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Detection and avoidance of impending obstacles is crucial to
preventing head and body injuries in daily life. To safely avoid
obstacles, locations of objects approaching the body surface are
usually detected via the visual system and then used by the motor
system to guide defensive movements. Mediating between visual
input and motor output, the posterior parietal cortex plays an
important role in integrating multisensory information in periper-
sonal space. We used functional MRI to map parietal areas that see
and feel multisensory stimuli near or on the face and body. Tactile
experiments using full-body air-puff stimulation suits revealed
somatotopic areas of the face and multiple body parts forming
a higher-level homunculus in the superior posterior parietal cortex.
Visual experiments using wide-field looming stimuli revealed
retinotopic maps that overlap with the parietal face and body
areas in the postcentral sulcus at the most anterior border of the
dorsal visual pathway. Starting at the parietal face area and moving
medially and posteriorly into the lower-body areas, the median of
visual polar-angle representations in these somatotopic areas grad-
ually shifts from near the horizontal meridian into the lower visual
field. These results suggest the parietal face and body areas fuse
multisensory information in peripersonal space to guard an in-
dividual from head to toe.
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Obstacles are often present when we find our way through
living and working environments in daily life (1–7). As we

walk, our head, shoulders, elbows, hands, hips, legs, or toes may
come close to many obstacles in our peripersonal space. We
lower our head to get into vehicles with low door frames. We
sidle through a crowd to avoid bumping into the shoulders of
other pedestrians on a sidewalk. We prevent our hands and hips
from hitting furniture when passing through a cluttered room
(2). We watch our steps while walking up or down the stairs (4).
We look a few steps ahead when walking on an uneven path to
avoid tripping or stubbing our toes (4–7). In these circumstances,
the brain must be able to detect obstacles that are about to impact
the head, trunk, or limbs in order to coordinate appropriate
avoidance actions (2). Failing to routinely detect and avoid
obstacles could result in concussions or body injuries (7).
Electrophysiological studies on nonhuman primates suggested

the posterior parietal cortex (PPC) plays an important role in
defensive movements and obstacle avoidance (2, 8, 9). Specifically,
neurons in the ventral intraparietal area of macaque monkeys
respond to moving visual or tactile stimuli presented at congru-
ent locations near or on the upper body surface, including the face
and arms (8–11). A putative homolog of the macaque ventral
intraparietal area in human PPC was reported by neuroimaging
studies with stimuli delivered to restricted space near the face
(12, 13). As obstacles could run into any body part from the
ground up, neural mechanisms that only monitor obstacles
approaching the face would be insufficient to guard an individual
from head to toe. A complicated organization of action zones in
the frontal cortex and in PPC has been suggested by recent non-
human primate studies where electrical stimulation in different

subdivisions evoked distinct movements of the face, forelimb,
or hindlimb (11, 14–18). Based on the locations of movements
evoked, action zones are approximately organized into over-
lapping areas of upper, middle, and lower spaces near the body.
Other studies using tactile stimulation or retrograde neuronal
tracing on nonhuman primates have also suggested that topo-
graphic organizations of multiple body parts exist in the PPC,
and some subdivisions also receive visual input (19–22). A few
human neuroimaging studies have shown evidence of distinct
body-part representations in the superior parietal lobule (23–25).
Whether a full-body multisensory organization of peripersonal
space exists in the human PPC remains unknown. Searching for
maps in human brains with electrophysiological techniques, such
as mapping Penfield’s homunculus in primary motor and so-
matosensory cortices (M-I and S-I) using electrical stimulation
(26), is possible in patients undergoing brain surgery. However,
the invasive procedures used to comprehensively stimulate and
probe widespread cortical regions in animals cannot be applied
to humans.
We have developed wearable tactile stimulation techniques

for noninvasive stimulation on the body surface from head to toe
in human functional MRI (fMRI) experiments. We show that
virtually the entire body, a higher-level homunculus, is represented
in the superior PPC. We also show the relative topographical
locations and overlaps among multiple body-part representations.
Visual fMRI experiments in the same subjects using wide-field
looming stimuli are then conducted to investigate the proportion
of visual-tactile overlap and map visual field representations in
these parietal body-part areas.

Results
Tactile Mapping Results. Sixteen subjects participated in tactile
fMRI experiments, during which they wore MR-compatible suits
that delivered computer-controlled air puffs to the surface of
multiple body parts (Fig. 1 and Fig. S1). Two distinct body parts
were contrasted in each 256-s scan (SI Methods). The number of
subjects differed across four tactile mapping paradigms because
of limitations on their availability during the study. Functional
images showing severe motion artifacts or no periodic activation
at the stimulus frequency (eight cycles per scan) because of fa-
tigue or sleepiness, as reported by the subjects, were excluded
from further analysis. The resulting numbers of subjects included
in the data analysis were: 14 for the “face vs. fingers,” 12 for the
“face vs. legs,” 12 for the “lips vs. shoulders,” and 8 for the “fingers
vs. toes” paradigms.
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Tactile mapping results are shown in a close-up view of the
superior parietal region for each subject (Fig. 2 and Figs. S2 and
S3). The activation maps are thresholded at a moderate level of
statistical significance [F(2, 102) = 4.82, P = 0.01, uncorrected]
across all subjects to show the greater extent of each body-part
representation and overlap between adjacent representations.
Surface-based regions of interest (ROIs) for each parietal body-
part representation in single-subject maps were manually traced
by referring to the locations and extents of significant activations
in the superior parietal region on group-average maps (Fig. S4).
A summary of single-subject body-part maps (Fig. S3) was created
by combining respective ROI contours in Fig. S2. In the initial
search of new areas, these tentative contours of ROIs were
merely used to assist with interpretation of noisy activations on
single-subject maps. When multiple discrete representations of
a body part were activated in the superior parietal region, areas
that are most consistent with the group-average maps were
selected as ROIs. For example, the right hemisphere of subject
1 (S-1 in Fig. S2A) shows one additional face and two addi-
tional finger representations posterior to the selected face and
finger ROIs.
Group-average maps of four tactile mapping paradigms were

