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Abstract

Previous investigation of cognitive processes using transcranial magnetic stimulation (TMS) have explored the re-
sponse to different stimulation parameters such as frequency and coil location. In this study, we attempt to add an-
other parameter by exploiting the spatial profiles of TMS coils to infer regional information concerning reward-related
behavior. We used different TMS coils to modulate activity in the prefrontal cortex (PFC) and examined resulting
changes in behavior and associated brain activity. More specifically, we used the Figure-8 coil to stimulate a portion
of the dorsolateral PFC (DLPFC) and the H-Coil to stimulate a larger volume within the lateral PFC (LPFC). Healthy
human volunteers completed behavioral questionnaires (n=29) or performed a reward-related decision-making func-
tional MRI (fMRI) task (n=21) immediately before and after acute high-frequency stimulation (10Hz) with either a
Figure-8 coil, H-Coil, or a sham coil. Stimulation was found to induce behavioral changes as well as changes in
brain activation in key nodes of the reward network. Right LPFC, but not right DLPFC or sham, stimulation was
found to induce changes in both behavioral scores and brain activation in key nodes of the reward system. In con-
clusion, this study supports the role of the right LPFC in reward-related behavior and suggest that the pathways
through which the observed effects were generated are located outside the area of the DLPFC that is traditionally
targeted with TMS. These results demonstrate the use of TMS coils with different spatial profiles as an informative
tool to investigate anatomic and functional correlates of behavior.
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(s )

When trying to associate cognitive function with brain anatomy, probing with neuromodulation has emerged
as a useful approach. One can modulate brain activity with techniques such as transcranial magnetic stimu-
lation (TMS) and examine the effect on behavior. Yet, hypotheses often associate behavior with relatively
large brain areas which is inefficient, requiring many experimental groups to provide useful information.
Here, we describe an approach using TMS coils with different field distributions to achieve a similar goal
with reduced time and simplified resources. Our results indicated a pattern that differed between a focal coil
(Figure-8) coil and a wider/deeper coil (H-Coil). Future studies may localize the origin within the frontal cor-
\tex that drives these effects, and thereby further establish the association between structure and function. /
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Introduction

A consistent finding across imaging studies of value-
based learning and decision-making is the prominent in-
volvement of the lateral prefrontal cortex (LPFC; Dixon
and Christoff, 2014). Indeed, the LPFC, and especially the
dorsolateral PFC (DLPFC) have been implicated in the
pathogenesis of several psychiatric and neurologic disor-
ders with affected reward-related behavior, including
schizophrenia, anxiety, and posttraumatic stress disorder
(Hopper et al., 2008; Maresh et al., 2014; Subramaniam et
al., 2015; Park et al., 2016; Pu et al., 2016; Zhang et al.,
2016). Moreover, there is evidence for the efficacy of trans-
cranial magnetic stimulation (TMS) over the PFC for the
treatment of other conditions with impaired reward-related
behavior such as depression, addictions, Alzheimer’s dis-
ease, schizophrenia, and eating disorders (Fox et al., 2014;
Moeller et al., 2022). These effects are attributed to the
technique’s ability to redress imbalances in the excitability
of brain networks and neurotransmitter concentrations that
characterize these conditions (Pell et al., 2011). Notably,
the United States Food and Drug Administration (FDA) has
approved the use of TMS over the DLPFC for the treatment
of major depression, a disorder in which anhedonia, be-
lieved to result from impaired processing in the brain’s re-
ward system, is a hallmark feature (APA, 2013). In fact,
FDA approval has been given to two different classes of
TMS coils, the Figure-8 and the H-Coil, following two multi-
center trials (O’Reardon et al., 2007; Levkovitz et al., 2015).
While the former generates a relatively superficial and focal
effective electric field, the later induces a deeper and more
widespread field (Roth et al., 2007; Rosenberg et al., 2010;
Deng et al.,, 2013; Alyagon et al., 2020; Zibman et al,,
2021). The differences in the depth-focality trade-off be-
tween the coils translate to a different volume of tissue
being stimulated under each coil.

While the aforementioned effects of TMS were achieved
in pathologic populations following repeated sessions,
several studies have shown that acute TMS, when applied
over the PFC of healthy individuals, affects specific re-
ward-related behaviors (Levasseur-Moreau and Fecteau,
2012; Cho et al., 2015). A frequency dependence for this
effect has been reported so while acute high-frequency
stimulation over the left DLPFC increases responsiveness
to rewarding stimuli in healthy subjects (Ahn et al., 2013),
low-frequency stimulation over the right DLPFC lead to
riskier decision-making (Knoch et al., 2006; Ahn et al.,
2013). These observations complement previous investi-
gations of cognitive processes using TMS, which have
employed a variety of different stimulation parameters
such as frequency, coil location, and dosage (Beynel et
al., 2019).

