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A B S T R A C T

Primary somatosensory cortex (S1) processes somatosensory information and is composed of multiple
subregions. In particular, tactile information from the skin is encoded in three subregions, namely
Brodmann areas (BAs) 3b, 1 and 2, with each area representing a complete map of the contralateral body.
Although, much is known about the somatotopic organization of the hand in human S1, less research has been
carried out regarding the somatotopic maps of the foot and leg in S1. Moreover, a latero-medial S1 organization
along the superior part of the postcentral gyrus has been reported when moving from hip to toes, yet to date
there is no study investigating leg/foot maps within the different subregions of S1. Using ultra-high field MRI
(7 T), we mapped six cortical representations of the lower limb (hip to toes) at the single subject level and
performed this analysis separately for BAs 3b, 1 and 2. Analyzing the BOLD responses associated with tactile
stimulations of the mapped foot and leg regions on each side, we quantified the extent and the strength of
activation to determine somatotopic organization. In addition, we investigated whether each mapped
representation also responded to the stimulation of other body parts (i.e. response selectivity) and conducted
dissimilarity analysis relating these anatomical and functional properties of S1 to the physical structure of the
lower limbs. Our data reveal somatotopy for the leg, but not for the foot in all investigated BAs, with large inter-
subject variability. We found only minor differences between the properties of the three investigated BAs,
suggesting that S1 maps for the lower limbs differ from those described for the hand. We also describe greater
extent/strength of S1 activation for the big toe representation (compared to the other mapped representations)
within all BAs, suggesting a possible homology between the first digit of upper and lower extremity in humans,
and report different patterns of selectivity in the foot representations (i.e. lower selectivity) compared to the
other leg representations (i.e. greater selectivity). These data provide a detailed description of human S1
subregions for the foot and leg, highlight the importance of high-resolution mapping studies and of single
subject analysis, and indicate potential differences between the lower and the upper limb.

Introduction

Magnetic Resonance Imaging (MRI) is one of the major non-
invasive neuroimaging modalities. Compared to the widely established

3 T MRI, the increased signal-to-noise ratio of ultra-high field MRI
(7 T) improves the spatial resolution to the millimeter or even sub-
millimeter scale (van der Zwaag et al., 2009). Ultra-high field fMRI has
already been applied to the study of the retinotopic organization of the
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human primary visual cortex (Olman et al., 2010), the tonotopic
organization of the human primary auditory cortex (Da Costa et al.,
2011), as well as the somatotopic organization in primary somatosen-
sory cortex (S1) (Besle et al., 2014; Martuzzi et al., 2014). Considering
the large inter-subject variability of S1 somatotopy, it has been
proposed that, in particular, S1 responses should be studied at the
single subject level (Pfannmöller et al., 2016), which can be achieved
with high resolution at 7 T. However, previous somatotopic descrip-
tions of human S1 were so far limited to the representations of single
fingers with only few neuroimaging studies targeting important S1
representations of body parts other than the hand, such as the foot and
the leg (Bao et al., 2012; Nakagoshi et al., 2005; Saadon-Grosman
et al., 2015).

S1 is somatotopically organized to form a cortical map of the body,
meaning that there is a point-to-point correspondence between the
skin and S1 representations (Penfield and Boldrey, 1937; Rasmussen
and Penfield, 1947). Primate S1 is located in the postcentral gyrus and
contains three different cytoarchitectonic regions involved in the
processing of tactile information, namely Brodmann Areas (BAs) 3b,
1, and 2 (Jones et al., 1978). BA 3b is located on the anterior wall of the
postcentral gyrus, BA 1 on the crown, and BA 2 on the posterior wall
(Geyer et al., 1999, 2000; Grefkes et al., 2001). Studies conducted in
non-human primates showed that each of these BAs is somatotopically
organized, with each body part being represented at a precise cortical
position (Kaas et al., 1979; Merzenich et al., 1978; Nelson et al., 1980).
Concerning tactile processing in S1, research in non-human primates
showed that moving from BA 3b to BA 1 and BA 2, neurons
progressively have larger receptive fields, responding to tactile infor-
mation coming from larger portions of the skin, and also encode more
complex tactile features, such as stimulus orientation and direction
(Costanzo and Gardner, 1980; Gardner, 1988), suggesting that tactile
information is hierarchically processed in the different BAs (Iwamura,
1998). Consistently with what has been observed in non-human
primates, recent work using 7 T fMRI has shown that response
selectivity is increased in human BA 3b compared to BA 1 and BA 2,
i.e. that voxels in BA 3b respond to single finger stimulation (more
selective) while voxels in BA 1 and BA 2 respond to the stimulation of
multiple digits (less selective) (Besle et al., 2014; Martuzzi et al., 2014;
Stringer et al., 2014). Recent 7 T work also showed that automatized
vibrotactile stimulation induces lower BOLD responses over the entire
S1 and in particular in BA 2 compared to manual stroking (van der
Zwaag et al., 2015), a finding that may explain the difficulty of
activating BA 2 representations in studies using automatized vibrotac-
tile stimulation (Besle et al., 2014; Sanchez-Panchuelo et al., 2010;
Stringer et al., 2011). Instead, manual stroking has been shown to
induce reliable BOLD responses in BAs 3b, 1 and 2 (Martuzzi et al.,
2014, 2015; van der Zwaag et al., 2015), although BA2 representations
were again found to be smaller.

Most previous S1 studies have centered on the investigation of the
hand area of S1, likely because of its large cortical representation and its
important role in tactile perception (Martuzzi et al., 2014; Overduin and
Servos, 2004; Sanchez-Panchuelo et al., 2010; Schweizer et al., 2008;
Stringer et al., 2011; Weibull et al., 2008). Considering the importance of
the legs and feet for stance, balance and locomotion, surprisingly few
imaging studies investigated the representations of the lower limbs in
human S1 (Bao et al., 2012; Nakagoshi et al., 2005; Saadon-Grosman
et al., 2015). Nakagoshi et al. (2005) mapped the knee and ankle regions,
Bao et al. (2012) mapped several leg regions. Both studies reported a
lateral to medial organization when moving from proximal to more distal
skin regions and reported the organization of the leg representation in S1
only at the group level (i.e. not for each subject individually). Recently,
Saadon-Grosman et al. (2015) used whole-body somatotopic mapping in
individual subjects (at 3 T) and reported a latero-medial gradient along S1
when moving from hip to toes. However, none of the aforementioned
studies investigated lower limb representations within the different
subregions of S1 separately at high spatial resolution.

The aim of the present study was to precisely map the S1
representations of six skin regions of the right lower limb and of
the left lower limb in BAs 3b, 1, and 2, and to do this at the level of
single subjects. To this aim, we first applied the mapping procedure
proposed in Martuzzi et al. (2014) to three body regions on the foot
(big toe, small toe, heel) and three body regions on the leg (calf,
thigh and hip), separately for the right and the left lower extremities
using tactile stimulation at ultra-high field 7 T fMRI. We first
analyzed the location of each mapped representation and deter-
mined its strength and extent. We further investigated the selectivity
of these representations across the different mapped body parts for
each BA separately. For this, following the approach of Martuzzi
et al. (2014), we determined for each mapped voxel in S1 to which
degree it also respond to the stimulation of other body parts (in
addition to the body part that was most strongly represented at that
voxel). Finally, we conducted dissimilarity analysis to investigate
whether the anatomical and functional properties of S1 leg repre-
sentations reflect the physical structure of lower limbs (for detailed
predictions see methods).

Methods

Subjects

15 healthy subjects (5 females) aged between 18 and 39 years old
(mean ± std: 24.3 ± 5.2 years) participated in the study. One partici-
pant was excluded due to excessive motion during MRI acquisition (up
to 5 mm of movement in the z-direction for this particular subject). All
participants were right handed and had a right foot preference, as
assessed during an oral interview adapted from the Edinburgh
Handedness Inventory (Oldfield, 1971) (see ISM. 1).

