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A B S T R A C T

How are tactile sensations in the breast represented in the female and male brain? Using ultra high-field 7 T MRI
in ten females and ten males, we demonstrate that the representation of tactile breast information shows a
somatotopic organization, with cortical magnification of the nipple. Furthermore, we show that the core repre-
sentation of the breast is organized according to the specific nerve architecture that underlies breast sensation,
where the medial and lateral sides of one breast are asymmetrically represented in bilateral primary somato-
sensory cortex. Finally, gradual selectivity signatures allude to a somatotopic organization of the breast area with
overlapping, but distinctive, cortical representations of breast segments. Our univariate and multivariate analyses
consistently showed similar somatosensory breast representations in males and females. The findings can guide
future research on neuroplastic reorganization of the breast area, across reproductive life stages, and after breast
surgery.
1. Introduction

The question how our somatosensory experience is represented in the
brain has received lots of attention since the pioneering work of Penfield
and colleagues several decades ago (Penfield and Boldrey, 1937). Tactile
information of the body is mainly projected to the cortical neurons of the
primary somatosensory cortex (S1) located on the postcentral gyrus. In
this brain region, the representation of the body is mapped in a soma-
totopic arrangement, with cortically magnified representations of more
sensitive body parts (i.e., body parts with high receptor density such as
the tongue) (Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950).
This cortical map is visualized as the iconic Homunculus, or “little man”,
displaying mere male physiology. Subsequent studies have mainly
focused on the organization of gender-neutral somatosensory represen-
tations, such as the hand or face (Besle et al., 2014). Only recently, an
appeal was made to rectify this omission of female-specific anatomy and
econstructive and Hand Surgery,
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produce a “Hermunculus” (Di Noto et al., 2013). Mapping the female
breast and reproductive organs is important, given that their somato-
sensory representations might be affected by hormonal and physiological
changes that spontaneously occur throughout reproductive life stages
(e.g. puberty, menopause) or are induced by diseases and accompanying
treatments (e.g., mastectomy, hysterectomy). More specifically, under-
standing the neuroplastic reorganization of the S1 breast area after breast
surgery could provide new insights into the extent of function recovery
after nerve injury. Nerve injury after breast cancer surgery often reduces
quality of life (Cornelissen et al., 2018; Hamood et al., 2018), as a result
of impaired or even total loss of breast sensation, chronic pain in up to
30% of patients (Wang et al., 2018), paresthesia, allodynia, and phantom
sensations (Hamood et al., 2018).

The precise location of the S1 breast area, and the organizational
principles within this area, remain unclear. Here, we used ultra-high field
Magnetic Resonance Imaging (MRI; 7 T) to map the S1 breast
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Fig. 1. Stimulation sites. The five stimulation sites of the right breast. One
stimulator was placed in each quadrant of the breast and one centrally on the
nipple-areola complex.
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representation with submillimeter spatial resolution. Whereas the pri-
mary aim of this study was to localize the breast area, we also examined
the fine-grained organization of the nipple and the four breast quadrants
within this breast area by isolated vibrotactile stimulation of each of
these five breast segments. By using both univariate and multivariate
analysis techniques, we address various questions concerning the orga-
nization in the breast area, such as whether the breast area is organized
topographically. It has been shown that the digits in the hand area (Besle
et al., 2014), and facial features in the face area (Moulton et al., 2009),
appear to be organized according to similar principles as the whole-body
topography. For example, digits are arranged somatotopically, with a
cortically magnified representation of the (relatively sensitive) thumb
(Sanchez-Panchuelo et al., 2010). The present study aimed to establish
whether breast segments are somatotopically organized in a similar
fashion. Moreover, we examined whether this organization is influenced
by the distinctive nerve supply of the nipple, the lateral side and the
medial side of the breast. Furthermore, the high spatial resolution of 7 T
fMRI permitted us to accurately determine whether the representation of
the nipple has a larger S1 representation than the breast quadrants.
Finally, in the present mixed-gender study we investigated the
fine-scaled differences between the male and female cortical breast
representation.

2. Materials and methods

2.1. Participants

Ten healthy females (mean age 25.6 years, range 22–28 years, mean
BMI 21.0 kg/m2; cup size B or C; eight used hormonal contraception [oral
medication n¼ 3; Intrauterine Device n¼ 5], two used no contraception)
and ten healthy males (mean age 27.3 years, range 25–34 years, mean
BMI 22.3 kg/m2) participated in the study for which they received a
monetary reimbursement. All participants gave written informed consent
according to a protocol approved by the local Medical Ethical Assessment
Committee (METC, Maastricht University Medical Center). The study was
performed in accordance with the ethical standards of the Declaration of
Helsinki. Moreover, each of the participants met the criteria for MRI
safety, reported no history of somatosensory or motor disorders, and had
normal sensitivity for touch in their breasts. For one of the male subjects,
only 3 instead of 6 runs were collected due to technical problems.