A recent publication showed that rTMS with a focal
Figure-8 coil differentially affects distinct clusters of
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symptoms in MDD patients depending on the placement of
the coil (Siddiqgi et al., 2020). While this finding is an impor-
tant step in understanding the mechanism behind clinical
rTMS, it also presents a tremendous challenge. Stimulating
the target for each symptom cluster would require additional
sessions to the current treatment protocol to treat each
cluster in series. Alternatively, a larger coil that stimulates all
cluster targets simultaneously was suggested by the au-
thors to be more effective at poly-symptomatic treatment by
uniformly modulating multiple clusters. They used clinical
depression data from depression studies using the H-Coil
and the Figure-8 to provide evidence for this claim.

Here, we set out to investigate whether the modified
spatial distributions of the electric fields between the dif-
ferent coils can be further exploited to shed light on the lo-
calization of cognitive processes. More specifically, we
used the Figure-8 coil to stimulate a portion of the DLPFC
and the H-Coil to stimulate a larger volume within the
LPFC. We hypothesized that coil-related differences will
be evident both at a behavioral level and in the pattern of
brain activity during reward-related tasks. To test this, a
design was employed that separately examined functional
and behavioral changes between measurements taken
before (PRE) and immediately following (POST) acute
stimulation. The novel study design offers the advantage
of being able to relate findings back to the underlying
anatomy and to shed light on regional specificity within
the prefrontal cortex.

Materials and Methods

Procedure

The study design is summarized in Figure 1. The study
included a feasibility component that aimed to determine
the optimal choice of stimulation frequency (1 or 10 Hz)
and location (left or right LPFC) for the effective induction
of alterations in motivation. The main experiment em-
ployed the obtained parameters to investigate the neuro-
nal correlates and behavioral consequences of alterations
induced by acute stimulation with the different coils. This
experiment included an functional MRI (fMRI) arm, in which
subjects performed the lowa Gambling Task (IGT) task in-
side the scanner, and a behavioral arm, in which question-
naire were completed to evaluate motivation [motivational
VAS (mVAS); Stubbs et al., 2000; Gorwood et al., 2015],
affect [positive and negative affect schedule (PANAS);
Watson et al., 1988], or both [modified achievement goal
questionnaire (AGQ); Elliot and Sheldon, 1997]. It should
be noted that different sets of subjects were used in
each stage of the experiment and for the behavioral and
neuroimaging studies.

Subjects

TMS-naive volunteers (n=89 participants; age: 24.2 =
5.48year; mean = SD; 36 females) were recruited through
advertising. All subjects were healthy with no history of psy-
chiatric or neurologic diseases, and the different subgroups
were stratified by age and gender using a computer pro-
gram (Interactive Web Randomization System; Medpace’s
ClinTrak). Before participation, all subjects signed an
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Figure 1. The study followed a two-stage trial design. The parameters for optimal induction of motivational alterations were deter-
mined in a feasibility study. These parameters were implemented in the imaging and behavioral parallel arms of the main study.

informed consent form and declared the absence of
known TMS contraindications. Subjects were monetarily
compensated ($30) for their time, and those who com-
pleted the fMRI decision-making task were given an ad-
ditional payment according to their performance (up to
$20). The study was approved by the local Institutional and
National Review Board and was performed in accordance
with the most recent version of the Declaration of Helsinki.

Transcranial magnetic stimulation

TMS was delivered with a Magstim Rapid?® stimulator
(Magstim) using three types of coils. The H6-coil (BrainsWay),
designed according to the principles of deep TMS (Roth et
al., 2002; Tendler et al., 2016; Alyagon et al., 2020) to convey
a deep and widespread stimulation to the target area. The
coil was air-cooled and was integrated within a helmet that
attached firmly to the head. A sham TMS coil (BrainsWay),
based on a toroidal winding, integrated within the same
helmet as the H-Coil, which induced similar acoustic sen-
sations but only negligible cortical electric field. An air-
cooled Figure-8 coil (Magstim) that was attached to a
standard gantry. A sketch of the coils and distribution
maps of the induced electric fields are shown in Figure 2.

In accordance with the results of the feasibility trial,
stimulation sessions consisted of high-frequency repeti-
tive TMS (rTMS; 10Hz, 2-s trains, 20-s intertrain interval)
applied to the right PFC. In each session, 900 pulses were
administered at an intensity of 120% of RMT, determined
as the minimum stimulation output that induced 50%
chance of visual thumb abduction (Pridmore et al., 1998).
The target area, for all coils, was defined as the region 6cm
anterior to the primary motor hand area (M1; Herbsman et
al., 2009; Johnson et al., 2013). Orientation of the Figure-8
coil was along the standard posterior-lateral direction (i.e.,
45° with respect to the sagittal direction).

Sources of potential variability include subjective sub-
ject comfort during the stimulation, which may affect be-
havioral and functional MRI results. In order to compare
this factor, subjects were asked to rate their overall feel-
ings following the stimulation.

