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Sensory information is processed in the visual cortex in distinct streams of different anatomical and functional 

properties. A comparable organizational principle has also been proposed to underlie auditory processing. This 

raises the question of whether a similar principle characterize the somatosensory domain. One property of a 

cortical stream is a hierarchical organization of the neuronal response properties along an anatomically distinct 

pathway. Indeed, several hierarchies between specific somatosensory cortical regions have been identified, pri- 

marily using electrophysiology, in non-human primates. However, it has been unclear how these local hierarchies 

are organized throughout the cortex. Here we used phase-encoded bilateral full-body light touch stimulation in 

healthy humans under functional MRI to study the large-scale organization of hierarchies in the somatosensory 

domain. We quantified two measures of hierarchy of BOLD responses, selectivity and laterality. We measured how 

selectivity and laterality change as we move away from the central sulcus within four gross anatomically-distinct 

regions. We found that both selectivity and laterality decrease in three directions: parietal , posteriorly along the 

parietal lobe, frontal , anteriorly along the frontal lobe and medial , inferiorly-anteriorly along the medial wall. The 

decline of selectivity and laterality along these directions provides evidence for hierarchical gradients. In view of 

the anatomical segregation of these three directions, the multiplicity of body representations in each region and 

the hierarchical gradients in our findings, we propose that as in the visual and auditory domains, these directions 

are streams of somatosensory information processing. 
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. Introduction 

.1. Processing streams in the cortex 

A central theme in neuroscience is that visual information is pro-

essed in the cortex in (at least) two distinct pathways, known as the

orsal and the ventral streams ( Huang and Sereno, 2018 ; Kravitz et al.,

011 ; Milner and Goodale, 2006 ). Both streams originate in the pri-

ary visual cortex: the dorsal stream stretches to the parietal lobe

hereas the ventral stream terminates in the inferior temporal lobe

 Goodale and Milner, 1992 ; Huang and Sereno, 2018 ; Kravitz et al.,

011 ; Ungerleider and Mishkin, 1982 ). Several lines of evidence sup-

ort this streams’ hypothesis: (1) there is functional dissociation be-

ween the two streams. To a first approximation, the dorsal stream

s oriented towards “where ” processing whereas the ventral towards

what ” processing ( Ungerleider and Mishkin, 1982 ; Binkofski and
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uxbaum, 2013 ; Kravitz et al., 2011 ). (2) Multiple visual field maps

re present in different cortical areas ( DeYoe and Van Essen, 1988 ;

rill-Spector and Malach, 2004 ; Wandell et al., 2007 ; Wandell and

inawer, 2011 ). (3) Many experiments provide evidence for hierar-

hical processing. First, electrophysiological measurements of response

atencies demonstrate that visual information is sequentially processed

long the streams ( Arroyo et al., 1997 ; Culham, 1998 ; Martin et al.,

019 ; Schmolesky et al., 1998 ; Takaura et al., 2016 ). Second, the re-

eptive fields of neurons increase in size and complexity along the pro-

essing streams (e.g., Burkhalter and Van Essen, 1986 ; Kastner et al.,

001 ; Rousselet et al., 2004 ; Yoshor et al., 2007 ). Finally, there is

ome evidence that neural responses become more bilateral along the

tream (respond to both hemifields) ( Pigarev et al., 2001 ). While prelim-

nary evidence in support of hierarchical processing came from single

euron recordings, population receptive field (pRF) was used to mea-

ure the progressive increase in receptive fields away from the primary
ugust 2020 
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isual cortex ( Amano et al., 2009 ; Dumoulin and Wandell, 2008 ). Most

f the research on cortical streams focused on the visual domain. How-

ver, there is also evidence for the existence of two processing streams

n the auditory cortex ( Alain et al., 2001 ; Kaas and Hackett, 1999 ;

omanski et al., 1999 ). 