2.2. Experimental design and procedure

Participants received vibrotactile stimulation of the four quadrants
and the nipple areola of the right breast (Fig. 1). Each piezo-electric
stimulator consisted of a 0.8mm-wide probe (1–2mm indentation dur-
ing stimulation) attached to a piezoelectric bimorph wafer housed in a
small ceramic case (Piezotactile Stimulator PTS-C2, Dancer Design, UK),
providing suprathreshold 150Hz mechanical vibration to a glabrous skin
patch (0.8mm diameter). Stimulus presentation was controlled using
Presentation 17.1 software. The somatosensory stimuli (16-bit sinus-
waves; 48000 Hz) were presented in blocks of 5.2 s interleaved by pe-
riods of rest (10.4, 13.0, or 15.6 s, equal occurrence per run) in which no
stimulation occurred. To avoid a numbing sensation of the stimulated
area, 500ms stimulation interruptions were included in blocks, except
for a few blocks with continuous stimulation (1–4 per run). To focus
attention on tactile sensations, subjects silently counted the total occur-
rences of these continuous blocks and reported the sum at the end of each
run. Subjects were familiarized with the vibrotactile stimulation, the task
and fMRI procedures before the fMRI session. For each subject, the MRI
measurement comprised anatomical scans followed by 2 ‘breast localizer’
runs, in which all 5 stimulators vibrated simultaneously (whole-breast
stimulation). Then, 6 ‘breast segment’ runs were acquired, in which only
one breast segment was stimulated per block (6 repetitions per condition
per run). Each of these functional runs started with a rest (non-stimula-
tion) period, followed by 30 pairs of stimulation and rest blocks.
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Conditions in the breast segment runs were presented in pseudo-random
order, with the constraints that stimulation without interruptions, and
stimulation of the same site, were not directly repeated.

2.3. Experiment, equipment and parameters

Brain images were acquired with a Siemens Magnetom 7 T MRI
scanner (Siemens Medical Systems, Erlangen, Germany) equipped with a
32-channel head coil (Nova Medical Inc., Wilmington, MA, USA). Struc-
tural T1-weighted images optimized for gray-white matter contrast were
obtained using a magnetization-prepared two rapid-acquisition gradient-
echo pulse (MP2RAGE) sequence at 0.7� 0.7� 0.7 mm3 resolution (field
of view: 224� 224� 168 mm3, echo time: 2.47ms, repetition time:
5000ms, readout bandwidth: 250 Hz/pixel, GRAPPA acceleration factor:
3, inversion times: 900ms and 2750ms, flip angles: 5� and 3�). Functional
images were acquired (215 vol per run) using a 3D single-shot, gradient-
echo echo-planar imaging (EPI) sequence (Poser et al., 2010) at a nominal
resolution of 0.8� 0.8� 0.8mm3. Slices (n¼ 56, TR¼ 2592ms;
TE¼ 28ms; FA¼ 71�; FoV¼ 240� 240 mm2; GRAPPA factor¼ 2;
left-right phase encoding direction) were positioned to cover the brain
regions of interest bilaterally (S1, S2 insula; Figure S1). Two additional
functional volumes with opposite phase-encoding direction (left - right)
were acquired to estimate and correct the susceptibility-induced off--
resonance field in the corresponding functional images.

2.4. Data analyses

Anatomical datasets were resampled to 0.4� 0.4� 0.4mm3-resolu-
tion, preprocessed, and transformed to ACPC space. The left and right
hemispheric cortical surface reconstruction of each subject were indi-
vidually aligned to the corresponding hemisphere of a representative
subject using cortex-based alignment (Goebel et al., 2006). The pre-
processing of functional images included 3Dmotion correction (3 motion
and 3 rotation parameters), temporal high-pass filtering (cut-off: 5
cycles/run), and normalization of voxel time course to its time average,
but no spatial smoothing. Furthermore, the susceptibility-induced off--
resonance field in functional images was corrected with the displacement
map estimated from the pairs of opposite phase encoding images
(Andersson et al., 2003) using the COPE plug-in as implemented in
BrainVoyager v2.8.