Neuroimaging
Stimulation-induced changes in neuronal activity were
evaluated using a reward-related decision-making fMRI
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task [see below, lowa Gambling Task (IGT)] that was exe-
cuted PRE and POST stimulation with either the H-Coil,
the Figure-8 coil, or the sham coil (n=21 subjects, 7 in
each group). To minimize the interval between the end of
the stimulation session and the beginning of the second
imaging session, the stimulation was performed in a room
adjacent to the fMRI scanner and the subjects were re-
turned to the scanner as quickly as possible after stimula-
tion (<5 min).

Functional MRI

A Siemens 3T Trio MRI system (Siemens) was used to-
gether with a 32-channel RF coil. The parameters of the
fMRI sequence were adjusted to minimize potential imag-
ing artefacts in areas that were expected to be activated
by the decision-making task (Deichmann et al., 2003). An
initial pilot study was performed to determine the optimal
parameters (data not shown). The following parameters
were used for the gradient echoplanar imaging (EPI) BOLD
sequence: TE=25ms, TR=2000ms, image matrix =64 x
64, in-plane resolution=3 x 3 mm, slice thickness=3 mm
with 1 mm gaps between slices, number of slices =36,
FOV = 192 mm, bandwidth =220 kHz, volumes per scan=
405, duration of scan=13.5min. The slices were rotated
from the transverse toward the coronal plane by 30° relative
to the AC-PC line to reduce the influence of in-plane sus-
ceptibility gradients. The PRE scanning session comprised
a localizer, a high-resolution anatomic scan (MP-RAGE se-
quence, TR/TE/TI=8/4/1000 ms, image matrix =256 x 256 x
70, resolution =1 x 1x1 mm) and then the first functional run.
The POST scanning session comprised a rapid localizer scan
that was immediately followed by the second functional run.

Regions of interest (ROIs) were created in the targeted
area (“target ROI”) and in task-related areas (“task-related
ROIs”). The target ROl was defined as the supra-threshold
electrical field induced by the Figure-8 coil (Fig. 2), while
the task-related ROls selected major nodes of the reward
network, the orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC), and the insular cortex (Bush et al., 2002;
McClure et al., 2004; Haber, 2011; Albrecht et al., 2013).
The pregenual ACC (pgACC) within Brodmann area 32
was selected as it has been strongly implicated in reward
processing and subjective emotional state (Cho and
Strafella, 2009; Dixon and Christoff, 2014). Brodmann
area 11 was used to create an ROI in the OFC and
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Figure 2. Electric field distributions induced by the TMS coils when placed over the right DLPFC, obtained in a phantom and over-
laid on MRI images. The colored maps describe the absolute magnitude of the electric field for the various TMS coils. These were
measured in a phantom model of the human head with an equivalent stimulation amplitude to that used in this study (i.e., stimulator
output equivalent to 120% of an average motor threshold). In the color scale, red indicates a field magnitude above neural activation
threshold (100 V/m), while white and yellow indicate field magnitude below the threshold. In the top left inset, the H-Coil is illustrated
by the blue wire, while the sham coil is illustrated by the white wire wound on a cylindrical former. Anatomical images are shown in

radiologic coordinates.

Brodmann area 13 was used to create an ROl in the insu-
lar cortex.

lowa Gambling Task (IGT)

The subjects performed the task inside the scanner,
PRE and POST stimulation. This probabilistic reward-re-
lated task was designed to be a simulation of real-life de-
cision-making and was chosen for this study since it
activates a wide range of brain areas involved with execu-
tive functions and reward-processing (Bechara et al.,
2000; Li et al., 2010; Alexopoulos et al., 2015) that may
overlap with the applied TMS field.

The goal of the task is to maximize profit. In brief, start-
ing from an initial allocation of cards, subjects are re-
quired to make a series of card selections from one of
four card decks (A, B, C, and D). Each selection is fol-
lowed by the presentation of a reward and a penalty.
Decks A and B are considered the disadvantageous
decks because they yield high immediate rewards but high-
er long-term penalties and, consequently, a loss in the long-
term. Decks C and D are the advantageous decks as they
yield low immediate rewards but smaller long-term penal-
ties, which, therefore, result in a long-term gain. The task

