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Abstract

Research suggests that the discriminative and affective aspects of touch are processed differently
in the brain. Primary somatosensory cortex is strongly implicated in touch discrimination, whereas
insular and prefronal regions have been associated with pleasantness aspects of touch. However,
the role of secondary somatosensory cortex (S2) is less clear. In the current study we used
inhibitory repetitive transcranial magnetic stimulation (rTMS) to temporarily deactivate S2 and
probe its role in touch perception. Nineteen healthy adults received two sessions of 1-Hz rTMS on
separate days, one targeting right S2 and the other targeting the vertex (control). Before and after
rTMS, subjects rated the intensity and pleasantness of slow and fast gentle brushing of the hand
and performed a 2-point tactile discrimination task, followed by fMRI during additional brushing.
rTMS to S2 (but not vertex) decreased intensity ratings of fast brushing, without altering touch
pleasantness or spatial discrimination. MRI showed a reduced response to brushing in S2 (but not
in S1 or insula) after S2 rTMS. Together, our results show that reducing touch-evoked activity in
S2 decreases perceived touch intensity, suggesting a causal role of S2 in touch intensity
perception.
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Introduction

Evidence suggests that discriminative aspects of touch (what, where, when) involve different

neural processing than touch affect (pleasantness or unpleasantness). Primary (e.g. [8, 18,
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25, 34]) and secondary (e.g. [11, 22]) somatosensory cortices are most commonly associated
with tactile discrimination, whereas touch pleasantness correlates with neural responses in
other brain regions, including orbital frontal cortex (OFC) [13], posterior insula (pINS;
[24]), superior temporal sulcus [19], and anterior cingulate cortex (ACC; [10]).

A recent meta-analysis of fMRI studies showed that S1 is activated mainly by discriminative
touch and pINS mainly by affective touch paradigms [25]. Evidence related to S2, on the
other hand, showed a high likelihood of response to discriminative as well as affective
aspects of touch. It is not clear to what extent the S2 activation reflects discriminatory
touch processing correlated with affective touch (such as discrimination of soft textures,
or attention directed towards pleasing stimuli), or if S2 is directly involved in the
perception of touch pleasantness [25].

Using single pulse transcranial magnetic stimulation (TMS) to disrupt cortical activity,
investigators found that stimulation of contralateral S2, but not S1, reduced laser-evoked
pain on the left hand [25], suggesting that S2 is more important than S1 in pain intensity
perception. However, the causal role of S2 in non-nociceptive touch perception has not been
tested. Low frequency repetitive TMS (rTMS) is used to produce inhibition of its cortical
target [5, 21, 23], allowing a causal test of the target’s function. We recently reported that
rTMS inhibition of right hemisphere S1 decreased tactile spatial discrimination and
increased perceived touch intensity for the contralateral hand, but had no effect on touch
pleasantness [12]. Since we observed that intensity ratings were positively correlated with
fMRI BOLD response in contralateral S1 and insular cortex and bilateral S2 [4] in a
separate fMRI session of the same study, it seemed unlikely that the /ncrease in intensity was
a direct result of S1 /nhibition. We therefore speculated that the effect of S1 rTMS on touch
intensity occurred due to a disinhibition of S2 as a consequence of the S1 inhibition.

The current study uses inhibitory rTMS to reduce S2 activation and thus test its causal role
in touch intensity, pleasantness, and spatial discrimination. We hypothesized that rTMS
deactivation of S2 would decrease perceived touch intensity and possibly also affect touch
pleasantness, but not alter spatial discrimination.

Materials and Methods

Participants

Nineteen healthy, right-handed adults (mean age 29.5 £ 7.5 years; range 18-45 years; 8
male) completed both rTMS sensory testing sessions; seventeen of these completed both
fMRI scans.

