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ABSTRACT
Investigating the Neural Mechanisms of Unconscious And Illusory Touch Perception
by
Lua Koenig
Advisor: Tony Ro, Ph.D.

Despite our everyday reliance on touch, from manipulating tools to dressing ourselves,
relatively little is known about the neural correlates of tactile perception. As with other modalities,
our conscious, reportable experiences of touch can dissociate from the physical tactile stimulation
processed by the skin. In unconscious touch perception, tactile stimuli can be processed and guide
our behavior without an accompanying conscious percept. For example, we may swat away a
mosquito without having consciously registered its presence on our skin. In tactile illusions,
conscious tactile experiences occur without a corresponding tactile stimulus. Multisensory tactile
illusions arise when stimulation of a different modality influences conscious tactile perception.
Using converging neuroscientific methods, we characterized the neural mechanisms underlying
these two types of dissociations in touch perception. In a first experiment, we assessed the role of
primary somatosensory cortex (S1) in conscious and unconscious touch perception using
transcranial magnetic stimulation (TMS). We demonstrated for the very first time the existence of
TMS-induced numbsense, whereby the disruption of S1 suppressed tactile awareness but left
unconscious localization of touch above-chance. In a second experiment, we assessed the role of
early somatosensory activity in

a visually induced tactile illusion. We

recorded

electroencephalographic (EEG) activity and fast-signal optical imaging over the somatosensory
cortex and found activations in S1 and S2 starting 128 ms after visual stimulus presentation
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associated with this illusion. These findings imply the involvement of early somatosensory
representations in a multisensory illusion of touch. In a follow-up experiment, we explored the
roles of S1 and of the PPC, a multimodal structure known to participate in the integration of visual
and tactile signals, in this visually induced tactile illusion. Unexpectedly, stimulating S1 did not
reduce visually induced tactile illusions, suggesting that these may rely on other somatosensory
processes that can compensate for S1 suppression. Stimulating the PPC 140 ms after visual
stimulus presentation caused a significant decrease in the visual facilitation of tactile sensitivity,
likely due to an increase in visually induced tactile illusions. This demonstrated the role of the
PPC in improving tactile sensitivity during visual tactile multisensory integration, and suggests it
may also influence visually induced tactile illusions. In our last experiment, we used a
psychophysical approach to understanding the behavioral mappings between auditory and tactile
perception in sound-touch synesthesia, in which individuals experience consistent and reliable
sound-induced tactile illusions. We found that sound frequency was strongly correlated with the
location of synesthetic tactile illusions on the body, suggesting the involvement of early,
somatotopically-organized somatosensory areas. Together, our results support the critical
importance of early somatosensory brain areas in both unconscious and illusory touch perception,
as well as in multisensory integration. These results provide an important insight into the neural
mechanisms supporting the subjective aspects of touch perception.
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CHAPTER 1
General Introduction
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Touch perception is more fundamental to our experience of the world than we perhaps
give it credit for. The good night’s sleep we get in a cozy bed, the joy of swimming through cold
water, the pleasure of eating a favorite food, and the comfort of a hug, are experiences that are
indissociable from our sense of touch. Despite the ubiquity of touch in our everyday lives,
relatively little is known about how tactile signals are processed in our brains to give rise to the
rich idiosyncrasy of the feelings on our skin.
Sir Roger Penfield captured the world’s imagination when he demonstrated, in 1938,
along with his colleague Herbert Jasper, that the stimulation of small areas of the brain provoked
vivid sensations on the body in awake patients. This was the first time a causal link had been
established between cortical activity and the subjective experience of feeling touch – that is, the
conscious and reportable aspects of touch perception. David Ferrier, in 1876, had demonstrated
that stimulating the parietal cortex in animals caused tactile sensations but noted that “the
plaintive cry elicited by pinching the foot of a rabbit may be merely a reflex phenomenon, not
depending on any true sense of pain” (Ferrier, 1886). Therefore, the discovery of a neural
mechanism for the conscious experience of touch and the ensuing ability to report it in humans
was remarkable. The resultant mapping procedure led to the development of the now-famous
sensory homunculus, which represents the somatotopic organization of the somatosensory cortex
(see Figure 1.1). Not only did this finding encompass a new realm for understanding the neural
correlates of conscious perception, but it also shone light on the neural mechanisms of an oftenoverlooked sensory modality.
Despite Penfield’s important step in discovering the neural substrates underlying
conscious tactile percepts, the temporal and spatial characteristics of subjective touch perception
are poorly understood. As with other sensory modalities, a striking feature of touch perception is
2

that the subjective experience of touch can dissociate from physical tactile stimulation. These
dissociations are fundamental to our understanding of the neural mechanisms of conscious
perception. On the one hand, in unconscious touch perception, tactile information can be
processed without an accompanying conscious tactile experience, as measured by tactile-guided
behaviors. Indeed, some patients with damage to somatosensory brain regions lose the ability to
feel touch in an affected body part yet maintain the ability to correctly guess some attributes of
tactile stimuli above chance, in a disorder coined numbsense (Rossetti, 1998). Here, the
discrepancy is between the objective tactile stimulation and the lack of a corresponding
subjective tactile experience.
On the other hand, in tactile illusions, vivid tactile sensations occur without a
corresponding tactile stimulus. For example, in palinesthesia, some patients experience the
persisting illusory sensation of touch after letting go of an object. In so-called multisensory
illusions, stimulation in another sensory modality can influence the subjective perception of
touch. Hearing nails scraping a blackboard can cause an uncomfortable shivering sensation on
the skin, for instance. In unisensory and multisensory illusions, the discrepancy between the lack
of, or the non-tactile nature, respectively, of the objective information and the subjective tactile
experience constitutes an invaluable vantage point to investigate the neural mechanisms of
subjective touch perception. To date, research into the neural correlates of conscious perception
using these types of dissociations has focused primarily on vision (Crick & Koch, 1990) and
equivalent approaches in touch perception have received little attention.
As with vision, the necessity of primary sensory processes for the conscious awareness of
touch has been the topic of intense debate. While some studies have demonstrated that the
somatosensory cortex (SSC) is necessary for conscious touch perception (Andre-Obadia et al.,
3

1999; Cohen et al., 1991; Cushing, 1909; Seyal et al., 1992), others have contested its sufficiency
for tactile awareness and implicated higher-order frontal-parietal areas (Libet et al., 1967; Palva
et al., 2005; Schubert et al., 2006).
A consensus has not been reached concerning the neural mechanisms of multisensory
influences on touch perception either. In some cases, multisensory interactions have been shown
to rely on processing in higher-order multimodal areas such as the posterior parietal cortex (PPC)
(Andersen, 1997; Gross & Graziano, 1995; Pasalar et al., 2010; Ro et al., 2004). However, recent
studies have shown that multisensory interactions can also occur directly in SSC (Schroeder &
Foxe, 2005; Taylor-Clarke et al., 2002). As such, several questions about the neural correlates of
touch perception remain unanswered.
To address these limitations and gain insight into some of the driving principles and
neural mechanisms of conscious touch perception, we used paradigms in which a dissociation
occurs between objective sensory input and conscious tactile experience, in both unisensory and
multisensory contexts. In Chapter 2, we assessed the existence of unconscious perception of
touch by disrupting tactile awareness by interfering with primary somatosensory cortex (S1)
activity. We found that despite the loss of tactile awareness, subjects were nevertheless able to
unconsciously discriminate the location of touch, confirming the role of S1 in conscious touch
perception and demonstrating that unconscious touch can rely on S1-independent neural
mechanisms. In Chapter 3, we measured the neural correlates of a visually induced tactile
illusion using electroencephalography (EEG) and fast-signal optical imaging (EROS). We found
that visual influences on subjective tactile reports were reflected in relatively early
somatosensory activity localized to S1 and S2 cortices. In Chapter 4, we extended this approach
by examining the causal role of S1 and the PPC in visually induced tactile illusions. Although
4

our results were inconclusive concerning the causal role of S1, we found that the PPC had a
fundamental role in mediating the influence of visual signals on tactile sensitivity, reflecting its
role in multisensory integration. In Chapter 5, we turned to another dramatic dissociation
between physical input and subjective touch perception: the perceptual condition of synesthesia,
in which sounds induce illusory tactile sensations on the body. We characterized the
psychophysical correspondences between sound frequency and illusory tactile sensations. We
found that sound frequency significantly correlated with the location of induced sensations on
the body, suggesting a role for early somatotopic neural representations in these illusions.
The neural mechanisms of unisensory subjective touch perception
Although the neural mechanisms of conscious touch perception have received less
attention than those of vision or audition, the critical role of S1 is well established. Lesions
specific to S1 (Brochier et al., 1994) as well as transient and reversible disruptions to it with
transcranial magnetic stimulation (TMS), result in the loss of conscious touch perception (AndreObadia et al., 1999; Cohen et al., 1991; Pascual-Leone et al., 1994; Seyal et al., 1992). However,
it has not been demonstrated whether interrupting S1 activity disrupts the processing of all
incoming tactile information or rather if it specifically interferes with conscious processes while
leaving some unconscious somatosensory processing unaffected.
In addition, activity in S1 covaries with subjective reports of touch. In the funneling
illusion, for example, the concurrent presentation of brief tactile stimuli at multiple locations on
the skin produces a single focal sensation at the center of the stimulation pattern, despite no
stimulus occurring at that location. Using intrinsic-signal optical imaging of S1, the funneling
percept was found to correlate with a focal cortical activation between the single-finger
activation regions of the S1 somatotopic map, with an intensity comparable to real touch (Chen
5

et al., 2003). Similarly, in the case study of a patient with left-hand palinesthesia, the illusory
sensation of persisting touch after letting go of an object correlated with contralateral S1 activity
(Schwartz et al., 2004). These studies suggest that S1 activity may correlate more closely with
subjective reports than with physical stimulation, as demonstrated in vision (Ress & Heeger,
2003; Supèr et al., 2003).
Counterarguments to the critical importance of S1 in tactile awareness propose that
somatosensory activity alone is not sufficient to generate a conscious percept and implicate
higher-order, multisensory structures. For example, an MEG study showed that broadband
cortical activity in a network including the somatosensory, frontal and parietal regions was
phase-locked with subsequently perceived tactile stimuli 30 to 70 msec from stimulus onset,
whereas unperceived stimuli showed weak phase-locking that was confined to the SSC (Palva et
al., 2005). Another observation consistent with this view is that lesions that cause tactile
extinction, in which patients no longer experience contralesional touch when it is presented
bilaterally, often affect the parietal cortex while leaving the SSC intact (Driver & Vuilleumier,
2001). These results suggest that early somatosensory representations alone are not sufficient for
conscious touch perception.
Taken together, these studies show that it is still unclear to what extent somatosensory
activations, dependently or independently of higher-order processing, are necessary for the
conscious perception of touch. It is likely that the specific pattern of activity in SSC, resulting
from both afferent sensory input and feedback input from higher-order representations,
determines if a tactile stimulus is conscious. In line with this view, the laminar profile of S1
suggests it is a convergence zone for bottom-up and top-down signals to be integrated and
evaluated for ongoing neural processing (Cauller, 1995).
6

In Chapter 2, we directly assessed the necessity of S1 for tactile awareness by disrupting
its activity with TMS and measuring unconscious tactile processing during the ensuing
suppression of conscious touch perception. This allowed us to confirm a role for S1 in conscious
touch perception and to show that unconscious tactile performance was S1-independent.
The neural mechanisms of multisensory touch perception
Touch perception is heavily influenced by information occurring in other modalities,
even when it conflicts with the available tactile input. In a famous experiment, individuals were
handed a straight rod and asked to assess its shape with eyes closed. After opening their eyes,
and unknowingly seeing the object through a distorting lens that caused the rod to look curved,
they were once again asked to assess the shape, this time while touching and viewing the object
simultaneously (Gibson, 1933). Their impression of the rod as curved, after simultaneous visualtactile consideration, revealed the dominance of vision. This example illustrates how visual
information can influence subjective touch perception even in the face of unmistakable tactile
sensations. What is remarkable about these multisensory illusions is the dissociation between the
available tactile information and the mismatched subjective experience, which corresponds more
closely to the non-tactile information. The neural correlates of these types of multisensory
interactions are therefore intimately tied to our understanding of conscious touch perception, as
they constitute another form of dissociation between the objective and subjective characteristics
of touch.
The most dramatic examples of cross-modal influences on subjective touch perception
come from synesthesia, in which the stimulation of one modality induces an illusory perception
in another modality. In sound-touch synesthesia, sounds consistently evoke strong, localized
illusory sensations on the body. In a patient who developed sound-touch synesthesia after a
7

thalamic stroke, sound-induced tactile sensations correlated with activations in second
somatosensory cortex (S2) (Beauchamp & Ro, 2008) that overlapped with the somatosensory
activations elicited by the awareness of real tactile stimulation. In another study on the neural
correlates of “mirrored-touch” synesthesia, in which the mere observation of touch on another
person causes a corresponding perception on one’s own body, illusory touch was found to
correlate with increased S1 activity compared to vision-of-touch in non-synesthetes (Blakemore
et al., 2005). Taken together, these two studies suggest that somatosensory activity occurring
even in the absence of tactile stimulation may be sufficient to induce conscious touch perception.
Since both studies were conducted on case studies of synesthesia, it remains unknown to what
extent these results can be generalized to cross-modal influences on subjective touch perception
in the normal population.
Equivalent evidence of somatosensory mechanisms underlying cross-modal influences on
subjective touch perception in non-synesthetes is lacking. A wealth of behavioral studies has
demonstrated that multisensory information can influence the subjective experience of touch,
even when tactile information remains constant. In the famous rubber hand illusion, viewing a
fake arm being stroked while one’s arm is stroked causes a mislocalization of the sensation to the
rubber arm, instead of one’s own (Botvinick & Cohen, 1998). Similarly, in the ‘parchment skin
illusion’, changing the sound produced by rubbing a textured surface influences the subjective
perception of the texture (Jousmäki & Hari, 1998). Furthermore, in several experiments, vision
has been shown to influence the tendency to feel touch whether or not touch occurred, by
changing the tactile criterion (Brown et al., 2010; Johnson et al., 2006; Lloyd et al., 2008, 2011;
McKenzie et al., 2010; Mirams et al., 2010). Despite these striking effects, the neural
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mechanisms mediating the effect of non-tactile signals on touch perception, while tactile
information is constant or absent, remain poorly understood.
Research has focused on the neural mechanisms of multisensory integration between
non-tactile signals and concurrent tactile stimulation. This research has produced extensive
evidence that multisensory interactions take place directly in somatosensory areas. One study in
monkeys found that S1 cells responded to visual stimuli previously associated with a tactile
stimulus, and that their activity correlated with an improvement in tactile memory (Zhou &
Fuster, 1997, 2000). In humans, the concurrent presentation of a visual stimulus with touch
reduced the P27 component of the somatosensory-evoked potential (SEP), which is associated
with S1 activity (Longo et al., 2011). Another study found that visually induced increases in
reporting touch increased the N80 component, which may reflect S1 activity, and the N140
component, which may reflect S2 activity (Taylor-Clarke et al., 2002). Finally, suppressing S1
with TMS abolished visually induced increases in touch detection (Fiorio & Haggard, 2005).
Similarly, auditory signals have been shown to elicit activations in somatosensory association
areas (Foxe et al., 2002; Özcan et al., 2005; Schroeder et al., 2001; Schürmann et al., 2006), and
direct pathways between auditory and somatosensory regions have been measured in gerbils
(Budinger et al., 2006) and humans (Ro et al., 2013). Taken together, these studies demonstrate
multisensory processes acting directly in the SSC.
Proponents of the higher-order view of multisensory interactions hold that they involve
multimodal areas such as the PPC, which contains cells that respond to both visual and
somatosensory stimulation (Duhamel et al., 1998; Gross & Graziano, 1995). The PPC codes the
correspondence between these inputs (Graziano et al., 2000). Suppressing PPC activity with
TMS abolishes the visually induced increase in the detection of near-threshold touch (Pasalar et
9

al., 2010; Ro et al., 2004). Given that the PPC processes visual inputs 75 ms after visual
stimulation (Molholm et al., 2006; Moran et al., 2008), measuring visual-tactile interactions after
75 ms strongly suggests its involvement. In one study, a visual stimulus preceding a tactile
stimulus by 200 ms was found to have the strongest influence on detecting a tactile target (Tipper
et al., 2001), and this longer interval between the visual and tactile signals is therefore consistent
with an involvement of the PPC. These findings demonstrate the involvement of the PPC in the
integration of concurrent visual and tactile signals.
It remains to be determined whether these neural mechanisms could also be involved
during multisensory illusions, when cross-modal influences modulate subjective touch
perception without a corresponding change in tactile stimulation or even in the absence of tactile
stimulation (e.g., in synesthesia).
In Chapter 3, we describe an experimental design that measured neural activity during
visually induced changes in subjective touch perception using EEG paired with EROS, which
afforded both high spatial and temporal resolution. This multi-method approach allowed for the
precise localization of the neural correlates of a multisensory tactile illusion.
In Chapter 4, we used TMS to disrupt ongoing neural activity in S1 and PPC at two time
intervals after stimulus presentation during visually induced tactile illusions. This allowed us to
assess the causal role of these areas in visual influences on tactile illusions.
Finally, in Chapter 5, we used a psychophysical approach to measure the systematic
correspondences between sound frequency and the characteristics of the induced tactile
sensations in sound-touch synesthesia. These findings offered insights into the possible
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underlying neural mechanisms of a sound-induced tactile illusion, which may rely on neural
pathways common to normal, non-synesthetic perception.
Taken together, the experiments comprising this dissertation make use of several
behavioral dissociations between the conscious perception of touch and the physical tactile
information presented to the skin, while using converging neuroscientific methods, to measure
the neural mechanisms of illusory and unconscious touch perception.