April 2023, 10(4) ENEURO.0287-22.2023

was previously adapted for fMRI (Lin et al., 2008) and was
programmed for the current study using the Presentation
software package (Neurobehavioral Systems). The simple
block design approach was selected to maximize the ampli-
tude of the task-induced signal changes. The task com-
prised five blocks of the reward-based task interleaved with
the same number of control (i.e., “rest”) blocks. In the control
task, the subjects were prompted to select the highest of
four numbers presented instead of the cards. Each trial,
consisting of one selection of four cards or numbers, lasted
4 s and each block consisted of 20 trials. Therefore, there
was a total of 100 IGT trials in each scanning session. In the
POST condition, the standard ABCD version of the task was
substituted with a variant, known as EFGH, to minimize the
learning effect (Bechara and Damasio, 2002; Bechara et al.,
2002; Hernandez et al., 2006) and thus to reduce possible
variation in brain activity between the PRE and POST condi-
tions. The two versions differ with respect to the timing of
losses and gains, so that while in the ABCD version gains
are immediate and the losses are delayed, this situation is
reversed for the EFGH variant. Subjects were told, before
starting the EFGH task, that the strategy may differ to the
previously completed task.
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Line  Analysis (variables) Type of test Statistic p-value and confidence
Stimulation
al Subject comfort (H-Coil vs Figure-8)  Unpaired t test t=-0.58; DoF=26 p=0.56; Cl =(—1.61,0.89)
fMRI (BOLD signal)
a2 fMRI (time, coil) for target ROI Two-way ANOVA F=0.121; DoF =(2,17) p=0.9
Main effect TIME F=0.04; DoF = (1,17) p=0.8
Main effect COIL F=0.90; DoF = (2,17) p=0.4
a3 fMRI (time, coil, ROI) Three-way ANOVA F=2.66; DoF = (4,34) p=0.49; n2=0.25
a4 fMRI (time, coil) Two-way ANOVA F=3.59; DoF = (2,17) p=0.50; n;=0.30
ab Post hoc on a4 (OFC)
H-Coil vs Figure-8 Simple main effect Mean diff =0.28 p=0.048"; Cl = (0.00,0.55)
H-Coil vs sham Simple main effect Mean diff =0.31 p =0.023"; Cl = (0.05,0.57)
ab Post hoc on a4 (pgACCQC)
H-Coil vs Figure-8 Simple main effect Mean diff=0.13 p=0.045"; Cl = (0.00,0.26)
H-Coil vs sham Simple main effect Mean diff=0.13 p=0.035"; Cl = (0.01,0.26)
a7 Post hoc on a4 (insula)
H-Coil vs Figure-8 Simple main effect Mean diff=0.11 p=0.13"; Cl = (—0.06,0.42)
H-Coil vs sham Simple main effect Mean diff =0.11 p=0.26"; Cl = (~0.10,0.36)
fMRI (task performance)
a8 IGT behavior (coil, time) Two-way ANOVA F=0.86; DoF = (2,17) p=0.44
Behavior (coil)
a9 mVAS (time, coil) Two-way ANOVA F=5.69; DoF = (2,26)  p=0.009; n2=0.3
al0  Post hoc on a9 (H-Coil) Simple main effect F=12.69; DoF =(1,27) p=0.001;r,=0.4
a1l ACQ (time, coil) Two-way ANOVA F=2.86; DoF = (2,26) p=0.076; n5=0.18
al2  Posthoconall Main effect TIME F=8.12; DoF = (1,27) p=0.01
Main effect COIL F=0.11; DoF = (2,27) p=0.9
al3  PANAS (time, coil) Two-way ANOVA F=0.28; DoF = (2,26) p=0.76; 5 =0.02
Extended material
fMRI per ROI (post hoc)
al4d  OFC (coil, time) Two-way ANOVA F=3.52; DoF = (2,17) p=0.048; n5 = 0.30
al5  pgACC (coil, time) Two-way ANOVA F=3.68; DoF = (2,17)  p=0.047; n2 = 0.31
al6  Insular cortex (coil, time) Two-way ANOVA F=0.18; DoF = (2,17) p=0.18; 775 =0.18
Behavior (frequency, side)
al7  VAS (side, frequency, time) Three-way ANOVA F=5.81; DoF = (1,35) p=0.021; n,ﬁ =0.15
al8  VAS (frequency, time) Two-way ANOVA F=0.50; DoF = (1,35) p=0.04; 77;23 =0.01
al9  VAS (side, time) Two-way ANOVA F=0.51; DoF = (1,35) p=0.51; 73 = 0.01
a20 Post hoc on al9, Two-way simple-interaction F=1.48; DoF = (1,35) p=0.23;r* = 0.04
low frequency
a21 Post hoc on a19, Two-way simple-interaction F=4.76; DoF = (1,35) p=0.01;r,=0.12
high frequency
a22  Post hoc on al9, 2nd order simple main effects F=22.2; DoF = (1,17) p=0.001;r, =0.56
right LPFC
a23  ACQ (side, frequency, time) Three-way ANOVA F=0.12; DoF = (1,35) p=0.73; ng =0.10
a24  ACQ (frequency, time) Two-way ANOVA F=4.19; DoF = (1,35) p=0.048; 55 =0.11
a25 ACQ (side, time) Two-way ANOVA F=1.27; DoF = (1,35) p=0.27; n5 = 0.04
a26  Post hoc on a22, Simple main effect F=12.2; DoF = (1,17) p=0.001; r> = 0.64
high frequency
a27  PANAS (side, frequency, time) Three-way ANOVA F=0.02; DoF = (1,35) p=0.90; 2 =0.00
a28  PANAS (frequency, time) Two-way ANOVA F=1.90; DoF = (1,35) p=0.18; n;=0.05
a29  PANAS (side, time) Two-way ANOVA F=0.35; DoF = (1,35) p =0.56; ’75 =0.00

All data were checked for normal distribution (see Materials and Methods, Statistical data and analysis).
Cl: confidence interval.