Exclusion criteria included major medical or psychological conditions, chronic pain,
substance or alcohol dependence or abuse, dermatological abnormalities relevant to
somatosensation, pregnancy and MRI and TMS safety exclusion criteria [4]. Subjects were
also screened for adequate sensory acuity on the left palm, defined by above-chance
performance on the two-point discrimination task (2PD). All participants provided informed
consent and were monetarily compensated in accordance with approval from the NIH CNS
Institutional Review Board.
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Experimental design

Each subject received two rTMS sessions: one targeting the right hemisphere S2 and the
other targeting the vertex. Session order was counterbalanced across participants. Subjects
performed sensory testing before and after each rTMS session, blinded to hypotheses and
tester blind to rTMS location (see [4] for details). After rTMS, participants completed a brief
fMRI brushing task and anatomical scan.

Stimulation parameters

We conducted 20-min of 1-Hz rTMS to S2 or vertex using an H8 deep TMS H-coil [26, 39]
to achieve deeper penetration than that produced by Figure-8 coils. At 120% of resting
motor threshold (RMT), it is expected to produce 100V/m up to 3.5 cm from the scalp
(personal communication, Abraham Zangen and Yiftach Roth, October 2016), a field
strength sufficient to induce an evoked potential in motor cortex with a single pulse [27, 29,
35]. Affecting neural activity 3.5cm from the scalp is deep enough to include the entire
parietal operculum, but falls short of the insula. The H-coil was driven by a Super Rapid 2
Transcranial Magnetic Stimulator (Magstim, Whitland, UK). rTMS sessions were separated
by at least 24 hours and were spaced at least one week apart from any TMS session in other
studies. During rTMS participants wore earplugs and watched a silent movie of landscapes.

S2: During the S2 session, stimulation was performed at 110% of H-coil RMT. Figure-8
RMT was obtained at the beginning of each rTMS session, using techniques described
previously [4]. Based on calculated coil equivalencies, we then estimated the H-coil RMT by
adding 10%. Four subjects received less intense stimulation (81-97% H-coil RMT) due to
stimulation-related pain or discomfort on the scalp.

Vertex: Vertex stimulation was used to produce scalp sensations without affecting neural
tissue. Vertex stimulation with Figure-8 coils has no demonstrable effect on somatosensory
discriminative performance (see [4]). To produce a magnetic field with the H-coil that would
reach the scalp without stimulating the underlying cortex, we inserted a 4-cm thick foam
spacer between the coil and the scalp and stimulated at 100% of the Magstim output [4].

rTMS target localization

The motor target for conducting RMT and the S2 and vertex targets were determined for
each subject using previously described methods and previously obtained functional and
anatomical MRI scans [4]. The S2 target was the voxel in pINS just medial to S2 that
showed the largest group-level response to slow brushing on the back of the hand in our
previous study (x =38,y = —16, z = 12 in MNI standard space;[4]). S2 lies in the parietal
operculum superficial to pINS; by targeting pINS and placing the H- coil tangential to the
scalp surface, we aimed to stimulate along the full parietal operculum (Figure 1). The vertex
target was placed manually above the interhemispheric fissure in the same coronal plane as
the peak S1 response to hand brushing. Both the vertex and S2 targets were drawn on a
fabric electro-cap with no electrodes attached (Electro-Cap International, Inc., OH, USA)
while tracking the subject’s head position using the Brainsight TMS Navigation system
(Brainsight, Rogue Research, Montreal, Canada). Participants were then relocated to the
MRI center where the target drawn on the cap was used to center the H-coil.

Neurosci Lett. Author manuscript; available in PMC 2018 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Case et al.