11

Figure 1.1: Montreal Procedure and the Sensory Homunculus
(A) The Montreal Procedure is a technique developed by Dr. Penfield that he used to reduce the
side effects of localized surgery on epileptic patients, by stimulating the brain with electric
probes while a patient was awake and observing their responses. He discovered how stimulating
specific locations in the postcentral gyrus caused vivid conscious sensations in specific body
parts. This is a photograph of the post-central gyrus of a patient, labeled according to the body
parts the patient felt sensations in. Image downloaded from
http://digital.library.mcgill.ca/penfieldfonds/ in June 2020.
(B) The resulting sensory homunculus attests to the somatotopic organization of the
somatosensory cortex, in which adjacent body parts are represented in adjacent cortical areas, in
proportional size to their tactile sensitivity. Image reproduced from Kandel, 1985

A

B
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CHAPTER 2
Unconscious Touch Perception After Disruption of Primary
Somatosensory Cortex

13

Introduction
Although we primarily assimilate the external environment through vision and audition,
we also rely on touch perception to create an accurate representation of the world. For example,
we use touch to identify objects in containers, to decide if fruit is ripe, to use tools or to navigate
in the dark. However, the neural correlates of somatosensation are less well understood than
those of vision or audition.
There is strong evidence indicating that conscious touch perception, or the ability to
detect tactile stimuli occurring on the skin, depends on activity in the primary somatosensory
cortex (S1). Indeed, activity in S1 covaries with perceptual reports of tactile stimulation. In
particular, tactile illusions, which occur when conscious sensations of touch arise despite the
absence of tactile stimulation, have been shown to correlate with S1 activity (Blakemore et al.,
2005; Chen et al., 2003; Schwartz et al., 2004; Valenza et al., 2004). Tactile percepts in phantom
limbs in amputation patients, for example, correlate with S1 activity in the somatotopic regions
of the missing limb (Lotze et al., 2001; Roux et al., 2001). Furthermore, lesions specific to S1
(Brochier et al., 1994) as well as transient and reversible disruptions to it with transcranial
magnetic stimulation (TMS), result in the loss of conscious touch perception (Andre-Obadia et
al., 1999; Cohen et al., 1991; Pascual-Leone et al., 1994; Seyal et al., 1993). Taken together,
these data indicate that S1 activity has a causal role in conscious touch perception.
Remarkably, in a disorder coined numbsense, some patients with damage to
somatosensory brain regions lose the ability to consciously detect tactile stimuli in an affected
body part, yet retain the ability to process some attributes of these stimuli, such as their location
on the body (Paillard et al., 1983; Rossetti et al., 2001) or whether they are static or dynamic
(Brochier et al., 1994). Other patients without numbsense have also been shown to unconsciously
perceive some aspects of touch, such as vibrotactile frequency (Knecht et al., 1996),
14

categorization of stimulus type (Aglioti et al., 1998) and three-dimensional information (Berti,
2002; Berti et al., 1999; Maravita, 1997). The fact that damage to somatosensory regions
underlies the numbsense condition suggests that neural mechanisms crucial for conscious touch
perception are affected, while those responsible for unconscious touch remain relatively
unaffected. However, the variety and rarity of lesions that produce numbsense have prevented a
better understanding of the neural mechanisms of unconscious touch perception.
Therefore, in the present study, we used TMS to disrupt S1 and assess its role in
numbsense. We presented electrocutaneous tactile stimuli to the index and ring fingers of the
hand on 50% of trials while participants performed a detection task and a two-choice location
discrimination task. Since 50% of trials had no tactile stimulus, we used signal detection analyses
to assess the effect of TMS on tactile sensitivity and tactile criterion. We hypothesized that when
activity in S1 was disrupted by TMS, tactile awareness would be suppressed but unconscious
location perception would nevertheless remain above-chance, demonstrating numbsense in
normal subjects, and thereby suggesting that unconscious touch perception is S1-independent.

Methods
This research was approved by the Institutional Review Board of the City University of New
York.
Subjects
Twelve neurologically normal participants (6 female; mean age: 25.8; age range: 21 - 34;
10 right-handed) from the Graduate Center of the City University of New York were recruited
for this experiment after informed consent. Four of these twelve participants returned for a
second session with TMS over a control site 5 cm posterior to the S1 stimulation site.
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TMS
A MagStim Rapid stimulator (Carmarthenshire, UK) with a 70-mm figure-eight coil was
used to briefly and reversibly disrupt primary somatosensory cortex (S1). To localize the hand
area of S1, we first found the hand area of primary motor cortex (M1) by determining the
location and intensity of TMS that produced visible twitches of the left hand on 3 of 5 trials. The
corresponding hand area of S1 was found by moving the coil in 0.5 cm increments posteriorly
and adjusting the TMS intensity to 110 % of motor threshold (MT), until the location was found
that caused suppression of tactile sensations in 3 of 5 trials, as verbally reported by the
participant. For five subjects, TMS at 110 % MT did not produce suppression, so the intensity
was increased to an average of 117 % MT. This point was marked on the scalp using a wax
pencil and the TMS coil was placed at this location for the remainder of the experiment. The
optimal stimulus onset asynchrony (SOA) for TMS to attain maximal suppression of tactile
awareness was ascertained in a piloting study on 4 participants and was determined to be 40 ms
prior to the delivery of a tactile pulse to the hand. This was in line with chronometric analyses of
tactile suppression of awareness from stimulation of sensorimotor areas (Cohen et al., 1991;
Seyal et al., 1992).
Cortical Localization of the TMS Stimulation Site
We obtained structural magnetic resonance imaging (MRI) scans from four participants
using a Siemens Skyra 3.0T whole body scanner. We used a magnetization-prepared 180° radiofrequency pulses and rapid gradient-echo (MPRAGE) sequence optimized for gray-white matter
contrast with 0.8 mm-thick sagittal slices and an in-plane resolution of 0.8 x 0.8 mm.
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After the main experiment, to measure the targeted cortical location obtained through the
functional TMS localization procedure, we digitized each subject’s head using a Locator
digitization system (Cortech Solutions, Wilmington, NC) with a Polhemus Fasttrak digitizer
(Colchester, VT). We coregistered standard anatomical landmarks (i.e., nasion, inion, left and
right pre-auricular points, and vertex) and the location of the center of the TMS coil over the S1
with the subjects’ MRI scans, using MRIcro and MRIreg (Columbia, SC;
https://people.cas.sc.edu/rorden/mricro/index.html). We used Surf Ice (Columbia, SC;
https://www.nitrc.org/projects/surfice/) to reconstruct, visualize and plot the location of S1
stimulation on a scalp surface for each subject. MRIcron (Columbia, SC;
https://www.nitrc.org/projects/mricron) was used to plot the mean axial, sagittal, and coronal
locations of the S1 stimulation sites onto the MNI-152 template brain. The mean MNI
coordinates for S1 stimulation were (52.3, -49.2, 61.4) and were obtained after transformation
from individual MRI space into template MNI space using Freesurfer (Dale et al., 1999). The
stimulation locations projected onto a sagittal view of the scalp surfaces for four subjects and the
mean MNI location on the template brain are presented in Figure 2.2.
Stimuli and Behavioral Protocol
Stimuli consisted of 0.03 millisecond (ms) square-wave electrical pulses delivered by a
Grass-Astromed (West Warwick, RI) electrical stimulator via two ring electrodes, attached to the
index and the ring fingers of the left hand. Prior to the main experiment, each participant’s tactile
threshold for each finger was found using the method of limits, whereby ascending and
descending series of stimulus intensities were delivered until 3 of 5 stimuli could be detected and
verbally reported. Stimulus intensity was adjusted to 120% of each finger’s respective tactile
threshold. Participants held their left hand palm up for the experiment.
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In 50% of trials, a tactile stimulus was delivered to the left index finger or the left ring
finger. In 75% of trials, a single TMS pulse was delivered over S1, 40 ms before a tactile
stimulus. There was a total of 320 trials, divided into 5 blocks of 64 trials with the order of
conditions randomized within each block. Participants responded to two questions in every trial
using a mouse with their right hand: “Did you feel the tactile stimulus?” (left click: yes, right
click: no) and “Did the stimulus occur on the index finger or the ring finger?” (left click: index
finger, right click: ring finger). Participants were asked to guess in trials for which they answered
“no” to the first question. Prior to the main experiment, participants did two practice blocks, one
with no TMS, and one with TMS. A PC with an Intel dual-core processor was used to record
EEG data. Another PC, also with an Intel dual-core processor, was used to trigger the TMS
device, the tactile stimulator and to acquire behavioral data. Participants were blindfolded for the
extent of the main experiment. This experimental procedure is shown in Figure 2.1.
Data Analysis
We obtained measures of touch perception with signal detection analyses by computing
each participant’s tactile sensitivity d’, and tactile criterion c, in TMS and no-TMS trials.
Changes in sensitivity were computed as d’ = z(Hit rate) – z(False alarm rate), while changes in
criterion were computed as c = -0.5 * (z(Hit rate) + z(False alarm rate). We predicted that d’ for
TMS trials would be significantly lower than d’ for no-TMS trials, reflecting the suppression of
tactile awareness from TMS stimulation over S1. We used paired two-tailed t-tests to compare
sensitivity in TMS and no-TMS conditions. To assess the presence of numbsense, we compared
the accuracy of location discrimination in trials in which subjects reported not feeling a tactile
stimulus to a chance performance level of 50%, using a one-sample two-tailed t-test.
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Results
Participants could not consciously detect tactile stimuli on 55.8 % of trials when TMS
was delivered to S1 (SEM = 8.3 %), compared to 18.9 % of misses in trials without TMS (SEM
= 5 %). Importantly, this decrease was due to a significant decrease in tactile sensitivity (t11 = 6.87, p < 0.001; Figure 2.3A) and not to a change in the tactile criterion (t11 = 1.83, p > 0.05,
Figure 2.3B). This indicates that TMS over S1, as predicted, decreased tactile sensitivity rather
than causing a change in the tactile criterion. To assess the effect of TMS on unconscious tactile
discrimination, we calculated the percentage of correct localization responses in TMS trials in
which subjects reported that they did not feel a tactile stimulus (TMS unaware trials, see Figure
2.4). Despite being unaware of the tactile stimulus, performance on the forced-choice location
discrimination task was nevertheless significantly above chance (i.e., location discrimination
accuracy was significantly different from 50%; mean = 62.6 %, SD = 0.17; t11 = 2.53, p < 0.03).
This result suggests that, even in the absence of normal S1 functioning that affects conscious
tactile perception, an alternative, S1-independent, neural mechanism is available for the
unconscious processing of tactile localization.
To rule out non-specific effects of TMS on tactile detection, we measured tactile
sensitivity after TMS to a control site, 5 cm posterior to S1, in four subjects who had participated
in the main experiment. As predicted, there was no suppression of touch detection and tactile
sensitivity was not significantly different from no TMS trials (t3 = 0.61, p = 0.587) and was
significantly greater than when TMS was applied to S1 (t3 = 3.603, p = 0.037). These results are
shown in Figure 2.5.
We also found that participants had above-chance location discrimination in trials
without a TMS pulse in which they reported not feeling the tactile stimulus (see Figure 2.6).
Location discrimination accuracy was significantly above chance for trials without TMS in
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which subjects missed the tactile stimulus (t9 = 3.16, p = 0.012). This demonstrates the existence
of numbsense even in the absence of S1 disruption, which is reminiscent of the existence of
blindsight in visual perception in normal observers (Kolb & Braun, 1995).

Discussion
When activity in S1, but not a control site, was disrupted by TMS, thereby suppressing
tactile awareness of a stimulus on the contralateral hand, subjects were nevertheless able to
accurately discriminate the location of the stimulus on the hand significantly above chance.
These results provide the first demonstration of numbsense in normal subjects using a noninvasive brain stimulation technique, as has previously been demonstrated in the visual modality
with the reproduction of blindsight by TMS over primary visual cortex (Boyer et al 2005, Jolij
and Lamme 2005, Ro 2010, de Graaf et al 2011).
These results are in line with previous studies that have used TMS to disrupt conscious
touch perception (Andre-Obadia et al., 1999; Cohen et al., 1991; Pascual-Leone et al., 1994;
Seyal et al., 1992) and demonstrate a crucial role for S1 in tactile awareness. These results add to
evidence showing that S1 contributes to somatosensory processing involved in one-interval
forced-choice detection tasks (Tamè & Holmes, 2016). Although the location of the TMS
stimulation site on structural MRI scans was more posterior and superior than in other studies
(Holmes et al., 2018; Holmes & Tamè, 2018), the suppression of tactile detection obtained from
our functional localization procedure confirmed its effectiveness in targeting S1. Despite the loss
of conscious awareness in the hand from TMS disruption of S1, participants were nevertheless
able to correctly discriminate the location of the tactile stimulus above chance. This result
constitutes the first demonstration of numbsense in normal subjects with non-invasive transient
disruptions of S1.
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The demonstration of TMS-induced numbsense suggests the existence of alternative
somatosensory pathways that process some attributes of touch unconsciously. However, the
somatosensory cortex is traditionally thought to have a serial organization, whereby input to SSC
occurs only via thalamocortical projections to S1, after which tactile information is relayed to
other areas of SSC beyond S1 (Garraghty et al., 1990; Pons et al., 1987, 1992). According to this
theory, impairing S1 activity should prevent any further neural processing within the rest of the
system. Therefore, the current results have consequences for our understanding of the functional
organization of the somatosensory system.
One candidate pathway for numbsense is a direct projection from the thalamus to
secondary somatosensory cortex (S2), which would imply a parallel, rather than serial
organization for somatosensory cortex. Indeed, anatomical studies have extensively described the
existence of thalamocortical pathways projecting from the lateral posterior nucleus of the
thalamus to S2 in rats, rabbits, cats and marmoset monkeys (Chakrabarti & Alloway, 2006;
Kwegyir-Afful & Keller, 2004; Martin & Jessell, 1991; Murray et al., 1992; Turman et al., 1992;
Zhang et al., 2001). Although the existence of an equivalent pathway has not been demonstrated
in humans, neuromagnetic measurements (Karhu & Tesche, 1999; Raij et al., 2008) and
concurrent disruption of S1 and S2 with TMS (Raij et al., 2008) have shown simultaneous
activation of S1 and S2 from median nerve stimulation, providing further evidence for parallel
processing in somatosensory cortex. The measurement of SEPs from implanted electrodes in S2,
as early as 30 ms post-stimulus, also supports parallel processing in S2 (Barba et al., 2002).
Finally, the study of a group of patients with lesions limited to S1 showed unaffected vibrotactile
perception, suggesting parallel, S1-independent processing of vibrotactile information (Knecht et
al., 1996).
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Another candidate mechanism may involve the posterior parietal cortex. In monkeys, a
pathway that is likely to be somesthetic was demonstrated between the lateral posterior nucleus
of the thalamus to areas 5 and 7 of the posterior parietal cortex (Jones et al., 1979; Pearson et al.,
1978). Although an analogous pathway has yet to be demonstrated in humans, the role of
posterior parietal cortex, and specifically of the left inferior parietal lobule and the bilateral
precuneus, was demonstrated for tactile finger identification (Rusconi et al., 2014). Future
studies should aim to measure the differential contributions of these pathways to the unconscious
localization of touch.
Importantly, the original reports of numbsense (Paillard et al., 1983; Rossetti, 1998,
1999; Rossetti et al., 1995) demonstrated the loss of touch detection despite the ability to
unconsciously point to the location of the stimulus on the body. In these case studies, the ability
to verbally report the location of the stimulus was at chance. These different cases highlight a
range of residual abilities preserved in numbsense that may rely on different neural mechanisms
and are reminiscent of the distinction between action blindsight and perceptual blindsight
(Danckert & Rossetti, 2005). Future studies should assess both verbal reporting and pointing
abilities for unconsciously processed tactile information.
In the present study, we chose to include catch trials to compute measures of signal
detection, to provide evidence against claims that some observations of unconscious perception
may result not from sensory processing without awareness, but rather from near-threshold
perception and a response bias that causes participants to report awareness less frequently
(Balsdon & Azzopardi, 2015; Lloyd et al., 2013). By these accounts, above-chance
discrimination performance results from near-threshold perception of stimuli and a more
conservative response criterion. However, our results show that the change in criterion between
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TMS and no-TMS trials was non-significant. This indicates that although TMS may have caused
subjects to tend to be more conservative in the detection task, the above-chance location
discrimination accuracy we observed cannot be solely attributed to a change in response bias.
The present results indicate that unconscious location discrimination did not rely on S1 but rather
relied on an alternative processing pathway in SSC.
In conclusion, in the present study, when neural activity in S1 was disrupted by TMS,
thereby suppressing tactile awareness of a stimulus on the hand, subjects were nevertheless able
to accurately discriminate the location of the stimulus on the hand significantly above chance.
This is the first demonstration of numbsense in normal subjects with non-invasive, transient, and
reversible disruptions of S1. These results suggest that somatosensory regions beyond S1 can
process location of touch on the body in the absence of conscious awareness.
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Figure 2.1: Experimental Procedure
At 500 ms after trial start, a TMS pulse was delivered in 75 % of trials. 40 ms later, a tactile
pulse was delivered to an electrocutaneous electrode either on the index or the ring finger, in 50
% of trials. Subjects responded by mouse click of the right hand whether they had felt a tactile
stimulus, and whether it had occurred on the index or the ring finger.
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Figure 2.2: S1 Stimulation Site on Four Subjects
(A) The colored spherical nodes represent the location of S1 stimulation on each subject’s
reconstructed scalp surface; (B) The mean axial, sagittal, and coronal locations of the S1
stimulation site averaged across subjects (after transformation to the MNI template brain space)
is shown by the intersection of the blue lines on the MNI-152 template brain. The mean MNI
coordinates for S1 stimulation were (52.3, -49.2, 61.4).

A
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Figure 2.3: Effect of TMS on tactile sensitivity and tactile criterion
(A) The tactile sensitivity d’ was found to be significantly decreased from stimulation of S1 with
TMS; (B) The tactile criterion c was unchanged by TMS. Colored dots represent individual
subject data, whereas the violin plots show the probability density of the data. *** p < 0.001.