All subjects gave written informed consent, all procedures were
approved by the Ethics Committee of the Faculty of Biology and
Medicine of the University of Lausanne, and the study was conducted
in accordance with the Declaration of Helsinki.

Experimental procedure

Subjects were scanned in supine position while tactile stimulation
was delivered to the selected body parts on the lower limbs. Tactile
stimulation consisted of a gentle manual stroking performed by an
experimenter with his index finger, as a previous study showed that this
stimulus induces more reliable BOLD signal responses over the
different BAs (BA 3b, BA 1 and BA 2) forming S1, compared to
vibrations or tapping (van der Zwaag et al., 2015). The experimenter
was standing at the entrance of the bore to provide the stimulation and
received instructions by means of MR compatible earphones. Six
regions on both legs (big toe, small toe, heel, calf, thigh and hip) were
repeatedly stimulated. During one run, the six regions of the same limb
were stroked in a fixed order (thigh – big toe – calf – heel – hip – small
toe) and the sequence was repeated 4 times. The order of the lower
limb being stimulated was randomized across participants. Stimulation
periods of 20 s were interleaved with periods of 10 s of rest (rest
periods with no tactile stimulation). The skin regions were repeatedly
stroked on the same portion of naked skin at an approximate rate of
1 Hz, corresponding to a surface of about 3 cm2, with the exception of
the small toe, which was stroked on its entire length (i.e. it was smaller
than 3 cm2). To reduce the variability of the tactile stimulation across
participants and to guarantee that a reliable and constant pressure was
exerted, the stroking was always performed by the same researcher,
which received extensive training prior to data acquisition. To enquire
about our participant's perception of the tactile stimulation, the
participants were verbally asked between each run whether they could
clearly feel the stimulation, if it was not the case the run would be
repeated (this only happened on 7 occasions).
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Data acquisition

MR images were acquired using a short-bore head-only 7 T scanner
(Siemens Medical, Germany) equipped with a 32-channel Tx/Rx RF-
coil (Nova Medical, USA) (Salomon et al., 2014). Functional images
were acquired using a sinusoidal readout EPI sequence (Speck et al.,
2008) and comprised 28 axial slices placed approximately orthogonal
to the postcentral gyrus (in-plane resolution=1.3×1.3 mm2, slice
thickness=1.3 mm, no gap, TR=2 s, TE=27 ms, flip angle=75°, matrix
size=160×160, FOV=210 mm, GRAPPA factor=2). The mapping se-
quence included 361 volumes for each of the lower limbs.

For each subject, a set of anatomical images was acquired using an
MP2RAGE sequence (Marques et al., 2010) in order to facilitate the
separation of Brodmann areas (BAs) and for display purposes (reso-
lution=1×1x1mm3, TE =2.63 ms, TR =7.2 ms, TI1=0.9 s, TI2 =3.2 s,
TRmprage =5 s). To aid coregistration between the functional and the
anatomical images, a whole brain EPI volume was also acquired with
the same inclination used in the functional runs (81 slices, in-plane
resolution=1.3×1.3 mm2, slice thickness=1.3 mm, no gap, TE=27 ms,
flip angle=75°, FOV=210 mm, GRAPPA factor=2).

Data processing

All images were analyzed using the SPM8 software (Wellcome
Department of Cognitive Neurology, London, UK). The MRIcron
software was used for visualizing results in 3D space (McCausland
Center for Brain Imaging, University of South Carolina, US, http://
www.mccauslandcenter.sc.edu/mricro/mricron) and BrainVoyager QX
was used for surface visualization (Brain Innovation, Maastricht,
Netherlands).

Preprocessing of fMRI data included slice timing correction, spatial
realignment, and smoothing (FWHM=2 mm). A GLM analysis was
carried out to estimate the response induced by the stimulation of the
different body regions. The model included 6 regressors (one for each
stroked region) convoluted with the hemodynamic response and with
the corresponding first-order time derivatives, as well as the 6 rigid-
body motion parameters as nuisance regressors. For each limb
separately, a F-contrast across all conditions was computed to identify
all the voxels activated by the stroking of at least one region. A t-
contrast (against rest periods) was also computed for each stimulated
region.

Separation of S1 into BAs 3b, 1 and 2

Probabilistic maps for the separation of the postcentral gyrus into
BAs 3b, 1 and 2 (Geyer et al., 1999, 2000; Grefkes et al., 2001) were
used to separate the 3 homologous representations of each region. For
each subject, the probabilistic maps were back-projected onto their
native space using standard procedures implemented in SPM8.

Definition of somatosensory representations

Independently for each limb, the clusters corresponding to the
representations of each stimulated body region were delimited using an
approach previously presented in Martuzzi et al. (2014). First, the
active voxels in the F-contrast (p < 0.0001 uncorrected) located within
the contralateral postcentral gyrus were used as a S1 mask to identify
all voxels responding to at least the stimulation of one body part. Then,
based on a “winner takes all” approach, each voxel within the S1 mask
was labeled as representing the body region demonstrating the highest
t-score (against rest periods) for that particular voxel. The identified
clusters were further divided into BAs 3b, 1 and 2 using the
probabilistic maps described above.

This approach has the advantage of producing continuous and non-
overlapping body maps, similarly to the approach of phase encoding
used in retinotopic mapping studies (Olman et al., 2010), as well as in

studies focusing on the somatosensory system (Sanchez-Panchuelo
et al., 2012; Saadon-Grosman et al., 2015) or the motor system
(Zeharia et al., 2015). One of the drawbacks of this approach is that
it is possible that one or more body regions are not associated with any
voxel, because stimulation of other body parts may elicit higher activity
in all considered voxels, leading to missing representations. However,
across all subjects, only 2.4 representations on average ( ± std: ± 3.3,
range 0–9) were missing out of a total of 36 representations per
subject. Small toe, calf and thigh representations accounted for 94% of
these missing representations.

Single subject data

To emphasize the importance and relevance of single subject
analysis, we report the identified S1 maps for 4 individual participants
(and for all individuals in Supplementary materials). In addition, we
analyzed for these 4 individuals the cortical volumes and response
selectivity of body representations. The cortical volume is measured as
the number of voxels within each representation normalized by the
total number of voxels of the corresponding BA of the same hemisphere
to account for inter-subject and inter-areal volumetric differences. The
response selectivity is measured as the average BOLD response (beta
values) within each representation during the stimulation of the
different body regions, which allows to investigate whether the
stimulation of a given body region also elicits activity in other S1
representations. These data are presented in Supplementary materials.

Analysis of somatotopic sequence

Within each identified body representation, the coordinates of the
peak activation (maximum t-value) were extracted and transformed
into MNI coordinates using SPM8. In case of a missing body
representation, we considered the original t-contrast of that body part
(against rest periods) used to define somatosensory representations
(see above) and extracted the coordinates of the peak activation located
in the corresponding BA, which were transformed into MNI coordi-
nates. The average MNI coordinates of peak activations of each
representation were calculated by averaging across subjects. To assess
the presence of somatotopic ordering, a Principal Component Analysis
(PCA) was first computed to determine the main axis of orientation
(corresponding to the 1st principal component) along the MNI
coordinates of peak activations of the 6 representations (big toe -
small toe - heel - calf - thigh - hip) within each BA and for each
individual subject. The PCA procedure allows the spatial remapping of
the MNI coordinates along the axis explaining the most variance, which
is suitable to investigate the ordering of S1 representations. The spatial
distribution across participants of these transformed coordinates of
peak activations is reported for each BA.

To statistically evaluate the ordering, we computed Page's trend
tests (Page, 1963) on the transformed coordinates for each BA. Page's
trend test is a non-parametric test based on data ranking that can
assess the ordering of a set of independent variables. We assessed
ordering based on the following sequence as hypothesized in the
section "Study hypotheses" (see below): "big toe - small toe - heel -
calf - thigh - hip". The statistical significance of the calculated L-
statistic (the equivalent of the t-value for a t-test) was assessed using
the tabulated values reported by Page (1963) for 6 variables and a
sample size of 14: L=1078 for p=0.05, L=1098 for p=0.01 and L=1121
for p=0.001. In addition, we report the average value of L-statistics for
1000 random permutations of our data. We note that we also
investigated the second principal component of the PCA.