All imaging data were analyzed using BrainVoyager QX 2.8 (v2.8;
Brain Innovation, Maastricht, the Netherlands) and Matlab (The Math-
works Inc., Natick, MA, USA) software. Furthermore, all statistical tests



Fig. 2. Probabilistic map (n¼ 20) of tactile stimulation of the breast. For
each vertex, the map shows the percentage of subjects where this vertex is active
at a subject-specific statistical threshold. These results are projected on the left
(left column) and right (right column) inflated cerebral cortical hemisphere
representation in the group-aligned surface space. Tactile stimulation yields
bilateral activation of primary (see zoomed insets) and secondary somatosen-
sory as well as insular cortex and cingulate cortex. Note that the functional data
did not cover frontal or occipital areas (see Supplementary Figure S1).
C.S.¼ Central Sulcus.
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are two-sided, except for the tests on the prediction accuracies derived
from the classification procedure. See Supplementary Material for
detailed information on data analyses.

2.4.1. Probabilistic mapping of somatosensory breast regions
For each participant, a whole-brain GLM map was created that con-

trasted breast stimulation to baseline (no stimulation) in all runs (2
localizer runs and 6 experimental runs). The GLMwas based on 5 box-car
predictors (the four breast quadrants and nipple) convolved with a two-
gamma hemodynamic response function (HRF). The resulting maps were
sampled to the individual subjects’ vertex-based surface (integrated in
depth along the vertex normals from �1.0mm to 3.0mm using linear
interpolation), and subsequently transformed to the group-aligned sur-
face space. In this space, the individual contrast maps were overlaid and
thresholded at 50%, to ensure that only vertices were included that were
significantly activated in at least half of the participants. Although
probabilistic maps were based on single-subject statistical thresholds
which in turn can affect the group map, this approach allows us to
determine a representative cortical location for S1 with reduced influ-
ence of differences in individual effect sizes.

2.4.2. Region-of-interest analyses: bilateral primary somatosensory cortex
The breast representation in bilateral S1 was localized for each in-

dividual subject using standard localizer methods (see Supplementary
Material for details). Subsequently, these S1 Regions-Of-Interest (ROI)
were subjected to various types of analyses (briefly explained below, for
further details see Supplementary Material employing a mixed-design
with hemisphere and stimulation condition as within-subject factors
and gender as between-subject factor).

2.4.2.1. GLM and multivariate analyses. First, we examined how subject-
specific left and right S1 representations of the whole-breast were
influenced by gender and stimulation condition. To this end, mean S1
activity was analyzed in a random effects (RFX) GLM, using the four
quadrants and the nipple as regressors. Moreover, we also looked at the
univariate effects after collapsing the quadrants into medial/lateral and
upper/lower segments. To this end, we grouped together the corre-
sponding quadrant regressors in the RFX GLM. Furthermore, we per-
formed MVPA using a linear Support-Vector Machine and leave-one-run-
out cross-validation. Classification performance was assessed by testing
prediction accuracies against averaged accuracies of random-label per-
mutations across all participants per condition pair (non-parametric
Wilcoxon sign rank test). To examine the influence of gender on classi-
fication results, prediction results from female and male subjects were
contrasted for each condition pair using the Wilcoxon test. In addition to
assessing the presence of latent breast segment-specific representation
with MVPA, we explored the nature of these different representations
using Representational Similarity Analyses (Nili et al., 2014). Further
details on these analyses can be found in the Supplementary Material.

2.4.2.2. Response selectivity analyses. Second, we investigated the fine-
scale organization of breast segments within the S1 breast representa-
tion, by assessing the ‘response selectivity profile’ of each S1 voxel
(Reithler et al., 2017). These voxel-specific response profiles indicate the
mean relative preferences of the voxel’s underlying neural populations to
process (represent) tactile information, from each of the breast segments.
To this end, we computed the neural response selectivity, d-prime, for
each stimulation condition based on the single-trial estimates (beta--
coefficients) (Grill-Spector et al., 2004). D-prime (d’) for condition j was
computed as:

d’ðjÞ ¼ μj � 1
N
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where μi is the mean single-trial response to condition i, σi the corre-
sponding across-trial standard deviation and N¼ 4 (i.e., number of
conditions minus 1) (Jacques et al., 2016). Missing values of a single
participant’s right S1 were replaced with condition-specific medians.
Voxel response selectivity profiles were used to analyze breast segment
representations in two complementary ways: First, we created ‘Breast
Segment Preference’ clusters by aggregating intra-hemispheric voxels ac-
cording to their preferred breast segment (i.e., stimulation condition that
elicited the most selective response, max. d-prime). Subsequently, we
computed for each cluster three key features that were submitted to
separate repeated-measure RFX ANOVAs: 1) mean cluster size 2) mean
selectivity (mean d-prime of preferred stimulation condition), 3) mean
activity (mean beta coefficient of preferred stimulation condition). Sec-
ond, we assessed whether the breast representation adheres to a soma-
totopic organization, by estimating how a voxel’s selectivity declines as
the somatotopical (dermatopic) distance between the stimulated and
preferred breast site increases, inspired by population Receptive Field
(pRF) approaches ((Dumoulin andWandell, 2008; Harvey and Dumoulin,
2011); see section “voxel-wise evaluation of a somatotopic organization”
in Supplementary Material for details). To this end, we performed
regression analysis (linear and nonlinear curve fitting) on the
rank-ordered, voxel-specific response selectivity profiles in a Breast
Segment Preference cluster according to the dermatopic distance from
the preferred breast segment.

Note that to avoid confounding influences of volumetric differences
between hemispheres, analyses were performed on an equal number of
S1 voxels per hemisphere. To ensure that our results were not influenced
by the specific number of included voxels, we computed the cluster
features for the 100, 200, and 500 voxels per hemisphere (per subject)
that showed the strongest mean activity to breast stimulation. These
three sizes of analyzed volumes were included as factor (small, medium,
large) to the ANOVAs, in addition to the factors gender, hemisphere, and
breast segment. Since results showed that analyzed voxel size did not
interact with any of the other factors, Figs. 5 and 6 and their corre-
sponding analyses were based on cluster features averaged across the
three analyzed voxel sizes.

For all analyses, all p-values were adjusted for multiple comparisons
with a False Discovery Rate for multiple comparisons with a false dis-
covery rate (FDR) correction, using a proportion of false discoveries of



Fig. 3. Univariate results in left and right S1. Sta-
tistical differences (t-values) in participant-specific S1
ROIs (defined by GLM contrast of whole-breast stim-
ulation vs. baseline on ‘localizer’ data) response after
stimulation of 1) medial vs lateral quadrants 2) medial
quadrants vs nipple 3) lateral quadrants vs nipple (left
panels), and 4) upper vs lower quadrants 5) upper
quadrants vs nipple 6) lower quadrants vs nipple (right
panels) for left and right hemispheres. Medial quad-
rants elicit a different neural response compared to the
lateral and nipple area in the left hemisphere (mean
medial beta ¼ 1.21, mean lateral beta ¼ 1.34, mean
nipple beta ¼ 1.40, p ¼ 0.002). *p ¼ 0.002, corrected
for multiple comparisons (FDR, q ¼ 0.05).

Fig. 4. MVPA results in S1. Pairwise classification comparisons for individual sections and nipple (top half) for left and right S1. After collapsing the upper/lower and
medial/lateral quadrants, both left and right hemisphere show discriminatory responses to nipple and lower breast region, as well as to nipple and both medial and
lateral regions. *p < 0.05, corrected for multiple comparisons (FDR, q ¼ 0.05).

J. Beugels et al. NeuroImage 204 (2020) 116201
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Fig. 5. Selectivity features of the ‘Breast Segment Preference’ nipple, lateral, and medial clusters (left to right column) in left S1 (red) and right (blue) S1. a)
Cluster size and b) Cluster selectivity for nipple, lateral, and medial clusters (left to right column). #p ¼ 0.05; *p ¼ 0.01; **p � 0.005; ***p < 0.0005. Error bars (in all
figures) represent 95% within-subjects confidence intervals (Loftus and Masson, 1994).

Fig. 6. Voxel selectivity profiles as a function of dermatopic distance of the
lateral (pink) and medial (cyan) (averaged lower and upper quadrant) clusters in
left S1 (left plot) and right S1 (right plot). Numbers on the x-axis indicate the
relative position (in the sensory stimulation field, schematically illustrated in
legend) between the preferred quadrant (0) and the adjacent quadrant
belonging to the same (1) or different (2) type of nerve branch, and between
preferred quadrant and the diametric quadrant (3). Selectivity of the lateral
clusters in left S1 (***R2 > 0.99; p ¼ 0.0005) and medial clusters (**R2> 0.97;
p< 0.02) in right S1 fitted an inverse function. In stark contrast, medial clusters
in left S1 and lateral clusters in right S1 were not adequately fitted by the tested
functions (all p’s> 0.08).