.2. Evidence from the somatosensory domain 

Several findings support the hypothesis that streams also character-

ze cortical somatosensory processing. As in the visual system, multi-

le full-body somatosensory maps have already been reported in the

ioneering studies of Penfield and his colleagues ( Penfield and Bol-

rey, 1937 ; Penfield and Jasper, 1954 ; Penfield and Rasmussen, 1950 ).

ater on, studies using electrophysiological recordings in non-human

rimates and functional neuroimaging in humans extended these results

nd identified additional somatosensory areas (e.g., Arienzo et al., 2006 ;

agen et al., 2002 ; Ruben et al., 2001 ; Saadon-Grosman et al., 2020 ;

akata et al., 1973 ; Sereno and Huang, 2006 ; Young et al., 2004 ). More-

ver, changes in the sizes of receptive fields as well as the level of later-

lization in response to somatosensory stimulations have led researchers

o posit hierarchical ordering in specific parts of the somatosensory

ystem: rostral to caudal within the post central gyrus (primary so-

atosensory cortex, S1; ( Hyvärinen and Poranen, 1978 ; Iwamura, 2003 ,

998 ; Iwamura et al., 1993 )), S1 to the secondary somatosensory area

S2; ( Iwamura, 2003 ; Mazzola et al., 2005 )), S1 to the posterior pari-

tal cortex ( Duffy and Burchfiel, 1971 ; Sakata et al., 1973 ) and S2 to

he posterior insular cortex ( Mazzola et al., 2005 ). In addition, fMRI

 Reed et al., 2005 ; Van Boven et al., 2005 ) and lesion ( Schwoebel and

oslett, 2005 ) studies reported visual-like anatomical dissociation of so-

atosensory functions. Integrating a large body of anatomical, as well as

ehavioral and functional studies, Mishkin proposed serial somatosen-

ory processing from S1 to the insular cortex through S2 as early as 1979

 Mishkin, 1979 ). Years later, Dijkerman and de Haan further proposed a

odel for separate cortical somatosensory processing streams, one from

1 to the insular cortex, as suggested by Mishkin, and the other from

1 to posterior parietal cortex ( Dijkerman and de Haan, 2007 ). This

atter stream is also supported by differences in onset latencies of cor-

ical areas in response to somatosensory stimulation ( Inui et al., 2004 ;

eed et al., 2009 ). However, our understanding of the large-scale orga-

ization of the somatosensory system has been limited because most of

revious studies focused on specific body-parts or on specific cortical ar-

as. In view of the visual streams, we hypothesize the existence of a large

cale hierarchical somatosensory organization that is characterized by

radients. To test this hypothesis, we recorded whole brain responses

sing fMRI to phase-encoded bilateral full-body light touch stimulation.

e quantified selectivity, a measure of the specificity of the cortical

esponse to preferred body-parts, and laterality, a measure of the dom-

nance to contralateral response. Incorporating a multi-modal cortical

arcellation ( Glasser et al., 2016 ), we defined four gross anatomical re-

ions and computed selectivity and laterality within each region as a

unction of the distance from the central sulcus (anterior border of the

rimary somatosensory cortex). We identify somatosensory hierarchical

radients in three anatomically distinct directions: in the parietal lobe,

rom the central sulcus posteriorly, in the frontal lobe, from the central

ulcus anteriorly and in the medial wall, medially to S1 anteriorly and

nferiorly. 

