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Abstract

Objective.—To evaluate the safety and efficacy of low-frequency, inhibitory, deep rTMS with a
novel H coil specifically designed to stimulate the insula.

Methods.—In a randomized, crossover order, sixteen healthy volunteers underwent 2 sessions
(sham; active) of 1 Hz repetitive TMS at an intensity of 120% of individual motor threshold, over
the right anterior insular cortex localized using a neuro-navigation system. Before, immediately
after, and 1h after rTMS, subjects performed 2 tasks that have previously been shown in fMRI
experiments to activate insular cortex: a blink suppression task and a forced-choice risk-taking
task.

Results.—No drop-outs or adverse events occurred. Active deep rTMS did not result in
decreased urge to blink compared to sham. Similarly, no significant time x condition interaction on
risk-taking behavior was found.

Conclusions.—Low-frequency deep rTMS using a novel H8 coil was shown to be safe but did
not affect any of the behavioral markers used to investigate modulation of insula activity.
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Our findings highlight the challenges of modulating the activity of deep brain regions with TMS.
Further studies are necessary to identify effective stimulation parameters for deep targets, and to
characterize the effects of deep TMS on overlying cortical regions.
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1. Introduction

In recent years, the introduction of Hesed coils (H-coils), a new family of coils for
transcranial magnetic stimulation (TMS), has offered the opportunity of non-invasively
modulate activity in brain targets that previously were accessible only by neurosurgical
techniques.

Compared to conventional figure-of-eight coils, H-coils can achieve broader and deeper
stimulation of the brain, thereby affecting both cortical and subcortical regions (1, 2). As
indicated by model electrical fields distribution maps, two different H-coils (H1 and H2)
have been shown to enable activation of lateral and medial frontal regions at depths of up to
4.5 10 5.5 cm, with a stimulator output at 120% of the hand motor threshold (3).

Several different H-coils have been evaluated for the treatment of a variety of psychiatric
and neurological disorders, including major depression (4, 5), addiction (6, 7), and
blepharospasm (8), with encouraging results. This has prompted the development of novel
H-coils designed to target specific brain regions, and diseases, on the basis of precise
neurobiological hypotheses. Their use, however, requires assessment of their safety, efficacy
and optimal stimulation parameters.

In this preliminary, randomized, cross-over study, we evaluated the novel H8 coil, which
allows for uni- or bilateral stimulation of the insula. We investigated whether low frequency,
inhibitory, repetitive TMS was able to affect activity of the anterior insula (aINS), by
examining behavioral responses during tasks known to activate this region. Specifically, we
focused on a ‘blink task’, which evaluates urge processing, and on a ‘forced-choice risk
task’, which assesses risk-taking behavior. Our primary hypothesis was that low-frequency
deep TMS would inhibit insula activity during urge processing, thus attenuating the urge
sensation. Further, we aimed at evaluating whether temporary disruption of insula activity
would also lead to risk-aversion.

The alNS has been shown to play a critical role in the buildup and suppression of bodily
urges and behaviors [for a review see (9)], and in different aspects of decision-making
involving risk (10-13). Furthermore, dysregulations in alNS activity is found in subjects
with various neuropsychiatric diseases, including Tourette syndrome (14-16), OCD (17, 18),
and addictions (19-21), which are characterized by alterations in some of the
aforementioned processes. Thus, modulating insula activity using deep TMS may have
important therapeutic implications.

Neuromodulation. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spagnolo et al. Page 3

2. Materials and methods

2.1 Subjects

Sixteen healthy volunteers (9 females, 20-53 aged, mean age + SD: 37.7 + 8) participated in
this study. Exclusion criteria included left-handedness, as assessed by the Edinburgh
Inventory (22); contraindications to TMS (23); use of any medication on a regular basis; and
a positive history of psychiatric or neurologic diseases. To exclude structural brain lesions
and identify anatomical target for stimulation, a T1-weighted MRI image was obtained for
all participants using a 3T MRI scanner (General Electric; Fairfield, CT).

This study was approved by the Neuroscience Institutional Review Board of the National
Institutes of Health, USA. All participants gave written informed consent prior to the
experiment.

2.2 Apparatus and Procedures

TMS was delivered via a super rapid stimulator (Magstim Inc, Wales, UK), connected to the
H8 coil (Hesed coil, Brainsway Inc, Delaware, USA). This device contains two symmetric
wings, designed to stimulate one or both hemispheres. Differently from a double-cone coil,
the windings of the H8 coil are not fixed at a specific angle but can be adjusted around the
head (Fig. 1).