J. Beugels et al. NeuroImage 204 (2020) 116201
q¼ 0.05 (Benjamini and Hochberg, 1995). Note that main ANOVA ef-
fects are not discussed when they interact with other factors. Instead,
interactions and subsequently performed two-tailed post-hoc paired (for
repeated-measures factors) or independent sample (for gender) t-tests on
collapsed quadrants are reported.
2.5. Data availability

The data that support the findings of this study are available from the
authors on reasonable request.
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3. Results

3.1. Tactile stimulation of the breast generates extended bilateral
activations in somatosensory areas

The probabilistic map in Fig. 2 shows extensive activation elicited by
the sensory stimulation of the right breast. In the postcentral sulcus of
both hemispheres, a patch of activity is found on the dorsal portion of the
primary somatosensory cortex (S1). The patch is more pronounced in the
hemisphere contralateral to stimulation. Furthermore, bilateral second-
ary somatosensory (S2) activation is found, as well as bilateral activation
in the posterior insulae and cingulate cortex. Note that absence of activity
in other regions cannot be interpreted, given the restricted functional
coverage (i.e., slices were positioned along the somatosensory cortex, see
Supplementary Figure S1).

3.2. Distinct neural representations of the nipple and the lateral and medial
breast side in S1

Results of a random effects (RFX) GLM did not show a significant
interaction between the factors breast quadrant/nipple and gender
(p¼ 0.53). After collapsing the quadrants into medial/lateral and upper/
lower segments, a significant interaction effect in left S1 between the
within-subject factor breast segment medial/lateral/nipple and gender
(p¼ 0.033), as well as for upper/lower/nipple and gender was found
(p¼ 0.030). The subsequent tests on simple effects did not result in any
significant differences between the genders when testing the segments
separately (medial section p¼ 0.83, lateral section p¼ 0.93, upper sec-
tion p¼ 0.89, lower section p¼ 0.97, nipple p¼ 0.26, see also Supple-
mentary Figure S2).

As can be seen in Fig. 3, when collapsing the medial and lateral
quadrants as well as the upper and lower quadrants, respectively, left S1
shows a significant global activation difference between both the medial
section and the nipple (mean medial beta¼ 1.21, mean nipple
beta¼ 1.40, p¼ 0.002), and also between the medial section and the
lateral section (mean lateral beta¼ 1.34, p¼ 0.002). The right hemi-
sphere did not show any difference in response between any of the sec-
tion or the nipple. For the upper/lower sections, none of the three
pairwise segment comparisons reached significance.

Subsequently, we employed multi-voxel pattern analysis (MVPA) to
investigate to what extent the different breast segments (collapsed across
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male and female participants) elicit different spatial response patterns in
S1. As can be seen in Fig. 4, patterns of activity in left S1 allowed for
discrimination between 4 out of 6 pairwise combinations of sections/
nipple region (lateral vs. medial p¼ 0.002, lateral vs. nipple p¼ 0.02,
medial vs. nipple p¼ 0.002, upper vs. lower p¼ 0.35, upper vs. nipple
p¼ 0.54, lower vs. nipple p¼ 0.01, FDR-corrected). Right S1 allows for
successful discrimination of lower section vs. nipple (p¼ 0.02), medial
vs. nipple (p¼ 0.005) and lateral vs. nipple (p¼ 0.004), in spite of this
region being ipsilateral to the stimulation site. Complementary Repre-
sentational Similarity Analyses (RSA) suggested that in both hemi-
spheres, the four quadrants representations in S1 were grouped in a
medial and lateral representational structure (Supplementary Figure S3).

