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SUMMARY
The homunculus in primary somatosensory cortex (S1) is famous for its body part selectivity, but this domi-
nant feature may eclipse other representational features, e.g., information content, also relevant for S1 orga-
nization. Using multivariate fMRI analysis, we ask whether body part information content can be identified in
S1 beyond its primary region. Throughout S1, we identify significant representational dissimilarities between
body parts but also subparts in distant non-primary regions (e.g., between the hand and the lips in the foot
region and between different face parts in the foot region). Twomovements performed by one body part (e.g.,
the hand) could also be dissociated well beyond its primary region (e.g., in the foot and face regions), even
within Brodmann area 3b. Our results demonstrate that information content is more distributed across S1
than selectivity maps suggest. This finding reveals underlying information contents in S1 that could be har-
nessed for rehabilitation and brain-machine interfaces.
INTRODUCTION

Contrary to its motor counterpart, the primary somatosensory

cortex (hereafter S1) is considered highly topographically orga-

nized, with relatively high levels of selectivity within each body

part’s representation (Schieber, 2001; Cunningham et al., 2013;

Huber et al., 2020). This perspective over S1 organization arises

from a long-lasting mapping tradition, initiated in the 19th cen-

tury (Fritsch and Hitzig, 1870; Ferrier, 1873; Penfield and Bol-

drey, 1937) and continued since then in electrophysiology

(Merzenich et al., 1978; Kaas et al., 1979; Baldwin et al.,

2017), cortical stimulation (Roux et al., 2018; Sun et al.,

2021), and neuroimaging studies (Nakamura et al., 1998; Ger-

mann et al., 2020; Saadon-Grosman et al., 2020; Willoughby

et al., 2021). This conventional mapping approach assigns

brain function to a given cortical area by selecting the most

responsive body part for a set of neurons or voxels in a

winner-takes-all manner. While this approach has been hugely

beneficial, e.g., for understanding (Kaas et al., 1979) and

restoring (Bensmaia and Miller, 2014; Flesher et al., 2016; Ar-

menta Salas et al., 2018; Chandrasekaran et al., 2021) brain

function, it may also eclipse the presence of other organizing

principles that may also bear relevance for S1 function. In

particular, the underlying (weaker) inputs that tend to be ne-

glected in mapping approaches may also provide functional

contributions, even if secondary to the dominant input.
This is an open access article und
While the organizing principles of S1 remain so far relatively un-

questioned, other intrinsic organizing principles beyond somato-

topy, e.g., representation of ethologically relevant actions, were

suggested to underlie the general organization of body-related

motor maps in the primary motor cortex (hereafter M1) (Graziano

and Aflalo, 2007). Yet we know thatM1and S1 are tightly coupled,

both anatomically and functionally (Matyas et al., 2010; Catani

et al., 2012; Kumar et al., 2019). For instance, recent evidence in

rodents (Auffret et al., 2018;Halleyet al., 2020) andnon-humanpri-

mates (Widener and Cheney, 1997; Baldwin et al., 2018; Mayer

et al., 2019) demonstrate that S1 stimulation can evoke move-

ments or affect muscle activity. Active touch and habitual motor

behavior were also suggested to impact S1 organization (Demp-

sey-Jones et al., 2019; Cybulska-Klosowicz et al., 2020). More-

over, the M1 and S1 hand regions were found to share similar

representational features (Ejaz et al., 2015; Wesselink et al.,

2019), which are in both cases better explained by inter-finger

co-use in daily life than by topographic organization (Ejaz et al.,

2015). Thus, despite their physiological differences, S1 and M1

may share more functional organization than previously thought,

especially in terms of information content. This raises the question

of whether S1 could also contain additional representational pat-

terns underlying its topographic organization.

Recent evidence indeed points toward a more complex orga-

nization of S1, beyond its topographic organization. For example,

an imaging study of the negative blood-oxygen-level-dependent
Cell Reports 38, 110523, March 15, 2022 ª 2022 The Authors. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:d.muret@ucl.ac.uk
https://doi.org/10.1016/j.celrep.2022.110523
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110523&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Article
ll

OPEN ACCESS
(BOLD) responses in humans revealed the presence of an under-

lying inverted homunculus (Tal et al., 2017), similar toM1 (Zeharia

et al., 2012), suggesting a distribution of activity patterns across

the homunculus. In addition, recent reports in rodents show that

the information content arising from different tactile inputs pro-

vided to a digit could be decoded even from a non-adjacent digit

representation (Enander and Jörntell, 2019). Other recent evi-

dence in humans hints at the existence of distributed patterns

of functional connectivity throughout S1 (Ngo et al., 2021;

Thomas et al., 2021), aswell as distributed processing underlying

and interrelating finger representations. For example, focal anes-

thesia of a finger was found to affect the representation of all fin-

gers (Wesselink et al., 2020) and intraneural microstimulation of

single afferent units elicitedwidespread activity in theS1hand re-

gion (Sanchez Panchuelo et al., 2016). Altogether, these recent

reports stress the need to investigate thedistribution of represen-

tational information content throughout S1 homunculus.

Recent methodological advancement (e.g., multivariate

pattern analysis) allows to identify representational features

beyond selectivity and thus provide an opportunity to reassess

the homunculus. Here, we take advantage of these methods to

investigate whether information content can be identified in S1

beyond the primary region of a given body part, as defined by

conventional mapping criteria. We asked healthy participants to

perform a series of sensorimotor paradigms in the scanner: (1) in-

dividual finger movements (hereafter finger task), (2) movements

of specific facial parts (hereafter face task), or (3) two different ac-

tions (i.e., squeeze or push an object) with each of three body

parts (i.e., lips, hand, and feet; hereafter body task). Using con-

ventional univariate analyses on an independent dataset, we first

defined individual S1 regions of interest showing high selectivity

to face, hand, and foot movements. We then used representa-

tional similarity analysis (RSA) to index information content by

quantifying multivoxel representational dissimilarities between

actions and body parts. Cross-validated Mahalanobis distances

provide a quantification of these dissimilarities, where distances

that are greater than zero reflect significant information content

(note that we deliberately avoid the term ‘‘representational con-

tent,’’ since it could imply functional relevance). We found task-

relevant information content was distributed across S1, demon-

strating an intrinsic organization to S1 beyond somatotopy.

RESULTS

Our main approach was to identify distant and highly selective

regions of the S1 homunculus at the individual participant level

to assess their univariate activity levels and multivariate informa-

tion content. Toward this end, within an S1 anatomical landmark

(black contours in Figure 1A), we defined three regions of interest

(ROIs) for each participant in each hemisphere, based on the 50

most selective voxels from an independent body localizer of the

foot, hand, and face (see Figures 1A, S2A, and S3B for consis-

tency maps across participants).