We choose to target the right aINS, since neuroimaging studies have shown preferential
involvement of the right hemisphere in the tasks used in our study (11, 24-26). By targeting
the aINS and placing the H-coil as tangential as possible to the scalp surface, we aimed to
stimulate along the full frontal operculum (Fig. 2). To provide a precise and individual-
tailored identification of the target area, we used structural MRI data previously acquired for
each patient. The aINS was identified and marked on the subject’” MRI, and the individual
MNI coordinates were used to identify the stimulation target on the subject’ skull, using a
neuronavigation software (Brainsight Navigation System - Rogue Research, Montreal, QC,
Canada), which matches skull landmarks with MRI information. The location of the aINS
was drawn on a fabric cap wore by the participants during the experimental sessions and was
used to center the H8 coil. To ensure that the cap placement was identical between sessions,
scalp and facial landmarks (i.e., inion, nasion, ear to ear distance) were utilized.

The stimulation intensity used in our study was set at 120% of the hand resting motor
threshold (rMT) on the basis of a previous efficacious deep TMS study targeting the
prefrontal and insular cortex (7). The motor threshold was defined as the lowest stimulus
intensity able to elicit 5 motor evoked potentials (MEPSs) of at least 50 pV amplitude in a
series of 10 stimuli delivered over the MC at intervals longer than 5 s (27). MEPs were
recorded from the contralateral FDI at rest with Ag\CI surface electrodes fixed on the skin
with a belly tendon montage.

In a counterbalanced order, participants received a session of active or sham rTMS for 10
minutes at 1Hz frequency (600 continuous pulses), on separate days. The interval between
sessions was at least 72 hours. Both active and sham stimulation were delivered using the
same coil placement. During the sham stimulation, the H8 coil produced a sound artefact
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similar to the active TMS condition, although did not induce scalp sensations or muscle
twitches. To preserve subjects’ blindness to the stimulation condition, we explained to the
participants that the somatosensory effects of TMS depended on the particular stimulation
intensity used during each experimental session.

The selection of the operation mode (1Hz, sham) was done using a magnetic treatment card
individually assigned to each subject and pre-programmed to activate the respective
condition when inserted into the device by a staff member not involved in data collection
and analysis. Study personnel did not know which mode was activated by any particular
card.

During each experimental session, eye blink rate (BR), urge to blink and risky decision-
making tasks were measured at baseline (t0), immediately after (t1), and 60 minutes after
(t2) receiving rTMS, with task order counterbalanced across participants. The entire session
lasted approximately 120 minutes. At the end of each session participants were interviewed
for TMS-related adverse events.

Eye blink suppression task (16). In this task participants fixated on a computer screen and
were instructed to try inhibiting any eye blinking over a 5 minute-period. When a blink
occurred, subjects were told to return immediately to the mode of blink suppression. In order
to avoid any straining of eye position during the experiment, the position of the computer
screen was adjusted for each subject such that it was located in the center of their visual field
with eyes in a comfortable, midline position (approximately when the bottom of the iris was
at the level of the resting bottom eye lid).

The BR during the 5 minutes-period was detected and recorded using electrooculography
(EOG) [for details see (16)]. Eye blinks were also captured by a video camera to ensure that
EOG waveforms accurately corresponded to actual blinks. During the task, none of the
subjects wore corneal lenses; eyeglasses were used by the habitual wearers. Also, same
room luminance conditions and temperature were kept during both TMS experimental
sessions.

While trying to inhibit eye blinking, subjects were simultaneously asked to rate their urge to
blink in real time, using an electronic numeric visual analog scale, similarly to previously
described methods (28). In brief, participants were instructed to indicate their current urge
intensity level on a 100-point visual analog scale (0 = no urge at all and 100 = the strongest
urge) displayed on the computer screen, by continuously clicking on a mouse. Each time a
blink occurred, the urge rating was set back to zero, and subjects returned to suppress
blinking and rate urge levels, as the intensity built up. In this way, patients were able to
continuously track changes in urge intensity without having to compare them to the previous
urge intensity across a time gap.