. Materials and methods 

.1. Participants 

20 participants (age: 27.5 ± 3.33 year-old (mean ± SD), 9 females);

ll reported no history of neurological, psychiatric, or systemic disor-

ers. All participants provided a written informed consent, and the study

as approved by the ethical committee of the Hadassah Medical Center.
.2. Experimental paradigm 

A light-touch somatosensory stimulation was applied to the lips, dor-

um part of the hand, forearm, upper arm, shoulder, trunk (lateral part),

ip (lateral part), thigh (medial part), knee, shin (medial part), the dor-

um part of the foot and the toes ( Fig. 1 A; ( Saadon-Grosman et al., 2015 ,

020 ; Tal et al., 2016 )). Stimulation was delivered using a 4-cm-wide

aintbrush (with extended handle of 0.65 m plastic stick) by an exper-

menter, trained to maintain a constant pace and pressure. The stim-

lation was unilateral and continuous (without lifting the brush from

he skin), except for one discontinuity between the lips and the hand.

o control the timing of the body-part sequence, the experimenter wore

MRI-compatible headphones, delivering preprogrammed auditory cues

Presentation; Neurobehavioral Systems). Stimulation duration was 15 s

nd the interval between stimulations was 12 s. Each scanning run in-

luded 7 repetitions of stimulation of one body side (right/left), followed

y 7 repetitions of stimulation of the other body side (left/right). The or-

er (right/left) was counter-balanced between participants. To control

or time-order and directionality effect, BOLD activity of each partici-

ant was measured in two scanning runs that differed in the order of

ody-parts stimulations, from lips-to-toes and from toes-to-lips. Run du-

ation was 423 s (282 time repetitions (TRs)), which included a 28.5 s

f measurement before the onset of the first repetition and 4.5 s mea-

urement after the last repetition, in addition to 12 s delay between the

timulation of the two body sides. 

.3. Functional MRI image acquisition procedures and preprocessing 

All participants were scanned at the same site using a Siemens

kyra 3T system (32-channel head coil) with the same imaging se-

uence. Blood oxygen level dependent (BOLD) fMRI was acquired us-

ng a whole-brain, gradient-echo (GE) echoplanar (EPI) (repetition time

TR)/time echo (TE) = 1500/27 ms, flip angle = 90, field of view

FOV) = 192 × 192 mm, matrix = 64 × 64 (in-plane resolution 3 × 3

m 

2 ), 26 axial slices, slice thickness/gap = 4 mm/0.8 mm). In addition,

igh resolution (1 × 1 × 1 mm) T1-weighted anatomical images were ac-

uired to aid spatial normalization to standard atlas space. The anatomic

eference volume was acquired along the same orientation as the func-

ional images (TR/TE = 2300/2.98 ms, matrix = 256 × 256, 160 axial

lices, 1-mm slice thickness, inversion time (TI) = 900 ms). Preprocess-

ng was performed using the Brain Voyager QX 20.4.0.3188 software

ackage (Brain Innovation) and NeuroElf ( http://neuroelf.net ), includ-

ng head motion correction (trilinear interpolation for detection and sinc

or correction), slice scan time correction, and high-pass filtering (cut-

ff frequency, two cycles per scan). Temporal smoothing (FWHM = 4 s)

nd spatial smoothing (FWHM = 4 mm) were additionally applied. Func-

ional and anatomical datasets for each participant were co-registered

nd normalized to standardized MNI (ICBM-152) space. All further anal-

ses were performed using in-house custom Matlab (Mathworks, Inc.)

cripts. 

.4. Cortical response maps 

Each body side was analyzed separately by splitting voxels’ time

ourse (137 TR each: 27 s per repetition, 7 repetitions, 1.5 s per TR:

7 ∗ 7/1.5 = 126 + 8 TRs prior to beginning of stimulation and 3 TRs after

timulation). Voxels’ time course were projected on a cortical surface to

reate a mesh vertex time course (Trilinear interpolation, data in depth

long vertex normal from − 1 mm to 3 mm of gray-white matter bor-

er; FreeSurfer’s, fsaverage template brain; ( Desikan et al., 2006 )). To

dentify the cortical distribution of the somatosensory system we used a

ross correlation analysis ( Saadon-Grosman et al., 2020 , 2015 ). A boxcar

unction (3 s) was convolved with a two-gamma hemodynamic response

unction (HRF), to derive a predictor for the analysis. This predictor

nd the time course of each vertex were cross-correlated to measure re-

ponses to different parts of the stimulation cycle (body-parts). The first

http://neuroelf.net
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i  
R in the stimulation block was excluded to avoid time-order and di-