Information from different body parts is distributed
across S1
We first focused on the body task to assess how information

from different body parts is distributed across S1. To confirm
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the selectivity of our independent ROIs (Figure 1A), we extracted

the average univariate activity level obtained for each body part

(movement versus rest) in the contralateral hemisphere and

found that each ROI was highly selective to its primary body

part, showing significant activity for this body part only (one-

sample t tests versus zero, primary body parts: all t(21) R

10.67, all p < 0.001, all d R 2.28, 95% confidence interval [CI]

[1.59, 2.93]; non-primary body parts: all t(21) % 1.00, all d %

0.21, 95% CI [�0.14, 0.57]; Figure 1B). We then used RSA to

quantify the dissimilarity between activity patterns evoked by

eachmovement (see Figure S3A for similar analysis using the ab-

solute difference between univariate activity levels). One-sample

t tests with Bonferroni-corrected alpha levels (a = 0.017, cor-

rected for the three comparisons across body parts) confirmed

that the representational dissimilarities were significantly greater

than zero for pairs of body parts involving the primary body part

of each ROI (all t(21) R 16.21; all p < 0.001; all d R 3.45; 95% CI

[2.50, N]). Interestingly, significant dissimilarities were also

found for cortically remote pairs of body parts, where both

body parts were non-primary to the ROI (in leg ROI: hand-lips:

t(21) = 9.93, p < 0.001, d = 2.12, 95% CI [1.46, N]; in hand ROI:

feet-lips: t(21) = 6.51, p < 0.001, d = 1.39, 95% CI [0.88, N]; in

face ROI: feet-hand: t(21) = 10.59, p < 0.001, d = 2.26, 95% CI

[1.57,N]; Figure 1C). Thus, despite being highly selective to their

primary body part, each ROI contained robust information con-

tent about non-primary body parts. This first evidence suggests

that non-primary and cortically distant body parts may

contribute information to a given region of the homunculus.
Information from different body subparts is distributed
across S1
We next assessed how information from different body subparts

is distributed across S1. Two tasks were used for that purpose: a

face task involving bilateral movements and a finger task per-

formed with each hand (see STAR Methods). First, to verify the

selectivity of the individual ROIs used for each task, we quanti-

fied the univariate activity level obtained for each subpart (versus

rest) in the contralateral ROIs. Alpha was adjusted to 0.013 and

0.01, corrected for four and five comparisons (respectively)

across face and hand subparts. Activity levels (averaged across

hemispheres; see STARMethods) were significantly greater than

zero for all face subparts in the face ROI (face ROI: all t(21)R 3.51;

all p % 0.002; all d R 0.75; 95% CI [0.34, 1.14]; Figure 2A, blue)

and for the five fingers in the hand ROI (all t(18) R 7.44; all p <

0.001; all d R 1.71; 95% CI [1.09, 2.29]; Figure 2A, red). Face

subparts did not significantly activate the hand and leg ROIs

(all t(21) %�0.86; all d%�0.18; 95%CI [�0.54, 0.17]; Figure 2A,

blue). For some fingers, significant positive activity levels (or

trends) were found in the face and leg ROIs, as shown in red in

Figure 2A (significant fingers: all t(18) R 2.70, all p % 0.015, all

d R 0.62, 95% CI [0.20, 1.02]; other fingers: all t(18) % 2.47, all

p R 0.024, all d % 0.57, 95% CI [0.15, 0.97]). Thus, while the

face task shows high selectivity to the face ROI, finger-related

activity seems to be more distributed across ROIs, though activ-

ity levels were still low on average, i.e., below the liberal 2.3

threshold usually used to threshold individual data (dotted line

in Figure 2A).



Figure 1. Regions of interest, selectivity, and multivariate information content related to specific body parts across S1 homunculus

(A) Consistency maps across participants of the S1 regions of interest (ROIs) for the body task (n = 22). Individual ROIs in the hemisphere contralateral to the

dominant hand were converted to Montreal Neurological Institute (MNI) space and projected onto an inflated surface. The color code represents the number of

participants with overlapping ROIs in the standardMNI space. The black contour shows the anatomical delineation of S1 used to restrict the ROI definition, based

on a probabilistic atlas.

(B) Univariate activity levels (versus rest) for the three body parts (green, feet; red, hand; blue, lips) within each ROI. Only the primary body part of each ROI

exhibited activity levels significantly above zero.

(C) Multivariate dissimilarities. The left plots are a multidimensional scaling (MDS) depiction of the representational dissimilarity between the three body parts

(green, feet; red, hand; blue, lips) in each ROI. Ellipses indicate between-participant standard errors. The right histograms show the cross-validated dissimilarity

(a.u.) observed for the three pairs of body parts in each ROI (yellow, feet-hand; cyan, feet-lips; magenta, hand-lips).

Data are represented as mean ± SEM. Gray dots represent individual participants. Asterisks indicate a significant difference relative to zero; *p < 0.017;

***p < 0.001. See Figure S2 for similar analysis in the non-dominant hemisphere and Figure S5 for example individual univariate activity maps.
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We then investigated the multivariate pattern of dissimilarity

between the four facial subparts (Figure 2B, blue) and the five fin-

gers (Figure 2B, red) across S1 ROIs. A qualitative observation of

the multidimensional scaling (MDS) plots (Figure 2B) suggests

that the representational structure of the face and hand, whose

canonical representations are seen in their respective primary

ROIs, is preserved across ROIs. This was confirmed by quantita-

tive assessment of dissimilarities. To reduce the number of com-

parisons, cross-validated representational dissimilarities from

different pairs of subparts (i.e., face parts or fingers) were group-

ed according to the subpart’s cortical neighborhood (i.e., adja-

cent versus non-adjacent; see inset in Figure 3). Alpha was

adjusted to 0.025 to account for two comparisons for the adja-

cent and non-adjacent dissimilarities. We found that, for both

tasks, dissimilarities between subparts’ activity patterns were
all significantly above zero, regardless of their neighborhood (Fig-

ure 3B). This was true not only in their respective primary ROI (all t

R 12.41; all p < 0.001; all dR 2.85; 95% CI [1.96,N]) but also in

remote parts of the homunculus, such as the hand ROI or the leg

ROI for the face task (all t(21) R 5.85; all p < 0.001; all d R 1.29;

95% CI [0.80, N]; Figure 3B, blue) and the face ROI or the leg

ROI for the finger task (all t(18) R 3.18; all p % 0.003; all d R

0.73; 95% CI [0.29, N]; Figure 3B, red). These results replicate

the previous observation that information about body parts is

not restricted to their primary S1 region.

Topographic features from different body subparts are
distributed across S1
To assess whether the topographical content was preserved

throughout S1, we next investigated the univariate and
Cell Reports 38, 110523, March 15, 2022 3



Figure 2. Selectivity and multivariate representational patterns of body subparts across S1 homunculus for face and finger tasks

(A) Univariate activity levels (versus rest) averaged across hemispheres obtained for the different subparts of the face task (shades of blue) and of the finger task

(shades of red) within each ROI. The dotted line marks the 2.3 individual threshold.

(B) MDS plots illustrating the representational structure contained in the face (shades of blue) and hand (shades of red) activity across S1 ROIs (averaged across

hemispheres). The canonical hand and face representational structures are observed, respectively, in the hand and face ROIs (i.e., primary ROIs).