As a confirmatory analysis, we computed the Euclidean distances
between the representation of the big toe and all other representations
in each BA to assess whether the distance was increasing between
representations as expected by the proposed ordering: "big toe - small
toe - heel - calf - thigh – hip". The Euclidean distances were quantified
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using Page's trend tests (Page, 1963) as previously described for the
ordering along the first principal component (values for statistical
significance with 5 variables and 14 samples: L=661 for p=0.05, L=674
for p=0.01 and L=689 for p=0.001).

Additional analyses regarding the somatotopy of foot representa-
tions and the somatotopy of leg representations are provided in
Supplementary materials.

Analysis of somatotopic selectivity

To investigate the somatotopic selectivity of the mapped represen-
tations, we computed the average BOLD response (beta values) within
each representation during the stimulation of all other body regions.
This measures the degree to which a given body representation can be
co-activated by the stimulation of any other body region. We computed
one-sample t-tests to assess whether the stimulation of other body
regions could induce significant BOLD response within the dominant
body region mapped to this S1 location. To account for multiple
comparisons and find an appropriate statistical threshold, we used
permutation tests. The beta values were randomly permuted and one-
sample t-tests were computed. This procedure was repeated 1000
times. The resulting t-values were then sorted and the 95th percentile
was selected as the statistical threshold, corresponding to α=0.05
corrected (t-value=3.17). In case of a missing body representation
data from that body representation were excluded from the analysis.
This analysis was conducted in the native space of individual subjects.

To further investigate whether the observed patterns of somatotopic
selectivity could be merely explained by the cortical distance between
representations, we performed univariate regression analysis. We
considered 3 different fitting functions: 1) a decaying linear function
to describe a constant decrease in strength of co-activation with
increased cortical distance, 2) a decaying exponential function to
describe that co-activation decreases faster with increased cortical
distance compared to the linear function (i.e. penalizing distant
interactions), 3) a sigmoidal function to describe a functional clustering
with local co-activations and a drastic decrease in strength of co-
activation for distant interactions. Separately for each stimulated body
region, each BA and each subject, we fitted the linear, exponential and
sigmoidal functions to the data using the co-activations as the
dependent variable and the cortical distance as the independent
variable. Each of the fitting functions included 2 free parameters (slope
and offset), which were optimized using a least-square approach. The
best fitting function was determined by comparing the coefficient of
determination R2 using non-parametric Wilcoxon signed-rank tests
with a Bonferroni correction (Wilcoxon, 1946). Unreliable regressions
(R2 < 0.3) were excluded from the pairwise comparisons. We note that
the fitting parameters of the best fitting function were further analyzed
to investigate possible differences across body representations, BAs and
hemispheres using linear mixed models on the ranked data (Cnaan
et al., 1997).

Analysis of extent and strength of BOLD activations

To investigate differences across body representations, BAs and
hemispheres in terms of extent and strength of BOLD activations
associated with the stimulation of the different body parts, we
conducted the following analyses.

First, we analyzed the extent of BOLD activations using the size of
each cortical representation as dependent variable. The volume in mm3

of each representation was computed, and normalized by the total
volume of the corresponding BA of the same hemisphere to account for
inter-subject and inter-areal volumetric differences. We note that this
represents a relative volume, and not an absolute volume, measuring
the fraction occupied by a given body representation in each area. In
case of a missing body representation, the cortical volume was set to 0.
We computed a three-way repeated-measures ANOVA with body

region (6 levels), BA (3 levels), and hemisphere (2 levels) as within-
subject factors.

Second, we investigated the strength of BOLD activations using the
peak activation within each representation as dependent variable. In
case of a missing body representation, the peak activation located in
the corresponding BA was extracted from the original t-contrast
(against rest) of that body part. Similarly to the previous analyses, we
computed a three-way repeated-measures ANOVA with body region (6
levels), BA (3 levels), and hemisphere (2 levels) as within-subject
factors.

For both analyses, post-hoc Bonferroni corrected pair-wise com-
parisons were used to assess differences between levels of significant
factors. The significance level was set to α=0.05 for both ANOVAs and
post-hoc tests. We also assessed the sphericity and the normality of the
data. In case of violation of sphericity, we conducted a Greenhouse-
Geisser correction on the ANOVA (Geisser and Greenhouse, 1958). In
case of violation of normality as assessed by the Kolmogorov-Smirnov
test (Govindarajulu, 1976), we computed a confirmatory analysis using
linear mixed models with the ranked data as dependent variable
(Cnaan et al., 1997). Both analyses of extent and strength of BOLD
activations were conducted in the native space of individual subjects.

Dissimilarity analysis

The goal of dissimilarity analysis was to investigate whether the
different properties of S1 representations are related to the physical
structure of lower limbs. To this end, we computed dissimilarity
matrices based on: 1) the peak locations of S1 representations 2) the
co-activations between S1 representations (average pair-wise co-acti-
vation) and 3) the representational similarity of S1 representations
(Representational Similarity Analysis, RSA, Kriegeskorte et al., 2008).
As control measures, we computed dissimilarity matrices based on the
differential volume of activation between pairs of S1 representations
and the differential strength of activation between pairs of S1 repre-
sentations. This procedure was carried out separately for each BA and
each participant.

The "peak location" dissimilarity between pairs of S1 representa-
tions was computed as the Euclidean distance between the cortical
locations of S1 representations and was derived from the analyses
presented in section Analysis of somatotopic sequence.

The "co-activation" dissimilarity between pairs of S1 representa-
tions was computed using the patterns of co-activations and was
derived from the analyses presented in section Analysis of somatotopic
selectivity. The co-activations between pairs of S1 representations are
used as a measure of similarity, i.e. pairs of S1 representations are
considered similar if they are reciprocally co-activated when stimulated
separately. The non-symmetrical matrices of co-activations were
transformed into symmetrical dissimilarity measures as described
in ISM.2.

The "RSA" dissimilarity was computed using RSA. We compared
the multi-voxel patterns of S1 activations associated with the stimula-
tion of the different parts of the lower limbs. First, a GLM analysis was
computed to estimate the beta parameters associated with each period
of tactile stimulation. Second, the dissimilarity between each pair of S1
representations was computed as the cross-validated mahalanobis
distance (Nili et al., 2014) between the activation patterns extracted
from the GLM.

As controls, we computed dissimilarity measures between each pair
of S1 representation based on the differential volume of activation ("Δ
volume") and the differential strength of activation ("Δ strength")
derived from analyses presented in section Analysis of extent and
strength of BOLD activations.

These 5 measures of dissimilarity ("peak locations", "co-activa-
tions", "RSA", "Δ volume" and "Δ strength") were compared to a
theoretical model of dissimilarity based on the physical structure of
lower limbs (Contini, 1972). The pair-wise distances between each pair
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of body parts were expressed as a fraction of total height. Separate
models for male and female participants were considered (see ISM.3).
The matrices associated with the 5 measures of dissimilarity were

correlated with the matrix associated with the theoretical model of
dissimilarity separately for each BA and each participant (upper part of
the matrices were treated as data vectors). The resulting correlation

Fig. 1. Individual S1 maps. Somatosensory representations within BA 3b, BA 1 and BA 2 of right and left big toe, small toe, heel, calf, thigh and hip of 4 individual subjects are shown.
The maps are color-coded and represented on coronal and axial projections in native space of individual subjects (the projection of the maps lead to the apparent spatial overlap across
BA's). The dashed line shows the separation between left and right hemispheres. Individual metrics for these subjects (cortical volume and somatotopic selectivity between
representations, Fig. S1-S2) and S1 maps for all participants are presented in Figs. S3 and S4 in Supplementary materials.
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values were normalized using Fischer transformations and statistically
analyzed using a three-way repeated-measures ANOVA with dissim-
ilarity measure (5 levels), BA (3 levels), and side (2 levels) as within-
subject factors. Post-hoc Bonferroni corrected pair-wise comparisons
were used to assess differences between levels of significant factors. As
for previous analyses, the significance level was set to α=0.05 for both
the ANOVA and post-hoc tests. We also assessed the sphericity and the
normality of the data. In case of violation of sphericity, we conducted a
Greenhouse-Geisser correction on the ANOVA (Geisser and
Greenhouse, 1958). In case of violation of normality as assessed by
the Kolmogorov-Smirnov test (Govindarajulu, 1976), we computed a
confirmatory analysis using linear mixed models with the ranked data
as dependent variable (Cnaan et al., 1997).