rendered with activations at the same statistical threshold [group
mean F(2, 102) = 3.09, P = 0.05, uncorrected] on subject 1’s
cortical surfaces (Fig. S4), showing activations limited to the
precentral gyrus, central sulcus, lateral sulcus, postcentral gyrus,
and postcentral sulcus bilaterally on group average maps. A
summary of group-average maps rendered on subject 1’s cortical
surfaces (Fig. S5) was created by combining all activation contours
from Fig. S4.
Talairach coordinates of the geometric center of each ROI are

listed on single-subject maps (Fig. S2) and plotted in insets over
individual summary maps (Fig. S3). The distributions of single-
subject ROI centers, including their mean Talairach coordinates
and SD of Euclidean distances from the center of each body-part
cluster, are summarized in Table S1 and shown on the x-y plane
in Fig. 3A.
Body-part representations in the somatomotor cortex. Representations
of body parts are summarized in terms of their sulcal and gyral
locations in the somatomotor cortex (Figs. S4 and S5) rather than
using probabilistic Brodmann’s areas (e.g., 3a, 3b, 1, 2) as in other
studies (27–29). Face representations overlap with the medial/
superior portion of lip representations on both precentral and

postcentral gyri. A distinct finger representation is located medial
and superior to the superior end of the lip and face representa-
tions in the precentral gyrus bilaterally. Another finger repre-
sentation is located medial and superior to the lip and face
representations in the postcentral gyrus, and it extends into the
ventral postcentral sulcus. We suggest that this finger represen-
tation overlaps with the ventral part of S-I digit representations
(27, 28) and a parietal hand area at the confluence of ventral
postcentral sulcus and anterior intraparietal sulcus (25, 30–32).
An area of the toe representation partially overlaps with the su-
perior part of the face representation in the central sulcus bi-
laterally. This area is inconsistent with the more medial location
of toe representation depicted in Penfield’s homunculus in S-I
(26) (SI Methods and SI Results). Easily detectable air puffs on the
legs and shoulders did not activate S-I areas beyond the posterior
part of the precentral gyrus (Discussion, SI Methods, and SI
Results). Finally, secondary somatosensory representations (S-II)
of the face, lips, fingers, and shoulders were found in the lateral
sulcus bilaterally.
Body-part representations in the superior PPC. Representations of six
body parts in the superior PPC are illustrated in detail for a
representative subject (Fig. 2). In scans contrasting stimulation
on the face and fingers (Fig. 2B), air puffs circling on the face
activated a parietal face area (13) located at the superior part of
the postcentral sulcus (Fig. 2A), and air puffs sweeping across
fingertips activated a parietal finger area lateral and ventral to

Fig. 1. Tactile stimulation on multiple body parts. (A) Male and female
tactile suits. A plastic tube ending with an elbow fitting delivers air puffs to
the central hole of each white button attached to the suit. (B–F) Schematic
diagrams of stimulation sites (black open circles) and traveling paths on the
(B) face and lips, (C) shoulders (including part of the upper arms), (D) fin-
gertips, (E) legs and ankles, and (F) toes.

Fig. 2. Parietal face and body areas in a representative subject. (A) Ana-
tomical location and Talairach coordinates of the parietal face area in
structural images (Left three panels) and on an inflated cortical surface
(Rightmost panel). The black square indicates the location of a close-up view
of the superior posterior parietal region shown below. RH, right hemisphere.
(B–E) Body-part ROIs and their average signal changes (Insets) for (B) face vs.
fingers scans, (C) face vs. legs scans, (D) lips vs. shoulders scans, and (E) fin-
gers vs. toes scans. (F) A summary of parietal face and body areas. Contours
were redrawn from the ROIs in B–E. To reduce visual clutter, contours of face
and finger ROIs from C and E were not shown in F.
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the parietal face area. In scans contrasting the face and legs
(Fig. 2C), essentially the same parietal face area was activated.
A parietal leg area medial to the parietal face area was activated
by air puffs traveling down and up the legs. In scans contrasting
the lips and shoulders (Fig. 2D), the parietal lip area was located
lateral and anterior to the parietal shoulder area. In scans con-
trasting fingers and toes (Fig. 2E), the parietal toe area was lo-
cated at the medial and superior end of the postcentral sulcus.
The location of the parietal finger area in the fingers vs. toes
scans was consistent with the location of the parietal finger area
in the face vs. fingers scans, although the area of the former was
smaller. A summary of somatotopic organization created by com-
bining the contours of body-part ROIs from Fig. 2 B–E shows an
approximate linear arrangement of parietal leg, toe, shoulder,
face, lip, and finger areas from medial/dorsal to lateral/ventral
parts of the postcentral sulcus (Fig. 2F). This somatotopic map
also shows significant overlap between adjacent body-part repre-
sentations. The parietal toe area overlaps with the medial portion
of the parietal leg area. The parietal shoulder and lip areas re-
spectively overlap with the medial and lateral portions of the
parietal face area. The parietal shoulder area extends medially
and posteriorly to overlap with the parietal leg and toe areas.
The parietal finger area slightly overlaps with the lateral portion
of the parietal lip area. A summary of single-subject body-part
ROIs shows consistent somatotopic organization in superior
PPC across subjects (Fig. S3). The parietal finger and lip areas
are located lateral to the parietal face area, and the parietal
shoulder, leg, and toe areas are located medially.
Group average maps (Fig. 3 B and C, and Fig. S5) and clusters

of ROI centers (Fig. 3A) show bilateral homuncular organizations
with an approximate linear arrangement of parietal toe, leg,
shoulder, face, lip, and finger areas distributed medially to laterally
along the postcentral sulcus. As shown in Fig. S5, the spatial
arrangement among the parietal face, lip, and finger areas is
different from the organization of the S-I/M-I homunculus in
humans and nonhuman primates (26, 33), where lips and face
are located ventral and lateral to digit representations.