Data are represented asmean ±SEM. Gray dots represent individual participants. *p < 0.013 and 0.010 for the face and finger tasks, respectively (alpha corrected

for four and five comparisons, respectively); #p < 0.025 and 0.020 for the face and finger tasks, respectively; ***p < 0.001. The color code for the respective

subparts is depicted in the inset.
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multivariate differences between adjacent and non-adjacent

subparts across ROIs for both the face and finger tasks. Univar-

iate content was defined as the absolute difference between ac-

tivity levels evoked by pairs of subparts in the different ROIs (see

inset in Figure 3). A significant difference between adjacent and

non-adjacent univariate content was found in the primary ROI of

each task (both tR�7.51; both p < 0.001; both dR�1.62; 95%

CI [�2.25, �0.97]; Figure 3A). In addition, a significant topo-

graphic difference was found for the face task in the hand ROI

(t(21) = �3.30; p = 0.003; d = �0.70; 95% CI [�1.16, �0.23]).

No univariate topographic features were observed for other

comparisons and ROIs (all p R 0.099; all d % �0.40; 95% CI

[�0.86, 0.07]), despite the higher activity levels found for the

finger than for the face task in non-primary ROIs (t(39) = �4.29;

p < 0.001; d = �1.35; 95% CI [�2.02, �0.66]; Figure 2A). Alto-

gether, these results suggest that the univariate information con-
4 Cell Reports 38, 110523, March 15, 2022
tent does not appear to be consistently topographically orga-

nized outside of its primary ROI.

We then compared the representational dissimilarities between

adjacent andnon-adjacent subparts, expecting adjacent subparts

to be more similar if topographic information of body subparts is

preservedacross the homunculus.Similar to theunivariate results,

a significant difference between adjacent and non-adjacent

subparts was found in the primary ROIs for both tasks (both t R

�13.59; both p < 0.001; both d R �2.90; 95% CI [�3.85,

�1.92]). Importantly,we found significant evidence for topograph-

icalcontent forboth tasks in thenon-primaryROIs (all tR�3.41;all

p%0.003; alldR�0.73; 95%CI [�1.19,�0.25]; Figure3B),witha

trend found for the face task in the leg ROI (t(21) =�2.03; p = 0.055;

d =�0.43; 95%CI [�0.87, 0.01]). Thesemultivariate results reveal

that topographical information content about body parts, and the

hand in particular, can be observed throughout the homunculus.



Figure 3. Univariate and multivariate topo-

graphic content related to body subparts

across S1 homunculus for face and finger

tasks

(A) Univariate topographic content defined as the

absolute difference between activity levels evoked

by adjacent (dotted bars) and non-adjacent

(hatched bars) subparts in the different ROIs for the

face task (blue) and the finger task (red).

(B) Multivariate topographic content measured by

the cross-validated representational dissimilarity

(a.u.) between activity patterns evoked by adjacent

(dotted bars) and non-adjacent (hatched bars)

subparts in the different ROIs for the face task (blue)

and the finger task (red).

Data are represented as mean ± SEM. Gray dots

represent individual participants. The matrix in the

inset illustrates how adjacent and non-adjacent

content is computed using the fingers as an example

(D, digit). Black asterisks indicate a significant dif-

ference between adjacent and non-adjacent body

subparts: *p < 0.05; #p < 0.1; ***p < 0.001. Gray as-

terisks indicate a significant difference relative to

zero: *p < 0.025; ***p < 0.001.
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Two actions done with the same body part can be
differentiated in non-primary regions of the homunculus
We then assessed how information from different actions done

with a given body part is distributed across S1. For that pur-

pose, we compared the squeeze and push conditions per-

formed with each of three body parts (i.e., feet, hand, and

lips; see objects in Figure S1). Alpha was adjusted to 0.017,

correcting for the three comparisons across body parts. Activ-

ity levels evoked by these actions were significantly different

only when performed with the primary body part of each ROI

(all p % 0.008; Figure 4A). No significant differences were

observed in non-primary ROIs (all p R 0.050), except for a

trend for feet movements in the hand ROI (t(21) = �2.55;

p = 0.019; Figure 4A). However, multivariate representational

dissimilarities between the two actions were significantly

greater than zero not only in primary ROIs (all p < 0.001; all
d R 1.00; 95% CI [1.00, N]) but also in

non-primary ROIs for hand and feet

movements (all p % 0.002, all d R 0.69,

95% CI [0.29, N]; except for a trend for

feet movements in face ROI: t(21) = 2.09,

p = 0.024, d = 0.45, 95% CI [0.07, N];

Figure 4B). These results suggest that ac-

tion-related information content from the

hand and the feet seems to be distributed

across the homunculus (see STAR

Methods for potential explanations for

the lack of lips information).

Two actions done with the same
body part can be differentiated
throughout BA3b
Finally, we investigated the profile of ac-

tion-related information content specif-
ically in BA3b, known to show the greatest level of selectivity in

S1 (Powell and Mountcastle, 1959; Martuzzi et al., 2014; Schel-

lekens et al., 2021), alongside the univariate activity levels used

to classically determine body maps (Figure 5). To this end,

BA3b’s strip was segmented into 29 bands of equal height (Fig-

ure 5A) that were then used to calculate activity levels and multi-

variate dissimilarities at the individual level. Consistent with our

previous ROI selectivity analysis, the highest activity levels for

each body part, based on univariate analysis, lay within their

independently defined primary ROI (gray shades in Figure 5B).

As we found before, multivariate dissimilarities were qualitatively

apparent beyond the regions where activity levels can be

observed (Figure 5C). To reduce the number of comparisons,

the peak(s) dissimilarity between two different movements with

each primary body part (dotted black lines in Figure 5C) was

used to test whether action dissimilarities obtained in the
Cell Reports 38, 110523, March 15, 2022 5



Figure 4. Univariate and multivariate content related to different actions performed with a given body part across S1 homunculus

(A) Univariate activity levels (versus rest) for the two actions (gray hatched, squeeze; black hatched, push) performed with each body part (green, feet; red, hand;

blue, lips) within each ROI.

(B) Multivariate dissimilarities. The left plots are a MDS depiction of the representational dissimilarity between the two actions (gray ellipses, squeeze; black

ellipses, push) performed with the non-primary body parts in each ROI (green, feet; red, hand; blue, lips). Ellipses indicate between-participant standard errors.

The right histograms show the cross-validated dissimilarity (a.u.) observed for the two actions performed with each body part in each ROI (green, feet; red, hand;

blue, lips).