Forced-choice risk task (29). The task comprised 40 trails and lasted approximately 8
minutes. Subjects were asked to choose between a safe and a risky option. The safe option
was guaranteed always to win $0.25, whereas when choosing the risky option, participants
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could win $1.00 or $5.00, but they also risked losing $1.00 or $5.00. Fifty percent of risky
choices resulted in wins and 50% resulted in losses, but the participants had no knowledge
of these probabilities. Wins and losses were pseudorandomized. Participants were read an
instruction script describing the task, and performed approximately 5 practice trials, prior to
each experimental session.

2.4 Statistical Analysis.

For the blink suppression task, BR was considered as the number of blinks occurring during
the 5 min-period, with the exception of the first 5 seconds to allow for adaptation to the task.
Blink occurrence was assessed by a single rater that visually examined the EOG recordings.
Eye blink was defined as a sharp high amplitude wave = 100 uV, peaking from the baseline
in no more than 100 ms, and < 400 ms in duration (20). In addition, the number of eye blinks
was also counted in close-up video pictures of the face of each subject, recorded during each
experimental session. The number yielded by video counting matched with those yielded by
the EOG analysis.

To evaluate the urge to blink, we calculated the area under the curve (AUC) of the individual
urge intensity ratings reported during the interval between the end of an eye blink, when
urge intensity rating corresponded to 0, and the consecutive eye blink, corresponding with
the highest rating reported immediately before blinking.

Given that baseline scores of BR and AUC significantly differed between the active and
sham stimulation condition, we used the relative change from baseline as our outcome
measures. The relative change was calculated as 100* (Ti-T0)/TO, where Ti was BR or AUC
measure at timepoint Ti (i=1, 2) and TO was the measure at baseline. Statistical analyses
were performed using SAS (version 9.3; SAS Institute, Cary, NC). The mixed model
procedure (PROC MIXED) was used to test the effects of condition (active vs. sham), time
point, and their interaction on changes in BR and AUC of the urge to blink, with condition
and time as the within-subject factor, and subject as a random effect. Test-retest reliability
for BR and AUC was assessed by calculating Pearson correlation coefficients between
baseline values for the sham and stimulation conditions.

With regard to the risk task, the relative change from baseline in the number of risky choices
made during the task were similarly analyzed using repeated measures analysis of variance
(ANOVA) in the SAS PROC MIXED modeling, with condition and time point as the within-
subject factor.

For all analyses, the factor of session order (i.e. group a or B) was included as a covariate.

3. Results

None of the subjects experienced any severe adverse effects during or after the study, but all
subjects reported mild discomfort during the active TMS sessions. Furthermore, two subjects
reported mild headache immediately after the end of active rTMS which resolved
spontaneously shortly after its onset. The mean RMT at the motor cortex assessed in the first
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experimental session was 51 + 8% of the maximum stimulator output (MSO), and 53 + 8%
MSO in the second session.

Mean BR and AUC (xSD) assessed at baseline (t0), immediately after (t1), and 60 minutes
later receiving TMS (t2) during the active and sham experimental condition, are reported in
Table 2. Test-retest reliability for BR was high (r=0.85), while the baseline values for AUC
were moderately correlated between the sham and stimulation conditions, indicating modest
test-retest reliability for this measure (r=0.54).

Since baseline scores of BR and AUC significantly differed between the active and sham
stimulation condition, relative change from baseline were used as outcome measures. \We
first examined the effects of active and sham stimulation on BR. ANOVA showed a
significant effect of condition [F(1, 23.2)= 4.55; p= 0.04], such that, compared to baseline,
BR decreased following active stimulation, while it increased after subjects received sham
stimulation [Fig. 3a]. No significant effect of time on BR was observed, indicating that BR
scores did not significantly change over time following stimulation in both conditions [F(Z,
10.6)= 0.01; p=0.92], and no significant interaction between condition and time was found
[F(1, 10.2)=0.01; p=0.99).

With regard to the AUC of urge to blink, ANOVA showed a significant effect of condition
[F(1, 19.7)=5.36; p=0.03], and a significant effect of time on AUC [F(1, 16.9)=5.86;
p=0.03], indicating that in the active condition post-TMS AUC values were higher than in
the sham condition. Also, on average there was an increase in AUC scores from t1 to t2 [Fig.
3b], such that the urge to blink increased over time in both conditions. No significant
condition by time interaction was found [F(1, 13.7)=1.84; p=0.20].