ectionality effects. The predictor was cross correlated across all TRs in

he block, except for the last one, to allow averaging of the two opposite

timulation directions ( “start lips ” and “start toes ”). Stimulation dura-

ion of each cycle consisted of 10 TRs, thus, cross correlation analysis

roduced 8 correlation values for each vertex, indicating correlation to

ifferent parts of the stimulation cycle. 

Each TR can be assigned to a specific body part by its stimulation

ime. However, this is not used in this study except as a control in

ig. 6 (dark gray). Group maps were computed with two level statis-

ics random effect: to combine the correlation distributions of start lips

nd start toes directions, we flipped the order of the correlation values

f the start toes paradigm and then averaged over the two directions.

he 8 resulting correlation coefficients (corresponding to 8 cross corre-

ation lag values for each vertex of each participant) were transformed

o t values with: 𝑡 = 𝑟 ⋅
√ 

𝑛 −2 
1− 𝑟 2 where n is the sample size (number of

easurements-TR, 137). We then applied a vertex wise one tailed t -

est ( H 0 ∶ μ = 0 , H 1 ∶ μ > 0 ) on the t -values from all participants for

ach lag separately. The resultant p values were corrected for spatial

ultiple comparisons with the Benjamini-Hochberg false discover rate

FDR; ( Benjamini and Hochberg, 1995 )). The final group map ( Fig. 1 B)

as comprised from t -values corresponding to the lowest p value in

ach vertex (out of 8) masked with significance threshold of 𝛼= 0.05

onferroni-corrected for 16 comparisons (cross correlation with 8 lags

n two stimulation directions). 

.5. Selectivity 

To quantify the selectivity of the response of each vertex to a TR

corresponding to a body part), we computed the width of the vertex’s

uning-curve. At first, each vertex’s time course was normalized (z-score)

o compute an event related averaged response (ERA) across all stimu-

ation cycles. ERA is computed by averaging responses across time win-

ows (18 TRs each, compose of 10 TRs of stimulus block and 8 TRs of

aseline rest) across 7 repetitions. Since stimulation was applied contin-

ously over the whole body, the ERA depicts the response tuning curve

degree of selectivity to a specific body-part). To measure the width of

ach vertex’s tuning curve we fitted a Gaussian curve and extracted the

istribution’s standard deviation using the fitted Gaussian coefficients

 Fig. 2 A). The fitted curve is given by Eq. (1) where the x denotes TRs

f the ERA response, 𝜎 standard deviation and 𝜇 is the mean. 

 ( 𝑥 ) ∝ 𝑒 
− 1 2 

(
𝑥 − 𝜇
𝜎

)2 
(1) 

Selectivity s , was defined as 𝑠 = 1∕ 𝜎. It should be noted that because

ur focus is a comparison of selectivity between regions, and the abso-

ute value of selectivity is immaterial, we did not commit to a specific

RF and did not take into account the shape of the function, this is un-

ike ( Dumoulin and Wandell, 2008 ; Harvey et al., 2013 ; Puckett et al.,

020 ; Schellekens et al., 2018 ). 