Data are represented as mean ± SEM. Gray dots represent individual participants. *p < 0.017; #p < 0.033; ***p < 0.001. See Figure S4 for similar analysis in the

non-dominant hemisphere.
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corresponding BA3b band using the other non-primary body

parts were significantly greater than zero. Alpha was corrected

to 0.025 to account for the two comparisons for the two non-pri-

mary body parts. For instance, while feet activity levels were

observed solely within the first few medial bands of BA3b, dis-

similarities between the two actions performed with the feet

were significantly greater than zero at the two peaks observed

for the hand (both z R 208.00; both p % 0.003; both d R 0.64;

95% CI [0.35, N]) but also at the peak observed for the lips

(t(21) = 3.35; p = 0.002; d = 0.71; 95% CI [0.31,N]). Similarly, dis-

similarities between the two actions performed with the hand

were significantly greater than zero at the peaks observed for

both the feet and lips (both t R 2.48; both p % 0.011; both

d R 0.53; 95% CI [0.15, N]). These results emphasize the avail-

ability of body part information across S1. Therefore, we find that

the information content about body part actions is much more

widely distributed then can be inferred by delineating the univar-

iate selectivity profiles.
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DISCUSSION

Due to its highly selective profile, conventional mapping proced-

ures providing a ‘‘parcellated’’—all or nothing (i.e., winner takes

all)—view over S1 have dominated our conceptualization of its

functional organization (Roux et al., 2018; Willoughby et al.,

2021). Consequently, alteration of map boundaries have been

commonly interpreted as cortical reorganization, with the limita-

tions previously discussed (Muret and Makin, 2021). Using con-

ventional univariate analyses, together with multivariate RSA, we

investigated the distribution of information content underlying S1

topographic organization. We found that S1 contained signifi-

cant task-relevant information content beyond the primary re-

gion of a given body part, as defined by conventional mapping

criteria. Even though, as expected from somatotopy, information

content was more pronounced in primary regions, cortically

distant body parts but also body subparts (e.g., fingers) could

be consistently discriminated throughout S1. Perhaps most



Figure 5. Regions of interest, selectivity, and multivariate information content related to the two actions across BA3b’s strip

(A) Illustration of the segmentation of BA3b’s strip into 29 bands of similar height (i.e., 2.0911 mm). The black outlines represent the surrounding S1 Brodmann

areas, respectively, BA3a, BA1, and BA2 (from left to right), based on a probabilistic atlas. The color code represents the band number (1–29). CS, central sulcus.

(B) Univariate activity levels (versus rest) observed for the three body parts throughout BA3b strip (green, feet; red, hand; blue, lips).

(C) Multivariate cross-validated dissimilarities (a.u.) observed between the two actions (i.e., squeeze and push) for the three pairs of body parts throughout BA3b

strip (green, feet; red, hand; blue, lips). The peak dissimilarity for each primary body part (dotted black lines) was used to test whether dissimilarities obtained in

the corresponding band of BA3b for the other non-primary body parts were significantly greater than zero; *p < 0.025; ***p < 0.001.

Data are represented as mean (curves) ± SEM (shades around each curve). Gray shades in the background of each plot represent the location of our leg, hand,

and face ROIs.
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strikingly, different actions performed with the hand or the feet

could be differentiated at remote extremities of the homunculus.

Overall, our results suggest a widespread distribution of informa-

tion content across the S1 homunculus that goes beyond what

can be expected from its selectivity profile and emphasizes the

need to consider S1 more as a whole than as a patchwork of in-

dependent bodymaps. Our results also stress the need to further

investigate the functional relevance of the distributed information

and its potential for rehabilitation, augmentation, or brain-ma-

chine interfaces.

The widespread availability of body part information was

further confirmed by focusing the analysis on discriminating

different actions done with the same body part along the most

topographically organized sub-region of S1, BA3b. This analysis

revealed that, while information content was the highest in pri-

mary regions and substantially reduced in non-primary regions,

a significant amount of information (related to body parts and ac-

tions) persisted throughout BA3b. In particular, it is interesting to

note that conventional functional ‘‘boundaries’’ between body

maps, as defined by contrasting univariate activity (e.g., between

hand and face; Kuehn et al., 2017), did not seem to abruptly

disrupt the distribution of information content. Moreover, our

data suggest that functional activity and information content is
not restricted or compartmentalized by anatomical septa (Fang

et al., 2002; Kuehn et al., 2017). Finally, when present (i.e., for

hand and feet), information content did not seem to decrease lin-

early with cortical distance (e.g., feet dissimilarities appeared

relatively constant outside the feet region; see Figure 5). This

observation might indicate that the distributed information re-

ported here is more likely to arise from thalamo-cortical projec-

tions (Rausell et al., 1998) than from horizontal cortico-cortical

connections within S1 (Négyessy et al., 2013). However, horizon-

tal connections could still contribute to some extent (Johnson

and Frostig, 2015). In addition, potential top-down modulation

from higher order regions that are integrating signal across

body parts could also contribute to the distribution of information

across S1 (Cerkevich and Kaas, 2019). Further work would be

required to tease apart these potential origins. Altogether, the

widespread distribution of information content even within

BA3b suggests that the common spatial definition of body part

representation within S1 may only reflect one (if dominant)

aspect of S1 organization.

In contrast to the hand and feet, lips’ action-related informa-

tion content appeared to be more restricted to the face region

(see Figure 5). This result contrasts with the widespread topo-

graphical content we found throughout the homunculus for the
Cell Reports 38, 110523, March 15, 2022 7
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face subparts (see Figure 3). The lack of action-related informa-

tion for the lips could arise from a lower extent and richness of

sensory feedbacks since, contrary to the other body parts,

most participants did not manipulate an object during the two

lips actions (see STAR Methods). Alternatively, the lips could

require less coordination with other body parts, resulting in

less representational overlap. Specifically, when coordinating

actions, the face is most often the recipient of targeted actions,

but not the supplier, contrary to the limbs. This idea is also

compatible with the observation of higher resting-state func-

tional connectivity between the hand and feet regions than be-

tween the face and the other regions in BA3b (Thomas et al.,

2021).

In our view, the observation of widespread information content

for body (sub)parts and actions across S1 is not surprising since

some extent of distributed tactile information in S1 was already

documented by Penfield and Boldrey, based on electrical stim-

ulation (1937). We also do not believe these findings could be

discarded as an fMRI artifact due to contribution of blood-steal-

ing effects (Woolsey et al., 1996; Harel et al., 2002; Devor et al.,

2005), where local increase in blood flow also results in a

decreased blood flow in the immediate surrounding areas. This

is because we observe abundant information content remotely

from the primary region, which likely extends beyond the spatial

scale of these effects (Woolsey et al., 1996; Devor et al., 2005). In

contrast, the information we detect is likely related to patterns of

negative BOLD responses previously observed in S1 (Tal et al.,

2017), responses that were linked to neuronal activity rather

than blood-flow-stealing effects (Shmuel et al., 2006; Schridde

et al., 2008; Mullinger et al., 2014). We add to this body of previ-

ous findings by demonstrating that body part information can be

found across the homunculus and is not restricted by functional

boundaries or affected by cortical proximity outside the primary

region. Nevertheless, we do find that qualitatively greater sharing

of information exists between the hand and the feet, as well as

between the hand and the mouth. This could be driven by the

topographic relationship of the primary regions (where the

hand is roughly equidistant between the feet and the mouth).

Alternatively, this might reflect differences in the functional us-

age of body parts: the hands and upper limbs are our main

effector to reach and interact with other body parts and for

functional coordination with the mouth and the lower limbs for

goal-directed behaviors (e.g., for feeding and locomotion and

balancing, respectively).