For display purposes, we used classical multidimensional scaling
(also known as Principal Coordinate Analysis, Seber, 1984) to repre-
sent the dissimilarity measures on a 2D planar layout.

Study hypotheses

Based on the work by Penfield and colleagues (Penfield and
Boldrey, 1937; Rasmussen and Penfield, 1947) and more recent
neuroimaging work (Bao et al., 2012; Nakagoshi et al., 2005;
Saadon-Grosman et al., 2015, see also Zeharia et al. (2015) for related
work on movement representations in M1 mapping), we expected the
toes to be located contralaterally in the most medial and superior
portion of the postcentral gyrus, and more proximal foot and leg
representations to be located more laterally on the postcentral gyrus.
We also expected (by homology with the upper limb digits) that the big
toe (digit I) would be located more medially compared to the small toe
(digit V). Thus, we expect that lower limb representations would follow
a medial to lateral gradient from big toe to hip ("big toe - small toe -
heel - calf - thigh - hip"). We also quantified the extent and strength of
BOLD responses of each mapped foot and leg representation in the
different BAs of each individual subject, and investigated the selectivity
of each mapped representation across the different BAs. These metrics
were analyzed to investigate differences across body regions, across
BAs and across hemispheres. We expected that the extent and strength
of BOLD responses associated with big toe representation would be
enhanced compared to small toe representation, in line with what was
previously shown for the corresponding digits of the hand (Martuzzi

et al., 2014). Furthermore, we also expected that the size of representa-
tions within BA 2 would be smaller in comparison to BA 3b and BA 1 as
previously reported for finger representations by studies using natural
stimulation (Martuzzi et al., 2014, 2015; van der Zwaag et al., 2015).
We also searched for potential differences across hemispheres in favor
of asymmetric S1 activations in our right-footed participants. In
addition, we hypothesized that human BA 2, which has the largest
receptive fields in S1 of non-human primates (Costanzo and Gardner,
1980; Gardner, 1988), would show less selectivity in response to tactile
stimulation of different leg and foot regions compared to other BAs, as
already shown for finger representations in human S1 by recent work
(Besle et al., 2014; Martuzzi et al., 2014; Stringer et al., 2014). Finally,
regarding dissimilarity analysis, we expected that the theoretical model
based on the physical structure of the lower limbs would correlate with
the anatomical ("peak locations") and functional ("co-activations" and
"RSA") dissimilarity measures, but not with the control dissimilarity
measures ("Δ volume" and "Δ strength").

Results

A total of 12 body regions (6 on each body side) were stimulated
during the acquisition of functional data, allowing the mapping of the
cortical representations of these body regions within 3 different BAs
(BA 3b, BA 1 and BA 2) as defined by published probabilistic maps
(Geyer et al., 1999, 2000; Grefkes et al., 2001) leading to a total of 36
mapped representations in S1 per subject (see Methods).

Somatotopic sequence

The S1 maps of 4 representative subjects are shown in Fig. 1
(see ISM.4 and ISM.5 for all subjects). Additional data regarding the
properties of these individual maps are presented in Supplementary
materials. In all participants, lower limb representations were located
in the superior part of the postcentral gyrus. Within the identified
clusters, leg representations were located laterally and foot representa-
tions medially in all BAs. This was the case for the large majority of
participants (only in one subject, subject 7, this pattern was not
present). Moreover, this result was statistically confirmed by the
comparison between the locations of peak activations along the first
principal component for average foot representations (average of big

Table 1
MNI Locations of peak activations. The location in MNI stereotaxic space of the average peak activations (mean ± std) of the mapped representations in different BAs are reported for
right body regions (top) and left body regions (bottom).

left hemisphere

BA3b BA1 BA2

x y z x y z x y z

big toe −8.2 ± 0.7 −42.0 ± 1.3 65.7 ± 1.2 −8.8 ± 1.4 −39.9 ± 1.5 67.0 ± 1.5 −9.4 ± 1.1 −41.2 ± 1.4 66.9 ± 1.1
small toe −8.8 ± 1.0 −42.2 ± 1.4 65.0 ± 1.3 −9.2 ± 2.1 −37.8 ± 1.9 65.9 ± 1.7 −7.2 ± 1.2 −41.4 ± 1.7 65.2 ± 1.4
heel −8.6 ± 0.8 −42.6 ± 1.5 64.4 ± 1.2 −10.0 ± 1.7 −41.9 ± 1.5 68.6 ± 1.7 −8.7 ± 1.3 −42.4 ± 1.4 64.5 ± 1.3
calf −12.5 ± 2.1 −41.8 ± 1.6 62.3 ± 2.3 −14.5 ± 1.6 −39.5 ± 1.2 68.8 ± 1.5 −13.1 ± 2.5 −43.9 ± 2.3 62.5 ± 4.0
thigh −14.2 ± 1.6 −38.7 ± 1.5 64.8 ± 1.6 −17.4 ± 1.1 −37.9 ± 1.1 69.0 ± 1.5 −15.4 ± 1.8 −38.3 ± 1.6 66.3 ± 1.7
hip −22.3 ± 1.6 −37.7 ± 1.1 57.1 ± 1.5 −21.1 ± 1.1 −38.8 ± 1.0 64.3 ± 1.9 −20.3 ± 1.6 −39.3 ± 1.0 60.0 ± 1.7

right hemisphere

BA3b BA1 BA2

x y z x y z x y z

big toe 8.2 ± 1.0 −39.8 ± 2.1 67.8 ± 1.0 11.7 ± 2.0 −42.1 ± 2.3 70.9 ± 1.0 9.9 ± 1.4 −39.3 ± 1.5 70.1 ± 0.8
small toe 9.2 ± 2.5 −39.1 ± 2.0 65.4 ± 2.7 8.0 ± 1.7 −37.9 ± 1.2 70.7 ± 1.8 6.6 ± 1.3 −39.1 ± 1.4 68.2 ± 1.6
heel 10.1 ± 1.5 −42.1 ± 1.4 67.0 ± 1.3 10.2 ± 1.8 −39.6 ± 1.6 68.5 ± 1.5 11.2 ± 1.9 −41.5 ± 1.7 67.6 ± 1.6
calf 12.7 ± 2.2 −38.1 ± 2.0 66.0 ± 2.9 15.1 ± 1.5 −42.4 ± 2.4 69.1 ± 1.2 15.1 ± 2.8 −40.4 ± 2.1 64.7 ± 3.2
thigh 15.2 ± 2.2 −40.5 ± 1.8 62.9 ± 1.3 18.1 ± 1.1 −39.3 ± 1.4 68.9 ± 1.4 17.6 ± 1.1 −38.0 ± 1.2 67.1 ± 1.2
hip 20.7 ± 1.5 −37.0 ± 1.7 59.5 ± 1.8 22.6 ± 1.2 −39.2 ± 1.2 66.1 ± 1.6 20.9 ± 1.2 −38.4 ± 1.1 61.5 ± 1.7

M. Akselrod et al. NeuroImage 159 (2017) 473–487

478



toe, small toe and heel) and average leg representations (average of
calf, thigh and hip) (see Supplementary materials).