Only those vertices that proved significant in the random effect re-

ponse group map, corrected for multiple spatial comparisons (FDR),

ere considered ( Fig. 1 B). For those vertices, group selectivity was com-

uted by averaging selectivity ( s ) across all participants and across two

timulus directions (lips-to-toes and from toes-to-lips) that (1) exhib-

ted significant response in that vertex, determined by maximal corre-

ation of prediction ( t -test, 𝛼 = 0 . 01 , Bonferroni corrected for multiple

orrelations; 8 lag values, p < 0.0013, a procedure that removed 26%

f the vertices x participants x stimulus directions) and (2) their ERA

as well-fitted by a Gaussian ( R 

2 = residual sum of squares/total sum of

quares; R 

2 > 0.6, a procedure that removed 24% of the remaining ver-

ices x participants x stimulus directions). Qualitatively similar results

ere obtained for R 

2 > 0.28, a procedure that removed only 10% of the

emaining vertices x participants x stimulus directions. These criteria

ere chosen to avoid noise contamination 
.6. Laterality 

Laterality was defined as the preference of a given vertex to stimula-

ion of the contra- or ipsi-lateral body-side. It is denoted by the normal-

zed difference between the maximal responses (maximal cross correla-

ion with predictor) to stimulation of the contra- and ipsi-lateral body

ides ( Eq. (2) ). 

 = 

𝐶 𝑐𝑜𝑛𝑡𝑟𝑎 − 𝐶 𝑖𝑝𝑠𝑖 

𝐶 𝑐𝑜𝑛𝑡𝑟𝑎 + 𝐶 𝑖𝑝𝑠𝑖 

(2) 

Positive values indicate a contralateral preference and negative val-

es indicate an ipsilateral preference. Only those vertices that proved

ignificant in the random effect response group map, corrected for mul-

iple spatial comparisons (FDR), were considered ( Fig. 1 B). For those

ertices, group laterality was computed by averaging laterality ( l ) across

ll participants and across two stimulus directions that exhibited signifi-

ant response in that vertex (to avoid noise contamination), determined

y maximal correlation of prediction to stimulation in either the con-

ra or ipsilateral sizes ( t -test, 𝛼 = 0 . 01 , Bonferroni corrected for multi-

le correlations; 8 lag values × 2 sides, p < 0.0006, a procedure that

emoved 16% of the vertices x participants x stimulus directions). 

.7. Cortical parcellation and identification of somatosensory responsive 

reas 

In this study we applied a multi-modal data-driven parcellation

 Glasser et al., 2016 ). This parcellation delineates 180 areas per hemi-

phere, bounded by sharp changes in cortical architecture, function, con-

ectivity, and/or topography ( Glasser et al., 2016 ). Parcellation areas

ontaining more than 50% of vertices responding to body stimulation

group mask) were defined as somatosensory responsive areas (Table

1). This threshold was used to eliminate areas which did not pass ma-

ority rule (i.e. areas with less than 50% significant vertices). In those

arcellation areas, only those responding vertices were included in the

nalysis. 

To calculate selectivity and laterality of a given parcellation area,

e averaged the computed values for all vertices of all participants that

assed the exclusion criteria (as a result, the contribution of different

articipants to selectivity and laterality of a parcellation area was not

qual). 

.8. Selectivity and laterality as a function of distance from the central 

ulcus 

We quantified selectivity and laterality with respect to the dis-

ance from the central sulcus, the anterior border of the primary

omatosensory cortex. To determine a distance along the corti-

al surface, we calculated the minimum geodesic distance by us-

ng an algorithm that approximates the exact distance along the

hortest path between two vertices on a triangular surface mesh

 Mitchell et al., 1987 ) (Geodesic computation package by Danil Kirsanov

 https://code.google.com/archive/p/geodesic/ ), a set of MATLAB func-

ions by Yanir Kleiman and Maks Ovsjanikov, CGF 2018). The surface

sed was the “midthickness ” surface, an average between the pial and

hite matter surfaces. We looked for the shortest path from each ver-

ex to area 3a, which is bounded anteriorly by the central sulcus. For

ertices within area 3a, the distance is, by definition, zero. For clear

isualization we averaged selectivity and laterality within 10 quantiles

f the geodesic distance within each region of interest. For group anal-

sis we used the above described selectivity and laterality group maps

2.5,2.6). Error bars were computed by bootstrapping over participants

1000 iterations; standard deviation). 