It could be argued that the use of active paradigms in the pre-

sent study have resulted in more distributed information than

would be obtained with a passive tactile paradigm. For example,

the distributed information content reported here might result

from S1’s role in supporting selective movement generation. It

has been suggested that latent activity in M1 could contribute

to inhibit movement in other body parts not involved in the task

(Zeharia et al., 2012) or to afford better motor coordination

across body parts (Graziano et al., 2002). Similarly, latent activity

in S1 could serve a role for predicting and encoding whole-body

sensory feedback expected and perceived during actions

involving multiple body parts. Therefore, a passive stimulation

of body parts may not necessarily produce widespread informa-

tion content in S1. While this needs to be investigated, it is
8 Cell Reports 38, 110523, March 15, 2022
important to note that recent studies using similar multivariate

analyses in the hand region showed that the representational

multivariate structure, as well as the univariate topographic

map, were comparable between active paradigm and passively

applied tactile stimulation to individual fingers (Berlot et al., 2019;

Sanders et al., 2019). Comparable discriminability of hand ges-

tures or postures was also previously reported in humans using

electrocorticography, with similar decoding abilities in S1 (Ches-

tek et al., 2013; Branco et al., 2017; Li et al., 2017) and in M1

(Branco et al., 2017). Conversely, recent studies showed that

finger movements and effector information can be decoded in

S1 during motor planning, well before movement execution

(Ariani et al., 2020; Gale et al., 2021). Thus, an active paradigm

allows us to take full advantage of sensorimotor information,

relevant for motor planning (Sun et al., 2015) and encompass

signal arising from the efference copy (London and Miller,

2013). Other recent studies indicate that information content in

S1 can be probed even in the absence of sensorimotor inputs.

For example, visual observation of roughness exploration with

a finger (Kim et al., 2018) or even imagined tactile percepts

(Bashford et al., 2021) could be decoded in S1. As such, while

the specific contribution of the abundance of tactile, propriocep-

tive, and even cognitive (Meftah et al., 2002) inputs provided by

an active paradigm needs to be further dissociated, all of it is

crucial for S1 function. Therefore, the use of an active paradigm

is arguably more appropriate to investigate ecological represen-

tational motifs.

Microstimulation in the S1 hand region most often elicits sen-

sations on the patients’ hand (Flesher et al., 2016; Armenta Salas

et al., 2018; Chandrasekaran et al., 2021), and stroke in the M1

hand region results in motor impairment of the hand (Darling

et al., 2016). Such selectivity in the sensations induced by focal

S1 microstimulation showcases the potential lack of functional

relevance of the content reported here. In line with these studies,

it is important to clarify that we do not negate the notion of a pri-

mary function for a given S1 region. But it is alsoworth noting that

exogeneous stimulation of S1 is an artificial procedure (eliciting

unnatural percepts) that is unlikely to tap into the full ecological

functioning of S1 and that perceptual assessments in these clin-

ical observations in humans are relatively crude (Richards et al.,

2015). For instance, potential (albeit weaker) sensations to other

body parts have not been investigated with the refined psycho-

physical tests that would be required to detect the more subtle

effects that we uncover. As such, these clinical reports are not

incompatible with the alternative eventuality that the latent activ-

ity, which comprises the information content we are reporting,

might also be functionally relevant. For example, multiple reports

of ‘‘referred sensations’’ across body parts have been docu-

mented, either under lab-based manipulations (Badde et al.,

2019; Amoruso et al., 2021) or spontaneously (e.g., Katz and

Melzack, 1987; Ramachandran et al., 1992; Borsook et al.,

1998; Moore et al., 2000; McCabe et al., 2003; Soler et al.,

2010). Distributing the content of information throughout S1

could allow for an increased number of combinations and pat-

terns throughout body parts (Hoffmann et al., 2018), which might

be more ecologically relevant, considering that we rarely use

body parts independently from each other. In other words, this

distributed information could provide a way to support
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coordinatedmovements between body parts and to give context

to their resulting sensory inputs in a coherent manner. Even if the

distributed information underlying the traditional homunculus

may not serve a functional role under normal circumstances, it

could represent an underlying ‘‘scaffolding’’ for plasticity to

take place, such as following congenital (Hahamy et al., 2017)

or acquired (Pons et al., 1991) deprivation. For example, latent

activity could be harnessed to restore the deprived primary

function by potentiating any residual, now latent, activity (Qi

et al., 2014). This idea could open perspectives for rehabilitative

strategies.

Limitations of the study
One important consideration is that we may have found this

distributed information because multivariate techniques are too

sensitive. For example, the existence of distributed tactile infor-

mation outside of the sensorimotor cortex was recently detected

in neurons as far as in the rodent primary visual cortex (Enander

et al., 2019). As such, being able to decode (or differentiate)

across conditions does not necessarily mean the brain is actually

using this information (i.e., functionally represented). Even if not

functionally valuable, this information could be exploited for

brain-machine interfaces (Flesher et al., 2021), where specific

parts of the homunculus might not be as directly accessible

(e.g., the medial foot region). Finally, the distribution of informa-

tion across the homunculus and redundancy of information that

it might entail could prove particularly useful for solving the issue

of ‘‘resource reallocation’’ that augmentation techniques are

currently facing (Dominijanni et al., 2021).

To conclude, our results suggest that information in S1 might

be a lot more distributed than selectivity profiles and winner-

takes-all mapping approaches lead us to presume. While the

functional consequences of this widespread information need

to be further investigated, it reveals yet unexplored underlying in-

formation contents. This abundant information could be har-

nessed for better functional integration across body parts but

also between brain and artificial body parts for rehabilitation,

restoration, and augmentation purposes.
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g3y5u/).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twenty-two healthy volunteers [mean age = 45.55 ± 9.47 (SD) years; 10 women; 6 left-handed] took part in the body and face tasks

and a further nineteen healthy volunteers [mean age = 23.16 ± 4.34 (SD) years; 11 women; all right-handed] took part in the finger

task. To account for age-related differences, age was added as a covariate in statistical analyses. Participants reported no senso-

rimotor disorders and had no counterindications for magnetic resonance imaging. All participants gave written informed consent

before participating. The protocols were approved by the NHS National Research Ethics Service approval (18/LO/0474) for the

body and face tasks and UCL Research Ethics Committee (REC: 12921/001) for the finger task and were performed in accordance

with the Declaration of Helsinki. The face and hand datasets were recently used for other purposes (Kieliba et al., 2021; Root et al.,

2021).

METHOD DETAILS

Scanning procedures
Each dataset comprised three or four functional task-related block-design runs, a functional localiser, a structural scan and field

maps.

Body and face tasks
The two tasks were performed within the same experimental session. Prior to entering the scanner room, participants were thor-

oughly instructed, and all movements were practiced in front of the experimenter to ensure they were performed correctly. For

the body task, participants were instructed to perform one of two actions (i.e., squeeze or push; Figure S1) with one of three different
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body parts (i.e., feet, dominant hand and lips), resulting in a total of six conditions. Two additional conditions involving the non-domi-

nant arm were also included but will not be described in the main text since we focus on the hemisphere contralateral to each body

part. See supplemental information for similar analyses and results in the non-dominant hemisphere for the body task (Figures S2 and

S4). For the face task, participants were instructed to perform one of fourmovements: raise the eyebrows (i.e., forehead), flare nostrils

(i.e., nose), puckering lips (i.e., lips), and tap the tongue to the roof of the mouth (i.e., tongue). Two additional conditions involving the

left and right thumbs were also included but will not be further described as they were not included in the main analysis (see Root

et al., 2021 for analysis of these conditions).