The average MNI locations of peak activations of all mapped
representations are reported in Table 1 and shown in Fig. 2.
Similarly to what was described for individual subjects (see
Supplementary materials), the foot representations were located in

the medial region of the postcentral gyrus in the hemisphere contral-
ateral to the stimulated foot and located more medially with respect to
leg representations. The calf, thigh and hip representations were
located most laterally and appeared in an orderly manner moving
from medial to lateral positions, respectively (all representations were
lateral with respect to the foot representations). However, there was no

Fig. 2. Locations of lower limb representations. Average MNI locations of peak activations are shown on an inflated brain. The somatosensory representations of right (top) and left
(bottom) lower limbs within BAs 3b, 1 and 2 (big toe, small toe, heel, calf, thigh and hip) are shown with color-coded circles. The transparent circles represent the respective size of each
representation. The postcentral gyrus (PCG) is indicated by the white arrows.

Table 2
Summary of Page's Trend tests. L statistics and corresponding p-values are reported for the tested ordering: “big toe - small toe - heel - calf - thigh - hip”. In addition, we report the
average L statistics for random permutations (n=1000) of our data. In the top panel, we report the page tests performed on transformed coordinates along the first principal component
within each BA. Values for statistical significance were derived from Page (1963) for data with 6 variables and 14 samples (L=1078 for p=0.05, L=1098 for p=0.01 and L=1121 for
p=0.001). In the bottom panel, we report the page tests performed on the Euclidean distances between big toe representation and the other representations within in each BA. Values for
statistical significance were derived from Page (1963) for data with 5 variables and 14 samples (L=661 for p=0.05, L=674 for p=0.01 and L=689 for p=0.001).

Somatotopic Random

L statistic p-value L statistic p-value

left BA 3b 1193 p < 0.001 1027 p=0.48
left BA 1 1128 p < 0.001 1032 p=0.50
left BA 2 1189 p < 0.001 1028 p=0.48
right BA 3b 1187 p < 0.001 1028 p=0.49
right BA 1 1180 p < 0.001 1030 p=0.50
right BA 2 1168 p < 0.001 1029 p=0.50

Somatotopic Random

L statistic p-value L statistic p-value

left BA 3b 748 p < 0.001 630 p=0.49
left BA 1 703 p < 0.001 630 p=0.50
left BA 2 710 p < 0.001 630 p=0.49
right BA 3b 718 p < 0.001 630 p=0.48
right BA 1 685 p < 0.01 630 p=0.49
right BA 2 663 p < 0.05 631 p=0.49
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consistent ordering of foot representations across BAs.
The spatial distributions across participants of locations of peak

activations within each BA along the first principal component are shown
in ISM.6. Using these transformed coordinates as dependent variables
(Page's trend tests), we found that the somatotopic sequence of "big toe -
small toe - heel - calf - thigh - hip" led to statistically significant ordering
in all tested BAs (all p < 0.001). The same tests performed with random
permutations did not lead to significant results (Table 2A). The same
analysis performed with the 2nd principal component did not lead to any
systematic ordering across foot or leg representations. We further
analyzed these data separately for foot and leg representations and found
that a reliable somatotopic ordering was only present for the leg
representations, but not for the foot representations (see Supplementary
materials). Despite the partial evidence for somatotopic ordering across
participants, we also found substantial overlap across the different
distributions of locations of peak activations along the first principal

component, suggesting a large degree of inter-subject variability. Indeed,
on average only 2.2 out of 14 subjects (6 at best) shared the same
representation at a given voxel.

Euclidean distances between the representation of the big toe and all
other representations for each BA are shown in ISM.7. Page's trend tests
(Tab.2B) showed that the distances between the representation of the big
toe and other lower limb representations were significantly increasing in
all BAs as expected by the proposed ordering (big toe - small toe - heel -
calf - thigh – hip), thus confirming our previous result (all p < 0.05).

To summarize, we were able to quantify somatotopy for each BA, in
particular for calf, thigh and hip representations, which appeared
somatotopically organized in S1 subregions. The foot representations
were located more medially compared to leg representations, but did
not appear in a consistent ordering along S1. Moreover, despite this
somatotopic ordering across participants, the exact spatial layout of
somatotopy strongly differed across subjects.

Fig. 3. Within limb somatotopic selectivity in lower limb representations in different BAs and hemispheres. The mean BOLD activations within the mapped representations are plotted
and color-coded. On the horizontal axis, data are grouped by stimulated body regions. Panels a and d show the representations within BA 3b for left and right hemisphere respectively.
Panels b and e show the representations within BA 1 for left and right hemisphere, respectively. Panels c and f show the representations within BA 2 for left and right hemisphere,
respectively. Error bars represent standard errors of the mean. Asterisks represent significant BOLD activations as defined by permutation tests (see Methods for details).
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Somatotopic selectivity

S1 voxels were linked to a certain body part depending on which
body part most strongly activated a given voxel (see section 2.6 of
methods). Here, we tested for each stimulated body region whether the
tactile stimulation led to statistically significant positive BOLD re-
sponses within any of the other mapped representations (corrected for
multiple comparisons, see Methods). Determining the somatotopic
selectivity of the 6 mapped body regions within the different BAs in
right and left S1 (Fig. 3), we found that stimulation of big and small
toes never activated leg representations (calf - thigh - hip) and that
stimulation of leg representations never activated foot representations
(big toe - small toe - heel). We observed patterns of co-activation for
each of the three foot representations (big toe, small toe, and heel) in
all BAs of both hemispheres: stimulation of the big toe strongly co-
activated the small toe and heel representations in all BAs (except for
the heel in right BA 2). Stimulation of the small toe strongly co-
activated the big toe and heel representations in all BAs. Concerning
the stimulation of the heel, which strongly co-activated big toe and
small toe representations, the co-activations also involved the calf
representations (broader within limb selectivity). Within limb soma-
totopic selectivity was reduced for calf, thigh and hip stimulation. In
particular, calf stimulation (right and left) either co-activated exclu-
sively thigh representations or did not elicit any co-activations (left BA
2). Thigh stimulation either co-activated calf and hip representations or
did not induce any co-activations (left BA 3b and left BA 2). Finally, hip
stimulation either exclusively co-activated thigh representations or did
not elicit any co-activation (left BA 3b and left BA 2). We note that
there was no evidence of qualitative differences in somatotopic
selectivity across BAs.

To further investigate whether the lack of functional interactions
between foot and leg representations could be explained by the factor of
cortical distance, we conducted regression analysis to characterize the
relationship between co-activations and cortical distance. Univariate
regression analysis (separately for each stimulated body region, each
BA and each participant) was done to determine which regression
function (linear, exponential or sigmoidal) best describes the relationship
between co-activations and cortical distance. Computing pairwise
Wilcoxon signed-rank tests (Bonferroni corrected) revealed that the
sigmoidal fitting function performed better compared to the linear and
exponential fitting functions (mean ± std: linear fit R2=0.64 ± 0.18,
exponential fit R2=0.69 ± .019, sigmoidal fit R2=0.74 ± 0.19; linear vs
sigmoidal: Z366=12.8, p < 0.001; exponential vs sigmoidal: Z378=4.7, p

< 0.001). Analysis of the parameters (slope, offset) of the sigmoidal
regression revealed no significant differences with respect to body
regions, BAs or side.

Finally, we analyzed between limb somatotopic selectivity (i.e. does
stimulation of a body region lead to significant responses in the
hemisphere ipsilateral to the stimulated body region). Stimulation of
all body regions (except the hip) induced no BOLD response or a
negative BOLD response in ipsilateral S1 representations. Only hip
representations were co-activated bilaterally during tactile stimulation
of the hip in all BAs (right and left) (ISM.8).

To summarize, we found that within limb somatotopic selectivity
was weaker for the three tested foot regions compared to the three
tested leg regions. In addition, there were no co-activations between
toe and leg representations. This effect was associated with differences
in cortical distance and followed a sigmoidal shape. There was no
evidence in favor of differences in somatotopic selectivity between the
different BAs. The hip was the only body region, which elicited
significant bilateral activations.