A

B
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Figure 2.4: Tactile location discrimination performance
Location discrimination accuracy for no-TMS aware and TMS unaware trials. Accuracy on the
localization of tactile stimuli was above-chance in TMS trials in which the tactile stimulus was
undetected. The dotted line depicts a chance level of 0.5. Colored dots represent individual
subject data, whereas the violin plots show the probability density of the data. * p < 0.05; *** p
< 0.001.
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Figure 2.5: Effects of Control TMS
(A) The tactile sensitivity d’ did not significantly change between no-TMS and Control TMS
trials; (B) The tactile criterion c did not significantly change between no-TMS and Control TMS
trials; (C) Location discrimination accuracy for no-TMS aware trials was significantly abovechance, but not in Control TMS unaware trials. Colored dots represent individual subject data,
whereas the violin plots show the probability density of the data.
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Figure 2.6: Location Discrimination Accuracy in no-TMS trials
Location discrimination accuracy in no-TMS unaware trials was significantly above-chance,
demonstrating numbsense in normal perception. Colored dots represent individual subject data,
whereas the violin plot shows the probability density of the data.
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CHAPTER 3
Visually Induced Tactile Illusions are Reflected in Somatosensory
Activity
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Introduction
Seeing a mosquito landing on the skin is usually accompanied by a subtle tactile
sensation. Through repeated exposure to this multisensory event, these visual and tactile percepts
become associated and, on some occurrences, just seeing a mosquito may cause the illusion of
the tactile sensation, even if the mosquito does not land on the skin. Indeed, research has shown
that visual information can strongly influence touch perception and that this may result from a
lifetime of vision and touch co-occurring (Johnson et al., 2006). In many cases, visual
information cooperates with incoming tactile information to improve tactile perception (Kennett
et al., 2001; Pavani et al., 2000; Ro et al., 2004; Taylor-Clarke et al., 2002; Tipper et al., 1998,
2001). However, vision can also influence the tendency to feel touch whether or not touch
occurred, by changing the criterion (Brown et al., 2010; Johnson et al., 2006; D. M. Lloyd et al.,
2008, 2011; McKenzie et al., 2010; Mirams et al., 2010).
Extensive research has shown that the integration between concurrent visual and tactile
information relies on activity in the somatosensory cortex (Driver & Noesselt, 2008; Klemen &
Chambers, 2012). In monkeys, somatosensory neurons are activated by visual information that
was previously paired with tactile stimuli (Zhou & Fuster, 1997, 2000) and somatosensory
neurons receive input from extrastriate areas (Cappe & Barone, 2005; Cipolloni & Pandya,
1999). These findings suggest that somatosensory areas are critical regions for integration. In
humans, co-stimulation of touch with vision reduced the P27 component of the somatosensoryevoked potential (SEP), which is associated with primary somatosensory cortex (S1) activity
(Longo et al., 2011). Another study found that viewing a body site as it was touched modulated
the N80 and N140 components of SEPs, which are associated with S1 and second somatosensory
cortex (S2) activity, respectively (Taylor-Clarke et al., 2002). Furthermore, interfering with S1
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activity using transcranial magnetic stimulation (TMS) eliminated the advantageous effect of
viewing the stimulated hand when participants performed a tactile discrimination task (Fiorio &
Haggard, 2005). Several studies have also found that S2 is active during the visual observation
of touch (Blakemore et al., 2005; Hihara et al., 2015; Keysers et al., 2004; Schaefer et al., 2006).
Taken together, these studies suggest that the visual facilitation of touch occurs via the
modulation of ongoing neural processes in somatosensory structures. However, it remains
unclear whether these neural mechanisms are also engaged when visual influences act on touch
perception even in the absence of tactile stimuli.
Indeed, even though visually induced changes in the tactile criterion have been
consistently and reliably demonstrated, their neural mechanisms remain unknown. Although
traditional interpretations of signal detection theory describe shifts in criteria as response-level
decisional processes (Macmillan & Creelman, 1991), more recent interpretations emphasize that
response biases represent a measure of the subjective aspects of perception and are therefore
worthy of investigation in their own right (Peters et al., 2016; Witt et al., 2015). Investigating
visually induced criteria shifts will therefore shed light on the neural underpinnings of a
multisensory effect on subjective touch perception.
Therefore, the present study examined the influence of a visual stimulus on tactile
sensitivity and the tactile criterion, while measuring the neural activity associated with lightinduced changes in touch perception. We hypothesized that presenting a light with a nearthreshold tactile stimulus would reduce the tactile criterion and that this would be associated with
neural activity in somatosensory areas, reflecting their role in generating visually induced
criterion shifts. To test this hypothesis, we used a paradigm designed to provoke visually induced
criterion shifts during a tactile task and measured participants’ tactile performance, while
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recording event-related potentials (ERPs) and event-related optical signals (EROS). We
predicted that participants would report feeling touch more frequently in light-present conditions,
whether or not a tactile stimulus was presented, and that these reports would be associated with
increased SEPs over right central electrodes and increased activity in somatosensory cortex as
measured by EROS.

Methods
This research was approved by the Institutional Review Board of the City University of New
York.
Subjects
Thirty (16 females; age range: 20-54; 25 right-handed) subjects were recruited and
participated after informed consent. Of these, eight subjects were rejected from all further
analyses because they had less than 10% of visually induced false alarms of touch in the
behavioral task. This inclusion criterion was used to obtain enough trials to average over and
examine the neural correlates of light-induced criterion changes. An additional three subjects
were rejected from EEG analysis due to excessively noisy data, resulting in a total of 19 subjects
analyzed for EEG. Two subjects were rejected from the EROS analysis due to missing or
corrupted data files, resulting in a total of 20 subjects analyzed for EROS. All subjects gave
written informed consent and had normal tactile perception and normal or corrected visual
perception.
Materials
Tactile stimuli were delivered via a pair of ring electrodes that were placed on the left
middle finger. Square-wave 0.03 milliseconds (ms) pulses were delivered to the electrodes using
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a Grass-Astromed (West Warwick, RI) SD9 electrical stimulator. Visual stimuli consisted of 1
ms duration flashes from a red LED attached to the same finger. Before the experiment, the
intensity of the tactile stimuli was adjusted for each participant by finding their tactile threshold
using the method of limits. Ascending and descending series of stimulus intensities were
delivered until 50% of stimuli could be verbally reported. The intensity of the tactile stimulus
was increased to 10% above threshold for the remainder of the experiment. The thresholding
procedure was repeated every 1 to 2 blocks to ensure that the stimuli were maintained at 110 %
of threshold throughout.
Experimental Paradigm
Subjects sat in a dark room in a wooden chair 57 cm from a 20-inch CRT monitor (Dell
Inc., Round Rock, TX) with their arms resting on a table in front of them. Each trial began with a
visual and a tactile stimulus delivered simultaneously, 1000 ms after trial start. 100 ms later,
1100 ms after trial start, either simultaneous visual and tactile stimuli (both trials), a visual
stimulus alone (light-only trials), a tactile stimulus alone (touch-only trials), or no stimulus
(neither trials) were delivered. To indicate the end of the trial, a 200-Hz, 200 ms tone was played
1600 ms after trial start, after which participants reported via mouse click of the right hand
whether they felt one tactile pulse (left click) or two tactile pulses (right click). No feedback on
the accuracy of their responses was given. Figure 3.1 shows the time course of stimulus events
for a typical trial.
In this paradigm, the first tactile stimulus was delivered in every trial. Therefore, hits or
correct rejections occurred if participants correctly indicated that they felt two touches or just one
touch, respectively, in the presence of a second tactile stimulus. Misses or false alarms occurred
if participants incorrectly indicated that they felt only one touch in the presence of a second
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tactile stimulus, or two touches in the absence of a second tactile stimulus, respectively. Hits and
false alarm rates were computed in light-present (both and light-only trials) and light-absent
(touch-only and neither trials) conditions.
To prevent anticipation, random inter-trial intervals were used such that trials lasted
between 2500 and 2580 ms. There was a total of 600 trials, with the order of conditions
randomized within blocks of 100 trials. All stimuli, EEG and EROS triggers, and response
collection were controlled using custom software written in Visual C++ with Microsoft DirectX
libraries.
Electroencephalogram (EEG) recordings
EEG was recorded from 16 gold electrodes using a standard 10/20 system layout. Data
were referenced online to the left mastoid and re-referenced offline to a bimastoid average.
Electrode impedance was kept at < 10 kΩ. The EEG was first filtered online with a 0.01-100 Hz
band-pass filter and sampled at 1000 Hz. All EEG data were processed with custom scripts in R
and MATLAB (Mathworks, Natick, MA) using EEGLAB (Delorme & Makeig, 2004).
Fast-signal Optical Imaging (EROS) recordings
We recorded scattering changes in near-infrared light at two wavelengths (690 nm and
830 nm) using an Imagent synchronized frequency-domain oximeter system (ISS Inc.,
Champaign, IL), with four detectors and sixteen laser diode sources. The photomultiplier tube
detectors were 3-mm diameter fiber-optical bundles and collected light from each nearby light
source. The sources were amplitude-modulated at a rate of 110 MHz. The sampling rate for
imaging was 39.0625 Hz, such that one sample was recorded every 25.6 ms. The light source and
detector fibers were connected via fiber optic cables and held in place by a custom-built head35

mount system centered on the C4 electrode, to examine our region of interest, the somatosensory
cortex. The montage of sources and detectors is shown in Figure 3.2. Note that only eight light
source locations were used, in which two light sources for each of the two wavelengths were
inserted. The data reported here was obtained from the fast, 830 nm wavelength signal.
Environmental light was minimized by switching off the computer monitor and any light
source in the room other than the LED attached to the left hand, to prevent light noise from
entering the patch.
Co-registration of EROS montage
After the main experiment, the scalp locations of each subject’s pre-auricular points,
nasion, EROS sources and detectors were mapped using a Locator digitization system (Cortech
Solutions, Wilmington, NC) with a Polhemus Fasttrak 3D digitizer (Colchester, VT) with an
extended stylus. The EROS data were then co-registered with the ICBM MNI-152 template brain
(Fonov et al., 2009) based on the locations of the scalp and fiducial points, then converted to
Talairach space (Talairach & Tournoux, 1988) for analysis.
Data Analysis
For the behavioral analysis, the test statistics d’ and c were computed in light-present and
light-absent conditions (Macmillan & Creelman, 1991). Changes in sensitivity were computed as
d’ = z(Hit rate) – z(False alarm rate), while changes in criterion were computed as c = -0.5 *
(z(Hit rate) + z(False alarm rate). If hit rates or false alarm rates were 0 or 1, in order to compute
signal detection theory statistics, the data were corrected by adjusting rates to 1/2n or 1-1/2n,
respectively (Macmillan & Kaplan, 1985). We used two-tailed paired t-tests to compare hit rates,
false alarm rates, criterion and sensitivity in light-present vs. light-absent trials.
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For the ERP analysis, EEG data were first pre-processed as follows: trials with eye blinks
occurring either in the 300 ms before stimulus presentation or coincident with the presentation of
a light flash were rejected. Trials with no response were rejected. Artifacts resulting from the
electrocutaneous tactile stimulation were removed from the raw data to reduce the voltage
deflection’s impact on the surrounding data. To do so, pre-stimulus data from -30 to -5 ms was
copied and used to replace the artifact-contaminated data from -5 to +20 ms around the onset of
the tactile stimulus. The continuous artifact-removed data were then band-pass filtered from 0.1
to 30 Hz and epoched from -600 to 900 ms, time-locked to the onset of the second set of stimuli
(1100 ms after trial start). The 300 ms before the onset of the first set of stimuli (1000 ms after
trial start) were used for baseline correction. Trials were averaged to produce means for all
subjects in each condition. Five common SEP components were analyzed over the C4 electrode:
the N80 (70-90 ms), the P1 (90-120 ms), the N140 (130-160 ms), the N2 (180-250 ms) and the
P3 (256-336 ms). We used two-tailed paired t-tests for two contrasts and used the false discovery
rate (FDR) to correct for multiple comparisons.
For EROS data analysis, data were first pre-processed using P-Pod (Gabriele Gratton,
Pre-Processing Optical Data, MATLAB scripts). The data were normalized to remove lowfrequency drifts (< 0.005 Hz) using a third-order polynomial. The normalized data then
underwent a pulse removal procedure using a time-warping regression procedure (Gratton &
Corballis, 1995) and then filtered from 0.1 Hz to 15 Hz. The normalized, pulse-corrected and
filtered data were then epoched from -409 to 564 ms, time-locked to the onset of the second set
of stimuli (1100 ms after trial start). Epochs were averaged across trials for each condition and
channel. Averaged EROS data and Talairach coordinates of light sources and detectors were then
reconstructed using the voxel space-based Opt-3D software (Gratton et al., 2000) for
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visualization and analysis. Z-score maps were constructed in Opt-3D, which plot colored voxels
that represent a significant difference in activation between two conditions (p < 0.05, one-tailed).

Results
This experiment investigated how presenting a non-informative light on the hand would affect
the subjective perception of touch, in the presence and absence of tactile stimulation. It also
examined how the presentation of a light would modulate SEPs and somatosensory activity
measured with EROS, and whether this activity reflected light-induced changes in touch
perception.
Behavioral results
Behavioral results are depicted in Figure 3.3. The rate of hits was significantly higher in
the light-present (0.81) compared to the light-absent (0.38) trials (t(18) = 6.28, p < 0.001).
Similarly, the rate of false alarms was significantly higher in the light-present (0.44) compared to
the light-absent (0.09) trials (t(18) = 5.20, p < 0.001).
Differences in d’ were not significant between light-present (1.19) and light-absent (1.24)
trials (t(18) = -0.63, p = 0.53). However, the criterion c was significantly reduced in light-present
(-0.47) compared to light-absent (0.96) trials (t(18) = -5.56, p < 0.001). This decrease in criterion
indicates that participants were more likely to report feeling a tactile stimulus in the presence of
the light, regardless of whether a tactile stimulus was presented or not.
ERP results
The behavioral results demonstrated that the presence of the light caused a decrease in the
criterion with no change in sensitivity, meaning that it caused an increase in ‘felt’ responses,
both if a tactile stimulus was present (hits) or if it was absent (false alarms). Therefore, to
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examine the neural correlates of this light-induced criterion shift, we averaged hits and false
alarms together as ‘felt’ trials and contrasted them with an average of misses and correct
rejections as ‘not felt’ trials. This allowed us to measure any changes in SEPs associated
specifically with the light’s influence on reporting touch, whether or not a tactile stimulus
occurred. It also had the advantage of increasing trial numbers and power. The number of trials
averaged for each condition and subject is shown in Table 3.1.
We first examined the SEP components associated with feeling touch specifically when a
light was presented, by comparing trials with a light in which participants felt touch, with trials
without a light in which participants felt touch (i.e., ‘felt’ light-present vs. ‘felt’ light-absent).
The comparison showed that only one component was altered: the N140 was significantly
increased for ‘felt’ light-present trials compared to ‘felt’ light-absent trials (t(18) = -2.70, p =
0.0294). The N80 (t(18) = 0.196, p = 0.85), P1 (t(18) = -0.29, p = 0.76), N2 (t(18) = 0.83, p =
0.42) and P3 (t(18) = 1.78, p = 0.17) were not significantly different between these two
conditions. This contrast is shown in Figure 3.4A and the difference wave is shown in Figure
3.4B.
Further, we examined which components were associated specifically with the feeling of
touch when a light was presented by comparing these trials with trials in which a light was
presented, but no touch was felt (i.e., ‘felt’ light-present vs. ‘not felt’ light-present). The
comparison showed that two components were altered: the N140 was increased in the ‘felt’ trials
compared to ‘not-felt’ trials, and this difference approached significance (t(18) = -2.02, p =
0.058731). The N2 was significantly increased in this comparison (t(18) = -3.48, p = 0.0054).
The N80 (t(18) = -1.14, p = 0.54), P1 (t(18) = -1.1, p = 0.57) and P3 (t(18) = 1.41, p = 0.17) were
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not significantly different between these two conditions. This contrast is shown in Figure 3.5A
and the difference wave is shown in Figure 3.5B.
EROS results
For the EROS analysis, for each contrast, we extracted comparisons for the five main
right-hemisphere Brodmann’s areas that constitute the somatosensory cortex: BA1, BA2, BA3,
which are usually associated with S1, and BA40 and BA43, parts of which constitute S2. Figure
3.6 shows an outline of each ROI from both sagittal and axial views. For these contrasts, Zscores are computed from the p values for the t-test and corrected for multiple comparisons
within each ROI, using random field theory (Kiebel et al., 1999).
To assess the neural correlates of the light-induced criterion shift, as with the ERP
approach, we first statistically contrasted ‘felt’ light-present trials with ‘felt’ light-absent trials, to
measure which activations were specific to feeling touch due to the presentation of the light. The
‘felt’ light-present trials had significantly greater activations in two main time intervals. The
early interval extended from 128 to 179 ms, with significant peak activations in BA43 for the
entire interval (z > 2.229, p < 0.05), BA1 from 153 to 179 ms (z > 1.879, p < 0.05) and BA3 at
179 ms (z = 1.975, p < 0.05). The later interval of activation occurred at 256 ms, with a peak
activation in BA3 (z = 1.929, p < 0.05). Table 3.2 shows the peak and criterion Z-scores for each
ROI for this contrast. Figure 3.7 shows maps of Z-score differences of time points for this
contrast. Figure 3.8 shows the time courses of the grand-averaged differences in EROS data
between ‘felt’ light-present and ‘felt’ light-absent trials in each of the five ROIs at a voxel of
peak activation for that ROI. The grey boxes indicate significant differences.
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As with the ERP approach, we also contrasted ‘felt’ light-present with ‘not-felt’ lightpresent trials. The ‘felt’ light-present trials had significantly greater activation in two main time
intervals. The early interval extended from 102 to 153 ms with significant peak activations in
BA1 and BA3 (all zs > 1.939, all ps < 0.05). The later interval extended from 204 to 358 ms and
these activations were localized in BA1, BA3 and BA40 between 204 and 332 ms (all zs > 1.985,
all ps < 0.05) and in BA2 between 256 and 358 ms (all zs > 2.622, all ps < 0.05). Table 3.3
shows the peak Z-scores and the criterion Z-scores for each of the five ROIs. Figure 3.9 shows
maps of Z-score differences of time points after the onset of the second set of stimuli (1100 ms
after trial start) for this contrast, in both superior axial and right sagittal surface projections.
Figure 3.10 shows the time course of the grand-averaged differences in EROS data between ‘felt
light-present and ‘not felt’ light-present trials in each of the five ROIs at the voxel of peak
activation for that ROI. The grey boxes indicate significant differences.