For both tasks, instructions and pace were provided visually via a screen, resulting in 5 cycles of movement per 8 sec block. In

addition, each movement block was repeated 4 times per run, which also comprised 5 blocks of rest used as baseline. Conditions

were pseudo-randomly distributed, such that each condition was equally preceded by all other conditions. Three and four functional

runs were acquired for the face and body tasks, respectively. To confirm that appropriate movements were made at the instructed

times, task performance was visually monitored online.

Finger task
Participants performed an active finger tapping task using a button box. Each finger movement was repeated at 1Hz over a period of

9s per block, with 4 blocks per finger per run in a semi-counterbalanced order and 4 runs in total. Instructions and pacewere provided

visually. Ten vertical bars, representing the fingers, flashed individually in green at a frequency of 1 Hz. Task performance was moni-

tored online. Two additional conditions involving the feet and lips were also included but will not be further described as they were not

included in the main analysis (see Kieliba et al., 2021 for analysis of these conditions).

Functional localiser
Participants were visually instructed to move one of five body parts: right or left hand (open/closing the fingers), right or left toes

(wiggling the toes) or lips (puckering the lips). Movements were repeated at a constant instructed pace for a period of 12s, interleaved

with 12s of rest. Each condition was repeated 4 times in a pseudo-random order. Here again, participants practiced the movements

before entering the scanner and task performance was visually monitored online.

MRI data acquisition
MRI images were acquired using a 3T Prisma MRI scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. Functional

data were obtained using a multiband T2*-weighted pulse sequence with a between-slice acceleration factor of 4 and no in-slice ac-

celeration. The following acquisition parameters were used: TR = 1450 ms; TE = 35 ms; flip angle =70�; voxel size = 2 mm isotropic;

imaging matrix = 1063 106; FOV = 212 mm. 72 slices were oriented in the transversal plane covering the entire brain. A total of 216,

172 and 346 volumes were collected per participant for each run of the body, face and finger tasks respectively. Field-maps were

acquired for field unwarping. A T1-weighted sequence (MPRAGE, TR = 2530 ms; TE = 3.34 ms; flip angle = 7�; voxel size = 1 mm

isotropic) was used to obtain anatomical images.

QUANTIFICATION AND STATISTICAL ANALYSIS

MRI analysis was implemented using tools from FSL (v. 6.00, Smith et al., 2004; Jenkinson et al., 2012), Connectome Workbench

software (v. 1.4.2, humanconnectome.org) in combination with bash and Matlab scripts (v. R2016a, mathworks.com), both devel-

oped in-house and as part of the RSA Toolbox (Nili et al., 2014). Cortical surface reconstructions were produced using FreeSurfer

(v. 7.1.1; Dale et al. 1999; Fischl et al. 2001, freesurfer.net).

fMRI pre-processing
Functional data was pre-processed in FSL-FEAT (v. 6.00) and included the following steps: motion correction using MCFLIRT (Jen-

kinson et al., 2002); brain extraction using BET (Smith, 2002); high-pass temporal filtering with a cut-off of 150s, 119s and 150s for the

body, face and finger tasks respectively and 280s for the functional localiser; and finally spatial smoothing using a Gaussian kernel

with a full width at half maximumof 3mm for the three tasks, and 5mm for the functional localiser. Fieldmaps were used for distortion

correction of the functional data from the body and face tasks and the functional localiser collected for these participants. For each

participant, amidspace between the different functional runs of each taskwas calculated, i.e., the average space in which the images

are minimally reorientated. Each functional run was then aligned to the midspace and registered to each individual structural T1 scan

using FMRIB’s Linear Image Registration Tool (FLIRT), optimised using Boundary-Based Registration (Greve and Fischl, 2009).

Where specified, functional and structural data were transformed to MNI152 space using FMRIB’s Nonlinear Registration Tool

(FNIRT).

fMRI low-level analysis
Voxel-wise General LinearModel (GLM)was applied to the data using FEAT to obtain statistical parametricmaps for eachmovement.

For each task, the design comprised a regressor of interest for each movement convolved with a double-gamma hemodynamic

response function (Friston et al., 1998) and its temporal derivative. The six motion parameters were included as regressors of no
e2 Cell Reports 38, 110523, March 15, 2022
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interest. Large head movements between volumes (>0.9 mm for body and face tasks, > 1 mm for finger task) were defined as motion

outliers and regressed out, by adding additional regressors of no interest to the GLM [body task: mean proportion of volumes

excluded = 0.45 ± 0.76 (SD) %; face task: mean proportion of volumes excluded = 0.36 ± 0.67 (SD) %; finger task: mean proportion

of volumes excluded = 0.32 ± 0.77 (SD) %].

For each task, a contrast relative to rest was set up for eachmovement, resulting in 8 contrasts for the body task (i.e., lip, dominant

hand, non-dominant arm, right/left foot x Squeeze or Push, each vs rest), in 6 contrasts for the face task (i.e., forehead, nose, lips,

tongue; and left/right thumb, not used here), and in 12 contrasts for the finger task (i.e., each digit of each hand; and feet and lips, not

used here). The estimates from the total number of functional runs for each task (3 for face task, 4 for body and finger tasks) were then

averaged voxel-wise at the individual level using fixed effects model. For the face task, each estimates’ average wasmasked prior to

cluster formation with a sensorimotor mask, defined as the precentral and postcentral gyrus from the Harvard Cortical Atlas. The

sensorimotor mask was registered to the individuals structural scan using an inversion of the nonlinear registration by FNIRT.

For the functional localiser, each condition (i.e., right/left hand, right/left toes, lips) was contrasted against all other conditions to

identify the most selective voxels. The activity patterns associated with these five contrasts were then registered to the structural

space of each individual and to the functional space of each task using FLIRT to define regions of interest.

Definition of regions of interest (ROIs)
Since we were interested in investigating the information content of highly selective regions across the S1 homunculus, we used the

functional localiser to select highly selective voxels to toe, hand and lip movements within anatomical S1 masks. The functional ROI

was restricted by anatomical criteria, as detailed below. Although M1 is expected to be largely activated during each movement, M1

topography tends to be less well-defined and thus information content more widespread (Schieber, 2001; Graziano and Aflalo, 2007).

We therefore primarily focus on the more topographically selective S1, though we wish to note that marginal contribution from M1

may have affected our S1 activity profiles due to their spatial proximity, the probabilistic nature of our anatomical masks and spatial

smoothing of the data.

First, S1 was defined on a template surface using probabilistic cytoarchitectonic maps, by selecting only nodes that belonged to

the grey matter of Brodmann areas (BAs) 3a, 3b, 1 and 2 with maximal probability (Wiestler and Diedrichsen, 2013). This S1 anatom-

ical mask was then split into three anatomical sub-regions. A node approximately 1 cm below and above the hand knob was defined

as an anatomical hand sub-region. Note that this criterion defined a more conservative hand region than was done in previous work

(Wiestler and Diedrichsen, 2013; Wesselink et al., 2019; Kieliba et al., 2021). A gap of 1 cm was then defined above and below this

anatomical hand sub-region, and the remaining medial and lateral parts of S1 were used as the other two anatomical sub-regions.