DoF: degrees of freedom.

IGT: lowa Game Task.

mVAS, ACQ, PANAS: behavioral questionnaires.
OFC, pgACC, insular: regions of interest.
Tuncorrected p-value (multiply p-value by three for Bonferroni correction).

Behavior

Subjects completed a battery of questionnaires both
before and following stimulation with either the H-Coil,
the Figure-8 coil, or the sham coil (n=9, 8, and 12, re-
spectively). The questionnaires were identical to those
used in the feasibility study (see Extended Data Fig. 6-1
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for a description). They included the mVAS question-

naire, which assesses motivation to undertake various
actions (Stubbs et al., 2000; Gorwood et al., 2015); the
AGQ, which evaluates two goal orientations toward a
specific reward (Elliot and Sheldon, 1997); and the
PANAS, which assesses emotional state (Watson et al.,
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Figure 3. Group activation maps obtained while performing the IGT in the PRE (i.e., prestimulation) condition. Statistical maps (task >
rest) are overlaid on a rendered cortical surface (A) or orthogonal slices (B) for a threshold of p =0.05 with FWER correction. (L/R indicates
left/right hemisphere in A and left/right sides of the image in B, respectively.)

1988). Subjects were asked to answer the items in the
questionnaires according to how they felt at that mo-
ment to prevent, to as great an extent as possible, any
effects of expectation or learning in the POST condition.
In addition, all questionnaires were administered in writ-
ing and subjects were told that the data would be ano-
nymized, to reduce social bias. The questionnaires
were always administered to the subjects in the same
order IMVAS—AGQ—PANAS).

Statistics and data analysis
Neuroimaging

Image preprocessing and analysis were performed with
the SPM8 software package (FIL), and the FSL package
(fMRIB) was used for ROI drawing and data extraction.

The imaging data from each subject were first analyzed
to identify areas of decreased and increased activation in
the task blocks relative to the control (“rest”) blocks. The
modeled fMRI signal was convolved with the hemody-
namic response function, and low-frequency noise was
removed with a high-pass filter (cutoff =165 s). Group ac-
tivation during the PRE IGT session was thresholded at
p=0.05 with voxel-level correction for familywise error
rate (FWER). In the next stage, ROIs were drawn in the
preselected areas described above and applied to the
SPM contrast images containing the contrast of the pa-
rameter estimates at each voxel (contrast: task > rest)
that had been obtained at the first-level in the PRE and
POST images. The subsequent mixed model factorial
ANOVA analyses investigated (1) the target ROI with a
model comprising the factors TIME (within-subjects, two
levels: PRE, POST) and COIL (between-subjects, three
levels: H-Coil, Figure-8 coil, and sham), or (2) the reward-
related ROIs with a model comprising the factors TIME
(within-subjects, two levels: PRE, POST), COIL (between-
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subjects, three levels: H-Coil, Figure-8 coil, and sham)
and ROI (within subjects, three levels: pgACC, right OFC,
right insula). In order to establish the basis of the factorial
ANOVA analysis, differences in the baseline (PRE) data
between the coil groups were analyzed with one-way
ANOVA tests and the normality assumption was assessed
(Kolmogorov—Smirnov test on the residuals).

Behavior

Analysis was conducted using the SPSS statistical
package (SPSS v20, IBM). In order to establish the
basis of the factorial ANOVA analysis, the data were
evaluated for normality and homogeneity of variances.
Group differences in the baseline (PRE) data were ana-
lyzed with t tests. Unless stated otherwise, all effects
are reported as significant at p <0.05. The effect of
stimulation field distribution on the behavioral scores
was analyzed with a two-way mixed 2 x 3 ANOVA de-
sign, with the factors TIME (PRE, POST) and COIL (H-
Coil, Figure-8 coil, sham coil).