Page 4

Sensory Testing

fMRI

Participants completed a brushing task and a two-point discrimination (2PD) task on the left
hand before and after rTMS, with task order counterbalanced across participants. Baseline
sensory testing (8—10 min) was conducted 20-30 minutes before rTMS and ~3 minutes after
the final rTMS pulse. Task completion occurred 9-14 minutes after the final rTMS pulse,
remaining within the lower temporal durations reported for rTMS-induced inhibition [4]. In
the vertex condition, due to technical difficulties, two participants completed sensory testing
later (22 and 30 min post-rTMS, respectively). Mood and anxiety ratings were collected
verbally at the beginning of sensory testing (good mood, bad mood, anxiety, and calmness
scales anchored with 0 = neutral and 10 = extremely good/bad/anxious/calm). Ratings of
maximum TMS-related scalp pain were collected directly after rTMS on a 0-100 visual
analog scale (VAS).

Brushing task—Using techniques described previously [4], the palm and back of
participant’s left hand were stroked at slow (3 cm/sec) and fast (30 cm/sec) speeds during
separate 6-sec blocks. Fast brushing is rated as more intense than slow brushing (e.g. [18]),
while slow brushing is rated as more pleasant and is the optimal stimulus for C-tactile (CT)
afferent fibers linked to pleasantness perception in hairy skin [4]. The four types of brushing
were chosen to create variability in the intensity and pleasantness of the stimuli by activating
different proportions of Ap and CT fibers. Participants rated each type of brushing on VAS
scales for intensity and pleasantness (see [4]).

Two-point discrimination task (2PD)—Using procedures previously described [4],
participants were touched on the left thenar eminence using an aesthesiometer and indicated
whether they perceived one or two plastic tips.

The MRI session included a functional scan of hand brushing, using imaging parameters
previously described [4]. Participants provided VAS ratings of intensity and pleasantness of
two blocks of brushing, each containing ten 6-sec trials of slow brushing on the back of the
left hand (3 cm/sec). The two ratings, on average, were made 26 and 30 minutes after the
last rTMS pulse.

Data Analysis

Task fMRI analysis

Preprocessing: fMRI preprocessing was identical to that performed in [4] except that
alignment of the functional scan to the structural scan was conducted using a 6 parameter
rigid-body transformation for four participants when boundary-based registration failed.

Mass Univariate GLM Analysis: First-level analysis was conducted in FEAT (FMRI
Expert Analysis Tool; part of FSL) as described in [4].

Group-level Analysis: A repeated measures three level analysis was conducted using
sequential fixed and mixed effects models using FSL’s FLAME (FMRIB’s local analysis of
mixed effects; [4]). This analysis combined the fMRI scans from both rTMS sessions to
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identify brain regions with a significant response to brushing > rest at the group-level. The
analysis was thresholded at Z = 3 and Gaussian Random Field (GRF) theory was applied to
identify clusters of voxels significant at the p< 0.01 level. In addition, to compare the effects
of rTMS between sessions, three group level analyses were performed using mixed effects
FLAME models to identify regions with a significant BOLD response to brushing 1) after
vertex rTMS, 2) after S2 rTMS, and 3) with greater BOLD response to brushing after the
vertex rTMS than after S2 rTMS. The analysis was thresholded at Z = 3 and Gaussian
Random Field (GRF) theory was applied to identify clusters of voxels significant at the p <
0.01 level. Analysis was repeated p < 0.05 to check for marginal effects between rTMS
conditions.

Region of Interest (ROI) Analyses: 5 mm spherical ROIs were centered around the peak
group-level BOLD response to hand brushing in right primary somatosensory cortex (S1;
MNI coordinates 26, —36, 70), right S2 (62, —18, 18), right pINS (36, —18, 22), and left S2
(-58, =22, 16). The highest peak in S2 bordered pINS, so we selected the second highest
peak, in superficial S2 proximal to the TMS coil, a location consistent with the hand/arm
topography of S2 [28, 33]. An additional 5mm spherical ROl was centered around the rTMS
target in pINS (38, —16, 12). Median COPE (contrast of parameter estimates) values were
extracted from the ROIs using Featquery (part of FSL).