Structural T1-weighted images were used to reconstruct the pial and white-grey matter surfaces using Freesurfer. Surface co-

registration across hemispheres was done using spherical alignment. The three anatomical S1 sub-regions were then projected

into the individual brains via the reconstructed individual anatomical surfaces. To exclude any possible contribution from neighbour-

ing more integrative regions that contain information frommultiple body parts, we further trimmed in participant’s structural space: i)

the medial sub-region by removing any overlap with BA5L and BA5M, and ii) the lateral sub-region by removing any overlap with S2.

BA5L, BA5M and S2 were defined in MNI152 space using the Juelich Histological Atlas thresholded at 25% maximum probability

(Wiech et al., 2014). BA5L, BA5M and S2 were then registered to participants’ structural space using an inversion of the nonlinear

registration carried about by FNIRT and used to trim our anatomical sub-regions.

These trimmed anatomical sub-regions were then registered to functional space of each task using FLIRT, excluding voxels

partially overlapping with the central sulcus (thresholding at 0.5 for body and face tasks, and 0.2 for the finger task) to minimise

M1 contribution, and used to mask the functional localiser contrasts. The medial S1 sub-region was used to mask the toe contrasts,

the central hand sub-region to mask the hand contrasts and the lateral S1 sub-region to mask the lip contrast. Within each of these

anatomical sub-regions, we then selected the 50 most activated voxels for the corresponding contrasts (all contrasts vs all other

body parts, see section ‘fMRI low-level analysis’). This provided us with the most selective Leg, Hand and Face ROIs for each indi-

vidual, while ensuring the same ROI size across participants and regions.

Univariate analysis
The z statistic time series from the 50 voxels of each ROI obtained for eachmovement were extracted and averaged. These averaged

valueswere used to assess the selectivity of our ROIs. Univariate information content was defined as the absolute difference between

the averaged univariate activity evoked by two movements in a given ROI. For the body task, the two absolute differences obtained

between pairs of body parts when performing the same action (i.e., squeeze or push) were averaged to define an overall difference

between body parts. For the face and finger tasks, since face movements evoked bilateral activity and finger movements were

performed with each hand, and since no major differences were observed across hemispheres [three-way ANOVA Face task: all

F% 1.30, all pR 0.267, except for a triple interaction Hemi*ROIs*Face subparts (F(3.12,65.49) = 3.06, p = 0.033) revealing a significant

difference between hemispheres for the lips (z(21) = 45.00, p = 0.007) and for the nose in the Leg ROI only (t(21) = �2.78, p = 0.011);

three-way ANOVA Finger task: all F % 1.20, all p R 0.293], absolute differences from the two hemispheres were averaged within
Cell Reports 38, 110523, March 15, 2022 e3
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participants. To further reduce the number of comparisons while still assessing the topographical content, absolute difference from

different pairs of subparts (i.e., face parts or fingers) were grouped according to the subpart’s cortical neighborhood (i.e., adjacent vs

non-adjacent).

Multivariate representational similarity analysis
Representational Similarity Analysis (RSA; Nili et al., 2014) was used to assess the multivariate relationship between the contralateral

activity patterns generated by each movement. The dissimilarity between activity patterns within each S1 ROI (i.e., Leg, Hand and

Face) was computed at the individual level for each pair of movements using cross-validated squaredMahalanobis distance (Walther

et al., 2016). Multidimensional noise normalisation was used to increase reliability of distance estimates (noisier voxels are down-

weighted), based on the voxel’s covariance matrix calculated from the GLM residuals. Due to cross-validation, the expected value

of the distance is zero (or negative) if two patterns are not statistically different from each other, and significantly greater than zero if

the two representational patterns are different (Diedrichsen et al., 2016). Larger distances for movement pairs therefore suggest

greater information content. The resulting representational pairwise distances (i.e., 8 for the body task, 6 for the face task and 10

for the finger task) were extracted. For the body task, the dissimilarities obtained between pairs of body parts when performing similar

actions (e.g., dissimilarity between lip squeeze and feet squeeze) were averaged across actions (e.g., previous example averaged

with dissimilarity between lip push and feet push) to define overall dissimilarity between body parts. For the face and finger tasks,

since facemovements evoked bilateral activity and fingermovements were performedwith each hand, and since nomajor significant

differences were observed between hemispheres (see above), dissimilarities from the two hemispheres were averaged within indi-

vidual participants. To further reduce the number of comparisons while still assessing the topographical content, dissimilarities from

different pairs of subparts (i.e., face parts or fingers) were grouped according to the subpart’s cortical neighborhood (i.e., adjacent vs

non-adjacent). Multidimensional scaling (MDS) was used to project the higher-dimensional representational dissimilarity matrices

into lower-dimensional space, whilst preserving pairwise dissimilarities, for visualisation purposes only. To illustrate what activity

the RSA analysis is relying upon, we computed the unthresholded S1 univariate maps of participants showing dissimilarities close

to the group median for the different contents of interest (e.g., median lips-hand dissimilarity in the Leg ROI for the body task, Fig-

ure S5A). Analysis was conducted on an adapted version of the RSA Toolbox in MATLAB (Nili et al., 2014), customised for FSL (Wes-

selink and Maimon-Mor, 2018).

BA3b analysis
The same analyses as the ones performed in the S1 ROIs described above were performed throughout BA3b’s strip. BA3b was

defined on the same template surface as S1 using probabilistic cytoarchitectonic maps, by selecting the nodes showing at least

50%maximum probability for the grey matter of BA3b (Wiestler and Diedrichsen, 2013). Due to the use of surface-based ROIs where

BA3b does not directly neighbour M1 (BA4p), this analysis is unlikely to be contaminated by M1 contributions. BA3b’s strip was then

segmented into 30 bands, each 2.09 mm high in the medio-lateral direction (see Figure 5A). Similar to the S1 ROIs, these bands were

then projected into the individual brains via the reconstructed individual anatomical surfaces and registered to participants’ functional

space of each task using FLIRT. On average, each band contained 46.12 voxels ±16.22 (SD). Univariate and multivariate analyses

were then repeated in each of these bands. Note that the most medial band contained very few and discontinuous voxels that pre-

vented from getting reliable RSA dissimilarities, and was thus excluded from further analysis.

Statistical analysis
All statistical analyses were carried out using JASP (v. 0.14). Two-tailed one-sample t-tests versus zero were used to assess signif-

icant activity levels in each ROIs. Alpha levels were Bonferroni corrected for the number of tests performed across conditions within

each ROI (i.e., alpha = 0.017 corrected for three comparisons for the body task, alpha = 0.013 corrected for four comparisons for the

face task and alpha = 0.010 corrected for five comparisons for the finger task). Since negative dissimilarity measures represent noise

levels, one-tailed one-sample t-tests versus zero were used to test the significance of representational dissimilarities as well as ab-

solute differences in activity levels in each ROIs. Here again, alpha levels were Bonferroni corrected for the number of tests performed

within eachROI (i.e., corrected for three comparisons for the body and action dissimilarities, and for two comparisons for the adjacent

and non-adjacent dissimilarities for the face and finger tasks). Paired t-tests were used to compare adjacent and non-adjacent con-

ditions for the face and finger tasks. In each case, a trend was defined when p values were inferior to twice the corrected alpha level.