Furthermore, to explore whether the number of eye blinks were related to the reported urge
to blink, we examined the correlation of the AUC to BR scores at each time point, following
both active and sham TMS (Fig. 4). Overall, an inverse correlation between blink rate and
urge to blink at a trend level of significance was observed at each time point and under both
active (T1:r=.22,p=.07; T2: r = .31, p =.003), and sham conditions (T1: r = .24, p = .06;
T2:r=.31, p=.07), supporting the validity of our outcome measures.

There was a trend for a main effect of TMS condition on the relative change from baseline in
the number of risky choices [F(1, 23.8)=3.06; p=0.09]. ANOVA showed no significant
condition by time interaction on the number of risky choices in response to active vs. sham
stimulation [F(1,13.3) = 0.52, p = 0.48]. There was no main effect of time [F(1, 23.7) = 1.18,
p=0.29].

4. Discussion

In the present study, deep rTMS applied over the right aINS via a novel H8 coil was shown
to be safe. Following a single session of active, low-frequency rTMS subjects reported
greater urge to blink compared to baseline, whereas post-TMS blink rate was decreased.
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Conversely, following sham stimulation there was an increase in blink rate, and only a
modest effect on the urge to blink as compared to baseline. We also observed an inverse
correlation between urge intensity and blink occurrence, such that when subjects showed
increased blinking, their urge to blink subsided. Finally, we did not find any conditionxtime
interaction or main effect of TMS condition in the number of risky choices made by study
participants during the forced-choice risk task.

Together, these findings do not lend support to our primary hypothesis that low-frequency
deep rTMS would inhibit insula activity during urge processing, thus attenuating the urge
sensation. Our hypothesis was based on several studies showing that increased activity in
alNS was associated with the buildup of urge sensations during suppression of natural bodily
functions (14, 16), as well as with the ‘urge-for-action’ associated with natural behaviors

(9). Furthermore, increased alNS activity is observed in clinical disorders characterized by
abnormal urge-for-action (e.g., Tourette syndrome, obsessive-compulsive disorder,
addiction) (17, 19, 21, 26). Also relevant is the observation reported by lesion studies
indicating that patients with selective insular damage exhibited a dramatic decrease in urge
to smoke, which leads to disruption of their smoking addiction (30-33).

In the current study, we used low-frequency TMS to achieve a non-invasive and temporary
disruption of insula activity, since such frequency is known to consistently inhibit motor
cortical excitability (34), with the aim to replicate the findings from lesion studies and to
explore whether urge processing could be modulated. Our results, however, indicated that
following active stimulation the urge to blink increased, although the decrease in blink rate
may suggest that active stimulation increased tolerance to the urge, thus allowing to delay
the action associated with urge relief.

This interpretation, although interesting especially for the potential clinical implications,
appears to be challenged by several considerations. In particular, we observed that baseline
values for both blink rate and urge to blink were significantly different among the two
experimental conditions, although there were no differences in terms of room conditions or
instructions given to participants to perform the blink task. Furthermore, the order of TMS
conditions was randomized and counter-balanced among subjects. Nevertheless, we found
that in the active TMS condition, BR mean at baseline was greater compared to the sham
TMS condition, while the opposite was observed for the mean AUC of the urge to blink.
Mean values at baseline were not driven by outliers; therefore, we included all subjects in
our analysis, which was performed using relative change to account for the different baseline
values. However, the lack of significant timexcondition interaction suggest that active
stimulation did not affect any of our outcome measures. This also includes results from the
forced-choice risk task, which showed that risk-taking behavior was not affected by active
TMS. Selection of risky options has been associated with increased activity in aINS (11, 13),
while insula inactivation or damage led to risk-aversion in animals and humans, respectively
(35, 36).

Since we believe that the testing paradigm used in our study reliably involved aINS
activation, the lack of target modulation observed in our study could be related to the
stimulation parameters used. In particular, we chose to set the intensity of stimulation at
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120% of the rMT based on previous studies evaluating the effects of TMS on deep targets,
including the insula (25, 37). At 120% of the rMT the H8 coil is expected to produce 100
V/m to a depth of 3.5 cm from the scalp (personal communication, Abraham Zangen and
Yiftach Roth, October 2016). Affecting neural activity 3.5 cm from the scalp is deep enough
to include the entire frontal operculum, but at the depth of our target (approximately 4 cm
from the scalp), the intensity of stimulation would be reduced (between 66% and 81% of the
maximal field induced at the surface of the skull, as measured for H1 and H2 coils (38)). On
the other hand, a study evaluating the field characteristics of coils for deep TMS reported
that to reach depth of 4 cm, the superficial cortical strength would be 145% of motor
threshold (39), which exceeds the range of intensities covered in the current rTMS safety
guidelines (< 130% motor threshold) (23).