Student’s t-tests were conducted to compare median COPE values for each ROI between
rTMS sessions and to compare average fMRI ratings of pleasantness and intensity between
sessions.

Analysis of sensory testing

Intensity and pleasantness ratings: Baseline intensity and pleasantness ratings of fast and
slow brushing (averaged across sessions) were compared using paired Student’s t-tests.
Intensity change scores (after rTMS — before rTMS) were not normally distributed (Shapiro-
Wilk p=0.003), so nonparametric paired signed-rank Wilcoxon tests were used to compare
rating change scores of fast and slow brushing (for intensity and pleasantness separately)
between the S2 and vertex sessions.

Two-point discrimination (2PD): For each distance, 2PD accuracy was calculated using
techniques described previously [4].

fMRI Results

S2 rTMS alters S2 BOLD response to brushing—Across both rTMS sessions, the
brushing task activated the anticipated brain regions, including contralateral S1, bilateral S2,
and contralateral pINS (Table 1; Figure 2).

A whole-brain analysis found no significant cluster-corrected differences in brushing-evoked
BOLD response after rTMS to S2 versus vertex. However, ROI analysis revealed
significantly lower bilateral S2 responses to brushing after S2 rTMS than after vertex rTMS
(right S2 M=0.32, Vertex M= 0.44, {16) = 1.87, one-tailed p=0.04; left S2 M=0.19,
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Vertex M=0.30, {16) = 2.3, p=0.04) (Figure 3). Reductions in right and left S2 showed a
trend towards correlation, /(15) = 0.46, two-tailed p = 0.066. Neither the right pINS peak
brushing ROI nor the right pINS rTMS target ROI (peak brushing activation from [4])
differed between rTMS sessions (S2 M= 0.14, Vertex M=0.11, {16) = 0.94, p=0.36 and
S2 M=0.17, Vertex M=0.19, £16) = 0.60, p=0.56, respectively). Right S1 did not differ
between rTMS sessions (S2 M= 0.24, Vertex M= 0.19, {16) = 0.78, p = 0.45) (Figure 3).

rTMS Sensory Results

S2 rTMS decreases perceived intensity of fast brushing; no effect on
pleasantness perception—Before rTMS (averaged across hand locations and sessions),
participants rated fast brushing as more intense than slow brushing (Wilcoxon signed rank
test, Z = —3.38, p< 0.001; Figure 4) but rated slow brushing as more pleasant than fast
brushing (Z = -2.01, p=0.04). Relative to the Vertex session, intensity ratings decreased
after S2 rTMS for fast brushing (Wilcoxon signed rank test, Z = 1.7, a priori one-tailed p =
0.045) but not for slow brushing (Z = 0.18, one-tailed p=0.429). There was no significant
difference between brushing locations. Change in pleasantness ratings did not differ
between S2 rTMS and Vertex rTMS for fast brushing (Z = —0.58, one-tailed p= 0.281) or
slow brushing (Z = -0.17, one-tailed p = 0.433) (Figure 5).

No Effect of S2 rTMS on 2PD accuracy—Accuracy of 2PD was not affected by rTMS
to either S2 or vertex, with no overall effect of rTMS location (A1, 24.85 = 0.00, p=1.00),
and no interaction between distance and rTMS location (A2, 28) = 0.74, p=0.48) (Figure
6).

No effect of rTMS on pain or mood—TMS had no significant effect on ratings of
good mood, bad mood, anxiety, or calmness (Table 2) and no difference between rTMS
locations [good mood (£18) = 0.44, p=0.67), bad mood (#18) = 0.18, p = 0.86), anxiety
(418) =0.92, p=0.37), calm (418) = 2.04, p=0.06)]. Participants experienced transient
scalp pain during both rTMS stimulation locations (S2: 34.6 +/-30.5; vertex 23.3 +/-26.0)
with no difference between locations ({18) = 1.07, p=0.30).