Decomposition of a significant interactions in factorial
ANOVA analyses allows the origin of the finding to be ex-
plored in the framework of follow-up analyses. The ap-
proach of “simple effects” following significant findings
and main effects following nonsignificant findings was em-
ployed (see Howell and Lacroix, 2012; their Fig. 1). Simple
effects are commonly encountered in the form of simple
main effects that are used to decompose a significant two-
way interaction in which the effect of one independent
variable is examined at individual levels of the other inde-
pendent variable (Field, 2009). The equivalent approach
following a significant three-way interaction is known as
simple interaction effects (Howell and Lacroix, 2012).
Effect sizes were calculated as partial 7? (n3) for the
main factorial analyses and as correlation coefficients for
the single main effects analyses.
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Results

Establishment of TMS protocol

High frequency stimulation of the right hemisphere was
selected in the feasibility stage of the study since it was
found to induce a greater degree of modulation of reward-
motivated performance, corresponding to a general de-
crease in the behavioral scores (see Extended Data Figs.
6-2, 6-3). All subjects tolerated the rTMS well, and no seri-
ous adverse events were observed or reported. In addi-
tion, there were no significant differences between H-Coll
and Figure-8 coil groups in self-reported ratings of com-
fort during stimulation (t15 = —0.58, p=0.6%"). All statis-
tics are summarized in Table 1.

Average stimulus output intensities at threshold were
62 = 10% and 68 = 8% for the Figure-8 coil and H-Caoil,
respectively. Differences in the stimulation intensity at
threshold are expected because of the different coil de-
signs. However, it is important to note that by calibrating
the rTMS stimulus intensity in the standard manner ac-
cording to the subject’s threshold, the study thereby is
evaluating the effect of the different field distributions of
the coils (Fig. 2) after fixing the strength of the electric
field at the level of the hand motor cortex.

Neuroimaging

Subjects were stimulated with either the H-Coil, Figure-
8 coail, or sham coil. The data of one subject from the
Figure-8 coil group were excluded because of head mo-
tion exceeding 2 mm that was observed during prepro-
cessing. No differences were observed between the
groups with regards to IGT performances, at both the
PRE and POST conditions.

The group activation map obtained during the PRE task
from all the subjects (i.e., n=20) is shown overlaid on the
cortical surface and orthogonal slices (Fig. 3A,B). Areas
commonly included in the task-positive network such as
the DLPFC and insula are observed.

In the mixed model ANOVA, no statistical differences
were observed in the baseline (i.e., PRE) data across the
coil groups and normality of residuals was confirmed. In
the analysis of the target ROI, no significant terms were
found either in the interaction or main effects (TIME x
COIL: Fip,17) = 0.121, p=0.9; TIME: F(1 17, = 0.04, p=0.8;
COIL: Fp,47y = 0.90, p =0.4%) indicating that the task did
not differentially activate this region between the stimula-
tion states. In the analysis of the task-related ROls, the
three-way interaction (TIME x COIL x ROI) was found to
be significant (Fi4 34y = 2.66, p = 0.049, partial n° = 0.25%°)
indicating two-way interactions that vary across levels of
the third variable. The TIME x COIL term was also signifi-
cant (F17) = 3.59, p=0.05, partial 7° = 0.30*%) which is
suggestive of a consistent influence of the coil on the
stimulation-induced activation regardless of the particular
ROI. The plot of TIME x COIL interaction was visually char-
acterized by opposing sign of the “slope” (i.e., POST-PRE
activation-induced change) for the H-Coil stimulation
group compared with the two other stimulation groups
(Fig. 4A). Follow-up analysis of the TIME x COIL interaction
plots at each level of ROI consistently indicated this
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Figure 4. A, Effect of stimulation group on functional activation
from the significant interaction (TIME x COIL) from the complete
factorial model (TIME x COIL x ROI). Activation, shown on the y-
axis, is represented by the SPM contrast image for task > rest. The
plots thereby indicate the stimulation-induced activation for the
three stimulation groups over the two time points (PRE and POST)
and the corresponding slopes characterize the sign of this activa-
tion-induced change. The ROlIs were in areas of the putative reward
network, in the right OFC, right insula, and pgACC. Extended Data
Figure 4-1 in the extended material shows the corresponding
plot for changes in the behavioral performance metric measured
during the IGT task. B-D, Exploratory analysis of TIME x COIL
interaction in each of the individual ROls, the right orbitofrontal
cortex (B), the pregenual ACC (C), and the right insular cortex
(D). The same pattern of opposing slopes shown in A is consis-
tently observed in these individual ROlIs that represented a non-
significant trend following correction for multiple comparisons
(right OFC ROI: F(2,17) = 3.52, Puncorrected = 0.048, Dcorrected =
0.14, 52 = 0.30%"3; pgACC ROI: Fiz 17) = 3.68, Puncorrected = 0.047,
Poorrected = 0.14, mp = 0.313™; right insular cortex: F 17 = 1.9,
Puncorrected = 0.18, Peorrected = 0.54, n3 = 0.18%°). Errors bars are
+SEM, * indicates a significant interaction (o < 0.05).

same visual pattern of opposing slopes (see Fig. 4B-D).
Evaluation of these simple main effects of the TIME x COIL
term confirmed that in two of the three ROls, the poststi-
mulation activation for the H-Coil displayed a trend of dif-
ference relative the Figure-8 and sham coils (for example,
in the right orbitofrontal cortex ROI, H-Coil vs Figure-8
mean difference =0.23 * 0.13. Puncorrected = 0.045; H-Coil vs
sham mean difference =0.31 * 0.13. Pyncorrected = 0.052>2647).