Discussion
The aim of this study was to assess the influence of a non-informative light on the
perception of touch and measure associated changes in neural activity. We used a novel
paradigm that assessed participants’ rate of reporting touch, tactile sensitivity, and tactile
criterion for near-threshold tactile stimulation in the presence and absence of light. We found
that participants were significantly more likely to report feeling two touches if two light flashes
had been presented, regardless of whether one or two tactile stimuli had occurred. In other
words, we observed a significant light-induced criterion decrease. However, the light did not
influence participants’ ability to accurately detect a second tactile stimulus when it was presented
– it did not influence tactile sensitivity. This demonstrated that light specifically influenced the
subjective perception of touch and not the accurate perception of tactile stimuli. Therefore, trials
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in which participants reported the subjective feeling of touch (i.e., ‘felt’ trials: hits and false
alarms averaged together) and no subjective feeling of touch (i.e., ‘not felt’ trials: misses and
correct rejections averaged together) were analyzed. When contrasting ‘felt’ trials against ‘not
felt’ trials in the light-present condition, two relatively early SEP components, the N140 and the
N2, were enhanced. The EROS analysis for this contrast revealed activations in corresponding
temporal intervals in areas of S1 for the earlier interval and areas of both S1 and S2 for the later
interval. Directly contrasting light-present ‘felt’ trials with light-absent ‘felt’ trials showed
activations associated with subjective touch perception specifically related to the light’s
presence. This contrast revealed an increase in the N140 component of the SEP. It also showed
EROS activations in S1 and S2 in a time interval corresponding to the N140 and a short later
activation in S1. These results provide convincing support for relatively early somatosensory
activity reflecting light-induced changes in subjective touch perception.
Neural activity associated with a light-induced shift in subjective touch perception
The SEP findings demonstrate a role for the N140 component in a light-induced change
in subjective touch perception. Indeed, the N140 was increased in light-present ‘felt’ trials, when
compared to both light-present ‘not felt’ trials and light-absent ‘felt’ trials. The N140 has been
implicated in the multisensory integration of concurrent visual and tactile signals in
somatosensory cortex (Dionne et al., 2010; Schürmann et al., 2002; Taylor-Clarke et al., 2002).
It is therefore unsurprising that it was increased in ‘felt’ light-present trials compared to ‘felt’
light-absent trials. However, the finding that the N140 was also increased in ‘felt’ light-present
compared to ‘not felt’ light-present trials is evidence that the N140 is also involved in the
subjective perception of touch. The low number of light-present ‘not felt’ trials made this
condition noisy and probably explains why the N140 difference approached but did not reach
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significance. The N140’s involvement in subjective touch perception is supported by a masking
study that found that it was enhanced for perceived versus unperceived tactile stimuli and that
this change could only result from a difference in awareness (Schubert et al., 2006). Another
study found that the amplitude of the N140 correlated with the magnitude of illusory touch
perception in a virtual reality environment (Škola & Liarokapis, 2019). Taken together, these
findings suggest roles for the N140 in both the multisensory integration of vision and touch as
well as the subjective perception of touch, supporting its involvement in a visually induced
change in subjective touch perception.
The EROS results showed activations in somatosensory cortex between 102 and 179 ms
after stimulus onset for light-induced subjective touch perception. Indeed, neural activity was
increased between 102 and 153 ms for ‘felt’ light-present compared to ‘not felt’ light-present
trials, and between 128 and 179 ms when compared to ‘felt’ light-absent trials. Common
activations for these two contrasts, therefore, occurred between 128 and 153 ms after stimulus
onset. These results show remarkable consistency with the SEP results demonstrating the
involvement of the N140 component (130 – 160 ms). Furthermore, activations at these times
were localized to Brodmann’s areas 1, 3, and 43. Areas 1 and 3 are part of S1 (Dijkerman & De
Haan, 2007; Jones, 1986), whereas area 43 is part of S2 (Burton et al., 1993; Jones, 1986; Martin
& Jessell, 1991; Penfield & Jasper, 1954; Van Buren, 1983; Woolsey et al., 1979). The N140 has
been suggested to reflect activations in S2 (Allison et al., 1992; Frot et al., 1999).
The present findings, therefore, support an S2 origin for the N140 but also suggest the
involvement of activity in two areas of S1. S1 and S2 are known to engage in extensive crosstalk: a somatotopic map also exists in S2, which may result in part from connections with
ipsilateral S1 via cortico-cortical connections (Burton, 1986; Jones, 1986) involved in both
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feedforward and feedback communication (Manzoni et al., 1986). Importantly, due to the
restricted area of cortex covered by our custom EROS patch, as well as the limited cortical depth
that can be imaged by EROS1, further research will be required to determine the differential
activations of S1 and S2. This is especially important considering that parts of S2 are nestled
deep into the Sylvian fissure. Nonetheless, the present results demonstrate converging evidence
for the contributions of mid-latency neural mechanisms localized to both S1 and S2, likely to
result from feedback mechanisms, in the visual induction of subjective touch perception.
The N140 has also been proposed to reflect feedback activity resulting from the posterior
parietal cortex (PPC) (Allison et al., 1989, 1992; Desmedt & Tomberg, 1989; Forss et al., 1994,
1996; Schubert et al., 2006; Taylor-Clarke et al., 2002). Accordingly, the PPC contains cells that
respond to both visual and somatosensory input (Bremmer et al., 2001; Duhamel et al., 1998;
Gross & Graziano, 1995) and its role in integrating concurrent visual and tactile signals has been
demonstrated (Bolognini & Maravita, 2007; Pasalar et al., 2010; Ro et al., 2004). The PPC is
also involved in directing attention to sensory signals in different modalities (Andersen et al.,
1997; Nakashita et al., 2008; Rushworth & Taylor, 2006) and many studies have proposed that
subjective perception and attention are closely linked (Dehaene & Naccache, 2001). Since S2
activity, reflected in N140 changes, has also been shown to be modulated by attention (Forster &
Eimer, 2005; Fujiwara et al., 2002; Hari & Forss, 1999; Kida et al., 2004), it is worth examining
the roles of the PPC and attentional processes in visually induced changes in subjective touch
perception.
Neural activity associated with general subjective touch perception

1

It was estimated that a maximum cortical depth of 5 cm could be imaged with the distances between
light sources and detectors used in the current EROS setup (Gratton et al., 2000).
44

The N2 component was also significantly increased when comparing light-present ‘felt’
trials to light-present ‘not felt’ trials. However, the N2 component did not differ when comparing
light-present ‘felt’ trials to light-absent ‘felt’ trials. These results suggest that the N2 may be tied
to a more general role in the subjective perception of touch that is not specific to a multisensory
effect. This is in line with previous findings implicating the N2 in touch perception. One study
found that the N2 component was increased for perceived versus unperceived near-threshold
electrocutaneous tactile stimuli (Ai & Ro, 2013).
Similarly, the EROS results also showed that a second interval of activity, from 204 to
358 ms localized to both S1 and S2, was increased for light-present ‘felt’ trials compared with
light-present ‘not felt’ trials. These activations may correspond with the late stages of the N2
component (180 – 250 ms) or with the early stages of the P3 component (250 – 450 ms), which
is associated with conscious touch perception (Bruyant et al., 1993; Picton, 1992; Yamaguchi &
Knight, 1991a, 1991b). We did not measure a P3 difference in the SEP in this study. This could
be explained by our averaging of hits and false alarms in order to study an illusory increase in
subjective touch perception, whereas previous studies primarily measured P3 differences when
comparing hits to misses. When comparing light-present ‘felt’ trials to light-absent ‘felt’ trials,
there was a difference at one time point: 256 ms in BA3, or S1. This indicates that some later
activity may have been involved in integrating the light’s effect on perception. Taken together,
these results implicate a second, later window of neural activation that probably has a more
general role in subjective touch perception that is less critical to the multisensory effect of the
light.
Counterarguments to somatosensory cortex as the neural correlate of tactile awareness
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The sufficiency of somatosensory cortex in the generation of subjective touch perception,
or tactile awareness, has been disputed. Counterarguments are based on the observation that late
components of somatosensory processing, probably reflecting feedback from a network not
limited to somatosensory areas, correlate with reports of perceptual awareness (Libet et al., 1967)
whereas earlier activations around 40 ms correlate with a lack of subjective touch perception
(Preissl et al., 2001). In an MEG study, broadband cortical activity in a network including the
somatosensory, frontal and parietal regions was phase-locked with subsequently perceived
stimuli 30 to 70 msec from stimulus onset. In contrast, unperceived stimuli showed weak phaselocking that was confined to the SSC (Palva et al., 2005). Some studies have found that illusory
tactile percepts are driven by processing in the ventral premotor cortex (Blankenburg et al., 2006;
Ehrsson et al., 2003) or the medial prefrontal cortex and posterior cingulate cortex (Lloyd et al.,
2011). These studies show that somatosensory activity alone may not be sufficient for subjective
touch perception, but do not necessarily exclude its involvement altogether. In fact, the temporal
characteristics of the current results are compatible with the measured somatosensory activations
resulting from feedback activity. Future studies should assess whole-brain and multivariate
patterns of activity during visually induced tactile illusions.
Criterion changes as a measure of subjective touch perception
The present findings showing somatosensory activations reflecting visually induced
changes in the tactile criterion are further evidence against a portrayal of the criterion as a
response bias solely reflecting decisional processes (Macmillan & Creelman, 1991). Indeed,
criterion shifts without an accompanying shift in sensitivity are sometimes interpreted as nonperceptual (Cardoso-Leite et al., 2010; Grove et al., 2012; Shams & Kim, 2010). However, many
examples exist in the literature of studies demonstrating perceptual effects influencing only the
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criterion and not sensitivity. For example, in the sound-induced flash illusion, the number of
auditory beeps biases perception to detect the same number of flashes (Shams et al., 2000), and
this illusion has been demonstrated to be perceptual rather than decisional (Shams & Kim, 2010).
Furthermore, another study used a distractor congruency tasks to show that the influence of
visual stimuli on the illusory perception of touch on rubber gloves was perceptual and could not
be tied to a participants’ beliefs (Pavani et al., 2000). Finally, one study showed that visually
induced tactile illusions occurred even when an individual was made aware of their illusory
nature and were therefore cognitively impenetrable, further suggesting a perceptual basis for the
effect (McKenzie et al., 2012). Therefore, although criterion changes can sometimes reflect
decisional biases, the present results provide further support for a perceptual process underlying
tactile criteria and highlight the potential in studying criteria as a means of understanding
perception (Peters et al., 2016; Witt et al., 2015).
Conclusions
This study is the first to demonstrate that a flash of light can modulate the subjective
perception of touch even in the absence of a tactile stimulus, and that this change is reflected in
relatively early somatosensory activity located in S1 and S2. These results support the idea that
early sensory activity may correlate more closely with subjective reports than with physical
stimulation, as has been demonstrated in vision (Kamitani & Tong, 2005; Ress & Heeger, 2003;
Supèr et al., 2003). They also further demonstrate the dominance of vision in influencing our
multisensory perception of the world, likely resulting from lifelong exposure to co-occurring
visual and tactile signals (Johnson et al., 2006), by directly influencing tactile neural
representations.
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Figure 3.1: Experimental Procedure
Each trial began with a visual and a tactile stimulus delivered simultaneously, 1000 ms after trial
start. 100 ms later, 1100 ms after trial start, either simultaneous visual and tactile stimuli (both
trials), a visual stimulus alone (light-only trials), a tactile stimulus alone (touch-only trials), or no
stimulus (neither trials) were delivered. To indicate the end of the trial, a 200-Hz, 200 ms tone
was played 1600 ms after trial start, after which participants reported via mouse click of the right
hand whether they felt one tactile pulse (left click) or two tactile pulses (right click).
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Figure 3.2: EROS montage
(A) The layout of detectors (A through D) and light sources distributed in a circle around them is
shown. The montage was centered around the location of the C4 electrode in the International
10-20 system (illustrated by the larger circle). (B) The distances between detectors and light
sources are depicted. The shortest distance was 25 mm and the longest distance was 50.8 mm.

A

B
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Figure 3.3: Behavioral Results
The behavioral results showing the effect of light on (A) subjective rates of touch in the presence
of a tactile stimulus (hits) and in the absence of a tactile stimulus (false alarms), (B) the tactile
criterion and (C) the tactile sensitivity. Error bars represent within-subject standard errors. *** p
< 0.001
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Figure 3.4: Grand Average SEPs for ‘Felt’ light-present vs. ‘Felt’ light-absent trials
(A) SEPs for ‘Felt’ light-present (yellow line) and ‘Felt’ light-absent (grey line) conditions. (B)
Difference wave between both conditions. Ribbons indicate within-subject standard errors. Grey
bars indicate significant differences between the two SEPs.

A

B
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Figure 3.5: Grand Average SEPs for ‘Felt’ light-present vs. ‘Not felt’ light-present trials
(A) SEPs for ‘Felt’ light-present (yellow line) and ‘Not-felt’ light-present (green line) conditions.
(B) Difference wave between both conditions. Ribbons indicate within-subject standard errors.
Grey bars indicate significant differences between the two SEPs. In this contrast, the N140
difference, indicated by the region shaded by the earlier grey bar, approached significance (p =
0.058).

A

B
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Figure 3.6: Outlines of the five Brodmann’s Areas used as regions of interest in the EROS
analysis
The green line depicts an outline of the five ROIs analyzed in this experiment from both right
sagittal (left) and superior axial (right) views.
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Figure 3.7: Map of z-scores of EROS data for ‘Felt’ light-present - ‘Felt’ light-absent trials
Statistical parametric maps of z-score differences between ‘felt’ light-present and ‘felt’ lightabsent trials for EROS data from 128 to 256 ms after the onset of the second set of stimuli (1100
ms after trial start), with intervals of 25.6 ms. EROS data are projected onto superior axial and
right sagittal surfaces in Talairach space.
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Figure 3.8: Time courses of EROS data for ‘Felt’ light-present vs. ‘Felt’ light-absent in five
ROIs
The time course of the differences in EROS data between ‘felt’ light-present and ‘felt’ lightabsent trials in each of the five ROIs at the voxel of peak activation for that ROI. Grey boxes
indicate significant differences (p < 0.05, one-tailed).
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Figure 3.9: Map of z-scores of EROS data for ‘Felt’ light-present - ‘Not-felt’ light-present
Statistical parametric maps of z-score differences between ‘felt’ light-present and ‘not felt’ lightpresent trials for EROS data from 102 to 384 ms after the onset of the second set of stimuli (1100
ms after trial start), with intervals of 25.6 ms. EROS data are projected onto superior axial and
right sagittal surfaces in Talairach space.
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Figure 3.10: Time courses of EROS data for ‘Felt’ light-present vs. ‘Not-felt’ light-present
in five ROIs
The time course of the differences in EROS data between ‘felt’ light-present and ‘not felt’ lightpresent trials in each of the five ROIs at the voxel of peak activation for that ROI. Grey boxes
indicate significant differences (p < 0.05, one-tailed).
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Table 3.1: Table of trial numbers for each condition used for the ERP analysis
The number of trials used for averaging for each condition and each subject, as well as the mean
number of trials across subjects for each condition are shown.

Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Mean

‘Felt’
lightpresent
94
137
112
118
112
177
254
207
101
233
101
157
200
142
215
168
178
236
158
163.2

‘Not felt’
lightpresent
147
68
177
152
132
113
20
85
173
4
172
130
48
113
42
65
89
39
138
100.4

‘Felt’
lightabsent
63
40
43
92
45
94
18
24
52
7
101
61
39
103
68
20
165
55
137
64.6

‘Not felt’
lightabsent
188
125
245
185
210
199
261
269
223
216
187
227
240
149
193
249
104
221
159
202.6
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Table 3.2: Table of z-scores for peak and criterion activations for ‘Felt’ light-present vs.
‘Felt’ light-absent
Peak z-scores and criterion z-scores for significant differences between ‘felt’ light-present and
‘felt’ light-absent trials, with temporal interval and Talairach locations of peak activation. Only
activations that exceeded the criterion z-score are shown.

Region
of
Interest
BA1
BA1
BA3
BA3
BA43
BA43
BA43

Time

Peak Z
score

Criterion
Z score

Peak X

Peak Y

Peak Z

153
179
179
256
128
153
179

1.92
1.879
1.975
1.929
2.229
2.9
2.689

1.645
1.645
1.96
1.92
2.12
2.36
2.44

-52
-55
-51
-48
54
54
54

-14
-14
-11
-9
-6
-4
-4

46
44
47
49
43
43
43

59

Table 3.3: Table of z-scores for peak and criterion activations for ‘Felt’ light-present vs.
‘Not felt’ light-present
Peak z-scores and criterion z-scores for significant differences between ‘felt’ light-present and
‘not felt’ light-present trials, with temporal interval and Talairach locations of peak activation.
Only activations that exceeded the criterion z-score are shown.