Extent and strength of BOLD activations

In order to compare the extent and strength of BOLD activations
within the cortical representation of each of the 6 mapped body regions
within the different BAs in right and left S1, we analyzed the cortical
volume and peak activation within each of the 36 mapped body
representations (three-way repeated measures ANOVAs with body
region, BA, and hemisphere as within subject factors).

For the analysis of cortical volume, the ANOVA showed a significant
main effect of body region (F5,65=25.3, p < 0.001, Fig. 4A). Post-hoc
Bonferroni corrected comparisons revealed that the big toe representa-
tions (independent of BA or hemisphere) had a significantly larger volume
than those of the small toe, calf and the thigh (all p < 0.001). Furthermore,
we found that the hip representation had a significantly larger volume
than the small toe, heel, calf and thigh representations (all p < 0.001).
This analysis also revealed that the heel representation had a significantly
larger volume than those of the small toe and the calf (p=0.02 and
p=0.002 respectively). There was also a main effect of BA (F2,26=13.2, p
< 0.001, Fig. 4B), indicating that the volume of body representations
differed across BAs. Post-hoc Bonferroni corrected comparisons showed
that the volumes of representations within BA 2 were smaller compared
to BA 3b and BA 1 (p< 0.001 and p=0.008 respectively). There were no
significant interactions (all p > 0.07). We note that the normality of
cortical volume data was not fully satisfied. Therefore, we replicated the

Fig. 4. Extent of BOLD activations. a) Main effect of body regions for the analysis of cortical volume (F5,65=25.3, p < 0.001). In the legend, “Toe1″ stands for big toe and “Toe5″ stands
for small toe. b) Main effect of BA for the analysis of cortical volumes (F2,26=13.2, p < 0.001). The results are presented in the color-coded bar plot. Error bars represent standard errors
of the mean. Significant post-hoc comparisons between the respective volumes of body representations are shown with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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analysis using linear mixed models on the ranked data, confirming our
results.

For peak activations, the ANOVA showed a significant main effect of
body region (F5,65=23.7, p < 0.001, Fig. 5A). Post-hoc pairwise com-
parisons (Bonferroni corrected) revealed that the big toe representa-
tions (independent of BA or hemisphere) had significantly greater peak
activations than those of the small toe, calf and the thigh (all p < 0.001).
Furthermore, we found that the hip representations had significantly
greater peak activations than those of small toe, calf and thigh (p <
0.001, p < 0.001 and p=0.01 respectively). This analysis also revealed
that the heel representations had significantly greater peak activations
than small toe, calf and thigh (p=0.002 and p < 0.001 and p=0.02
respectively). Overall, this shows that certain body parts, especially big
toe (but also heel and hip), were associated with greater peak
activations compared to other body parts, and that this effect was
present in all tested BAs and in both hemispheres. We also found a
main effect of BA (F2,26=6.3, p=0.01, Fig. 5B) indicating that peak
activations within body representations differed across BAs indepen-
dently from the body part represented and independently from the
hemisphere. Post-hoc pairwise comparisons (Bonferroni corrected)
showed that peak activations within BA 3b were weaker compared to
BA 1 (p=0.005) without any other significant differences. A significant
two-way interaction between body region and side was found
(F5,65=4.5, p=0.006). There was no difference between mapped body
representations in the left versus right hemisphere (i.e. larger left S1
big toe representation versus right S1 big toe representation). Instead
the body region x side interaction was driven by greater peak
activations for right foot representations in the left hemisphere
compared to left foot representations in the right hemisphere and by
greater peak activations for right leg representations in the left hemi-
sphere compared to left leg representations in the right hemisphere
(although the post-hoc pairwise comparisons were not significant).
Finally, a two-way interaction between BA and side was also found
(F2,26=4.9, p=0.03) and post-hoc pairwise comparisons (Bonferroni
corrected) showed that peak activations within BA 3b are greater in the
right hemisphere compared to the left hemisphere (p=0.03).

To summarize, our results indicate that in right-footed individuals
overall the big toe representation is associated with stronger and larger
BOLD responses than the small toe representation. This was also the
case for hip representations compared to other leg representations.
There were no differences in right versus left S1 activations for any of
the mapped body regions.

Dissimilarity analysis

Here we investigated whether the different measures of dissim-
ilarity ("peak locations", "co-activations", "RSA", "Δ volume" and "Δ
strength") were related to the physical structure of lower limbs. Data
averaged across all BAs are represented in Fig. 6 (and in Fig.S3–S8
separately for each BA), where the different dissimilarity measures are
shown along with the corresponding 2D configuration based on multi-
dimensional scaling. We expected that dissimilarity measures based on
"peak locations", on "co-activations", and on "RSA" would be organized
into a somatotopic configuration, meaning that a low dissimilarity
would be found between body parts located closely to each other on the
body.

Qualitatively, we observed a somatotopic configuration for the
dissimilarity measures based on "peak locations" (Fig. 6A), on "co-
activations" (Fig. 6B), and on "RSA" (Fig. 6C). This was not the case
for dissimilarity based on volume of activation (Fig. 6D) or strength
of activation (Fig. 6E). This was found for each BA (see Fig.S4–S9).
To statistically quantify this effect, we compared the different
measures of dissimilarity with a theoretical model of the physical
structure of lower limbs (Fig. 6F) derived from the work of Contini
(1972). The correlations between the dissimilarity measures and the
theoretical model were analyzed by means of a three-way repeated
measures ANOVA with dissimilarity measure, BA, and side as within
subject factors. The ANOVA showed a significant main effect of
dissimilarity measure (F4,40=155.2, p < 0.001, Fig. 6G). Post-hoc
Bonferroni corrected comparisons revealed that the dissimilarity
measures based on "peak locations", "co-activations" and "RSA" were
significantly more correlated with the theoretical model compared to
the dissimilarity measures based on volume of activation ("Δ
volume") and strength of activation ("Δ strength") (all p < 0.001).
In addition, the dissimilarity measures based on "co-activations" and
"RSA" better correlated with the theoretical model compared to the
dissimilarity measure based on "peak lcoations" (all p < 0.001). There
were no other significant main effects or interactions (all p > 0.06). As
the normality of these data was not guaranteed, we replicated the
analysis using linear mixed models on the ranked data, confirming
our results.

To summarize, dissimilarity analysis showed that the properties of
S1 representations ("peak locations", "co-activations" and "RSA")
reflect the physical structure of lower limbs. This was particularly the
case for the functional properties of S1 ("co-activations" and "RSA").

Fig. 5. Strength of BOLD activations. a) Main effect of body regions for the analysis of peak activations (F5,65=23.7, p < 0.001). In the legend, “Toe1″ stands for big toe and “Toe5″
stands for small toe. b) Main effect of BA for the analysis of peak activations (F2,26=6.3, p=0.01). The results are presented in the color-coded bar plot. Error bars represent standard
errors of the mean. Significant post-hoc comparisons between the respective peak activations within the different body representations are shown with asterisks (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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Fig. 6. Dissimilarity analysis. The dissimilarity matrices and corresponding 2D configurations based on classical multidimensional scaling are shown for the different measures. Data
presented here are averaged across all BAs, data for separate BAs are presented in supplementary materials (Fig. S3–S8). a) “peak locations” dissimilarity based on the Euclidean distances
between the cortical locations of pairs of S1 representations. b) “co-activations” dissimilarity based on the degree of reciprocal co-activation between pairs of S1 representations (see ISM.2
for details). c) “RSA” dissimilarity based on the cross-validated mahalanobis distance between the multi-voxel activity patterns in S1. d) “Δ volume” dissimilarity based on the differential
volume of activation between pairs of S1 representations. e) “Δ strength” dissimilarity based on the differential strength of activation between pairs of S1 representations. f) Theoretical
model of dissimilarity between pairs of body parts based on the physical structure of lower limbs (see ISM.3). g) Correlations between the 5 measures of dissimilarity and the theoretical
model of lower limb structure. Significant post-hoc comparisons between the different measures of dissimilarity are shown with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Discussion

The present work investigated the foot and leg representation in
human S1. By stimulating six different body regions on each side of the
body during the acquisition of fMRI data at ultra-high field, we were
able to identify separate representations for all body regions within
three BAs of human S1, namely BA 3b, 1 and 2. A total of 36 (6 body
regions, 3 BAs, 2 hemispheres) separate S1 lower limb representations
were identified in each participant (with few exceptions), the sequence
of which showed strong inter-subject variability. To the best of our
knowledge, this is the first study characterizing the anatomical and
functional properties of the representations of foot and leg in 3
different BAs in human S1, analyzing the somatotopic sequence, the
extent and strength of BOLD responses and the somatotopic selectivity
for the lower limb.