The behavioral performance metric measured during the
IGT task did not significantly differ between stimulation groups
(F17)=0.864, p = 0.44%"; see Extended Data Fig. 4-1).

To further explore the spread of this signal pattern, a
voxel-wise explorative analysis was conducted across
the brain, to reveal areas in which this phenomenon of op-
posing activation-induced slope was observed even in
the absence of a significant statistical interaction. The
analysis found the pattern to be repeated in widespread
areas of the brain, with a clear division along the anterior-
posterior axis of the brain (Fig. 5). That is, anterior areas
were largely characterized by a positive slope of activa-
tion-induced change (i.e., POST>PRE) following H-Coil
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H-coil, Figure-8, Sham: negative slope

B H-coil: positive slope; Figure-8, Sham: negative slope

Figure 5. Explorative analysis showing intercoil pattern of slopes, defined as the change in the activation contrast of task > rest between
the POST and PRE scans, i.e., as POST-PRE. Two representative orthogonal slices are shown with Talairach slice positions: axial (left):
z=20cm; sagittal (right): x = —4.cm. Yellow voxels represent the stereotypical pattern of activation seen across the three selected ROIs
in the reward system, i.e., with a positive slope in the H-Coil stimulation group and a negative slope in the Figure-8 coil and Sham stimu-

lation groups. Blue voxels represent the nondifferential pattern of activation (namely, negative slopes for all stimulation groups).

stimulation and negative slope following Figure-8 coil or
Sham stimulation, while posterior areas were largely char-
acterized by negative slopes (i.e., PRE>POST) across all
stimulation conditions.

Behavior

No statistical differences in the baseline (PRE) data be-
tween the coil groups were observed for any of the behav-
ioral measures and normality of residuals was confirmed.
Following high frequency stimulation of the right PFC, analy-
sis of the mVAS scores revealed a significant TIME x COIL
interaction (Fiz.26) = 5.69, p=0.009, 73 = 0.3 #, see Fig. 6A),
and decomposition for simple main effects revealed signifi-
cantly decreased score only following H-Coil stimulation
(Faon = 1269, p=0.001, # = 0.4%), but not following
Figure-8 coil or Sham stimulation, thereby indicating that it

w
J
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o
1

Change in mVAS (PRE-POST) }»
i n

N

Sham Figure-8I H-coil

was the behavior of the H-Coil that drove the interaction.
Analysis of the AQG scores indicated a similar qualitative
pattern. In this case however, the TIME x COIL interaction
did not reach significance (Fip27 = 2.86, p=0.076, 73 =
0.18; Fig. 6B)2'°. The main effect of TIME was significant
(Fi1,27) = 8.12, p=0.01), while the main effect of COIL was
not significant (Fip 27 = 0.11, p > 0.05)*'". Exploratory analy-
sis of simple main effects again indicated significantly de-
creased score following H-Coil stimulation (F127) = 12.21,
p=0.002, # = 0.3%""), but not following Figure-8 coil or
Sham stimulation. Analysis of the PANAS scores revealed
no significant interactions (Fpzs = 0.28, p=0.76, 13 =
0.022"2) or simple main effects.

Discussion
This is the first study that compares patterns of activa-
tion that are generated following stimulation with the
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Figure 6. Behavioral changes in motivation induced by the various stimulation coils (defined as PRE-POST). In each box of the
mVAS (A) and AGQ (B) scores as measured by the questionnaires, the horizontal band indicates the group median, the dot indicates
the group mean, and the whiskers define the extent of 1.5 times the interquartile range. Extended Data Figure 6-1 in the Extended
Data shows detailed explanations of the questionnaires. Extended Data Figures 6-2 and 6-3 show analyses of these measures ob-
tained in the preliminary feasibility study. *o < 0.05 between PRE and POST H-Caoil stimulation.

April 2023, 10(4) ENEURO.0287-22.2023 eNeuro.org


https://doi.org/10.1523/ENEURO.0287-22.2023.f6-1
https://doi.org/10.1523/ENEURO.0287-22.2023.f6-2
https://doi.org/10.1523/ENEURO.0287-22.2023.f6-3

eMeuro

Figure-8 coil and the H-Coil. It was found that right-sided
stimulation at high-frequency led to reduced behavioral
scores and a unique pattern of activation changes follow-
ing H-Coil, but not Figure-8 coil or Sham stimulation.
Taken together with the more focal spatial distribution of
the electric field induced by the Figure-8 coil and the lack
of coil-related differences in the target ROI, these results
suggest that the origin of the observed effects is outside
the area in the DLPFC conventionally targeted during
TMS treatment, but inside the wider stimulation area of
the H-Coil. Future experiments may identify an exact lo-
cation in the wider LPFC, or even in more remote areas
such as the medial PFC. Alternatively, it is possible that
the effect is generated in deeper layers of the DLPFC that
are beyond the reach of the Figure-8 cail.