Discussion

We used inhibitory rTMS to test the causal role of S2 in perception of gentle touch intensity
and pleasantness. The fRMI results revealed a bilateral reduction in S2 brush-evoked
activation, with no change in insular or S1 activation, suggesting that we had preferentially
altered tactile responsiveness in S2. During this S2 deactivation, subjects reported reduced
perceived intensity of brushing stimuli, without changes in pleasantness or two-point
discrimination. No such effects were observed with vertex rTMS. Together, these findings
support our primary hypothesis that S2 plays a critical role in tactile intensity perception, but
do not lend support to the secondary hypothesis that S2 is important for touch pleasantness.

Our results are consistent with findings that S2 plays a greater role than S1 in dynamic
temporal discrimination but not in spatial localization [21]. Since we previously showed that
rTMS deactivation of S1 worsened tactile spatial discrimination, while paradoxically
increasing the perceived intensity of a tactile stimulus, the current findings suggest a very

Neurosci Lett. Author manuscript; available in PMC 2018 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Case et al.

Page 7

different role for S2 in tactile perception. We previously suggested that the increased
intensity perception following S1 rTMS [17] may have resulted from S1 inhibition leading
to S2 disinhibition. The current findings of S2 involvement in perceived touch intensity
support that idea.

Our current results fit with the broader literature tying S1 to spatial discrimination and S2 to
intensity perception. Extensive research has identified the role of S1 cortex in discriminative
aspects of somatosensation, including tactile detection thresholds [4, 8], frequency
discrimination [30], 2PD [18, 30-32] tactile direction discrimination [34], and spatial
discrimination [22]. In contrast, intensity, attention and salience of somatosensory stimuli
have been more closely associated with S2 (e.g. [1, 6, 9, 14]). S2 BOLD also appears to
reach its maximal response at lower levels of stimulus intensity than S1 [16, 20, 37].

In contrast to the effect of S2 rTMS on intensity perception, we did not observe any effect of
S2 rTMS on perception of touch pleasantness. We believe our testing paradigm is sensitive
to fairly subtle manipulations, as we previously showed, using the same techniques, that the
mu-opioid receptor antagonist naloxone can increase touch pleasantness without altering
touch intensity [38]. S2 has not generally been associated with pleasantness perception,
although it has been implicated in attention and salience of stimuli (e.g. [1, 3, 6]). A recent
meta-analysis conducted by Morrison suggests that S2 shows a high likelihood of fMRI
activation for affective aspects of touch as well as discriminative aspects [25] Nevertheless,
because studies have often not fully separated affective and discriminative factors, it is
unclear whether this activation is inherently affective or reflects processes such as attention
or salience that strongly influence affective processing. Indeed, their contrast of brain
regions that are significantly more likely to be activated by affective touch than by
discriminative touch identified the posterior insula but not S2. This suggests that S2 may be
tied only indirectly to processing of tactile pleasantness. Kress et al. [19] also report
correlation between pleasantness ratings and BOLD in the contralateral pINS, with
activation appearing to border between S2 and the insula [25]. Further, in both our study and
these other studies, it is difficult to know what aspects of touch perception participants take
into account when rating intensity and pleasantness (e.g. perceptions of velocity, arousal,
comfort, etc).

We did not see a significant effect of S2 rTMS on BOLD response to brushing in whole-
brain fMRI analysis. However, it is difficult to capture the effect of TMS with fMRI. Our
fMRI scan did not begin until approximately 20 minutes after the end of rTMS, and cortical
inhibition may have partially worn off by this time (e.g. [36]). Still, given the difficulty of
capturing TMS effects with fMRI, it is significant that we detected the rTMS effect with
ROI analyses, demonstrating inhibition of contralateral and ipsilateral S2 after S2 rTMS.