Region
of
Interest
BA1
BA1
BA1
BA1
BA1
BA1
BA1
BA1
BA1
BA1
BA2
BA2
BA2
BA2
BA2
BA3
BA3
BA3
BA3
BA3
BA3
BA3
BA3
BA3
BA3
BA40
BA40
BA40
BA40
BA40
BA40

Time

Peak Z
score

Criterion
Z score

Peak X

Peak Y

Peak Z

102
128
153
204
230
256
281
307
332
358
256
281
307
332
358
102
128
153
204
230
256
281
307
332
358
204
230
256
281
307
332

1.964
2.272
1.896
2.025
2.031
2.651
2.616
2.396
2.595
2.34
2.725
2.838
2.823
3.034
2.622
1.964
2.272
1.939
1.985
2.037
2.651
2.616
2.396
2.44
2.141
2.163
2.202
2.396
2.162
2.389
2.344

1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645
1.645
2.46
2.51
2.41
2.17
2.33
1.87
1.79
1.645
1.71
1.66
1.645
1.645
1.645
1.645
1.645
2.03
2.01
2.08
2.15
2.07
1.97

-57
-57
-57
44
-58
-61
-61
-61
-63
-63
-65
-66
-65
-65
-63
-58
-58
-61
-39
-61
-61
-61
-61
-61
-64
27
54
54
54
51
51

-24
-24
-24
-31
-24
-24
-24
-24
-21
-21
-28
-28
-26
-26
-23
-23
-23
-21
-38
-21
-23
-23
-23
-23
-18
-43
-26
-26
-26
-21
-21

41
41
41
58
39
37
37
37
34
34
32
29
29
29
32
42
42
42
54
42
37
37
37
37
34
62
50
50
50
53
53
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CHAPTER 4
The PPC is Involved in Multisensory Tactile Sensitivity
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Introduction
The goal of perception is to help us make decisions by creating accurate representations
of the world based on the information available at any given time. The route we take to hike up a
mountain will be determined by visual information about a ravine dropping off to our right,
tactile information about the feel of loose, unstable gravel under the soles of our feet, or auditory
information signaling the presence of a growling bear up ahead. Our brains must combine and
synthesize information from all these senses to help us stay alive and reach the mountaintop.
However, there is a hierarchy of the senses: visual perception is often dominant over the other
modalities. In a famous experiment, individuals were handed a straight metal rod and asked to
assess its shape with eyes closed. After opening their eyes, and unknowingly seeing the object
through a distorting lens that made it appear curved, they were once again asked to assess its
shape, this time while touching and viewing the object simultaneously (Gibson, 1933). Their
impression of the rod as curved after simultaneous visual-tactile consideration revealed a strong
visual dominance, even in the face of unmistakable tactile information. Since then, extensive
evidence has demonstrated how visual information influences touch perception (Kennett et al.,
2001; Pavani et al., 2000; Ro et al., 2004; Taylor-Clarke et al., 2002; Tipper et al., 1998, 2001).
For example, seeing a hand being touched significantly increases participants’ ability to detect
simultaneous touch to their hand (Fiorio & Haggard, 2005; Keysers et al., 2004; Ro et al., 2004;
Taylor-Clarke et al., 2002). These visual-tactile interactions have been shown to rely on direct
and indirect neural pathways between visual and somatosensory areas.
Direct pathways between visual and somatosensory areas have been implicated in the
interaction of vision and touch. Reciprocal connections have been demonstrated between the
extrastriate cortex and S1 in rats (Miller & Vogt, 1984). In humans, transcranial magnetic
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stimulation (TMS) over S1, suppressing its activity, abolished the visual facilitation of touch
perception (Fiorio & Haggard, 2005). One experiment demonstrated visual-tactile interactions
whose short latency suggested direct intersensory connections: a TMS pulse caused illusory
visual (phosphene) perception only if a tactile stimulus occurred in the expected location of the
phosphene and preceded the TMS pulse by 60 ms (Ramos-Estebanez et al., 2007). Even earlier
effects of visual-tactile interactions have been observed: viewing the body where it was touched
reduced the P27 component of the somatosensory evoked potential (SEP), showing that visual
influences acted on very early stages of somatosensory processing (Longo et al., 2011). Such fast
interactions between visual and tactile inputs preclude the involvement of indirect pathways
relying on processing in higher-order, multimodal areas.
A second account of visual-tactile interactions involves indirect pathways projecting to
the posterior parietal cortex (PPC), a multimodal area that contains cells that respond to both
visual and somatosensory stimulation (Duhamel et al., 1998; Gross & Graziano, 1995). The PPC
codes the correspondence between these inputs (Graziano et al., 2000). Suppressing PPC activity
with TMS abolishes the increase in the detection of near-threshold touch caused by vision
(Pasalar et al., 2010; Ro et al., 2004). Given that the PPC processes visual inputs 75 ms after
stimulus presentation (Molholm et al., 2006; Moran et al., 2008), measuring visual-tactile
interactions after 75 ms strongly suggests the involvement of PPC.
The beneficial effect of visual information on a tactile grating task was abolished if TMS
interfered with visual processing 180 ms after tactile stimulation (Zangaladze et al., 1999).
Similarly, the N1 component of visually-evoked potentials, which peaks at 190 ms post-stimuli,
significantly increased when tactile stimuli occurred at the same location as visual stimuli
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(Kennett et al., 2001). Together, these studies imply that late, probably feedback input to the
visual cortex mediates the cross-modal interaction between vision and touch.
Initial evidence exists for the reverse interaction: a visual stimulus preceding a tactile
stimulus by 200 ms was found to have the strongest influence on detecting a tactile target (Tipper
et al., 2001). Furthermore, the visual enhancement of touch perception was found to correlate
with significant differences in the N140 component of the SEP, which may represent feedback
activity from the PPC (Taylor-Clarke et al., 2002). Together, these data suggest that visual
modulations of touch perception may involve later somatosensory processes that occur through
indirect, PPC-dependent pathways. However, the temporal dynamics of PPC activity during
visual-tactile interactions remain unclear.
However, the direct and indirect accounts of visual-tactile interactions have mainly been
studied in the context of the visual facilitation of touch, in which a visual signal increases the
perception of a concurrent tactile stimulus. In visually induced illusions, visual inputs influence
the perception of touch even in the absence of tactile stimulation. For example, seeing ants
crawling on the ground can cause the uncomfortable sensation that ants are crawling on the skin.
The famous rubber hand illusion is another example: viewing a fake arm being stroked while
one’s arm is stroked causes a mislocalization of the sensation to the rubber arm, instead of one’s
own (Botvinick & Cohen, 1998). It has not been established whether the neural mechanisms
involved in the integration of concurrent visual and tactile stimuli also extend to visually induced
tactile illusions.
The present study aimed to investigate the causal roles of S1 and PPC in visually induced
tactile illusions. We hypothesized that either direct pathways to S1 or indirect, PPC-dependent
pathways to S1 were involved in visually induced tactile illusions, mirroring their roles during
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the integration of concurrent vision and touch. To test this hypothesis, we used a behavioral
paradigm designed to cause visually induced false alarms of touch – or tactile illusions – and
stimulated S1 and PPC with TMS at two temporal intervals. We measured resulting changes in
the rates of tactile illusions in light-present compared to light-absent trials. We predicted that if
direct pathways between visual and somatosensory areas were involved, early S1 disruption
would reduce the visually-induced facilitation of tactile illusions. Alternatively, if indirect, PPCdependent pathways were involved, then late disruptions of S1, and either early or late
disruptions of the PPC, would reduce the visually-induced facilitation of tactile illusions.

Methods
This research was approved by the Institutional Review Board of the City University of New
York.
Subjects
Twenty (10 females; age range: 24 – 42; 17 right-handed) subjects were recruited and
participated after informed consent. Of these, four subjects were rejected from all further
analyses because they had less than 20% of visually induced tactile illusions in the control
condition. This criterion was included to avoid floor effects for visually induced tactile illusions,
since we predicted TMS-induced decreases.
Materials
Tactile stimuli were delivered via a pair of ring electrodes that were placed on the left
middle finger. Square-wave 0.03 milliseconds (ms) pulses were delivered to the electrodes using
a Grass-Astromed (West Warwick, RI) SD9 electrical stimulator. Visual stimuli consisted of 1
ms duration flashes from a red LED attached to the same finger. Before the experiment, the
intensity of the tactile stimuli was adjusted for each participant by finding their tactile threshold
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using the method of limits. Ascending and descending series of stimulus intensities were
delivered until 50% of stimuli could be verbally reported. The intensity of the tactile stimulus
was increased to 10% above threshold for the remainder of the experiment. The thresholding
procedure was repeated every 1 to 2 blocks to ensure that the stimuli were maintained at 110 %
of threshold throughout.
TMS
Two stimulation sites – primary somatosensory cortex (S1) and posterior parietal cortex
(PPC) – were targeted in two consecutive sessions conducted on the same day. The order of
stimulation sites was counterbalanced across subjects.
For both sessions, a MagStim Rapid stimulator (Carmarthenshire, UK) with a 70-mm
figure-eight coil was used to briefly and reversibly disrupt neural activity.
Before the experimental sessions, we first found the location of the hand area in the
primary motor cortex. The TMS coil was placed 3 cm anterior and 2 cm lateral to the vertex, and
single-TMS pulses were delivered starting at 60% of maximum intensity. The position of the coil
and the intensity of the pulses were adjusted until a position and TMS intensity were found that
produced visible hand twitches in 3 out of 5 trials.
To localize the hand area of S1, the coil was placed at 0.5 cm increments posterior to the
hand area of the motor cortex. TMS pulses were delivered 40 ms prior to a tactile stimulus2, with
an intensity of 110 to 120% of the motor threshold, until the appropriate point was found at

2

This SOA was only used during the localization procedure, as it was determined to be the optimal for
localizing S1; see Chapter 2 of the present dissertation.
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which tactile stimuli were not felt in 3 out of 5 trials, as verbally reported by the participant. This
intensity was maintained for the remainder of the experiment.
To localize posterior parietal cortex, we used the location of the hand area in the motor
cortex and placed the coil 3 cm posterior and 2 cm lateral with the coil held backwards at a 45⁰
angle from the mid-sagittal plane (Pasalar et al., 2010; Ro et al., 2004). The same intensity used
for S1 stimulation was used for this stimulation site.
To assess the causal roles of early and late activations in S1 and PPC, we chose two
stimulation SOAs, 40 ms and 140 ms after stimulus presentation. These were chosen based on
the literature demonstrating early (Longo et al., 2011) and late (Taylor-Clarke et al., 2002)
activations of S1 during visual-tactile interactions, and as an exploratory approach to the
temporal dynamics of PPC activity during these interactions.
Cortical Localization of TMS Stimulation Sites
After the main experiment, in order to measure the targeted cortical location obtained
through our TMS localization procedure, we digitized each subject’s head using a Locator
digitization system (Cortech Solutions, Wilmington, NC) with a Polhemus Fasttrak digitizer
(Colchester, VT) and coregistered standard anatomical landmarks (i.e., nasion, inion, left and
right pre-auricular points, and vertex), as well as the location of the center of the TMS coil over
the S1 and PPC stimulation sites, with a template brain. The coordinates were then transformed
to the ICBM MNI-152 template brain space (Fonov et al., 2009), using a 12-parameter affine
transform (NumPy Python package; https://numpy.org/). Individual subject stimulation sites and
mean stimulation sites across subjects were plotted onto the template MNI-152 surface
reconstruction and visualized using Surf Ice (Columbia, SC;
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https://www.nitrc.org/projects/surfice/). MRIcron (Columbia, SC;
https://www.nitrc.org/projects/mricron) was used to plot the mean axial, sagittal, and coronal
locations of both stimulation sites onto the MNI-152 template brain. The mean MNI coordinates
for S1 stimulation were (66.6, -36.9, 69.6) and for PPC stimulation were (54.5, -66.6, 71.6). The
projections onto a sagittal view of the scalp and cortical surfaces and the mean MRI locations are
presented in Figure 4.2.
Experimental Paradigm
Subjects sat in a dark room in a wooden chair 57 cm from a 20-inch CRT monitor (Dell
Inc., Round Rock, TX) with their arms resting on a table in front of them. Each subject
participated in two consecutive experimental TMS sessions. In each session (S1 stimulation and
PPC stimulation sessions, with the order counterbalanced across subjects), the experimental
paradigm was identical. Each trial began with a visual and a tactile stimulus delivered
simultaneously, 1000 ms after trial start. 100 ms later, 1100 ms after trial start, either
simultaneous visual and tactile stimuli (both trials), a visual stimulus alone (light-only trials), a
tactile stimulus alone (touch-only trials), or no stimulus (neither trials) were delivered. TMS was
delivered in two-thirds of trials, either 40 ms (1140 ms after trial start) or 140 ms (1240 ms after
trial start) later. In one-third of trials, no TMS was delivered. Each session consisted of 300
trials, with the order of TMS conditions (no TMS, 40 ms SOA, 140 ms SOA) randomized within
five blocks of 60 trials. Figure 4.1 shows the time course of stimulus events for a typical trial.
To indicate the end of the trial, a 200-Hz, 200 ms tone was played 1600 ms after trial
start, after which participants reported via mouse click of the right hand whether they felt one
tactile pulse (left click) or two tactile pulses (right click). No feedback on the accuracy of their
responses was given. Hits or correct rejections occurred if participants correctly indicated that
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they felt two touches or one touch, respectively, in the presence of a second tactile stimulus.
Misses or false alarms occurred if participants incorrectly indicated that they felt only one touch
in the presence of a second tactile stimulus, or two touches in the absence of a second tactile
stimulus, respectively. Hits and false alarm rates were computed in light-present (both and lightonly trials) and light-absent (touch-only and neither trials) conditions. To prevent anticipation,
random inter-trial intervals were used such that trials lasted between 2500 and 2580 ms.
Data Analysis
Four dependent measures were computed for all conditions: hits (reports of feeling touch
when a tactile stimulus was presented), false alarms (reports of feeling touch when a tactile
stimulus was not presented; i.e. tactile illusions), tactile criterion c, and tactile sensitivity d’
(Macmillan & Creelman, 1991). Changes in sensitivity were computed as d’ = z(Hit rate) –
z(False alarm rate), while changes in criterion were computed as c = -0.5 * (z(Hit rate) + z(False
alarm rate). If hit rates or false alarm rates were 0 or 1, and to compute signal detection theory
statistics, the data were corrected by adjusting rates to 1/2n or 1-1/2n, respectively (Macmillan &
Kaplan, 1985). This correction was chosen as it is an effective estimate in studies with low trial
numbers (Hautus, 1995).
In order to assess whether TMS modulated visually-induced changes in touch perception,
we measured the multisensory enhancement of touch perception by computing the difference in
touch perception between light-present and light-absent trials. We assessed the effects of TMS
on the multisensory enhancement of hits, false alarms, tactile criterion and tactile sensitivity by
conducting four two-way analyses of variance (ANOVAs) with two within-subject factors:
stimulation site (S1, PPC) and SOA (no TMS, 40 ms, 140 ms).
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Results
Hits
A two-way 2 x 3 ANOVA on the multisensory enhancement of hits (hits light-present – hits
light-absent) with stimulation site (S1, PPC) and SOA (no TMS, 40 ms, 140 ms) as withinsubject factors was carried out. The analysis showed non-significant main effects of stimulation
site (F(1,15) = 0.009, p = 0.927, η2 = 0.00003) and SOA (F(2,30) = 2.438, p = 0.104, η2 = 0.29). The
two-way interaction between stimulation site and SOA was also non-significant (F(2,30) = 1.522,
p = 0.235, η2 = 0.007). These results indicate that TMS did not significantly alter the influence of
light on hits. These results are shown in Figure 4.3.
False Alarms
A two-way 2 x 3 ANOVA on the multisensory enhancement of false alarms (false alarms lightpresent – false alarms light-absent) with stimulation site (S1, PPC) and SOA (no TMS, 40 ms,
140 ms) as within-subject factors was carried out. The analysis showed a significant main effect
of SOA (F(2,30) = 5.368, p = 0.01, η2 = 0.031). The main effect of stimulation site was not
significant (F(1,15) = 0.25, p = 0.624, η2 = 0.003). The two-way interaction between stimulation
site and SOA was also non-significant (F(2,30) = 0.67, p = 0.519, η2 = 0.006). We assessed the
significant main effect of SOA using false-discovery rate (FDR) corrected paired t-tests. This
showed a significant increase in the multisensory enhancement of false alarms at the 140 ms
SOA, compared to the no TMS condition (t = -2.84, p = 0.024). There was no significant
difference in the multisensory enhancement of false alarms when comparing the 140 ms SOA to
the 40 ms SOA (t = -1.33, p = 0.192) or when comparing the 40 ms SOA to the no TMS
condition (t = -1.56, p = 0.192). These results indicate a significant effect of the latency of TMS
on the multisensory enhancement of false alarms and reveal that stimulation at the 140 ms SOA
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significantly increased the rate of visually-induced tactile illusions, compared to the no TMS and
to the 40 ms SOA conditions. These results are shown in Figure 4.4.
Tactile Criterion
A two-way 2 x 3 ANOVA on the multisensory enhancement of tactile criterion (c light-present –
c light-absent) with stimulation site (S1, PPC) and SOA (no TMS, 40 ms, 140 ms) as withinsubject factors was carried out. The analysis showed non-significant main effects of stimulation
site (F(1,15) = 0.041, p = 0.842, η2 = 0.00035) and SOA (F(2,30) = 0.594, p = 0.559, η2 = 0.003).
The two-way interaction between stimulation site and SOA was also non-significant (F(2,30) =
0.053, p = 0.948, η2 = 0.0003). These results indicate that TMS did not significantly alter the
influence of light on the tactile criterion. These results are shown in Figure 4.5.
Tactile Sensitivity
A two-way 2 x 3 ANOVA on the multisensory enhancement of tactile sensitivity (d’ lightpresent – d’ light-absent) with stimulation site (S1, PPC) and SOA (no TMS, 40 ms, 140 ms) as
within-subject factors was carried out. The analysis showed a significant main effect of SOA
(F(2,30) = 3.875, p = 0.032, η2 = 0.068). The main effect of stimulation site was not significant
(F(1,15) = 0.164, p = 0.691, η2 = 0.00078). Additionally, the two-way interaction between
stimulation site and SOA was significant (F(2,30) = 4.764, p = 0.016, η2 = 0.041). We assessed the
significant interaction between SOA and stimulation site using false-discovery rate (FDR)
corrected paired t-tests. This showed that the multisensory enhancement of sensitivity was
significantly decreased from TMS at the 140 ms SOA over the PPC stimulation site (t = 3.70, p =
0.006) compared to the PPC no TMS condition. The change in the multisensory enhancement of
sensitivity between the 40 ms SOA over PPC and the 140 ms SOA over PPC approached
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significance (t = 2.19, p = 0.067). All other pairwise comparisons did not show significant
differences (all ts < 0.548, all ps > 0.146). These results indicate that TMS over the PPC at an
SOA of 140 ms did not only abolish the multisensory facilitation of tactile sensitivity, but caused
a multisensory impairment of sensitivity, whereby sensitivity was lower in light-present trials
compared to light-absent trials. These results are shown in Figure 4.6.