With regard to the direction of the stimulation (excitatory vs. inhibitory), we chose to deliver
low-frequency rTMS on the basis of the aforementioned lesion studies. Nevertheless, a
recent study investigating the effects of bilateral deep rTMS of the dorsolateral prefrontal
cortex (DLPFC) and the insula on smoking addiction, indicated that high- but not low-
frequency deep TMS reduced cigarette consumption (7). However, several factors, including
the use of a different H coil, the choice to stimulating bilaterally both DLFC and insula, the
number of TMS sessions, a study sample of patients and the exposure to smoking-related
cues prior to stimulation, critically affect stimulation outcomes. Furthermore, the authors
reported that deep TMS reduced the number of cigarettes smoked, but had no effect on urge
to smoke, a process mediated by the aINS.

The lack of neuroimaging markers in both studies leaves open the question whether deep
TMS may reach the insula, or whether the effects observed are related to the stimulation of
overlying cortical regions. In this regard, a recent study showed that 1 Hz deep TMS at
100% of rMT over the secondary somatosensory cortex reduced somatosensory BOLD
response in this cortical area but did not affect the insula (40).

In addition to the lack of neuroimaging markers, other limitations of our study are
represented by the small sample size and by the characteristics of the sham condition
provided by the H8 coil. Although in the sham operation mode, the H8 coil produced a
sound artefact similar to the active TMS condition, it did not induce the same somatic
sensation of scalp muscle contractions. Following active stimulation, the levels of discomfort
reported by subjects were greater compared to sham TMS, thus suggesting that blinding
conditions may not be optimal. We should also notice that the time interval ( = 72 hours)
between stimulation sessions might not have been enough to completely wash out potential
carryover effects, although active and sham stimulations were delivered in counter balanced
order and no effect of session order was observed. Finally, we found a modest test-retest
reliability for AUC of the urge to blink. This may be due to the occurrence of involuntary
blinks during the suppression task, which might lead to a transient decrease in the urge to
blink. The number and timing of these blinks vary considerably among subjects and the
degree to which such a blink would reduce the level of urge for an individual subject may be
difficult to assess (16).
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In summary, although the aforementioned limitations emphasize the need for caution, our
findings indicate that low-frequency deep TMS with the novel H8 coil did not affect the
behavioral markers of insula activity used in the current study. The use of low-frequency
stimulation may have led to a sub-threshold stimulation of the aINS. Thus, further studies
will be necessary to identify whether different stimulation parameters should be used in
order to achieve stimulation of deep targets, without increasing the risk for adverse effects.
Furthermore, it will be critical to evaluate the possible distinct effects of these stimulation
parameters on the overlying cortical regions, also affected by the broad field produced by
deep TMS coils, given that their stimulation can contribute to modulate activity of deeper,
interconnected regions.
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Figure 1.
The H8 coil device contains two symmetric components designed to stimulate one or both

hemispheres. Lateral (a) and frontal (b) view of H8 coil placement on subject’ head. Figure
(c) shows the coil elements contained in the H8 device.
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Figure2.
Target area (right anterior insula) and its relationship with coil placement over the scalp. The

target area, located at approximately 4 cm from the scalp surface, was mapped using an
MRI-guided navigation system for TMS. Target location was marked on a cap wore by the
participants during the experimental session. The center of the coil, where the magnetic field
is at the maximum, was also marked on the inner surface of the right wing of the H8 coil,
which was placed on the target.
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Relative changes from baseline for eye blinking rate (BR) and urge to blink (AUC)

following sham and active rTMS.
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Figure 4.

Correlations of the AUC to BR scores at each time point, following both active and sham

TMS.
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Relative changes from baseline for risk choices following sham and active rTMS
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Table 1.

Mean BR and AUC (£SD) assessed at baseline (t0), immediately after and 60 minutes later the TMS sessions,
during the active and sham experimental condition.

Mean sb

AUC | real t0 | 1214.39 | 318.86

t1 | 1360.31 | 316.32

t2 | 1452.67 239.4

sham | tO | 1444.08 | 304.68

t1 | 1341.99 | 285.05

t2 | 1401.57 | 265.54

BR real t0 16.25 7.32

t1 13.69 177

2 13.27 10.04

sham | t0 10.75 8.41
t1 13 8.58

t2 12.87 9.52
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