3.3. Somatotopic overrepresentation of the nipple in bilateral S1

To understand the fine-grained substructure within the breast rep-
resentation, we analyzed the influence of stimulation condition on voxel
response selectivity (d-prime) in subject-specific S1 ROIs. For each voxel,
we computed the condition-specific d-prime to assess the relative sensory
processing preference of the neuronal populations underlying a voxel
response. Subsequently, we created ‘Breast Segment Preference’ clusters by
aggregating intra-hemispheric voxels according to their preferred breast
segment (i.e., the stimulation condition that elicited the most selective
response; max. d-prime) and analyzed their size, selectivity, and activity
strength using mixed RFX ANOVAs with gender, hemisphere, stimulation
condition, and size of analyzed volumes and as factors. The latter factor
was included to assess whether the size of voxel selection affected our
results. The selection of a fixed number of voxels in each hemisphere and
subject was needed to avoid confounds based on volumetric differences,
as the total number of voxels in S1 ROIs did considerably differ between
subjects and hemispheres: The total volume of the left S1 (mean¼ 875
voxels; s. e.¼ 105) was larger than the right S1 (mean: 508; s. e.¼ 53;
p¼ 0.004) in both sexes (no effects of gender, all p’s> 0.4). Results
showed no influence of the number of analyzed voxels in any of the
analyses (i.e., all main effects and their factorial interactions: p’s> 0.05),
except for a main effect on response selectivity (p< 0.0005): overall
mean D-prime decreased as more voxels were included in the analyses
(small>medium> large, p’s< 0.05). Moreover, since post-hoc paired t-
tests did not show any differences between upper and lower quadrants
(p’s> 0.3), upper and lower quadrants were collapsed per side for post-
hoc t-tests examining condition interactions described below. First, we
explored whether the different anatomical structure of the nipple and
surrounding breast was reflected in the cortical representation. As ex-
pected (Fig. 5, dashed bold connector lines), one-tailed a priori tests
revealed that the nipple cluster contained more voxels (left S1 p¼ 0.005;
right S1 p¼ 0.001) which also showed a higher response selectivity
(right S1 p¼ 0.002, whereas left S1 was borderline significant: p¼ 0.05)
and higher activity (left S1 p¼ 0.005; right S1 p¼ 0.003) compared to
the average quadrant cluster.

Results from the RFX ANOVA suggested additional, more intricate
influences of nerve supply and hemisphere on the cortical breast segment
representations in S1. Cluster size (p< 0.0001), response selectivity
(p¼ 0.002), and activity (p¼ 0.011) all showed an interaction between
condition and hemisphere with similar hemispheric asymmetries (Fig. 5).
Post-hoc, paired t-tests revealed that for the left S1, the nipple cluster
contained more voxels (p¼ 0.0003), with a higher response selectivity
(p¼ 0.005) and activity (p¼ 0.010) compared to medial quadrant clus-
ters. Moreover, the lateral clusters were also larger (p¼ 0.010), more
selective (p¼ 0.004), and tended to be more responsive (p¼ 0.068), than
medial quadrant clusters. In contrast, right S1 showed the opposite
pattern: the nipple cluster was larger (p¼ 0.0002), more selective
(p¼ 0.003) and more responsive (p¼ 0.001) compared to lateral quad-
rant clusters. Furthermore, medial clusters were also larger (p¼ 0.001)
and more responsive to stimulation (p¼ 0.02) than lateral quadrant
clusters. Except for a higher activity in the nipple compared to medial
clusters in right S1 (p¼ 0.015), none of the other contrasts reached
6

significance. The condition-specific hemispheric asymmetry for cluster
size showed a modest effect of gender, as indicated by a three-way
interaction between condition, hemisphere, and gender (p¼ 0.029).
However, further tests on this influence of gender did not reveal any
differences between males and females (p’s> 0.1). The hemispheric
asymmetry for cluster activity was also affected by gender (p¼ 0.002).
However, this interaction was not qualified by stimulation condition and
posthoc tests did not reveal any further hemispheric differences in ac-
tivity between sexes (p’s> 0.1).

3.4. Gradual selectivity signatures allude to a somatotopic organization of
the breast

To gain more insights in the representational organization of the
different breast segments, we examined the strength of breast segment
selectivity across voxel distributions as well as within single voxels. First,
we evaluated the selectively distributions in left and right S1 (histograms
of binned d-prime for each breast segment cluster). Distributions were
unimodal (mean¼ 0.24; s. e.¼ 0.003; median¼ 0.23; range¼ 0.462),
skewed right (mean kurtosis¼ 1.17). Subsequently, we examined
whether individual voxels showed a gradual decline in breast segment
selectivity for stimulation sites that were further removed from their
preferred breast segment, indicative of a somatotopic mapping of the
breast in S1. Since the lower and upper quadrant cluster of the same breast
side were highly similar, upper and lower quadrants were collapsed per
side. Fig. 6 shows that the gradual selectivity of individual voxels within a
cluster is indeed proportional to the distance between the targeted and the
preferred stimulation location in the sensory stimulation field. However,
the shape of this function differs between hemispheres for the lateral and
medial clusters. Additional linear regression analyses showed that for the
lateral clusters the decline in selectivity with increasing distance could be
adequately estimated with an inverse function in left S1 (R2¼ 0.99;
p¼ 0.005), but not in right S1 (p¼ 0.1). In stark contrast, for medial
clusters such a relation between selectivity and distance was revealed for
right S1 (R2¼ 0.97; p¼ 0.016), but not for left S1 (p’s> 0.08). Further
exploration of curve fit models (linear, logarithmic, quadratic) did not
provide more adequately fitting models than the inverse function.