Discussion
The present study aimed to assess the contributions of S1 and PPC to the visual induction
of tactile illusions. To do so, we used a behavioral paradigm that assessed participants’ hit rates,
false alarm rates, tactile sensitivity, and tactile criterion for near-threshold tactile stimulation in
the presence and absence of a non-informative light. In the baseline conditions without TMS, we
observed multisensory enhancements of hits and false alarms, whereby participants made more
hits and false alarms of touch in the presence of the light, compared to in its absence. As a result,
we observed a light-induced tactile criterion decrease, with no multisensory effect on tactile
sensitivity. After TMS disruption of either S1 or the PPC at an early interval, there were no
significant changes in any measures of the multisensory enhancement of touch perception.
However, we observed a non-site-specific main effect of stimulation at a later interval on
increasing the multisensory enhancement of false alarms. We also observed a PPC specific
decrease in the multisensory enhancement of tactile sensitivity from stimulation at the later time
interval, reflecting the PPC’s role in integrating visual influences to improve tactile sensitivity.
We predicted that if S1 was involved in the visual induction of tactile illusions, the
multisensory enhancement of false alarms would be decreased or abolished when S1 was
suppressed by TMS. However, early stimulation of S1 did not significantly alter the visual
induction of tactile illusions. These results indicate that, contrary to our predictions, a direct
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pathway to S1 delivering visual signals with a latency of 40 ms was not involved in the visual
induction of tactile illusions. Although we observed a significant effect of later stimulation on
increasing the visual induction of tactile illusions, this effect was not site-specific and is
therefore inconclusive and warrants further investigation. These results do not rule out the
contributions of pathways projecting to S1 with different latencies that were not targeted with the
present study design. For example, one study found evidence of the influence of visual
information on somatosensory processing in the N80 component of the SEP, starting around 70
ms after visual stimulus presentation (Taylor-Clarke et al., 2002). Based on the results of Chapter
3 of the present dissertation showing that visually-induced shifts in the tactile criterion are
reflected in somatosensory processes in S1 and S2, we may also expect that S2 activity involved
in visually induced tactile illusions may have compensated for the TMS-induced loss of S1
activity. Further experiments using additional SOAs to target more temporal intervals, and using
an S2 stimulation site, will be necessary to elucidate these hypotheses.
Furthermore, we initially predicted that if visually induced tactile illusions depended on
the PPC-dependent neural mechanisms that are involved in the multisensory enhancement of
tactile detection (Pasalar et al., 2010; Ro et al., 2004), then interfering with PPC activity at 140
ms post-stimulus would cause a decrease in the multisensory enhancement of false alarms. Our
results did not show a TMS-induced decrease in visually-induced false alarms. However, they
demonstrated a strong effect of TMS on the multisensory enhancement of tactile sensitivity. In
fact, PPC stimulation at 140 ms caused the multisensory impairment of tactile sensitivity,
whereby sensitivity was significantly lower in light-present trials compared to light-absent ones.
Previous studies have shown that the PPC is involved in the multisensory integration of
vision and touch by showing that the visual facilitation of touch detection was abolished when
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the PPC was stimulated with TMS (Pasalar et al., 2010; Ro et al., 2004). In the current study, the
inclusion of catch trials, in which no tactile stimulus was presented to the hand, allowed for the
measurement of tactile sensitivity, a measure of signal detection theory that measures not only
how accurately participants can detect a tactile stimulus, but also how accurately they can detect
the absence of a tactile stimulus (i.e., detect signal from noise). Therefore, these results extend
previous findings by showing a role for the PPC in processing visual effects on tactile sensitivity,
indicating that participants were less accurate at both detecting a signal and correctly rejecting an
absent signal. In fact, our results showed an increase in visually-induced false alarms from TMS
at the 140 ms SOA over both stimulation sites, accompanied by a small but non-significant
decrease in the visual enhancement of hits. We may speculate that these effects may have driven
the TMS-induced significant decrease in tactile sensitivity at the PPC stimulation site. Therefore,
these results further corroborate a critical role for the PPC in multisensory integration by
showing that PPC suppression causes light to impair tactile sensitivity, instead of mediating its
integration with tactile signals to improve sensitivity. Further research is needed to characterize
the neural mechanisms operating between the PPC and the somatosensory cortex that contribute
to multisensory tactile sensitivity.
Furthermore, we considered whether attention may be an alternative explanation for our
results. Since the PPC is implicated in the reorientation of visuospatial attention (Corbetta et al.,
2008), it may be that TMS suppression of PPC caused a loss of the orienting effect of the light on
touch perception, causing a decrease in tactile sensitivity due to less attention being directed
towards the hand. To test this hypothesis, future studies should aim to manipulate attention
during this task and assess the joint effects of PPC suppression and attentional load on the visual
facilitation of tactile sensitivity. Finally, the PPC has also been shown to play an essential role in
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spatial representations during perception. Indeed, the PPC contains maps of visual and
somatosensory space that coordinate the spatial mapping of information from these modalities
(Gross & Graziano, 1995), and this mapping may play a critical role in multisensory integration
(Gallace & Spence, 2008; Pasalar et al., 2010). In the present study, all stimuli occurred in the
same location for the experiment’s duration, so it is unlikely that the disruption of spatial
representations in PPC was solely responsible for these results. However, further experiments are
needed to assess the PPC’s differential contributions to spatial awareness and the integration of
multisensory information during visual-tactile conflict.
Taken together, these results elucidate the role of the PPC in multisensory integration, by
showing that it plays a role in mediating visual influences on tactile sensitivity during
multisensory interactions between vision and touch, and that this role likely involves an
influence on visually induced tactile illusions.
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Figure 4.1: Experimental Procedure
Each trial began with a simultaneous flash of light and a tactile stimulus. In a second interval,
either both stimuli, just a light flash, just a tactile stimulus, or no stimuli occurred. TMS was
delivered either 40 ms or 140 ms later, two-thirds of trials. TMS was delivered either to S1 or to
PPC, in two separate sessions. Finally, a short beep indicated that participants should respond
and indicate if they had felt one or two touches, via mouse click.
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Figure 4.2: Cortical TMS stimulation sites
MRI surface reconstruction of the normalized TMS sites in all participants for S1 stimulation
(small black spherical nodes) and PPC stimulation (small red spherical nodes). The mean
location of S1 stimulation is indicated by the large green spherical node and of PPC stimulation
by the large yellow spherical node. The mean axial, sagittal, and coronal position of S1
stimulation is indicated by the intersection of the green lines (66.6, -36.9, 69.6) on the template
MNI brain in the right panel and for PPC stimulation is indicated by the intersection of the
yellow lines (54.5, -66.6, 71.6) on the template MNI brain in the left panel.
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Figure 4.3: Effects of TMS on the Multisensory Enhancement of Hits
Effect of TMS on the multisensory enhancement of hits. TMS was used to target S1 and the PPC
at two stimulus onset asynchronies (SOAs). Trials without TMS were included as control
conditions. Error bars represent within-subject standard errors.
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Figure 4.4: Effects of TMS on the Multisensory Enhancement of False Alarms
Effect of TMS on the multisensory enhancement of false alarms. TMS was used to target S1 and
the PPC at two stimulus onset asynchronies (SOAs). Trials without TMS were included as
control conditions. Error bars represent within-subject standard errors.
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Figure 4.5: Effects of TMS on the Multisensory Enhancement of Tactile Criterion
Effect of TMS on the multisensory enhancement of the tactile criterion. TMS was used to target
S1 and the PPC at two stimulus onset asynchronies (SOAs). Trials without TMS were included
as control conditions. Error bars represent within-subject standard errors.
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Figure 4.6: Effects of TMS on the Multisensory Enhancement of Tactile Sensitivity
Effect of TMS on the multisensory enhancement of the tactile sensitivity. TMS was used to
target S1 and the PPC at two stimulus onset asynchronies (SOAs). Trials without TMS were
included as control conditions. Error bars represent within-subject standard errors.
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CHAPTER 5
Sound Frequency Predicts the Location of Illusory Tactile Sensations on
the Body in Sound-Touch Synesthesia
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Introduction
The subjective experience of touch perception does not always result from corresponding
physical stimulation. The sensation of the phantom phone buzz in our pocket is familiar to most
of us. In some patients, consistent tactile illusions can arise: in phantom-limb pain, for example,
patients who have been amputated continue to feel strong tactile percepts in the missing limb,
despite the absence of the body part (Lotze et al., 2001; Melzack, 1990; Subedi & Grossberg,
2011). Tactile illusions are evidence that the neural processes that support the subjective
experience of touch can be dissociated from the neural processing of physical tactile stimulation.
In synesthesia, the experience of the world is unique, in that the stimulation of one
modality not only causes a normal conscious perception in that modality, but also induces an
illusory perception in another modality. In one rare type, sound-touch synesthesia, sounds
consistently induce evocative, localized sensations on the body. One sound-touch synesthete
recounted that every time she listened to a specific song, it “filled [her] hands with broken glass
sitting in a slimy dishcloth.” Understanding the characteristics of the associations between sound
and touch and the neural mechanisms that govern them can further our understanding of
synesthesia and of subjective touch perception more generally. Studies outlining the neural
mechanisms of synesthesia have already uncovered many fundamental principles of brain
function relevant to non-synesthetic perception (Cytowic, 1989; Hubbard & Ramachandran,
2005; Rich & Mattingley, 2002; Ward & Simner, 2020).
In synesthesia, the inducing stimulus has been found to activate a sensory representation
corresponding to the synesthetic percept and this is thought to occur via cross-modal pathways
(Hubbard & Ramachandran, 2005; Sathian & Ramachandran, 2019). In grapheme-color
synesthesia, in which numbers or letters induce color percepts, one study using fMRI showed
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that grapheme-induced color percepts correlated with neural activations in the V4/V8 color area
that overlapped with the activations elicited by colors in normal controls (Nunn et al., 2002). In
the study of a patient who developed sound-touch synesthesia after a thalamic stroke, soundinduced tactile sensations correlated with activations in second somatosensory cortex (S2)
(Beauchamp & Ro, 2008). This activation showed overlap with the activation associated with the
conscious percept of a physical tactile stimulus. A follow-up diffusion tensor imaging (DTI)
study demonstrated that this patient had developed increased connectivity between auditory and
somatosensory cortices (Ro et al., 2013). Importantly, in this study, evidence for pathways
between primary auditory cortex (A1) and primary somatosensory cortex (S1) existed even in
control non-synesthetes, suggesting that the increased connectivity in synesthetes resulted from
the increased recruitment of pre-existing pathways.
Furthermore, the auditory and somatosensory cortices are both organized in systematic
ways. The auditory cortex is known to be organized tonotopically, whereby A1 represents low to
high frequency sounds along its rostro-caudal axis (Lauter et al., 1985; Merzenich & Brugge,
1973; Romani et al., 1982; Yamamoto et al., 1992). Similarly, the somatosensory cortex is
organized somatotopically, whereby S1 and S2 both represent adjacent areas of the contralateral
body surface on a medial-to-lateral direction along the postcentral gyrus (Kaas et al., 1979; Lin
et al., 1996; Merzenich et al., 1978; Nelson et al., 1980; Penfield & Boldrey, 1937; Pons et al.,
1985; Ruben et al., 2001). Given the increased density of connections between auditory and
somatosensory areas measured in a sound-touch synesthete, it may be hypothesized that one-toone anatomical mappings between A1 and the somatosensory areas could underlie soundinduced tactile illusions in synesthesia.
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However, the only studies of sound-touch synesthesia to date have concerned patients
who suffered thalamic strokes, which are likely to have caused extensive cortical reorganization,
making these results difficult to generalize (Beauchamp & Ro, 2008; Fornazzari et al., 2012; Ro
et al., 2007, 2013). A characterization of sound-touch synesthesia in congenital synesthesia, in
individuals who have experienced it since childhood, is lacking. Therefore, the current study
aims were twofold: first, to characterize and quantify the systematicity of subjective associations
between auditory and tactile perception in congenital sound-touch synesthetes. We hypothesized
that if one-to-one anatomical mappings between the tonotopically organized auditory cortex and
the somatotopically organized somatosensory cortex were responsible for sound-touch
synesthesia, we would measure a systematic correspondence between sound frequency and the
location of synesthetic tactile sensations on the body. Our second goal was to assess whether
somatosensory activity reflected sound-induced changes in synesthetic touch perception. We
hypothesized that if synesthetic touch were mediated by somatosensory representations, we
would measure distinct somatosensory activations for different sound-induced synesthetic tactile
percepts.
To test these hypotheses, in a first experiment, we recruited participants with congenital
sound-touch synesthesia and systematically measured the characteristics of their synesthetic
tactile sensations in response to simple tones at a range of sound frequencies. We predicted that
the frequency of sound would be highly correlated with the location of synesthetic sensations on
the body, reflecting an anatomical mapping between the tonotopically organized auditory cortex
and the somatotopically organized somatosensory cortex. In a second experiment, we measured
EEG and fast-signal optical imaging (EROS) over the right somatosensory cortex during soundinduced synesthetic tactile sensations. We predicted that the locations of synesthetic sound-
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induced tactile percepts would be associated with distinct somatosensory activity, reflecting the
activation of distinct somatotopic representations in response to sounds during sound-touch
synesthesia.

Methods
This research was approved by the Institutional Review Board of the City University of New
York.
Experiment 1
Subjects
Sixty-two subjects were recruited from synesthesia databases and online synesthesia
forums to complete a screening test (described below) for sound-touch synesthesia. Of these
participants, fifty-two were selected to participate in the experiment. Twenty-two did not respond
to the request, seven indicated that the sounds used in the screener were too uncomfortable or
painful, and four had logistical problems that prevented their participation. As a result, nineteen
subjects (14 females, 4 males, 1 other; mean age 36.1, range: 18 – 67; 14 right-handed, 1 lefthanded, 4 ambidextrous) participated after informed consent. To confirm sound-touch
synesthesia in these subjects, consistency scores for the location of tactile sensations on the body
in response to sounds were computed for each subject (described below).
Stimuli
The stimuli used for the screening test and the main experiment were identical. Thirteen
one-second long sounds were produced using Matlab (Mathworks, Natick, MA) at frequencies of
100 Hz, 200 Hz, 300 Hz, 400 Hz, 500 Hz, 750 Hz, 1000 Hz, 1500 Hz, 2000 Hz, 3000 Hz, 5000
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Hz, 10 000 Hz, and 15 000 Hz. All sounds were played continuously on loop and were corrected
for loudness (Fletcher & Munson, 1933).
Screening Test
Upon initial recruitment, each subject was sent a link to a web-based screener that played
forty sounds in random order, such that each of the thirteen sounds was played at least three
times. For each sound, subjects were asked “Did you feel this sound?” and responded by
selecting one of the following options: “No”, “Very Weakly”, “Weakly”, “Moderately”,
“Strongly” or “Very Strongly”. They were then asked to indicate where they felt the sensation on
their body by selecting one or more of the following options: “Left Leg”, “Left Arm”, “Left
Face”, “Right Leg”, “Right Arm”, “Right Face”. After the screening was completed, subjects
who selected the same intensity and/or location of the tactile sensation for three iterations of the
same sound, for at least six sounds, were invited to take part in the main experiment.
Experimental Paradigm
In each trial, one of the thirteen sounds played automatically and continuously until the
subject indicated whether they could feel the sound or not. If they did, the sound continued
playing while they answered the following seven questions: first, they indicated by a click where
on an image of a gender-neutral body and face they had felt the sound (see Figure 5.1). Subjects
were asked to indicate the location with the strongest tactile sensation, even if the sensation was
large or diffuse. Second, subjects indicated the intensity of the sensation on a scale of 1 to 5.
Finally, subjects answered five questions about the qualitative aspects of the sensation, by rating
the following measures on a scale of 1 to 5: soft to hard, wet/sticky to dry, rough to smooth, hot
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to cold and sharp to dull. For each of the seven questions, subjects were given the option to select
“not applicable”.
There was a total of 260 trials, with the order of sounds randomized within 20 blocks of
13 trials. All stimuli and response collection were hosted and controlled using custom software
hosted by Qualtrics (Provo, UT).
Consistency Test
To measure consistency between sound frequency and the location of synesthetic touch
on the body, and provide further evidence for synesthesia in these subjects, we adapted the
standardized method developed for the Synesthesia battery (Eagleman et al., 2007) to measure
internal consistency in synesthetic associations for each subject.
In the original internal consistency test designed for grapheme-color synesthesia
(Eagleman et al., 2007), three inducing stimuli (graphemes) were presented and three synesthetic
associations (RGB values for a color selection) were recorded. For each inducing stimulus, a
variation score was obtained by computing the geometric distance between the three selected
synesthetic associations (in RGB color space). A total variation score was obtained by summing
all the inducing stimulus variation scores and dividing the sum by the number of inducing stimuli
that had synesthetic associations. A subject was deemed a synesthete if their total variation score
was below 1.
For the current study, this method was adapted to take advantage of the higher number of
repetitions (20, instead of 3) for each inducing stimulus. To do so, for each sound, all possible
unique combinations of three repetitions (among the 20 total repetitions) were sampled. For each
unique combination, a variation score was obtained by computing the geometric distance
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between the selected locations on the body (in XY coordinate pixel space). For each sound, a
variation score was obtained by averaging all the unique combination variation scores. For each
subject, a total variation score was then obtained by summing the variation scores for all sounds
and dividing by the total number of sounds with tactile associations. Only participants who had a
total variation score lower than 1 were included in the experiment. All subjects obtained scores
below 1 (see Table 5.1).
Data Analysis
The XY pixel coordinates selected by subjects to indicate the location of tactile
sensations on the body diagram (see Figure 5.1) were first transformed such that coordinates
selected on the back-facing body or on the two face diagrams were mapped to equivalent
locations on the front-facing body. These transformations were carried out because our
hypotheses pertained only to the lateral (left-right) and longitudinal (upper-lower) locations of
tactile sensations on the body and did not predict any relationship between sound frequency and
the ventral-dorsal axis. Coordinates selected in the white space around the body or face diagrams
were excluded from further analysis.
To determine the relationship between the frequency of sound and the location of tactile
sensations, we used a correlational analysis to correlate sound frequency with selected X (lateral
right to left on the body) and Y (longitudinal lower to upper on the body) coordinates on the
body. The frequency of sound was also correlated with the intensity of the sensations and with
each of the five qualitative scales.
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Experiment 2
Subjects
One subject (female, age 25) who participated in Experiment 1 was recruited. A larger
sample size was anticipated but prevented due to the unavailability of laboratory space during the
COVID-19 pandemic.
Electroencephalogram (EEG) recordings
EEG was recorded from 16 gold electrodes using a standard 10/20 system layout. Data
were referenced online to the left mastoid and re-referenced offline to a bimastoid average.
Electrode impedance was kept at < 10 kΩ. The EEG was first filtered online with a 0.01-100 Hz
band-pass filter and sampled at 1000 Hz. All EEG data were processed with custom scripts in R
and MATLAB (Mathworks, Natick, MA) using EEGLAB (Delorme & Makeig, 2004).
Fast-signal Optical Imaging (EROS) recordings
We recorded scattering changes in near-infrared light at two wavelengths (690 nm and
830 nm) using an Imagent synchronized frequency-domain oximeter system (ISS Inc.,
Champaign, IL), with four detectors and sixteen laser diode sources. The photomultiplier tube
detectors were 3-mm diameter fiber-optical bundles and collected light from each nearby light
source. The sources were amplitude-modulated at a rate of 110 MHz. The sampling rate for
imaging was 39.0625 Hz, such that one sample was recorded every 25.6 ms. The light source and
detector fibers were connected via fiber optic cables and held in place by a custom-built headmount system centered on the C4 electrode to examine our region of interest, the somatosensory
cortex.
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After the main experiment, the scalp locations of the subject’s pre-auricular points,
nasion, EROS sources and detectors were mapped using a Locator digitization system (Cortech
Solutions, Wilmington, NC) with a Polhemus Fasttrak 3D digitizer (Colchester, VT) with an
extended stylus. The EROS data were then co-registered with the MNI-152 ICBM 2009 brain
template based on the locations of the scalp and fiducial points, then converted to Talairach
space (Talairach & Tournoux, 1988) for analysis.
Stimuli and experimental paradigm
Based on results from Experiment 1, four of the thirteen sounds with synesthetic tactile
associations were selected as stimuli. For this single subject, the sounds at 100, 300, 1000 and
10000 Hz were used. In each trial, one of the four sounds began playing at trial start, and the
same body and face diagrams as those used in Experiment 1 were displayed on the screen. The
subject was asked to report where on their body or face they felt the sound-induced tactile
sensation and to click in the empty space around the diagram if they had no tactile sensation.
Trials lasted a minimum of 2000 ms and a maximum of 5000 ms. To prevent anticipation,
random inter-trial intervals between 0 and 80 ms were used. There was a total of 320 trials, with
the order of sounds randomized within blocks of 80 trials. All stimuli, EEG and EROS triggers,
and response collection were controlled using custom software written in Visual C++ with
Microsoft DirectX libraries.
Data Analysis
For the behavioral analysis, the dependent variable for the location of tactile sensations is
given in XY pixel coordinates. These pixel coordinates are independent of monitor size or
resolution. The proportions of the image were 936 px (width) by 612 px (height). First, the XY
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pixel coordinates selected by the subject to indicate the location of tactile sensations on the body
were first transformed, such that coordinates selected on the back-facing body or on the two face
diagrams were mapped to equivalent locations on the front-facing body. Clicks made in the
white space around the body or face diagrams indicated that subjects had not felt synesthetic
sensations for that sound and were therefore excluded from further analyses. The proportions of
the image after this transformation were 310 px (width) by 612 px (height). The body, and hence
the responses included in the analysis, ranged from 26 px (foot) to 581 px (head) on the
longitudinal axis, and from 28 px (left hand) to 284 px (right hand) on the lateral axis. Since the
results of Experiment 1 (see below) showed a strong correlation between sound frequency and
the longitudinal location of synesthetic touch, we hypothesized that neural activations would
differ according to the longitudinal location of sensations on the body, and we separated trials by
the reported location of synesthetic touch into equal bins of lower, medium, and upper body. The
locations and allocated bin for all trials are shown in Figure 5.6B.
For the ERP analysis, EEG data were first pre-processed as follows: trials with eye blinks
occurring either in the 300 ms before stimulus presentation or trials with no response were
rejected. The continuous artifact-removed data were then band-pass filtered from 0.1 to 30 Hz
and epoched from -200 to 1000 ms, time-locked to trial start. The 200 ms before trial start were
used for baseline correction. Trials were averaged to produce mean somatosensory evoked
potentials (SEPs) for the three tactile location bins. Five components were analyzed over the C4
electrode: the N80 (70-90 ms), the P1 (90-120 ms), the N140 (130-160 ms), the N2 (180-250 ms)
and the P300 (256-336 ms).
For EROS data analysis, data were first pre-processed using P-Pod (Gabriele Gratton,
Pre-Processing Optical Data, MATLAB scripts). The data were first normalized to remove low92