Visual Mapping Results. Ten subjects participated in separate vi-
sual fMRI sessions, where they directly viewed looming balls
appearing to pass near their faces with the target angle slowly
rotating counterclockwise or clockwise in the visual field with
each subsequent ball (Fig. S6). One-fifth of the white balls ran-
domly turned red as they loomed toward the face, and they were
designated as tokens of threatening obstacles. Subjects pressed
a button to make a red ball return to white as if they had suc-
cessfully detected and dodged an obstacle. All but one subject
achieved near-perfect task performance (Table S2). Sparse ac-
tivation in subject 7’s left hemisphere (S-7 in Fig. S7) was
probably a result of poor task performance on account of self-
reported sleepiness.
Looming balls periodically passing around the face activated

many retinotopic areas in the occipital, temporal, parietal, and
frontal lobes. Fig. S7 shows contours of four body-part ROIs from
Fig. S3 overlaid on single-subject retinotopic maps rendered at

Fig. 3. A multisensory homunculus in the superior posterior parietal cortex.
(A) Distributions of Talairach coordinates of body-part ROI centers across
subjects. Color dots, cluster centers; radius of each outer circle, SD of Eu-
clidean distance from each cluster center (Table S1). (B) Contours of group-
average body-part ROIs (P = 0.05, uncorrected) overlaid on group-average
retinotopic maps (P = 0.05, uncorrected) rendered on subject 1’s cortical
surfaces. A cyan asterisk indicates the location of average lip ROI center from

the left hemispheres of subjects (n = 7) showing significant activations (Fig.
S2C). Color wheels, polar angle of the contralateral visual hemifield. (C) A
model of the parietal homunculus overlaid on group-average retinotopic
maps. (D and E) Percentage of V-T overlap in each body-part ROI defined on
group-average (D) and single-subject (E) maps. Error bar, SD. (F and G) Box
plots of the distribution of polar angle within each body-part ROI outlined
on group-average (F) and single-subject (G) maps. Each box represents the
interquartile range, the line within each box indicates the median, and
whiskers cover 90% of the distribution. LVF, left visual field; RVF, right visual
field. LH and L, left hemisphere; RH and R, right hemisphere. Fi, fingers; Li,
lips; Fa, face; Sh, shoulders; Le, legs; To, toes.
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the same statistical significance [F(2, 230) = 4.7, P = 0.01,
uncorrected] in a close-up view of the superior parietal region.
Fig. S5 shows contours of group-average somatotopic ROIs
overlaid on group-average retinotopic maps [group mean F(2,
230) = 3.04, P = 0.05, uncorrected] at multiple views. Group-
average retinotopic maps (Fig. S5) show that looming stimuli
activated areas V1, V2, V3, and V4 in the occipital lobe (34),
unnamed areas beyond the peripheral borders of V1 and V2,
area V6 in the parieto-occipital sulcus (35), an area in the pre-
cuneus (PCu), areas MT, MST, and FST in the temporal lobe
(36), areas V3A/V3B in the dorsal occipital lobe (37), areas in
the intraparietal sulcus and superior parietal lobule (38), area
polysensory zone in the precentral gyrus (2), and area FEF
complex in the frontal cortex (38). The most anterior retinotopic
maps overlapping with the parietal face and body areas in the
superior parietal region are discussed with quantitative mea-
sures below.
Overlaps between visual and tactile maps. The level of retinotopic
activations in somatotopic areas was measured by the percentage
of visual-tactile (V-T) overlap in each body-part ROI defined on
group-average and single-subject maps (SI Methods). These
measures differ between group-average and single-subject ROIs
because of the effects of spatial smoothing by group averaging
and statistical thresholds selected, but the relative levels across
different body-part ROIs remain consistent. The face ROIs from
the face vs. legs maps and the finger ROIs from the fingers vs.
toes maps were not included in the analysis because they were
redundant ROIs used only as known reference points. As shown
in Fig. 3 D and E, parietal face and lip areas contain the highest
levels of V-T overlap in both group-average and single-subject
ROIs. Lower levels of V-T overlap were observed in the poste-
rior parts of the parietal shoulder, leg, and toe areas, as shown on
group-average and single-subject maps (Fig. 3B, and Figs. S5 and
S7). Parietal finger areas contain the lowest level of V-T overlap
in single-subject ROIs (Fig. 3E) and no significant visual acti-
vation in the group-average ROIs (Fig. 3D).
Visual field representations in body-part ROIs. The distribution of
polar-angle representations of the contralateral visual hemifield
was computed from each of the group-average and single-subject
ROIs (SI Methods). Starting at the parietal face area and trav-
eling medially and posteriorly through the parietal shoulder area
and into the parietal leg and toe areas (Fig. 3B), the median of
polar-angle representations in these body-part ROIs gradually
shifts from near the horizontal meridian into the lower visual
field (Fig. 3 F and G). The distribution of polar-angle repre-
sentations was compressed in group-average ROIs, but the
trend of shifting into the lower visual field was consistent with
the trend in single-subject ROIs.

Discussion
In daily life, we encounter obstacles as stationary objects that get
in the way while we walk, as moving objects that loom toward us
while we remain immobile, or both (2, 8, 9). In these scenarios,
information about impending obstacles is usually processed by
the visual system and then used by the motor system to plan
appropriate avoidance movements. The intermediate stages be-
tween visual input and motor output involve awareness of one’s
own body parts, estimation of the obstacle’s location relative to
different body parts, and planning movements of concerning
body parts. Electrophysiological studies on nonhuman primates
have suggested that the PPC and premotor cortex contain neural
representations of body schema and peripersonal space (2, 39–43)
that play important roles in obstacle avoidance. Neuropsychological
studies on brain-damaged patients have also provided behavioral
evidence of multisensory representations of space near multiple
body parts (41–44). Neuroimaging studies on healthy partic-
ipants have revealed neural representations of multisensory
space near or on the face and hands in human PPC (12, 13, 45,