Anatomical location of S1 representations and inter-subject
variability in the somatotopic sequence

We report that the representation of the lower limb in S1 follows a
medial-to-lateral gradient (when moving from distal to proximal parts
of the lower limb) along the postcentral gyrus in BAs 3b, 1 and 2, partly
reminiscent of the classic homunculus described in S1 (Bao et al.,
2012; Nakagoshi et al., 2005; Penfield and Boldrey, 1937; Rasmussen
and Penfield, 1947; Saadon-Grosman et al., 2015). However, this was
only found for the leg representations (calf, thigh, hip) and in all
investigated BAs, but was not the case for the foot representations. Our
data are thus suggestive of a difference in foot versus leg representa-
tions in S1 (present data) and in foot versus hand representations in
S1, with the different fingers ordered along the latero-medial axis
(Martuzzi et al., 2014) whereas the toes are possibly ordered along the
rostral-caudal axis in the postcentral gyrus (present data). This
difference may be comparable with previous studies in non-human
primates reporting differences regarding the organization of the digits
of lower and upper limbs. Indeed, in monkey BA 3b, the lower limb
digits have been reported to be organized along the latero-medial axis,
while in monkey BA 1, they are rather organized along the rostro-
caudal axis within a strip of the postcentral gyrus. Concerning upper
limb digits, they have been reported to be somatotopically organized
along the latero-medial axis of the postcentral gyrus in both monkey
BA 3b and BA 1 and thus seem organized similarly with respect to
human S1 (Merzenich et al., 1978; Kaas et al., 1979; Nelson et al.,
1980; Martuzzi et al., 2014). Future studies will be necessary to
investigate the representations of all 5 toes for more accurate mapping
of toe somatotopy (not investigated in the present study; see section
below on limitations of the study). In the present study, we rather
focused on investigating the leg and foot, preventing us from more
clearly determining a potential rostro-caudal somatotopic toe sequence
for BAs in S1. Finally, concerning the location of the heel with respect
to the toes, the sole representation in non-human primates lies
adjacent to the toes along the rostro-caudal axis in BA 3b and along
the caudo-rostral axis in BA 1 with a mirror reversal between the two
(Merzenich et al., 1978; Kaas et al., 1979; Nelson et al., 1980). Future
studies mapping the foot-leg region more completely will be required to
determine if this is also found in humans.

Despite this evidence for somatotopy in the human S1 leg repre-
sentation (that was weaker for the foot representations), we observed
substantial inter-subject variability with respect to the exact sequence
and location of each of the 12 mapped representations within S1. Such
strong inter-individual variability was already reported for non-human
primates (Merzenich et al., 1978), showing that a given body region is
not at the same position in different individuals. This highlights the
importance of studies focusing on single subject analysis to recover the
detailed functional organization of primate S1. In particular, small
cortical representations might not overlap at all across individuals,
suggesting that generalizations based on group analysis should be

regarded with caution. This may also explain the rather low number of
publications describing lower limb somatotopy in S1 (using group-level
analysis and lower spatial resolution) (Bao et al., 2012; Nakagoshi
et al., 2005). We argue that this issue is less relevant for the hand,
where the respective representations are larger and thus more likely to
overlap across subjects, compatible with previously described somato-
topic S1 organization of the upper limb at the group level (Gelnar et al.,
1998; Kurth et al., 1998, 2000; Maldjian et al., 1999; van Westen et al.,
2004). Studies targeting plasticity-dependent changes in S1 (Muret
et al., 2016; Pleger et al., 2001), clinical research in amputees or spinal
cord injury related to potential S1 changes in chronic pain (Freund
et al., 2013; Henderson et al., 2011), and studies on phantom limb pain
(Flor et al., 1995; Makin et al., 2013) should most likely pursue an
approach that is based on high resolution single subject analysis.

Dissimilarity analysis showed that the anatomical properties of S1
representations, as measured by the locations of peak activations, were
associated with the dimensions of the lower limbs in all investigated
BAs, showing that S1 properties were strongly related to the physical
structure of the lower limbs. This was further supported by our finding
that the functional properties of S1 representations (co-activations and
RSA) were also associated with the dimensions of the lower limbs in all
investigated BAs (Ejaz et al., 2015).

Lower selectivity in foot representations

We also observed that the stimulation of a given toe consistently
elicited activity increases not only in the stimulated toe representation,
but also in non-stimulated representations of the same foot (other toe
and the heel) while not activating regions of the leg (calf, thigh and
hip). This was found for all mapped foot regions and across all BAs,
suggesting that information is broadly processed in S1 foot representa-
tions, while still preferentially processed in the specific map. We
detected further evidence for differences in S1 between leg and foot
representations. Indeed, we also found a functional clustering of the
lower limb representations, which linked the patterns of co-activations
with the cortical distance between representations and seemed to
follow a sigmoidal shape. We speculate that these foot-leg differences
reflect differences in the functional properties of the foot and leg. Thus,
most tactile stimulations at the level of the foot will likely stimulate
many toes, the sole, and the heel simultaneously (especially during
upright stance and walking). This differs from tactile stimulation of the
leg (of calf, thigh and hip) that are less strongly linked during upright
stance and walking, reflected by the more specific activations compared
to foot stimulation and the absent activations in the foot areas in the
present study. This finding for the foot representations also differs from
hand/finger representations (Martuzzi et al., 2014), lending support
(for the case of the lower limbs) to accounts of plasticity in S1
representations, whereby single body part maps are formed and
maintained by the continuous competition and interaction between
inputs from different body regions during activities of daily living
(Buonomano and Merzenich, 1998; Serino and Haggard, 2010).

Dominant representation of digit 1 of the foot

Concerning the different body part representations, stimulation of
the big toe was associated with stronger and more extensive activations
compared to other foot (and leg) representations, suggesting a possible
homology with the representation of the thumb, whose larger S1
representation has already been demonstrated in a recent ultra-high
resolution study (Martuzzi et al., 2014) using an approach similar to
that of the present study. Human thumb magnification was also hinted
at in the classical work of Penfield and Boldrey (1937). One possible
explanation for the over-representation of the thumb in humans is its
extensive solicitation compared to other digits, which could also
account for the importance of the big toe representation in the present
study due to its greater mobility and control (and hence its respective
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larger and more frequent somatosensory input); alternatively this
increase may reflect its greater importance for stance, balance and
locomotion (Chou et al., 2009; Hughes et al., 1990). We note, however,
that there is no evidence for magnification in non-human primates for
digit 1 of the upper or lower limb (Merzenich et al., 1978; Kaas et al.,
1979; Nelson et al., 1980), although this aspect was not directly
investigated in these studies.

Interestingly, we also found greater extent and strength of BOLD
responses for the hip representation, which is compatible with findings
reported from neurophysiological studies in primates (Taoka et al.,
2000). A possible interpretation of this result is that the tactile
stimulation of the hip may have more likely also activated adjacent
body regions of the trunk (i.e. the present “over-representation” of the
hip may stem from the lack of competing neighboring representations
located more laterally on the postcentral gyrus because we did not
stimulate higher portions of the trunk or the chest). In addition, the
trunk and hip are known to have tactile receptive fields with different
receptive field properties (compared to hands and feet) and are known
to be functionally relevant for tactile stimuli generating whole-body
percepts (i.e. Blanke et al., 2015; Taoka et al., 2016). Finally,
methodological factors could account for this result, such as more
difficult access to this region during tactile stimulation in the 7 T
scanner, possibly leading to larger or more variably stimulated skin
regions.