frequency drifts (< 0.005 Hz) using a third-order polynomial. The normalized data then
underwent a pulse removal procedure using a time-warping regression procedure (Gratton &
Corballis, 1995) and then filtered from 0.1 Hz to 15 Hz. The normalized, pulse-corrected, and
filtered data were then epoched from -409 to 564 ms, time-locked to the onset of the second set
of stimuli (1100 ms after trial start). Epochs were averaged across trials for each of the three
tactile location bins and each channel. Averaged EROS data and Talairach coordinates of light
sources and detectors were then reconstructed using the voxel space based Opt-3D software
(Gratton et al., 2000) for visualization and analysis. Mean activation and deactivation maps were
constructed in Opt-3D.

Results
Experiment 1
The average selected XY locations on the body for each sound are shown in Table 5.2,
along with the within subject standard error of the mean, the average standard deviation, and the
range. The average intensity scores and qualitative scores are shown in Table 5.3, along with the
within subject standard error of the mean. All reported Pearson’s correlations are corrected for
multiple comparisons using the false-discovery rate (FDR) correction.
Figure 5.2A shows a positive correlation between the sound frequency and the location of
tactile sensations on the lateral body axis, which was statistically significant (r(17) = 0.14, p =
0.0529). Figure 5.2B shows a positive correlation between sound frequency and the location of
tactile sensations on the longitudinal body axis, which was also statistically significant (r(17) =
0.33, p < 0.001). These results indicate that lower frequency sounds were associated with tactile
sensations that were lower and close to the right side of the body, whereas higher frequency
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sounds were associated with tactile sensations that were higher and closer to the left side of the
body.
Figure 5.3 shows that there was no correlation between sound frequency and the intensity
of tactile sensations (r(17) = 0.05, p = 0.441). Figure 5.4A shows that there was a significant
positive correlation between the sound frequency and the perceived hardness of tactile sensations
(r(17) = 0.32, p < 0.001). Figure 5.4B shows that there was no correlation between sound
frequency and the perceived dryness of tactile sensations (r(17) = 0.06, p = 0.4414). Figure 5.4C
shows that there was a significant negative correlation between sound frequency and the
perceived smoothness of tactile sensations (r(17) = -0.27, p < 0.001). Figure 5.4D shows that
there was a small but non-significant positive correlation between sound frequency and the
perceived temperature of tactile sensations (r(17) = 0.14, p = 0.0827). Figure 5.4E shows that
there was a significant negative correlation between sound frequency and the perceived dullness
of tactile sensations (r(17) = -0.63, p < 0.001).
Experiment 2
The subject included in the experiment had a consistency score of 0.541 (Subject 6 from
Experiment 1) so was below the cut-off score of 1. The average selected XY locations on the
body with standard deviations for each sound are shown in Table 5.4. The selected locations for
each trial are plotted in Figure 5.6B.
Sound frequency was positively correlated with the location of tactile sensations on the
longitudinal body axis and this correlation was statistically significant (r(17) = 0.67, p < 0.001).
The average SEPs associated with tactile sensations reported on the lower-body, middlebody, and upper-body are shown in Figure 5.6A. The temporal intervals corresponding to the
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N140 and the N2 components showed visible differences in amplitudes. Statistics could not be
computed on these data due to the low sample size.
The mean EROS data associated with tactile sensations reported on the lower-body,
middle-body, and upper-body are shown in Figure 5.7 for timepoints between 0 and 384 ms after
trial start, in 25.6 ms intervals. The mean data were obtained by contrasting ‘lower body’ trials
with an average of ‘medium body’ and ‘upper body’ trials by contrasting ‘medium body’ trials
with an average of ‘lower body’ and ‘upper body’ trials, and by contrasting ‘upper body’ trials
with an average of ‘medium body’ and ‘lower body’ trials. Although statistics could not be
computed on these data, the starkest differences in activations appear to occur between 153 ms
and 256 ms.

Discussion
The primary aim of the current study was to characterize the behavioral mappings
between auditory perception and illusory tactile perception in individuals with sound-touch
synesthesia. To do so, we measured the functional correspondence between sound frequency and
the location of induced illusory tactile sensations in synesthetes. We found that sound frequency
was positively correlated with the perceived location of tactile sensations on the body, both on
lateral and longitudinal axes. We also measured the relationship between sound frequency and
the qualitative characteristics of synesthetic tactile sensations and found that it was positively
correlated with hardness, roughness, and sharpness of touch. However, sound frequency did not
correlate with the perceived intensity, temperature, or dryness of touch. These systematic
behavioral mappings between sound and touch suggest correspondences in sensory processing
between auditory and somatosensory cortices in synesthesia. The second aim of the current study
was to assess whether somatosensory activity was associated with sound-induced synesthetic
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tactile sensations. To measure this, we measured SEPs and EROS data associated with distinct
locations on the body of synesthetic tactile sensations. We found preliminary evidence for
differential somatosensory activations corresponding with the location of tactile sensations on
the body.
This is the first study to date that has characterized the consistency and regularity of
sound-touch associations in congenital synesthetes. As such, no formal consistency tests exist to
formally establish this type of synesthesia. According to the pilot study we conducted3, the most
consistent aspect of this type of synesthesia was the recurring location of sensations induced by
the same sounds. We therefore assessed the consistency of sound frequency and locations of
induced touch as our inclusion factor in the experiment. To do so, we adapted the procedure
developed for the Synesthesia Battery Test, which measures within-test consistency using
repetitions of the same inducing stimulus (Eagleman et al., 2007). The Synesthesia Battery
approach was found to be just as effective as the test-retest method, which is usually considered
the gold standard for establishing synesthesia (Carmichael et al., 2015). In our adaptation for the
current study, we took advantage of the higher number of repetitions for each inducing stimulus
and computed the variation in the locations of touch for each unique combination of three
repetitions of the same inducing sound. By averaging these variation scores for all unique
combinations of repetitions and summing these final variation scores across all inducing sounds,
we obtained a unique variation score for each subject. We found that all subjects scored below

3

This pilot study was conducted on four individuals who had experienced sound-touch synesthesia, along
with several other types of synesthesia since childhood, including grapheme-color and sound-color
synesthesia. They listened to simple tones, complex everyday sounds (such as a dog barking or a police
siren), and different pieces of music and reported the tactile sensations they felt in response. In all
synesthetes, the same sounds were reported to have recurring locations on their bodies. Other recurring
characteristics included the intensity and shape of the tactile sensations.
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the cut-off score of 1 and were therefore included in the study. All subjects had previously
undergone a screening test before being invited to participate in the experiment, further
corroborating their synesthesia. Since this is the first study to investigate the psychophysical
characteristics of sound-touch synesthesia, this consistency method will require further
assessment to firmly establish its effectiveness in determining synesthesia.
These results demonstrate systematic correspondences between sound frequency, the
property of sound that most determines pitch, and several perceptual dimensions of touch. The
correlations between sound frequency and the longitudinal location on the body of induced
synesthetic touch suggest the involvement of somatosensory activations. Indeed, the striking
pattern of adjacent longitudinal locations of the sensations induced by sounds suggests that
sound-induced touch is constrained by the anatomical organization of the somatosensory cortex
and, in particular, relies on areas with a somatotopic organization, such as S1 and S2 (Penfield &
Boldrey, 1937; Pons et al., 1985; Ruben et al., 2001). Considering that the auditory cortex also
has a topographic organization according to sound frequency (i.e. it has a tonotopic arrangement)
(Lauter et al., 1985; Merzenich & Brugge, 1973; Romani et al., 1982), it may be hypothesized
that one-to-one anatomical pathways between tonotopic and somatotopic representations could
underlie the remarkable correlations observed in these sound-touch synesthetes.
In fact, cross-modal pathways between hearing and feeling exist even in normal, nonsynesthetic perception. Indeed, both behaviorally and anatomically, there is a strong homology
between auditory and tactile perception. To begin, both modalities are mechanosensory and
respond to pressure-based stimuli that require transduction from frequency-based signals to
neural signals, which suggests that they may share similar transduction mechanisms. For
instance, one study showed that tactile acuity is optimally improved by a concurrent auditory
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stimulus if it is ipsilateral, and its frequency is congruent with the tactile stimulus (Ro et al.,
2009), implying the involvement of ipsilateral pathways and homologous mechanisms
processing concurrent tactile and auditory information. In fact, a twin study showed that the
same genetic factors contribute to touch sensitivity and hearing (Frenzel et al., 2012).
Anatomically, auditory and somatosensory cortices are adjacent, and imaging studies
have shown overlapping responses to sound and touch in perisylvian regions (Foxe et al., 2002;
Özcan et al., 2005; Schroeder et al., 2001; Schürmann et al., 2006). Cortico-cortical pathways are
known to exist between auditory and somatosensory regions. Bidirectional projections between
A1 and S1 have been shown in gerbils (Budinger et al., 2006). In humans, ipsilateral connections
between A1 and S1 have also been demonstrated (Ro et al., 2013). S2 has also been identified as
a site of integration between tactile information and information stemming from other
modalities, including vision and audition (Bremmer et al. 2001). Therefore, both behavioral and
anatomical evidence demonstrates the existence of interconnectivity between auditory and
somatosensory cortices in normal perception.
In fact, one prominent theory of synesthesia ascribes the existence of synesthetic
behavioral mappings to the disinhibition of pre-existing neural connections between modalities.
In this disinhibited feedback model of synesthesia, the pathways linking the inducing and evoked
stimuli, which exist in all people but are normally inhibited, are thought to be disinhibited
(Grossenbacher, 1997; Grossenbacher & Lovelace, 2001). In the only neuroimaging studies of
sound-touch synesthesia to date, activations in S2 (Beauchamp & Ro, 2008), likely resulting
from increased connectivity between auditory cortex and somatosensory cortex (Ro et al., 2013),
were associated with sound-induced tactile sensations. It was hypothesized that a stroke-induced
lack of somatosensory thalamic input allowed the unmasking of pre-existing cross-modal
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connections between adjacent auditory and somatosensory cortices (Beauchamp & Ro, 2008), in
line with the disinhibited feedback model. These results have not been corroborated by a study
with a larger sample size nor by a study examining congenital synesthetes, whose brains had not
undergone post-stroke reorganization.
In Experiment 2, we aimed to provide further evidence for the cross-activation of
somatosensory representations by tonotopic auditory representations by investigating the neural
correlates of sound-induced synesthetic tactile sensations. Although our study was cut short due
to unforeseeable circumstances, our analysis of one synesthete found preliminary evidence for
distinct neural activity related to distinct sound-induced tactile sensations. That is, we found that
the SEPs associated with synesthetic sensations in different body regions showed visible mean
amplitude differences in the N140 component, which has been previously associated with
multisensory activity related to touch perception (Taylor-Clarke et al., 2002), and in the N2
component, which is associated with subjective touch perception (Ai & Ro, 2013). We also
computed average EROS data associated with synesthetic sensations in these different body
regions, but the signal-to-noise ratio is unfortunately too high to make any conclusions based on
one subject. However, these results are promising in that they demonstrate that even in one
subject, somatosensory activity was reliably measured during a sound-induced tactile illusion.
In Experiment 1, we also found strong correlations between sound frequency and the
perceived roughness, hardness, and sharpness of synesthetic tactile sensations. A study of audiotactile metaphorical mappings in normal observers found strong associations between the pitch
and loudness of sound and specific dimensions of touch, including roughness, sharpness,
heaviness and hardness (Eitan & Rothschild, 2011). These findings mirror our findings in soundtouch synesthesia and suggest that synesthesia relies on the recruitment of cross-modal
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correspondences that exist in non-synesthetes. However, the neural mechanisms representing
these qualitative dimensions of touch perception are poorly understood, and more research is
necessary to characterize the underlying mechanisms of these cross-modal correspondences.
In conclusion, these results are the first to demonstrate systematic correlations between
tonotopy and somatotopy in synesthesia. This significant behavioral mapping suggests
underlying neural mappings between audition and touch, which may cause sound-induced
somatosensory activations that mediate the tactile sensations felt by synesthetes. By this view,
studying the neural mechanisms of synesthesia would directly influence our understanding of
normal brain function.
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Table 5.1: Consistency scores for all subjects
Consistency scores were obtained for each subject by computing the variation in the locations of touch for
each combination of three repetitions of the same inducing sound. By averaging these variation scores for
all possible combination of repetitions and summing these final variation scores across all inducing
sounds, we obtained a unique variation score for each subject.

Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Total
Variation
Score
0.970
0.610
0.609
0.369
0.288
0.541
0.920
0.706
0.128
0.202
0.063
0.174
0.268
0.253
0.496
0.467
0.327
0.105
0.213
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Table 5.2: Mean body locations of tactile sensations
The mean X and Y coordinates, which represent the lateral (right to left) and longitudinal (lower to upper)
axes of the body, respectively, are reported for every sound. The within-subjects standard error of the
mean, the standard deviation, and the pixel range are reported for every sound.

Sound
Frequency
(Hz)
100
200
300
400
500
750
1000
1500
2000
3000
5000
10 000
15 000

Mean X coordinate
in pixels (SEM, SD, range)
157.3
153.2
153.3
154.3
154.1
160.5
159.9
159
160.8
159.8
159.6
159.4
159.7

(3.8, 16.6, 101-183)
(4.7, 20.5, 99-188)
(5, 21.8, 103-185)
(4.1, 17.9, 109-177)
(4.5, 19.6, 102-179)
(3.3, 14.4, 133-190)
(4.3, 18.7, 117-198)
(3.7, 16.1, 123-184)
(3.8, 16.6, 131-184)
(3.6, 15.7, 131-183)
(2.5, 10.9, 143-179)
(2.8, 12.2, 131-180)
(3.8, 16.6, 142-280)

Mean Y coordinate
in pixels (SEM, SD, range)
432
449
477.7
487.5
492.6
501.3
495.6
505.9
507.6
518.4
531
534.6
516.4

(23, 100.2, 164-561)
(20.8, 90.7, 188-555)
(17.5, 76.3, 252-566)
(18.4, 80.2, 249-570)
(18.6, 81.1, 257-566)
(17.6, 76.7, 274-563)
(23.2, 101.1, 174-573)
(15.5, 67.6, 329-565)
(16.7, 72.8, 304-574)
(13.7, 59.7, 399-572)
(9.5, 41.4, 447-574)
(10.3, 44.9, 453-583)
(16, 69.7, 290-576)
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Table 5.3: Mean ratings on the qualitative aspects of tactile sensations
The mean intensity, hardness, dryness, smoothness, coldness, and dullness are reported for every sound

Sound
Frequency
(Hz)
100
200
300
400
500
750
1000
1500
2000
3000
5000
10 000
15 000

Intensity
3
3.1
3.1
3.3
3.2
3.4
3.5
3.6
3.4
3.7
3.7
3.3
2.6

(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.3)
(0.3)
(0.3)

Soft Hard
2.1
2.3
2.7
3
3.1
3.3
3.6
3.6
3.5
3.8
3.6
3.3
2.7

(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)

Wet/Sticky
- Dry
3.4
3.1
3
3.1
3
3.2
3.2
3.3
3.4
3.3
3.3
3.4
3.4

(0.2)
(0.2)
(0.2)
(0.2)
(0.3)
(0.2)
(0.3)
(0.2)
(0.2)
(0.2)
(0.3)
(0.3)
(0.3)

Rough Smooth
3.7
3.8
3.7
3.6
3.4
3.3
3.3
3.3
3.1
3.1
3.1
3.1
3.2

(0.2)
(0.1)
(0.1)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)

Hot - Cold
2.6
2.8
2.9
3
3.1
3.2
3.1
3.3
3.2
3.2
3.2
3.1
3.1

(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.3)
(0.2)
(0.3)
(0.3)
(0.3)
(0.3)
(0.2)

Sharp Dull
4.2
3.9
3.6
3.3
3.1
2.7
2.6
2.5
2.4
2.3
2.2
2.2
2.2

(0.1)
(0.1)
(0.1)
(0.1)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
(0.2)
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Figure 5.1: Body diagram presented in each trial
Subjects were asked to click anywhere on the image to report where they felt tactile sensations on their
bodies in response to sound. Clicks outside in the white space outside the bodies and faces were rejected
from analyses.
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Figure 5.2: Mean location of tactile sensations plotted onto the body for each sound
The mean locations in pixels on horizontal (x) and vertical (y) axes on the body where tactile sensations
were felt in response to each sound, averaged across subjects. The same color scheme representing sound
frequency is used for Figures 5.2 to 5.5. Horizontal and vertical error bars represent standard errors of the
mean on the x and y axes, respectively.
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Figure 5.3: Mean body locations of sound-induced tactile sensations as a function of sound
frequency
The (A) lateral and (B) longitudinal locations of sound-induced tactile sensations as a function of sound
frequency

A

B
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Figure 5.4: Mean intensity of tactile sensations as a function of sound frequency
The perceived intensity of sound-induced tactile sensations as a function of sound frequency
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Figure 5.5: Mean qualitative ratings of tactile sensations as a function of sound frequency
The perceived (A) hardness, (B) dryness, (C) smoothness, (D) coldness and (E) dullness of sound-induced
tactile sensations as a function of sound frequency

A

B

D

C

E
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Table 5.4: Mean selected body locations with standard deviations
The mean X and Y coordinates, which represent the lateral (right to left) and longitudinal (lower to upper)
axes of the body, respectively, are reported for every sound (Experiment 2). The standard deviation and
the range across trials are reported for each sound.