46). In this study, we used wearable tactile stimulation techniques
and wide-field looming stimuli to map multisensory representa-
tions of the entire body in fMRI experiments.
Air puffs delivered to the face and body activated somatotopic

maps in S-I, S-II, and M-I, as well as in the PPC; looming balls
passing near the face activated retinotopic maps in the occipital,
temporal, parietal, and frontal lobes. Extending from the oc-
cipital pole and the central sulcus, the mosaics of maps for vision
and touch meet and overlap extensively in the superior-medial
part of the postcentral sulcus (Fig. S5), which is the most anterior
border that can be driven by visual stimuli in the dorsal stream,
also known as the “where” or “how” pathway (47, 48). Based on
this evidence, we propose a model of a multisensory homunculus
as depicted in Fig. 3C. This model suggests that the parietal face
area sees and feels multisensory stimuli around the head, the
parietal shoulder area looks after the middle space near the
trunk, and the parietal leg and toe areas guard the space near
the lower extremities. As shown on single-subject and group-
average maps (Figs. S3 and S5), the posterior parietal homunculus
occupies a more compact region of head-to-toe (excluding the
fingers) representations than the homunculus in S-I. We suggest
the close proximity among parietal face and body areas could be
useful for efficient coordination of avoidance maneuvers involving
the head, trunk, and limbs, but still maintain a balance of the
whole body during locomotion (2, 3).
As bipedal animals, we rely on visual information to navigate

through complex environments (1–9, 41). Walking on a flat
surface, we usually look ahead without having to directly attend
to our feet or mind the exact landing location of each step. Recent
behavioral studies have suggested that information in the lower
visual field is important for guiding locomotion in the presence
of ground obstacles or steps (4–7). For example, step lighting is
essential to prevent falling in a darkened movie theater. In this
study, we found that the posterior parts of the parietal leg and
toe areas overlap or adjoin retinotopic areas activated by looming
stimuli predominantly in the lower visual field. We suggest that
they could be human homologs of a multisensory area in the
caudal part of the superior parietal lobule (area PEc) of ma-
caque monkeys (21, 22), and that they are important for visually
guided locomotion. One limitation of the present study is that
looming stimuli were presented near the face but not close to the
lower body. In a direct-view setup, however, the trunk and lower
limbs on the other side of the screen were actually aligned with
the subject’s lower visual field. In future studies, multisensory
stimuli presented immediately next to or on the lower limbs
would be required to study the direct overlap between visual and
tactile representations of the lower-body space.
Previous neurophysiological studies on macaque monkeys

have shown that the majority of neurons in the ventral intra-
parietal area respond to multisensory stimuli near or on the
upper body, including the face and arms, but not the lower body.
Hindlimb representations in the medial PPC have been sug-
gested by recent studies on nonhuman primates (15, 18, 21, 22).
In this study, we found parietal leg and toe areas at the superior
and medial end of the postcentral sulcus, a superior parietal
region that is posterior to S-I in the postcentral gyrus driven by
passive stimulation on the foot (49, 50), anterior to a posterior
parietal area activated by self-generated foot movements with
visual feedback (51), and consistent with a superior parietal area
activated during the planning of foot movements (25). To verify
that these parietal body areas were not simply primary somato-
sensory cortex, we conducted supplementary experiments to
identify S-I representations of the shoulders, arms, legs, and toes
(SI Methods, SI Results, and Figs. S8 and S9). Brushing stimu-
lation effectively activated wider regions encompassing S-I in the
postcentral gyrus than previously activated by air puffs (Fig. S8 C
and D). The lack of complete S-I activations extending into the
central sulcus and postcentral gyrus may be explained as follows.
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First, gentle air puffs rapidly circling on one body part did not
result in intense or sustained stimulation at a single site. Second,
punctate stimuli moving across a large region on the body sur-
face did not always result in detectable fMRI signals from S-I
neurons, which likely have smaller receptive fields than neurons
in the parietal body areas. A similar effect (stronger parietal than
S-I signals) was observed when comparing activations in S-I face
representation and parietal face area in the present study (e.g.,
face representation was absent in the postcentral gyrus on group-
average maps in Fig. S4A) and in our previous study (13). Finally,
the resolution of functional images used in this study is suscep-
tible to misalignment between functional and anatomical images
as well as group averaging. A slight shift of activation extent
could result in different interpretations of functional data in
terms of anatomical locations (Fig. S9). Further studies with more
effective stimuli and improved methods are required to resolve
these limitations.
This study has added several pieces to the jigsaw puzzle of the

parietal body map, but several gaps are yet to be filled. Even with
64 stimulation sites on six body parts, the map was still somewhat
coarse; this can be refined by using high-density stimulation on
one or more body parts in high-resolution fMRI experiments
(24). Additionally, the parietal homuncular model was con-
structed with one distinct area for each body-part representation.
Single-subject maps (Fig. S2) suggest that multiple representa-
tions of a body part exist in the superior PPC. Repeated within-
subject scans are required to validate each distinct representa-
tion observed. Finally, the present study only presented looming
stimuli near the face in eye-centered coordinates, which resulted
in no visual activation in the parietal finger area. Previous neu-
rophysiological and neuroimaging studies suggested that regions
in the ventral premotor cortex and anterior inferior parietal cortex
encode visual space near the hands, regardless of hand and gaze
positions in the visual field (39, 45, 52, 53). To investigate
whether other parietal body areas respond to visual stimuli in
“body part-centered” coordinates (39), air puffs can be com-
bined with fiber optic lights to deliver multisensory stimuli an-
chored to the surface of multiple body parts (54). Following
lights at variable locations, the gaze position can be directed to
or away from a body part receiving visual or tactile stimuli. If
a multisensory area is activated by the same stimuli, regardless
of gaze position, one may conclude that this area also contains
“body part-centered” representations.
Recent studies have suggested that the motor, premotor, and