4. Discussion

In the current fMRI study, we investigated the cortical representation
of the nipple and four breast quadrants using automatized vibrotactile
stimulation. Results show a robust response on the dorsal surface of the
primary somatosensory cortex. The functional probabilistic map shows a
relatively strong degree of overlap across subjects after nonlinear
anatomical alignment, with the highest overlap encompassing 17 out of
20 participants (85%) on the left hemisphere and 12 subjects (60%) on
the right hemisphere. These peak overlaps lie in the center of the post-
central sulcus (i.e. the chest region) between the representations of the
upper (i.e. finger) and lower extremity (i.e. toe) (Di Noto et al., 2013;
Komisaruk et al., 2011).

Interestingly, unilateral stimulation of the breast led to robust bilateral
activity in primary and secondary somatosensory areas. This contrasts
with the unilateral S1 activation in the contralateral hemisphere elicited
by tactile stimulation of the hand (Besle et al., 2014). Before we try to give
a potential explanation for these results we elaborate on the specific nerve
architecture of sensory nerves in the breast area: sensation of the medial
side of the breast is supported medially by the anterior cutaneous
branches of the first to sixth intercostal nerves (ICNs), while the lateral
side is facilitated by the lateral cutaneous branches of the second to sixth
ICNs, and cranially by branches of the supraclavicular nerve. The nipple is
predominantly innervated by the lateral branch of the fourth intercostal
nerve. (Jaspars et al., 1997; Schlenz et al., 2000). Because of the specific,
separate nerve architecture of the medial and lateral branches it made
sense to compare the medial and lateral part of the breast. Following
vibratory stimulation of the breast skin, the sensory information is picked
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up by different mechanoreceptors in the skin. The sensory input is carried
by separate touch- and vibration-sensitive Aβ axons, which enter the
spinal cord through the dorsal roots. The primary afferent axons enter the
dorsal horn of the spinal cord and branch into a branch that can initiate a
reflex and an ascending branch that follows the dorsal column-medial
lemniscal pathway in the spinal cord on its way to the brain. The axons
terminate in the dorsal column nuclei at the junction of the spinal cord
and the medulla oblongata and cross to the contralateral side. The axons
ascend within the medial lemniscus, synapse upon neurons in the ventral
posterior nucleus of the thalamus and then project to the specific regions
in the primary somatosensory cortex (Bear et al., 2007). All sensory in-
formation passes the thalamus before it is projected to S1. However, the
left and right part of the thalamus are connected by the so-called adhaesio
interthalamica or massa intermedia, of which the exact function is still not
fully understood. We speculate that part of the sensory input generated by
stimulation of the breast crosses through this structure and is projected to
the ipsilateral S1 area. Future studies could further investigate this
interesting hypothesis by mapping subcortical ascending trajectories and
including bilateral breast stimulation conditions.

However, the hypothesis is supported by the converging results of the
multivariate (MVPA and RSA) and the response selectivity analyses. All
findings pointed to an organization of the bilateral S1 breast area based
on distinct representations of the medial and lateral nerve pathways, in
which the upper and lower part of the breast are integrated. Moreover,
the ipsilateral S1 activation patterns contain sufficient information to
successful decode lateral and medial breast representations activated
after unilateral stimulation. This is in line with object processing in visual
cortex, where the ipsilateral hemisphere conveys information on not only
unilateral visual objects in the left visual hemifield, but also for unilateral
objects in the right visual hemifield (Reithler et al., 2017).

