was designed to enhance left
M1 excitability, there was a trend towards simultaneous enhancement
of right M1 excitability. This bilateral enhancement runs counter to
models of interhemispheric inhibition (Ferbert et al., 1992), and tDCS
experiments aimed at improving unilateral motor function by exciting
one motor cortex while inhibiting the other (Lindenberg et al., 2010;
Lefebvre et al., 2013; Mahmoudi et al., 2011; Vines et al., 2008). While
such montages may facilitate stroke recovery, tDCS experiments in
healthy subjects using MEP to measure motor excitability are consistent with the present results (O’Shea et al., 2014; Mordillo-Mateos
et al., 2012). Speciﬁcally, moving the cathode from the supraorbital
region to contralateral M1 reduces (rather than enhances) the MEP
increase from ipsilateral M1 under the anode (O’Shea et al., 2014;
Mordillo-Mateos et al., 2012). Our results are also consistent with the
only study to apply anodal stimulation to bilateral M1, which resulted
in bilateral improvement in motor function (Gomes-Osman and FieldFote, 2013). Although further work is needed to understand the
relationship between interhemispheric inhibition and tDCS, our results
suggest that bilateral increases in cortical excitability are possible. Such
eﬀects may prove valuable in diseases where bilateral improvements in
function are desired, such as Parkinson's disease (Nitsche et al., 2003;
Broeder et al., 2015; Gomes-Osman and Field-Fote, 2013).
Our post-hoc modeling aids in interpretation of our electrophysiological results in two ways. First, the modeling shows that our network
tDCS array, designed using a reference brain and group-average
functional connectivity, is applicable to individual participants with
their own anatomy and connectivity (see Fig. 4). Across these four
participants, network tDCS provided the best ﬁt to their individualized
resting state motor network compared to the other montages. Whether
tDCS arrays customized to each individual's anatomy and functional
connectivity results in stronger eﬀects remains unknown. Second, our
modeling suggests that diﬀerences in left M1 excitability induced by
tDCS are unlikely to be due to local eﬀects on left M1 itself (see Fig. 5).
Speciﬁcally, network tDCS shows weaker electric ﬁeld strength within
the left M1 hand knob compared to the other two montages, yet results
in stronger eﬀects on left M1 excitability. While there are inherent
limitations to any tDCS modeling approach (Ruﬃni et al., 2014; Datta
et al., 2009; Miniussi et al., 2013) and diﬀerences in local M1 eﬀects
cannot be completely excluded, tDCS eﬀects on regions outside left M1
seem a more likely explanation.
An unresolved question is which regions outside left M1 are most
important for inducing the observed network tDCS eﬀects (e.g. anodes
over positive correlations versus cathodes over negative correlations).
Our study used a complex algorithm to target the resting state motor
network with a multifocal tDCS array, but it is possible that similar
results would have been obtained with simple anodal stimulation to
bilateral M1 (Gomes-Osman and Field-Fote, 2013). Prior work suggests that tDCS eﬀects are critically dependent on the location of both
the anodes and cathodes (Nitsche and Paulus, 2000; O’Shea et al.,
2014; Mordillo-Mateos et al., 2012), however the contribution of each
electrode to the current results, and whether our algorithm for
matching a tDCS montage to a resting state network is optimal for
network stimulation, remains unclear.
Another unresolved question is the neurophysiological mechanism
underlying the enhanced eﬀects of network tDCS. While TMS and deep
brain stimulation induce action potentials that propagate transynapti42
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functions better localize to networks than to single regions, such as
attention (Gitelman et al., 1999; Posner, 2012) and memory (Iidaka
et al., 2005), or when treating brain diseases associated with network
dysfunction, such as Alzheimer's Disease (Fox et al., 2014; Greicius
et al., 2004) and depression (Fox et al., 2014; Broyd et al., 2009;
Mayberg, 2009), network-targeted neuromodulation may prove particularly valuable.
In conclusion, our results add to data suggesting that brain
connectivity, especially resting state functional connectivity, may be
useful for guiding noninvasive brain stimulation (Wang et al., 2014;
Chen et al., 2013; Volz et al., 2015; Fox et al., 2014, 2012b). Network
tDCS to the motor network appears to enhance the electrophysiological
eﬀects of regional stimulation to M1 alone. Further investigation is
necessary to determine the mechanism and generalizability of this
result. Whether network tDCS will help align neuromodulation with the
network-based focus of contemporary neuroscience can be tested in
future experiments aimed at modulating cognition, behavior, or disease
localizing to brain networks.
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