Bilateral representations in S1

Unilateral hip (and trunk) stimulation has been shown to activate
bilateral S1 regions and adjacent parietal regions in non-human
primates (Taoka et al., 1998, 2000). Here we also found that, from
all the stimulated body regions, only hip stimulation was associated
with ipsilateral and contralateral S1 activations, revealing the presence
of large and bilateral tactile S1 hip representations. Concerning the
other mapped body parts, we observed no positive activations in
ipsilateral S1 in response to tactile stimulation (except for hip
stimulation) in all BAs and for all stimulated body regions, comparable
with previous studies reporting BOLD deactivation in ipsilateral S1
(using median nerve stimulation; Nihashi et al., 2005; using tactile
stimulation of the fingers; Hlushchuk and Hari, 2006) or motor
representations of the lower limb (Ruddy et al., 2016).

Differences across Brodmann areas

Regarding differences across BAs, the extent of BOLD responses
was smaller (but not weaker) in BA 2 compared to BA 3b and BA 1,
independently from the represented body region in the left and right
hemisphere. This suggests that the volume of leg and foot representa-
tions in BA 2 is reduced compared to BA 3b and 1 and extends previous
human S1 findings using manual tactile finger stimulation to the leg/
foot region of human S1 (Martuzzi et al., 2014, 2015; van der Zwaag
et al., 2015). Although such differences may be related to differences in
tactile processing in different S1 regions (i.e. differences in receptive
field properties, coding of different tactile features; Costanzo and
Gardner, 1980; Gardner, 1988; Iwamura, 1998) recent work using
7 T fMRI of S1 finger representations in humans has shown that the
size of representations within BA 2 is smaller in comparison to BA 3b
and BA 1 (Martuzzi et al., 2014, 2015) and that the activity induced by
tactile finger stimulation across the different BAs depends on the
modality of stimulation (van der Zwaag et al., 2015), in particular in BA
2, where finger activations were smallest. More work is necessary
relating extent and strength of S1 activations to tactile processing and
potential differences across S1 subregions.

We note that we did not find any apparent differences across BAs
with respect to somatotopic selectivity, which was expected based on
the known reduced selectivity in BA 2, as shown for finger representa-
tions (Besle et al., 2014; Martuzzi et al., 2014; Stringer et al., 2014). It

is possible that differences in selectivity are less present for lower limbs
compared to fingers and/or that the present study could not detect
such evidence as only two, instead of all five toes were mapped (for
further discussion see section on limitations of the present study
below). However, it is also possible that the respective roles of the
different BAs in tactile processing are not the same for the different
body parts, such as foot, leg or fingers. In addition, the separation of
the postcentral gyrus into BAs 3b, 1 and 2 might be improved using a
functionally driven separation of the different BAs (Sanchez-Panchuelo
et al., 2012), as this could be more precise and appropriate. However,
the design of the present study did not allow such approach. Further
studies directly comparing such aspects between lower and upper limbs
are necessary.

Hemispheric differences

Our data revealed no differences between left and right S1
concerning the somatotopic selectivity of BOLD responses in our
right-footed participants and only few differences with respect to the
extent and strength of BOLD responses within somatosensory repre-
sentations. However, even for the hand, there is little or no evidence
supporting hemispheric differences between the S1 representations of
the left and right hands in right-handed subjects. Accordingly, several
neuroimaging studies reported no differences between right and left
hand representations (Boakye et al., 2000; Park et al., 2007; White
et al., 1997). In particular, studies investigating morphological differ-
ences between right and left sensory-motor hand areas, both at the
cellular scale using cytoarchitectonic measurements (White et al.,
1997) and at the macroscopic scale using computed tomography
imaging (Park et al., 2007), found no evidence for any asymmetries.
In addition, Boakye et al. (2000) explicitly examined this issue, but did
not report any interhemispheric differences between the BOLD activa-
tions observed in S1 during right and left median nerve stimulation.

Limitations of the study

The present study has several limitations. We used manual
stimulation and can therefore not exclude that subtle differences in
the applied tactile stimulations may have affected the present S1 data.
However, this should have rather introduced noise in our data, instead
of impacting them in the systematic ways we reported. In particular, we
took great care to stimulate all body parts repeatedly on a skin area of
about 3 cm2. This was the case for all body regions, except the small
toe, which was stimulated on its entire length. Although this small toes
stimulation could have induced a systematic bias, such a bias would
have been limited to the representation of the small toe only and
should have rather induced an overestimation of the small toe
representation which was not the case (i.e. its full extent was mapped,
but only a portion of the big toe was mapped). Nevertheless, these
results should be regarded with caution and await confirmation.
Finally, we note that we cannot exclude that habituation occurred
during the tactile stimulation (i.e. we used blocks of 20 s) and that this
may have affected certain body parts differently, although our stimula-
tion protocol and analysis minimized this effect by the fixed-order of
stimulation and by the GLM analysis.

Although leg-to-foot medio-lateral somatotopy was very consis-
tent, our data were not characterized by a consistent ordering of the
toes and heel representations across participants in the different
subregions of S1. Thus, although the locations of foot representa-
tions were somatotopically ordered with respect to the rest of the leg
representations, this was not the case for the three foot representa-
tions if compared among them. We argue that a design including the
stimulation of the five toes would be more appropriate to further
investigate and potentially distinguish between a potential latero-
medial or rostro-caudal arrangement of toes. In addition, the
investigation of the S1 representation of the five toes could poten-
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tially be more sensitive to highlight changes in selectivity across BAs,
as it was demonstrated for fingers.

Finally, our study is limited by classical fMRI caveats, such as
artifacts caused by draining vessels (Polimeni et al., 2010) or move-
ment artifacts and we note that the complex and variable shape of the
postcentral gyrus may have impacted the present data as it can lead to
non-linear arrangements of body representation, which can be difficult
to investigate in volumetric space. A surface-based analysis approach
could have partially addressed this issue, but suffers from other
limitations such as the necessity of adequately co-registering and
segmenting structural images, as well as the difficulty to preserve small
ROIs.

Future tactile mapping studies should consider classical mapping
designs including stimulation of the entire body, continuous stimula-
tion designs, and surface-based analyses (Huang et al., 2012; Sereno
and Huang, 2014; Saadon-Grosman et al., 2015).

Conclusions

The present study reports the mapping of the representation of
lower limbs in different subregions of S1 (BAs 3b, 1 and 2) at the
individual subject level, based on high-resolution fMRI. These data are
important because, as compared to other sensory modalities (vision,
audition), less is known about the organization of the human somato-
sensory system. By analyzing the localization, the somatotopic selec-
tivity, the strength and extent of the different representations, we
describe here the anatomical and functional properties of different
lower limb representations. In particular, we showed that different
sectors of the lower limb, namely the foot and the leg, have a different
degree of selectivity in response to tactile stimulation and that certain
body regions (i.e. big toe and hip) of the lower limbs have stronger and
larger cortical representations in S1. These results were discussed in
the context of a possible link between the functional properties of S1
representations and the degree of sensory stimulation received by the
different regions of the lower limbs due to their specific functions.
Importantly, we also showed that the anatomical and functional
properties of S1 representations reflect the physical structure of lower
limbs.

These data might have important implications for clinical and
translational research in order to study plasticity in lower limb
representations following different experimental manipulations (i.e.
Muret et al., 2016; Pleger et al., 2001) as well as certain pathologies
affecting the lower limb, such as amputation, vascular disease, dia-
betes, and spinal cord injury, in which the lower limbs are much more
frequently affected than the upper limbs (Flor et al., 1995; Freund
et al., 2013; Henderson et al., 2011; Makin et al., 2013).
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