posterior parietal cortices are organized into action zones for
generating families of complex movements (11, 14–19, 24, 55),
rather than as mere body-part catalogs. The present study sug-
gests that a multisensory topographical representation of the
space near the face and body exists in human PPC. We also
found an area in the precentral gyrus that was activated both by
air puffs on the face and lips and by looming stimuli (Fig. S5),
which may be considered the human homolog of the polysensory
zone in macaque monkeys (2). No other multisensory areas
were found in the motor and premotor cortices that could be
explained by the fact that subjects only responded with button
presses to token threatening targets. Realistic defensive actions,
such as dodging and fending off obstacles, are usually accompa-
nied by head movements, which would result in severe motion
artifacts in fMRI data. Further studies using other noninvasive
neuroimaging techniques that allow moderate head motion, such
as EEG and functional near-infrared spectroscopy, will be re-
quired to investigate how parietal multisensory areas coordinate
with the premotor and motor areas to execute realistic defensive
movements, because human fMRI experiments restrict posture and
sudden movements (24, 25, 32, 50, 51).
The most interesting finding in this study is the direct overlap

between tactile and visual maps for much larger parts of the body
in the superior PPC than have been previously reported. Living in

crowded cities, modern humans struggle to navigate through com-
plex structures occupied by obstacles and other people in their
immediate surroundings without bumping into anything. This
study suggests that the parietal face area helps to “watch your
head!” and that the parietal body areas (including the shoulder,
leg, and toe representations) help to “watch your shoulder!” and
“watch your step!”

Methods
Subjects. Twenty healthy subjects (8 males, 12 females; 18–30 y old) with
normal or corrected-to-normal vision were paid to participate in this study.
All subjects gave informed consent according to protocols approved by the
Human Research Protections Program of the University of California at San
Diego. Eight of the 20 subjects participated in the supplementary experi-
ments (SI Methods).

Wearable Tactile Stimulation Techniques. Tactile stimuli were delivered to the
surface of multiple body parts in the MRI scanner using wearable tactile
stimulation techniques, including a custom-built 64-channel pneumatic
control system (Fig. S1) and MR-compatible tactile suits (Fig. 1). The pneu-
matic control system was redesigned from the Dodecapus stimulation system
(56). A full-body tactile suit includes a facial mask, a turtleneck shirt, a pair of
gloves, a pair of pants, two ankle pads, and two toe pads (Fig. 1). A unique
mask was molded on each subject’s face using X-Lite thermoplastic sheets,
and foam pads were trimmed tomatch each subject’s feet and toes. Sequences
of computer-controlled air puffs were delivered to desired sites on the body
surface via plastic tubes and nozzles embedded in the suit, including 32 sites
on the mask (face and lips), 32 sites on the upper-body suit (neck, shoulders,
arms, and fingertips), and 32 sites on the lower-body suit (thighs, calves,
ankles, and toes). A total of 64 of these stimulation sites (Fig. 1 B–F) on the
tactile suit were used in this study.

Tactile Mapping Paradigms. In multiple tactile mapping sessions, subjects
participated in two-condition, block-design scans, including face vs. fingers,
face vs. legs, lips vs. shoulders, and fingers vs. toes paradigms. Each body-part
pair was empirically selected so that their representations would not overlap
in the postcentral sulcus based on the results of pilot experiments contrasting
air-puff stimulation on one body part with no stimulation. Each paradigm
was scanned twice in the same session. Each 256-s scan consisted of eight
cycles of two conditions, where sequences of air puffs were delivered to the
first body part for 16 s and to the second body part for 16 s, repeatedly. Each
16-s block consisted of 160 100-ms air puffs continuously circling along a fixed
path (Fig. 1 B–F) on one body part. There was no delay between air puffs
delivered to two consecutive sites on a path, and all subjects reported that
they felt continuous sensation of airflow along the path, which was differ-
ent from the stimulation pattern used to generate the cutaneous rabbit il-
lusion (57). All stimulation paths started with the right-hand side of the
body. The last paths on the face and legs were incomplete at the end of 16 s
because 160 is not divided evenly by the number of sites on the face or legs.

Setup and Instruction for Tactile Experiments. Subjects put on the tactile suit,
walked into the MRI room, and lay supine on a cushion pad on the scanner
table. Bundles of plastic tubes extending out of the pneumatic control system
were connected to the corresponding tubes embedded in the tactile suit via
arrays of quick connectors. Velcro and medical tape were used to stabilize
stimulation sites on the shoulders, legs, ankles, and toes. The subject’s face
was covered with the mask, and additional foam padding was inserted be-
tween the mask and the head coil to immobilize the head. To mask the
hissing noise of air puffs, subjects wore earplugs and listened to white-noise
radio through MR-compatible head phones. Subjects were instructed to
close their eyes in complete darkness during the entire session and covertly
follow the path of air puffs on each body part without making any response,
which required spatial and temporal integration of tactile motion across the
body surface.

Visual Mapping Paradigm. In a visual mapping session, each subject viewed
looming stimuli in four 512-s scans, two with stimulus angle slowly advancing
in the counterclockwise direction and two in the clockwise direction. In each
scan, subjects fixated on a central red cross while attending to looming balls
apparently passing by their faces for eight rounds at a 64-s period. Each round
consisted of 40 looming balls (1.6 s per trial) that appeared at increasing
(counterclockwise) or decreasing (clockwise) polar angles (at a 9° step) from
the right horizon, which was a variant of the phase-encoded design used in
retinotopic mapping experiments (34, 35). At the beginning of each 1.6-s
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trial, a white ball appeared at 5.73° eccentricity and gradually expanded and
moved toward the far periphery (Fig. S6). The ball completely moved out of
the screen at 983 ms of the trial. In 20% of all 320 trials, the white ball
randomly turned red between 450 and 650 ms after it appeared. The red
ball returned to white when the subject pressed a button before the next
ball appeared. The reaction time to each red-ball target, accuracy, and false
responses were recorded on the stimulus computer (Table S2). Each new trial
started with a white ball, regardless of the subject’s response in the
previous trial.