The high density of sensory receptors in the nipple was reflected by a
cortically distinct S1 representation compared to the surrounding breast
segments. The nipple representation was larger (Fig. 5a), and showed
both a higher response selectivity (Fig. 5b) as well as responsivity (i.e.,
higher mean activity in response to stimulation) than the average breast
quadrant. The increased selectivity for a magnified nipple representation
is in line with the well-established observation of restricted receptive
field sizes for magnified body representations (Sur, 1980). Interestingly,
this dominant representation of the nipple was observed in left as well as
right S1, in line with our other observations that the ipsilateral breast
representation contained information on distinct breast segment. Further
analyses revealed that this information was more intricate than merely a
difference between nipple and surroundings as both hemispheres con-
tained nerve-specific representations with an interesting lateralization.
In contrast to the nipple, the lateral and medial side of the breast were
differently represented in left and right S1 (Fig. 5). For the left S1, the
nipple and lateral quadrants were larger, more selective and (tended to
be) more responsive than medial quadrant clusters. In contrast, right S1
showed that the nipple and medial clusters cluster were larger and more
responsive to stimulation than lateral quadrant clusters. The right S1
nipple cluster was also more selective compared to right S1 lateral
quadrant clusters. Note that selectivity was graded however: akin to
response selectivity features observed in S1 (Besle et al., 2014) and other
sensory cortices (Grill-Spector et al., 2004), the selectivity distributions
of S1 breast representations were unimodal with a wide spread, sug-
gesting large, overlapping population RFs. The distributions were also
skewed to the right indicating that only a minority of voxels had a high
selectivity, whereas most voxels also responded well to stimulation of
other breast segments than their preferred one. A closer examination of
individual voxel response selectivity profiles showed that for lateral
clusters in left S1 and medial clusters in right S1, selectivity propor-
tionally decreased with increasing somatotopical distance from the
preferred breast segment (Fig. 6). The fact that, unlike left medial and
right lateral S1 representations, selectivity of the left S1 lateral and right
S1 medial clusters declined as an inverse function of the somatotopical
distance, matched the nerve-supply specific hemispheric lateralization
7

revealed by our other analyses. In sum, selectivity analyses suggested
large overlapping breast segment representations, with a more selective,
responsive, and larger representation of the nipple compared to the
surrounding areas (conform (Harvey and Dumoulin, 2011) for cortically
enhanced representations of the fovea in the visual cortex). Moreover,
the distance-dependent change in selectivity suggests a somatotopic or-
ganization, albeit one that is affected by the structure of the nerve supply.

Together, these findings suggest that tactile information of the right
breast is bilaterally processed in S1. Nipple sensations are processed
symmetrically in both hemispheres, whereas a lateralization bias was
revealed for the left and right breast side. Both hemispheres accommo-
date distinct representations of the lateral and medial side. However, in
left S1, the lateral nerve representation is larger, more selective, and
shows a more pronounced somatotopy than the medial nerve. In striking
contrast, right S1 shows the opposite pattern, and is biased towards the
medial nerve. This is in line with the medial-lateral nerve architecture of
the breast, which was also reflected in the results of our uni- and
multivariate analyses on average left and right S1 responses.

Our expectations concerning gender differences were prudent, given
the lack of systematic comparisons between the male and female breast
in neuroscientific literature. Some studies have pointed out that the fe-
male breast grows out to be more sensitive to tactile stimulation than the
male breast. Despite a significant interaction between (collapsed) breast
region and gender, we did not find any significant differences between
the magnitude of cortical responses or quadrant representations of male
and female participants. Although this was against our initial expecta-
tions, some caution in interpreting this lack of effects is warranted due to
the relatively small sample size (10 participants per gender). Still,
morphological differentiation in breast development of boys and girls
only starts at the onset of puberty (Tanner Stage 2) as up to that point the
nerve supply is similar between sexes. From this perspective, the growth
of the female breast during puberty may only result in a dispersion of
nerve endings, with no further physiological differences between the
sexes (Sarhadi et al., 1996). This is in line with the empirical evidence
that larger breasts are less sensitive which might be caused by the
stretching of nerve endings (Tairych et al., 1998). Cortical breast soma-
totopy may therefore develop prior to puberty, when the existing nerve
endings are already mapped onto the somatosensory cortex. During pu-
berty, no further differentiation of this cortical representation takes place
as the absolute number of nerves does not change, leading to identical
representations in men and women.

In conclusion, we demonstrate that the somatotopic representation of
the breast shows several similarities to other body parts, such as a
somatotopic organization and cortical magnification of sensitive segments
(here, the nipple) and its relative location to other body areas in S1 such as
the finger and toe. A remarkable difference to other body regions, how-
ever, is demonstrated in the way that medial and lateral breast sections of
one breast are asymmetrically represented in two hemispheres. These
insights may guide future research and clinical applications. For example,
the speed and accuracy at which neuroplastic reorganization occurs in S1
following breast surgery can be quantified using ultra-high field fMRI
(Kolasinski et al., 2016), and subsequently compared to established
measures of S1 reorganization in amputees (Makin et al., 2015). This
could contribute to the development of new strategies to improve func-
tional nerve recovery, thereby minimizing impaired and painful breast
sensations and further increase the quality of life after breast (recon-
structive) surgery (Cornelissen et al., 2018; Hamood et al., 2018).
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