It is also interesting that our unilateral rTMS produced a bilateral reduction of touch-evoked
S2 activation. Unilateral afferent input activates S2 bilaterally, with a serial flow of
information from contralateral S2 to ipsilateral S2 following activation of S1 [7, 15, 36].
This transcallosal information flow could underlie the bilateral inhibitory effect.
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Our fMRI data support the idea that S2 cortex was affected by the rTMS, without significant
effects on pINS or other sensory brain regions. Nevertheless, we cannot completely exclude
the possibility of sub-threshold effects in other regions that could contribute to the observed
sensory changes. We used the H8, an H-coil designed for deep-brain stimulation in order to
reach the entire parietal operculum. Insula stimulation with deep TMS has been reported by
de Andrade et al. using a Magventure cooled DB-80 butterfly coil [2], but has not been
reported with the H-coil. We believe that our sensory and fMRI results support the claim of
the manufacturer that at 120% of MT, the H8 produces 100V/m up to 3.5 cm (Zangen and
Roth, personal communication). A slightly shorter stimulation distance would be expected
for our stimulation intensity of 110%. However, it is still possible that subthreshold
stimulation might affect the insula.

In summary, rTMS over right S2 reduced bilateral S2 BOLD response to gentle brushing
and reduced perception of the intensity of fast brushing, with no effect on touch pleasantness
or two-point discrimination. Together, these results suggest an important role of S2 in touch
intensity perception.
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Highlights

1-Hz inhibitory rTMS conducted over secondary somatosensory cortex (S2)
or vertex

rTMS to S2 decreased ratings of touch intensity for fast but not slow brushing
rTMS to S2 did not alter touch pleasantness or tactile discrimination
Somatosensory BOLD response in S2 was reduced after S2 Rtms

Results suggest S2 is causally involved in touch intensity perception

rTMS over S2 using H8 deep TMS coil did not reach insula
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above group
target
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Figure 1.
Placement of the TMS coil over vertex (top) and S2 (bottom).
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After Vertex rTMS After S2 r'TMS

Figure 2.
BOLD response to slow brushing stimulus in S2 after rTMS to S2 or Vertex. Significant

clusters of BOLD activations to brushing > rest after \ertex rTMS (control; left panel) and
S2 rTMS (right panel) are displayed at a representative slice through S2 cortex, y = 20.
Clusters are displayed above a statistical threshold of Z> 3, whole-brain corrected for
multiple comparisons (p < 0.001). xand yindicate MNI coordinates. The images are shown
in radiological convention.
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Figure 3.
Brushing-evoked BOLD response averaged across rTMS sessions with ROI analyses

superimposed. Clusters are displayed above a statistical threshold of Z> 3, whole-brain
corrected for multiple comparisons (p < 0.01). 5 mm spheres were drawn around peak
brushing activations (blue circles). Only right and left S2 ROIs showed a significantly
different mean BOLD response to brushing after rTMS to S2 (grey bars, left) versus rTMS
to the vertex (white bars, right). xand yindicate MNI coordinates. The right side of the
images correspond to the left side of the brain, * = one-tailed p < 0.05. Error bars £ SEM.
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Baseline Intensity and Pleasantness Ratings

Intensity Pleasantness

« Fast ™ Slow

Baseline intensity and pleasantness ratings of gentle brushing. There were no differences by
hand location or session so ratings were collapsed across locations and sessions. Median
ratings are displayed; error bars represent interquartile intervals. * = two-tailed p < 0.05.
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Change in Intensity Ratings
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Figure 5.
Changes in participants’ median ratings of fast and slow brushing intensity (top) and

pleasantness (bottom) from before to after rTMS to S2 or Vertex. Error bars display
interquartile intervals. Participants rated fast brushing as significantly more intense after
rTMS to S2. No changes were found in pleasantness perception.
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Change in 2-Point Discrimination
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Figure 6.
Changes in two-point discrimination (2PD) task performance from before to after S2 or

Vertex rTMS. Error bars display + SEM. No changes were found in tactile discrimination
from the rTMS sessions.
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