Data normality was assessed using Shapiro-Wilk test. Effect sizes were computed using Cohen’s d (Cohen, 1988), and based on

benchmarks suggested by Cohen, a large effect size was defined as greater than 0.8. Wilcoxon signed-rank t-tests were used

when data violated normality assumptions. Two three-way rmANOVAs with the factors Hemisphere, ROI and Subpart were applied

to univariate activity levels from the face and finger tasks to assess Hemisphere effect or interaction. Since nomajor differences were

observed across hemispheres, univariate and multivariate data from each hemisphere were averaged. Greenhouse-Geisser correc-

tion was applied when data did not follow sphericity assumption. All group data are expressed as means ± SEM, except mentioned

otherwise.
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Group-level ROI visualisations
S1 ROIs of each participant were projected to MNI152 space using the nonlinear registration carried about by FNIRT. Participant

information regarding hand dominance were used to sagittal-flip data, such that the ROIs contralateral to the dominant hand

were always represented in the left hemisphere. ROIs of all participants were then concatenated into a single volume to produce

a consistency map (i.e., how many participants have their ROIs overlapping in the MNI space). Resulting consistency maps were

then projected to a group cortical surface (Glasser et al., 2016) using Connectome Workbench (v1.4.2) (see Figures 1 and S2 for

body task; see Figure S3B for face and finger tasks).
Cell Reports 38, 110523, March 15, 2022 e5
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Figure S1. Objects used in the body task. Related to Figure 1, 4 and 5, and to STAR Methods. Silicon 3D 

printed objects (NinjaFlex© 3D printing filament) were placed and secured with straps in the participants 

dominant hand (A), around the non-dominant arm (B), between the feet (secured at the level of their right 

metatarsophalangeal joints), and behind their toes (strapped to a footrest secured on the bed behind their feet) 

(C). Participants were instructed to either squeeze (i.e., closing the fingers for the hand, against the torso for the 

arm and between the feet) or push (i.e., against the bed for hand and arm, and against the footrest for the feet) 

the object with each body part. Three participants also had an object placed in between their lips (D), and 

secured on a fully adjustable frame, fixed on the coil (E), object that could be either squeezed or pushed. The 

other participants were asked to either purse their lips (equivalent to squeezing) or blow kisses (equivalent to 

pushing). A plastic tube was connecting each of the objects to a transducer system in the control room, allowing 

us to monitor and quantify the amount of pressure exerted. 

  



 

 

 
Figure S2. Regions of interest, selectivity, and multivariate information content related to specific body 

parts across S1 Homunculus in the non-dominant hemisphere. Related to Figure 1. All figure annotations 

are as denoted in Figure 1. Asterisks indicate a significant difference relative to zero; ***p < 0.001. In 

agreement with what was found in the dominant hemisphere (Fig. 1), ROIs in the non-dominant hemisphere 

were highly selective to their primary body parts, showing activity levels significantly above zero for this body 

part only (primary body parts: all t ≥ 6.50, all p < 0.001, all d ≥ 1.39 CI [0.88 1.87]; non-primary body parts: all 

t ≤ 1.20, all d ≤ 0.25 CI [-0.10 0.61]). And here again, the dissimilarity between activity patterns evoked by each 

movement were significantly greater than zero not only for pairs of body parts involving the primary body part 

of each ROI (all t ≥ 13.01, all p < 0.001, all d ≥ 2.77 95% CI [1.97 ∞]), but also for pairs of body parts non-

primary to the ROI (all t ≥ 5.84, all p < 0.001, all d ≥ 1.25 95% CI [0.76 ∞]).  



 

 

 
Figure S3. Univariate information content related to specific body parts across the S1 Homunculus and 

regions of interest for the face and finger tasks. Related to Figure 1A&C. A) Absolute differences between 

the univariate activity levels observed for each pair of body parts (yellow: feet-hand/arm, cyan: feet-lips, 

magenta: hand/arm-lips) across S1 ROIs in the hemisphere contralateral to the dominant hand (left) or non-

dominant arm (right). In each hemisphere absolute differences were significantly greater than zero not only for 

pairs of body parts involving the primary body part of each ROI (all t(21) ≥ 7.96, all p < 0.001, all d ≥ 1.70 95% 

CI [1.13 ∞]), but also for pairs of body parts that were non-primary to the ROI (all t(21) ≥ 5.18, all p < 0.001, all 

d ≥ 1.10 95% CI [0.65 ∞]). Grey dots represent individual participants. ***p < 0.001. B) Consistency maps 

across participants of regions of interest within the primary somatosensory cortex (S1) used for the face (left) 

and finger (right) tasks respectively. Same legend as Fig. 1A and Fig. S2A.  

 

  



 

 

 
Figure S4. Univariate and multivariate content related to different actions performed with a given body 

part across S1 Homunculus in the non-dominant hemisphere. Related to Figure 4. All annotations are as 

denoted for Figure 4. *p < 0.017; #p < 0.033; ***p < 0.001. In agreement with what was found in the dominant 

hemisphere (Fig. 4), activity levels evoked by different actions were significantly different in the primary ROIs 

of each body part (all p ≤ 0.013). Significant differences were also observed for arm movements in the Leg ROI 

(t(21) = -6.04, p < 0.001) and for feet movements in the Hand ROI (t(21) = -2.67, p = 0.014), and a trend was found 

for lip movements in the Leg ROI (t(21) = 2.44, p = 0.024; other conditions: -0.27 < all t(21) < 0.36, all p ≥ 0.722). 

Similar to the results observed in the dominant hemisphere, multivariate representational dissimilarities were 

significantly greater than zero not only in primary ROIs (all p values < 0.001, all d ≥ 0.99 CI [0.98 ∞]), but also 

in non-primary ROIs for arm and feet movements (all p ≤ 0.003, all d ≥ 0.66 CI [0.26 ∞]), and for lip 

movements in the Hand ROI (z(21) = 196, p = 0.011, d = 0.55 CI [0.21 ∞]). 

 

 



 

 

 

Figure S5. Example individual univariate activity maps obtained for different body parts across S1 in the 

dominant hemisphere. Related to Figure 1. Participants showing the closest dissimilarity to the group median 

for the body content in A) the Leg ROI, B) the Hand ROI and C) the Face ROI. Body content is defined as the 

dissimilarity between non-primary body parts. The colour scale codes for the z statistic (contrast vs rest), with 

positive bold responses represented in red-yellow and negative bold responses in blue. Standard activity 

threshold (z = 3.1) is indicated with the black arrows on the activity scales. Individual’s ROIs are highlighted 

with red contours. The data is not thresholded and masked with S1 anatomical ROI. We note that the univariate 

activity profile was providing inconsistent results (across participants and paradigms), and thus these 

unthresholded maps of single participants should be interpreted with much caution. 
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