Sound
Frequency
(Hz)
100
300
1000
10000

Mean X coordinate
in pixels (SD, range)
244.9
199.9
324.8
375.2

(118.3, 98-181)
(110.2, 49-191)
(153.1, 43-185)
(299, 45-221)

Mean Y coordinate
in pixels (SD, range)
201.8
263.9
438.8
452.8

(76.6, 99-314)
(81.7, 102-525)
(68.5, 178-535)
(109.5, 153-537)
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Figure 5.6: SEP associated with three locations of synesthetic tactile sensations in response
to sound
(A) The mean SEPs associated with sound-induced tactile sensations on the lower, middle, and upper
body. Vertical dashed grey lines represent the start and finish of the N140 component interval (130 - 160
ms) and the N2 component interval (180 - 250 ms). (B) Representation of the selected location of soundinduced tactile sensations for all trials. These were divided into three equal bins, represented by the
horizontal dashed grey lines. The color scheme is consistent with the SEPs depicted above. (n = 1)

A

B
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Figure 5.7: Mean EROS data associated with three locations of synesthetic tactile
sensations in response to sound
Maps of mean activations and deactivations from 0 to 384 ms after trial start, with intervals of 25.6 ms.
EROS data are projected onto a superior axial surface in Talairach space (n = 1).
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CHAPTER 6
General Discussion
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This thesis aimed to investigate the neural mechanisms of unconscious touch perception
and illusory touch perception. By examining dissociations between objective sensory input and
subjective perceptual experience in these two approaches, our goal was to characterize some key
principles of subjective touch perception.
The first approach assessed the role of somatosensory activity in unconscious touch
perception, in which tactile information is processed without an accompanying conscious tactile
percept. In Chapter 2, we disrupted neural activity in S1 and found that although this suppressed
conscious touch perception, the location of tactile information was still processed above chance,
demonstrating unconscious touch perception without S1. This corroborated previous studies and
established a critical role for S1 in conscious touch perception while demonstrating S1independent mechanisms for unconscious touch perception.
The second approach assessed the neural mechanisms involved in multisensory tactile
illusions, in which non-tactile information induces changes in tactile perception without
corresponding changes in tactile stimulation. In Chapter 3, we used a paradigm that caused
visually induced changes in subjective touch perception and found that these were reflected in
relatively early somatosensory evoked potentials (SEPs). Pairing electroencephalography (EEG)
with a relatively new imaging method with high spatial resolution, fast signal optical imaging
(EROS), we localized these somatosensory activations to S1 and S2. We extended these results
in Chapter 4, in which we used the same behavioral paradigm while disrupting cortical activity
with TMS in S1 and the posterior parietal cortex (PPC) at two temporal intervals. We found that
early stimulation intervals did not affect performance at either stimulation site, ruling out the
contributions of fast direct pathways between visual and somatosensory areas in this
multisensory illusion. However, disrupting the PPC in the later interval decreased tactile
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sensitivity in multisensory conditions, which may have been driven by an effect of TMS on
increasing visually induced tactile illusions. This demonstrates the role of the PPC in influencing
tactile sensitivity during visual-tactile integration. Finally, in Chapter 5, we assessed the
perceptual characteristics of multisensory illusions in sound-touch synesthesia. We found a
strong correlation between sound frequency and the location of illusory touch on the body. We
suggest that this correlation is evidence for the implication of early somatosensory activations,
which are somatotopically organized, in multisensory illusions in synesthesia.
Overall, our experiments demonstrate a critical role for early sensory representations in
somatosensory cortex for both unisensory and multisensory subjective touch perception. These
findings also suggest the existence of parallel pathways projecting to somatosensory areas in
unconscious touch perception and a role for the PPC in multisensory interactions with touch
perception.
Unconscious Touch Perception and Parallel Processing in Somatosensory Cortex
In Chapter 2, we demonstrated for the very first time the existence of TMS-induced
numbsense, a tactile analog of blindsight. These results are especially important because of the
rarity of numbsense, which, to our knowledge, has only ever been documented in three patients
(Brochier et al., 1994; Paillard et al., 1983; Rossetti et al., 1995). By interrupting S1 activity with
TMS, we suppressed tactile awareness and measured above chance performance on a two-choice
location discrimination task. This single dissociation is evidence of unconscious touch perception
and of parallel, S1-independent pathways. Indeed, evidence of unconscious processing without
S1 directly challenges the prevailing theory that the SSC has a serial, hierarchical architecture
(Garraghty et al., 1990; Pons et al., 1987, 1992). This theory states that S2 and other higher-order
somatosensory areas receive all their inputs via S1. Consequently, disruptions to S1 should
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prevent somatosensory input to the SSC and thus forbid both conscious and unconscious
processing of tactile information. However, the current evidence of S1-independent processing
of tactile location suggests an alternative, parallel architecture for SSC (see Figure 6.1), which
would allow tactile information to bypass S1 and be processed in other areas of SSC.
One candidate pathway for numbsense is a direct thalamocortical projection to S2. This
pathway has been demonstrated in rats, rabbits, cats and marmoset monkeys (Chakrabarti &
Alloway, 2006; Kwegyir-Afful & Keller, 2004; Martin & Jessell, 1991; Murray et al., 1992;
Turman et al., 1992; Zhang et al., 2001). Although an equivalent pathway has not been
demonstrated in humans, neuromagnetic measurements (Karhu & Tesche, 1999; Raij et al.,
2008) and concurrent disruption of S1 and S2 with TMS (Raij et al., 2008) have shown
simultaneous activations in S1 and S2. This suggests the hierarchical equivalence of S1 and S2
and provides further evidence for parallel processing in human SSC.
Another candidate pathway involves direct projections to PPC from the thalamus. These
pathways have been measured in monkeys (Jones et al., 1979; Pearson et al., 1978), and areas of
the PPC have been involved in tactile finger localization (Rusconi et al., 2014). Further research
will be necessary to determine which pathways are involved in numbsense.
Nevertheless, the current findings are evidence for a parallel processing architecture in
SSC, involving distinct pathways for the conscious and unconscious processing of tactile
information. Beyond this, these results also demonstrate the necessity of S1 in tactile awareness
and, more generally, support the role of early sensory processes in conscious perception.
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Multisensory Tactile Awareness is Supported by Somatosensory Processes
Research on the neural mechanisms of cross-modal influences on touch perception has
demonstrated the involvement of somatosensory processes (Ghazanfar & Schroeder, 2006).
There is disagreement over which stages of somatosensory processing are affected by crossmodal influences, with some studies showing very early effects corresponding with the
feedforward sweep of tactile processing (Longo et al., 2011; Zhou & Fuster, 1997, 2000) and
others showing activations more compatible with feedback processes from higher-order areas
(Taylor-Clarke et al., 2002; Tipper et al., 2001).
The results presented in Chapter 3 extend these findings to the neural correlates of
multisensory illusions. These findings show evidence of multisensory influences on touch
perception, even in the absence of tactile stimulation. We showed that the presentation of a light
on the hand increased subjective reports of touch, whether or not a tactile stimulus was also
presented, thus decreasing the tactile criterion. This change in the subjective perception of touch
was associated with an increase in the N140 component of the SEP. This result indicates a role
for the N140 component in subjective tactile awareness, consistent with a masking study that
measured an increased N140 for perceived compared to unperceived tactile stimuli (Schubert et
al., 2006) and with a study that found an N140 effect tied to illusions of touch in virtual reality
(Škola & Liarokapis, 2019). This result is also consistent with studies that demonstrated a role
for the N140 in the integration of concurrent visual and tactile signals (Dionne et al., 2010;
Schürmann et al., 2002; Taylor-Clarke et al., 2002). However, these results are the first to
implicate the N140 component in a multisensory illusion, during which visual signals directly
influenced subjective touch perception.
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Given the results of Chapter 3, we expected that interfering with S1 activity 140 ms after
stimulus presentation, as we did in Chapter 4, would impair multisensory illusions. Instead, this
interference did not have significant effects on the tactile criterion or on tactile sensitivity,
although we measured a generalized increase in visually induced tactile illusions at this temporal
interval that was not specific to S1 stimulation. One possible explanation is that TMS did not
entirely suppress S1, given that we used a focal figure-of-eight coil; this might have left some
critical areas of S1 unaffected and therefore able to integrate visual signals for touch perception.
Alternatively, since our previous results showed that S1 and S2 were both involved in visual
influences on subjective touch perception, it may be that when S1 activity was suppressed, S2
activity compensated for the loss, such that visual influences on touch remained unaffected.
Further research will be required to determine the differential contributions of S1 and S2 to
multisensory tactile illusions and the temporal characteristics of their interactions.
Furthermore, the use of EROS localized the neural activations to S1 (Brodmann’s areas 1
and 3) and S2 (Brodmann’s area 43) between 128 and 153 ms post-stimulus, coincident with the
N140 time window. These converging methods therefore demonstrate a role for localized and
medium-latency somatosensory activations during a visually induced illusion of touch. It remains
to be determined whether S1 or S2 activations alone would be sufficient for tactile illusions or if
it is precisely their interplay that is critical to the induction of an illusion. Furthermore, these
results highlight the strong correspondence between EROS responses and event-related
potentials, in line with previous findings (Gratton et al., 1997; Gratton & Fabiani, 2003).
These findings also have implications for our understanding of perceptual criteria more
generally, which are often characterized as response biases related to decisional processes
(Cardoso-Leite et al., 2010; Grove et al., 2012; Macmillan & Creelman, 1991; Shams & Kim,
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2010). Although a change in decision will affect the criterion measure, the reverse interaction is
not true: a change in criterion does not necessarily imply a shift in decision strategy (Witt et al.,
2015). Indeed, a change in perceptual criterion is precisely what would be expected in a
perceptual illusion, where an increase in subjective perception occurs independently of the
presence of an appropriate stimulus. In fact, criterion changes have been recorded during famous
multisensory illusions like the flash-beep illusion (Shams et al., 2000; Shams & Kim, 2010) and
the rubber-hand illusion (Pavani et al., 2000). One study found that training participants to
reduce their rates of visually induced tactile illusions did not eliminate the effect, thus showing
that they were cognitively impenetrable, further supporting a perceptual basis for the effect
(McKenzie et al., 2012). The results of Chapter 3 provide neural evidence for this viewpoint, by
implicating early localized sensory processes in a criterion shift.
Furthermore, in Chapter 5, we characterized the behavioral properties of sound-induced
tactile illusions in sound-touch synesthesia. The strong correlations we found between sound
frequency and the location on the body of the induced synesthetic tactile sensations suggested the
involvement of somatosensory activations. Indeed, the pattern of adjacent locations associated
with the sensations induced by sounds suggests that sound-induced touch is constrained by the
anatomical organization of the somatosensory cortex. Therefore, this correspondence suggests
the involvement of early somatosensory areas characterized by a somatotopic organization, such
as S1 and S2 (Jones, 1986; Penfield & Boldrey, 1937). Furthermore, considering that the
auditory cortex also has a topographic organization according to sound frequency (i.e., it has a
tonotopic arrangement) (Romani et al., 1982), it may be hypothesized that one-to-one anatomical
pathways between tonotopic and somatotopic representations could underlie the remarkable
correlations between tones and localized tactile illusions in synesthesia. Future neuroimaging
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studies will be necessary to address these hypotheses, such as the one planned for Experiment 2
of Chapter 54.
Taken together, the results presented in Chapters 3 and 5 imply a role for somatosensory
activations in multisensory illusions and are consistent with the literature demonstrating roles for
S1 and S2 in multisensory perception when a tactile stimulus is present. Furthermore, this
indicates that somatosensory activity may be sufficient to induce subjective touch perception
even in the absence of a tactile stimulus, further highlighting a critical role for early sensory
representations in tactile awareness. This interpretation is consistent with a study that measured
activity in early visual cortex that corresponded more closely to participants’ subjective reported
visual percepts rather than to the presented visual stimuli (Ress & Heeger, 2003).
The role of the PPC in multisensory interactions
Along with the role of somatosensory areas in multisensory interactions, several studies
have implicated higher-order, multimodal areas such as the PPC (Graziano et al., 2000; Pasalar
et al., 2010; Ro et al., 2004). We therefore anticipated a role for the PPC in visually induced
tactile illusions. We hypothesized that the PPC would mediate the influence of visual inputs over
touch, even if tactile inputs were absent, and predicted that interrupting PPC activity would
disrupt this influence and consequently reduce visually induced illusions. Contrary to our
expectations, the strongest effect we measured from PPC disruption was a significant decrease in
the multisensory enhancement of tactile sensitivity when TMS occurred 140 ms after stimulus
presentation. Since we found that TMS at the 140 ms SOA generally increased visually-induced

4

This experiment aimed to measure the neural correlates of localized, sound-induced tactile illusions in
synesthesia, but was unfortunately cut short due to the unforeseen closure of laboratory spaces during the
COVID-19 pandemic in March 2020.
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false alarms, it is likely that the significant decrease in tactile sensitivity from PPC stimulation
was driven by this influence of TMS on tactile illusions, and accompanied by a non-significant
decrease in touch detection.
The PPC is known to be involved in multisensory integration: the suppression of the PPC
causes the loss of the facilitatory effect of visual input on touch detection (Pasalar et al., 2010;
Ro et al., 2004). This is the first study to extend these results and show a role for the PPC not
only in mediating a visual influence on touch detection, but a visual influence on tactile
sensitivity, which takes into account effects not only on tactile detection but also on tactile
illusions. Our results showed that without the PPC, light had a detrimental effect on touch
perception, whereby tactile sensitivity was worse in multisensory conditions compared to
unisensory ones. This highlights a critical role for the PPC in multisensory interactions between
vision and touch and shows that it is involved in the maintenance of tactile sensitivity during
multisensory perception, likely by influencing the rate of visually induced tactile illusions.
In Chapter 3, we found that somatosensory activity from 128 to 153 ms after a visual
stimulus was associated with visually induced tactile illusions. In Chapter 4, the influence of the
PPC on multisensory tactile sensitivity occurred at 140 ms, an effect that takes into account
changes in both tactile detection and tactile illusions. Taken together, these timings suggest that
somatosensory areas and the PPC operate within a neural network, that may communicate
through feedback activity to influence multisensory touch perception.
Concluding Remarks
These four studies aimed to outline some of the neural mechanisms involved in the
subjective perception of touch, by investigating two approaches that are characterized by a
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dissociation between objective sensory information and subjective tactile experience. We
demonstrated a critical role for S1 in conscious touch perception by showing that its suppression
caused a loss of tactile awareness yet left the ability to unconsciously process tactile information
intact. We then found that visually induced tactile illusions, during which a visual stimulus elicits
the subjective experience of touch, were reflected in somatosensory activations in a relatively
early time window. We also found that sound-induced tactile illusions in synesthesia were
elicited in a systematic, somatotopic manner that also suggested the involvement of early
somatosensory activations arising through one-to-one mappings between the tonotopically
organized auditory cortex and the somatotopically organized somatosensory cortex. Furthermore,
the temporal characteristics of visually induced tactile illusions suggest that feedback activity
may be a critical mechanism during illusory tactile perception.
Prevailing theories of perceptual consciousness have predominantly taken evidence from
the study of visual perception as empirical support. The present results provide a novel source of
empirical evidence that can be considered when adjudicating between competing theories of
consciousness. The studies comprising this dissertation demonstrate the critical importance of
early somatosensory representations for conscious touch perception. This finding is consistent
with the predictions of first-order theories of consciousness, which state that primary sensory
representations determine whether sensory information reaches awareness (Dretske, 1993;
Lamme et al., 2000). Furthermore, the current findings are problematic for higher-order theories,
which emphasize the critical role of higher-order prefrontal representations for conscious
perception (Lau & Rosenthal, 2011). Since these experiments were not designed to explicitly test
a theory of consciousness, future research will be necessary to determine which, if any, of the
existing theories of consciousness best fits the empirical evidence from touch perception.
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Together, these data highlight the importance of processing in early brain areas in the
conscious perception of touch. Furthermore, the demonstration of multisensory influences on
conscious touch perception acting directly in traditionally unisensory somatosensory areas
underscores the necessity of considering tactile awareness in a multisensory theoretical
framework (Gallace & Spence, 2008).
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Figure 6.1: Serial versus Parallel Processing in Somatosensory Cortex
These diagrams illustrate two possible functional architectures for the somatosensory cortex.
(A) The prevailing theory posits a serial architecture whereby all inputs received by the thalamus
are mediated directly to S1, which acts as a gateway to the rest of the somatosensory cortex,
sending inputs to S2 and other areas.
(B) An alternative theory, which has found some neuroanatomical support in animal studies,
proposes that S1 and S2 are hierarchically equivalent structures of the somatosensory cortex and
can process tactile information simultaneously. It proposes that this is possible through parallel
thalamocortical pathways projecting to S1 and S2. Our results presented in Chapter 2,
demonstrating S1-independent tactile processing, is evidence for this parallel processing
architecture.

A

B
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