Setup and Instruction for Visual Experiments. Subjects’ heads were propped
up (∼30° forward) by foam padding in the head coil so that they could di-
rectly view the visual stimuli back-projected onto a 35 × 26-cm screen, which

was ∼15 cm from their eyes. The direct-view setup resulted in an approxi-
mate field-of-view of 100 × 80°. Additional foam padding was used to im-
mobilize the subject’s head. Subjects were instructed to keep their head still
and maintain central fixation while attending to looming balls during all
functional scans. An MR-compatible response box was placed under the
subject’s right hand.
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SI Results
Fig. S8 shows group-average maps for eight subjects who partic-
ipated in additional two-condition experiments designed to map
shoulder, arm, leg, and toe representations in the primary so-
matosensory cortex. Contrasting random air-puff stimulation on
both shoulders with no stimulation only activated a region within
the parietal shoulder area mapped in the original “lips vs.
shoulders” experiments (Fig. S8A). The extent of the shoulder
representations in both the new and original experiments did not
extend further into the postcentral gyrus. Similarly, contrasting
random air-puff stimulations on both arms with no stimulation
only activated a portion of the original parietal shoulder area,
and no significant activation was found in the postcentral gyrus
(Fig. S8B). Our second attempt at using air-puff stimuli with the
“stimulation on vs. off” paradigm failed to find representations
of shoulders and arms in the postcentral gyrus. Further studies
are required to find more effective tactile stimuli for automatic
stimulation on the shoulders and arms.
Brushing stimulation on the side of the left leg activated a wider

region encompassing part of the primary somatosensory cortex
(S-I) in the postcentral gyrus and superior parietal lobule in the
right hemisphere (Fig. S8C). The posterior part of this region
overlaps with the parietal leg area activated by air-puff stim-
ulations in the original “face vs. legs” experiments. Brushing
stimulation on all toes resulted in much stronger activation in a
wider region encompassing the primary motor cortex (M-I) in
the precentral gyrus, the primary somatosensory cortex (S-I) in
the postcentral gyrus, and the superior parietal lobule in both
hemispheres (Fig. S8D). The posterior part of this region also
overlaps with the parietal toe area activated by air-puff stim-
ulations in the original “fingers vs. toes” experiments. The acti-
vations in the primary motor cortex likely resulted from small,
passive movements of the toes generated by the brush during
stimulation periods. The S-I representation of toes activated by
brushing stimulation suggests that the unusual area in the central
sulcus originally activated by air-puff stimulation on the toes
(Figs. S2D, S4D, and S5) could be the M-I representation of fin-
gers. It is likely that passive tactile stimulation on the fingers
resulted in suppression of neural activity in the unstimulated M-I
representation of fingers in the central sulcus, with rebound of
neural activity during passive stimulation on the toes; this re-
sulted in apparent activation in the central sulcus that was pos-
itively correlated with activation in the parietal toe area. Further
experiments are required to study the effect that specific pairings
of body parts has on activation maps.
One limitation of the present study is that our methods cannot

functionally separate a body-part representation if the activation
extends continuously from the primary somatosensory cortex (S-
I) into the posterior parietal cortex (Brodmann’s areas 5 and 7).
We have proposed a schematic model to assist with the in-
terpretation of activation extents driven by different modalities
of stimuli in terms of Brodmann areas (Fig. S9). As shown in this
model, the parietal leg/toe areas activated by air-puff stimulation
overlap with the posterior parts of regions (Brodmann’s area 2)
driven by brushing stimulation and with the anterior parts of
regions (Brodmann’s area 5) driven by looming stimuli. This
finding suggests that the parietal leg and toe areas are not simply
primary somatosensory cortex, but also include part of the pos-
terior parietal cortex.

SI Methods
Supplementary Experiments. Eight subjects participated in four
additional two-condition paradigms designed to map the repre-
sentations of shoulders, arms, legs, and toes in the primary so-
matosensory cortex. Each paradigm was scanned twice in the
same functional session. In each 256-s scan, tactile stimuli were
delivered to one body part for 16 s followed by 16 s of no
stimulation repeatedly. As it is difficult to apply manual stimu-
lation to the subject’s shoulders and arms located deep inside the
MRI scanner, computer-controlled air puffs (200-ms pulses)
were randomly delivered to 12 sites on both shoulders (or both
arms) via the tactile stimulation suit for 16 s followed by 16 s of
no stimulation (Fig. S8 A and B). In the other two paradigms, an
experimenter followed the timing of computer-controlled fiber
optic lights and used an MR-compatible paint brush (2-in wide)
to apply gentle brushing stimulation to the side of the left leg (or
to all toes) for 16 s followed by 16 s of no stimulation (Fig. S8 C
and D).

Image Acquisition and Parameters. Subjects were scanned with
eight-channel head coils in General Electric 3-Tesla MRI scan-
ners in the functional MRI (fMRI) Center of University of
California at San Diego. Functional images were collected during
256-s or 512-s scans with the following parameters: single-shot
echo-planar images (EPI), field of view (FOV) = 20 cm, 3.125 ×
3.125-mm in-plane, 3.5-mm thick slices, 31 axial slices, 64 × 64
matrix, flip angle = 90°, TE = 30 ms, TR = 2,000 ms, and 128 or
256 images per slice. Functional images of the supplementary
experiments were acquired with slightly different parameters:
single-shot EPI, FOV = 22.4 cm, 3.5 × 3.5 mm in-plane, 3.5-mm
thick slices, 38 axial slices, 64 × 64 matrix, flip angle = 90°, TE =
30.1 ms, TR = 2000 ms, and 128 images per slice.
Two sets of structural images (FSPGR, FOV = 25.6 cm, 1 ×

1 mm in-plane, 1-mm thick slices, 160–170 axial slices, 256 × 256
matrix) for cortical surface reconstruction (see below) and reg-
istration between functional and structural images were collected
at the same plane as functional images in the first session of each
subject. Alignment images for registration between functional
and structural images (FSPGR, FOV = 25.6 cm, 1 × 1 mm in-
plane, 1.3-mm thick slices, 106 axial slices, 256 × 256 matrix)
were collected at the same plane as functional images in suc-
ceeding sessions of the same subject.