While the study has demonstrated the ability of TMS to
modulate motivational behavior, the reduction in these
measures observed with stimulation in the chosen PFC
target is evidence of the complex relationship of brain
stimulation and cognitive function where “improvements”
in function are often hard to achieve because of the com-
plex brain networks involved (Sack and Linden, 2003).

The feasibility stage of the study selected high fre-
quency stimulation of the right hemisphere as it was
found to induce a greater degree of modulation of reward-
motivated performance. Interestingly, this was found to
be the optimal protocol for treatment of attention-deficit
disorder (ADHD) using the same coil, presumably be-
cause of its ability to effectively reduce response inhibi-
tion and reward-based decision-making (Alyagon et al.,
2020). Left-sided stimulation surprisingly did not induce a
corresponding increase in performance which might re-
flect the difficulty in inducing such a change in healthy
subjects. The decrease in motivation, as assessed by the
mVAS and AGQ questionnaires, following right-sided
stimulation appears to be in accordance with the theory
of hemispheric specialization of the PFC (Davidson, 1992;
Heller et al., 1995; Coan and Allen, 2004; Pizzagalli et al.,
2005; Spielberg et al., 2012) and the rationale for DLPFC
stimulation for the treatment of depression. That is, while
high-frequency stimulation of the left DLPFC is expected
to alleviate the anhedonic and amotivational symptoms of
depression, stimulation of its contralateral homolog is ex-
pected to do the opposite. In our healthy volunteers,
where the hedonic and motivational states are not com-
promised, a ceiling effect may have prevented additional
improvement following left stimulation, but impaired moti-
vation following right stimulation.

The effect of stimulation on reward-related behavior
was significant only for the more widespread stimulation
with the H-Coil. This may follow the simple consequence
that coils with a broader field profile will be more likely to
overlap with the location of the optimal target region; alter-
natively, stimulation of multiple, deeper or more downstream
targets, may also play a role. For example, connectivity-
based targeting (Fox et al., 2012) showed that the efficiency
of rTMS treatment of depression is related to the strength of
the connectivity between the stimulated region within the
DLPFC and the subgenual ACC (sgACC), a deep brain
structure which has an important role in the reward circuitry.
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While the Figure-8 coil and Sham stimulation did not af-
fect motivational behavior performance, the H-Coil lead to
reduced score in the “pure” motivational questionnaire
(mVAS), intermediate reduction of scores in the question-
naire that combine motivational and affective influences
(AGQ) and did not affected scores in the “pure” affective
questionnaire (PANAS). These results suggest that H-Coil
stimulation influenced the cognitive, rather than the affec-
tive, aspects of goal-oriented behavior, a result that is line
with former publications (Jenkins et al., 2002; Levkovitz et
al., 2007). However, an alternative interpretation is that
the effect of stimulation decayed faster than expected,
and the degree of influence over the different question-
naires is because of the order of their administration (i.e.,
MVAS—AGQ—PANAS).

The neuroimaging data confirmed the influence of the
spatial field distribution by showing that stimulation-in-
duced change in fMRI activation across several regions in
the reward network displayed a unique behavior in the
group that received stimulation with the H-Coil. This cor-
responded to the observation of a characteristic pattern
in the plots of PRE versus POST activation. On further ex-
amination, this pattern was predominantly in anterior
areas of the brain, within areas commonly associated with
both the Task Negative network (e.g., dJACC and ventro-
medial PFC) and the Task Positive network (e.g., insula
and ventrolateral PFC).

A recent study by Siddiqi et al. (2020), showing that
focal TMS affects distinct aspects of MDD symptoms de-
pending on coil location, suggests the utilization of coils
with less focality to potentially provide symptom-wide
benefits. Our study has shown that combinations of coils
with different spatial characteristics can be used to aid
our understanding of the anatomic origin of complex cog-
nitive and behavioral processes.

We acknowledge several limitations to this study, prin-
cipally the relatively small sample sizes. While the hypothe-
sis-driven imaging analysis was restricted to ROls in the
reward system, a data-driven whole-brain voxel-wise analy-
sis revealed a pattern of signal changes that was replicated
across widespread areas of the brain. However, discussion
related to the nonsignificant findings is speculative. Finally, it
should be noted that neuro-navigation was not used in this
study, which may have influenced the results of focal
stimulation.

In conclusion, this study used distinct stimulation profiles
of TMS coils to investigate the manipulation of reward-re-
lated behavior and neuronal function. This approach was
shown to represent a promising tool to explore the regional
specificity of behavior. The study thus supports the use of
different TMS coil types and TMS targets to enhance our
understanding of human behavior. These findings contribute
to the growing knowledge of the neurobiology of cognition
and may provide the basis of innovative protocols for the
controllable modulation of reward-oriented behavior.
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