Structural Image Analysis. The FreeSurfer package (1, 2) was used
to reconstruct cortical surfaces from the average of two sets of
structural images for each subject. The structural images (1 × 1 ×
1 mm) in the first session or alignment images (1 × 1 × 1.3 mm)
in the succeeding sessions of the same subject were then used to
register functional images with his/her cortical surfaces using
FreeSurfer. The Montreal Neurological Institute Automated
Linear Registration Package (3) was used to generate Talairach
transformation matrices for structural images.

Functional Image Analysis. For each session, functional images
were motion-corrected and registered to the last functional scan
using the 3dvolreg function of the AFNI package (http://afni.
nimh.nih.gov/afni) and then registered with the cortical surfaces
using the alignment images in FreeSurfer. In each tactile map-
ping session (including supplementary experiments), point-wise
time average was applied to two motion-corrected scans of the
same paradigm. In each visual mapping session, the time courses
of the two clockwise scans were reversed before they were averaged
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with the time courses of the other two counterclockwise scans
(see Visual Mapping Paradigm in the main text).
A fast Fourier transform was performed on the average time

courses (128 or 256 time points) of each voxel after removing the
linear trend. A complex number (real and imaginary) was
obtained at each frequency bin on the Fourier spectrum. An F-
statistic value was obtained by comparing power at the stimulus
frequency (eight cycles per scan) to the sum of power at the
remaining frequencies (excluding 1–3, 7, 9, 15–17, 23–25, and 32
cycles per scan) in the Fourier spectrum. For each voxel, an
uncorrected P value was estimated by considering the degrees of
freedom (df) of signal (df = 2) and noise (df = 102 for 128 time
points; df = 230 for 256 time points). The phase angle, θ, of each
voxel was also computed by combining the real and imaginary
components at the stimulus frequency (eight cycles per scan) on
the Fourier spectrum. For each voxel, a complex number (Fr, Fi)
incorporating both F-statistic and phase values was computed by
Fr = f cos(θ) and Fi= f sin(θ), where f is the square root of the F-
statistic value. In two-condition block-design scans, regions with
phase angles falling into the first and second halves of a cycle
were rendered in two different colors on the cortical surfaces
(Fig. 2 and Fig. S2). For example, regions activated during face
stimulation were rendered in red, and regions activated during
finger stimulation were rendered in green. In phase-encoded
visual mapping scans, the phase angle was rendered using a
continuous half color wheel (red → blue → green for upper →
horizontal → lower fields) for the left or right visual hemifield
(Fig. 3 and Figs. S5 and S7).

Spherical Group Average. Single-subject maps bearing F-statistic
and phase values (Fr, Fi) were averaged across all available sub-
jects for each paradigm using spherical group-average methods
(4). The inflated cortical surfaces of the left and right hemi-
spheres were further inflated into spherical coordinates and then
morphed to register with the average sphere for the left and right

hemisphere, respectively. The complex number (Fr, Fi) of each
vertex from each subject’s morphed spherical surface was sam-
pled on the average sphere, and the numbers were averaged
across subjects on the common spherical coordinates. The re-
sulting complex numbers of statistics on the average spheres
were reverse-sampled back to subject 1’s morphed spheres,
which allowed group-average statistics to be displayed as single-
subject statistics on inflated cortical surfaces of a representative
subject (Fig. 3 and Figs. S4 and S5).

Surface-Based Regions of Interest Analysis. Two measures were
computed to quantify the visual response in six clusters of body-
part regions of interest (ROIs) outlined on group-average and
single-subject maps. Each body-part ROI includes a set of vertices
containing complex F-statistic values (Fr, Fi) enclosed in a 2D
patch cut from an inflated cortical surface.
Percentage of visual-tactile overlap. Visual-tactile overlap measures
the percentage of vertices significantly activated by looming
stimuli [F(2, 230) = 4.7, P = 0.01, uncorrected for single-subject
maps; group mean F(2, 230) = 3.04, P = 0.05, uncorrected for
group-average maps] in each body-part ROI. Fig. 3D shows the
percentage of visual-tactile overlap in each ROI outlined on
group-average maps in Fig. 3B. Fig. 3E shows the mean and SD of
visual-tactile overlap percentages in ROIs across available subjects
(Table S1 and Figs. S3 and S7) for each body-part cluster.
Distribution of polar-angle representations. The distribution of polar-
angle representations of the contralateral visual hemifield (−90°
to 90°) among the vertices significantly activated by looming
stimuli was computed in each body-part ROI. Fig. 3F shows box
plots of the distribution of polar-angle representations in each
body-part ROI outlined on group-average maps in Fig. 3B. Fig.
3G shows box plots of the distribution of polar-angle repre-
sentations aggregated across available subjects (Table S1) for
each group of body-part ROIs outlined on single-subject maps in
Figs. S3 and S7.
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flattening, and a surface-based coordinate system. Neuroimage 9(2):195–207.
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4. Hagler DJ, Jr, Riecke L, Sereno MI (2007) Parietal and superior frontal visuospatial maps
activated by pointing and saccades. Neuroimage 35(4):1562–1577.

Fig. S1. Schematic diagram of the 64-channel pneumatic control system. The system consists of a portable computer, power supplies, a root hub, and four 16-
channel pneumatic control modules. The root hub and pneumatic control modules (lower four boxes) are enclosed in stackable aluminum cases, which allow
immediate expansion to 128 channels by adding another four modules. Stimulus generation programs written in C programming language sent 100-ms pulses
of 8-bit transistor-transistor-logic (TTL) signals to the parallel port of a portable computer. A DB-25 cable connects the portable computer to the root hub. The
root hub decoded incoming TTL signals to control (via DB-9 cables) the corresponding solenoid valves in the pneumatic control modules that received com-
pressed air input (60–65 psi) from a gas cylinder (Praxair; UN1002). Thick branches exiting the pneumatic control modules indicate bundles of 64 tubes [1/16-
inch inside diameter (I.D.)] that enter the MRI room via a waveguide and connect to the mask and suit on the subject.
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Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S2. (Continued)
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Fig. S2. Single-subject maps of body-part representations in superior posterior parietal cortex (PPC): (A) face vs. fingers scans (n = 14); (B) face vs. legs scans
(n = 12); (C) lips vs. shoulders scans (n = 12); (D) fingers vs. toes scans (n = 8). Light and dark gray regions represent gyri and sulci on inflated cortical surfaces,
respectively. White or black crosses (+) and asterisks (*) represent geometric centers of ROIs outlined in solid white contours. Talairach coordinates of ROI
centers are listed as (x, y, z). S-#, subject index number; LH, left hemisphere; RH, right hemisphere.
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Fig. S3. (Continued)
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Fig. S3. Summary of single-subject body-part ROIs in superior PPC. Contours of body-part representations are redrawn from available subjects in Fig. S2.
(Insets) ROI centers plotted on the x–y plane of Talairach coordinates. S-#, subject index number; LH, left hemisphere; RH, right hemisphere.
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Fig. S4. Group-average maps of somatotopic activations displayed on subject 1’s cortical surfaces: (A) face vs. fingers scans (n = 14); (B) face vs. legs scans
(n = 12); (C) lips vs. shoulders scans (n = 12); (D) fingers vs. toes scans (n = 8).
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Fig. S5. Group-average somatotopic ROIs overlaid on group-average retinotopic maps displayed on subject 1’s cortical surfaces. ROI contours are redrawn
from Fig. S4. The cyan asterisk indicates the average ROI center of lip representations from available subjects (n = 7) showing significant activations (Fig. S2C
and Table S1). FEF+, frontal eye field complex; LIP+, lateral intraparietal complex; PZ, polysensory zone; MT/MST/FST, middle temporal motion areas; PCu,
precuneus.
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Fig. S6. Timing and dimension of a looming stimulus. The ball is looming along the right horizon in this representative trial. (A) Snapshots at key frames (60 frames/s)
of the stimulus. Starting at 450 ms, the white ball randomly turns red in 20% of all trials. (B) Time courses of eccentricity and diameter of the ball. Eccentricity is
defined as the visual angle between the central fixation and the center of the ball. Dashed traces represent the projected time courses after the ball enters the edge
of the screen at 50° eccentricity, where a portion of the ball is still visible. (C) Fixation cross against a black background after the ball completely disappears at 983ms.

Fig. S7. Visual-tactile overlap in superior PPC. Retinotopic maps of 10 subjects are overlaid with the respective contours of four body-part ROIs (face, fingers,
legs, and toes) from Fig. S3. Contours of shoulders and lips are not shown to reduce visual clutter. Color wheels, polar angle of the contralateral visual
hemifield. S-#, subject index number. LH, left hemisphere; RH, right hemisphere. RVF, right visual field; LVF, left visual field.
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Fig. S8. Supplementary tactile experiments and results. (A) Shoulders. (B) Arms. (C) Left leg. (D) Toes. (Left) stimulation sites; (Right) group-average activation
maps (n = 8). Regions of significant activations [group mean F(2, 102) = 3.09, P = 0.05, uncorrected for (A–C); group mean F(2, 102) = 10.09, P = 0.0001, un-
corrected for (D)] during stimulation periods are rendered in white on subject 1’s cortical surfaces. Contours of group-average body-part ROIs over the ac-
tivation maps were redrawn from Fig. 3B. LH, left hemisphere; RH, right hemisphere. S-I, primary somatosensory cortex; M-I, primary motor cortex.

Fig. S9. Schematic illustration of activation extents across Brodmann’s areas. Horizontal bars indicate activation extents driven by different modalities of
stimuli as shown on group-average maps in Fig. 3B and Fig. S8. S-I, primary somatosensory cortex.
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Table S1. Distributions of Talairach coordinates of ROI centers for each body-part cluster

Body parts

Left hemisphere Right hemisphere

(x, y, z) SD n (x, y, z) SD n

Face (+) (−29, −44, 58) 4.4 14 (10) (29, −40, 58) 3.3 14 (9)
Fingers (*) (−44, −30, 46) 3.6 14 (10) (47, −25, 49) 3.0 14 (10)
Face (+) (−30, −43, 60) 4.0 10 (30, −40, 57) 3.8 12
Legs (*) (−19, −49, 67) 2.2 12 (9) (20, −48, 67) 2.7 12 (8)
Lips (+) (−34, −41, 57) 3.9 7 (5) (34, −39, 52) 5.3 11 (8)
Shoulders (*) (−22, −47, 63) 3.9 12 (8) (23, −45, 63) 2.4 12 (8)
Fingers (+) (−46, −28, 48) 4.2 8 (46, −27, 50) 5.4 6
Toes (*) (−17, −54, 67) 3.9 8 (6) (18, −51, 69) 4.9 8 (6)

(+) and (*) indicate the body parts stimulated during the first and second halves of each 32-s cycle in each two-
condition paradigm, respectively. SD, SD of Euclidean distance from the center of each cluster; n, available
subjects for each body-part cluster in Fig. S2 and group-average data in Fig. 3 B, D, and F and Figs. S4 and S5;
number in parentheses, available subjects for each body-part cluster in Fig. 3 E and G.

Table S2. Task performance in visual mapping sessions

Subject index Average hit rate (%) Average false response rate (%) Average reaction time (ms)

1 100 0.08 389
2 99.61 0 354
3 99.61 0.16 358
4 95.71 0.23 380
6 100 0.08 345
7 83.33 1.15 444
8 99.61 0.16 300
9 99.22 0.08 405
11 98.83 0.23 345
14 100 0 354
Group mean 97.59 0.22 367.4

Hit rate and reaction time were recorded from the 64 trials with red-ball targets in each scan and then
averaged across four scans for each subject. Reaction time was measured from the moment the white ball
turned red. Button presses recorded in the other 256 trials without targets were considered false responses.
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