.9. Gross-anatomy classification 

The somatosensory system as found here lies over four gross anatom-

cal regions, including the anterior part of the parietal lobe (from Brod-

https://code.google.com/archive/p/geodesic/
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Fig. 1. Experimental paradigm and somatosensory response map. A . Experi- 

mental paradigm: Scheme of bilateral whole-body continuous brush movement 

from lips-to-toes (red) and from toes-to-lips (green). B. somatosenso ry response 

maps: random effect group maps ( N = 20; see Methods 2.4) of contralateral 

body side stimulation. Top, Lateral view, Middle, Medial view; Bottom, oper- 

culum and insula cortices (LH: left hemisphere; RH: right hemisphere; α = 0 . 05 , 
corrected for spatial multiple comparisons (FDR) and multiple correlations (Bon- 

ferroni), see Methods 2.4). 
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ann area (BA) 3a to the ventral and medial intraparietal areas (BA 7)),

he posterior part of the frontal lobe (from BA 4 to the anterior end of BA

), the superior part of the medial wall (from the medial end of the pre

nd post central gyri to the middle cingulate gyrus) and the operculum-

nsular cortex (from parietal and frontal operculum to temporal oper-

ulum through the posterior insula). In order to define these regions

recisely we utilized the above mentioned parcellation. We classified

ach of the somatosensory parcellation areas according to the following

riteria: the parietal region includes all areas on the lateral surface pos-

erior to the central sulcus, the frontal region includes all areas on the

ateral surface anterior to the central sulcus, the medial region includes

ll areas on the medial wall, and the operculum-insula region includes

reas inferior to the parietal and frontal lobes of the operculum and in-

ular cortex (Table S1, ( Glasser et al., 2016 )). Note that areas 4, 6mp,

 L and 7Am ( Glasser et al., 2016 ) on the lateral surface extend into

he medial wall. Additional parcellation areas that were not included in

hese anatomical regions as part of the spatial continuous representation

ere not considered in the analysis (13 in the right hemisphere and 8 in

he left hemisphere, see Table S1). Specifically, the distance-dependence

electivity and laterality depicted in Fig. 5 incorporated the above four

egions. 

.10. Specific controls 

To exclude the possibility that changes in selectivity and laterality

eflect heterogeneities in the signal to noise ratio (SNR) or differences

n body parts spatial distributions we spatially permuted selectivity and

aterality of the contralateral response across the entire contralateral

omatosensory responsive cortex in two ways: (1) functional SNR was

omputed by vertex-wise averaging of all correlation pairs of the BOLD

esponses across the seven stimulus repetitions in each participant and

ach stimulus direction (as a measure of variability in response). Then,

e permuted all vertices sharing the same functional SNR (using 20

ins) and re-computed selectivity and laterality with distance from the

entral sulcus (light gray in Fig. 6 ). (2) Same as in (1) for all vertices

haring the same preferred body part (8), defined by the maximum of

he cross-correlation analysis (dark gray in Fig. 6 ). 

.11. Data and code availability statement 

All data is publicly available at: https://openneuro.org/datasets/

s003089/versions/1.0.1 . Code related to analyses in this study is

vailable on GitHub ( https://github.com/CompuNeuroPsychiatryLab

inKerem/publications _ data/tree/master/Somatosensory _ hierarchical _ 

radients ). 

. Results 

We applied whole-body continuous tactile stimulation to 20 partici-

ants while measuring BOLD responses using fMRI ( Fig. 1 A). We iden-

ified vertices in which the response to contralateral body side stimula-

ion was significant (random effect, α = 0 . 05 , FDR corrected, see Meth-

ds 2.4). This defined a somatosensory response map that includes S1,

2, M1, SMA, premotor cortex, anterior part of the superior and inferior

arietal lobules, posterior insular and mid cingulate cortex ( Fig. 1 B). 

.1. Selectivity 

Interested in hierarchical somatosensory processing, we quantified

ertices’ selectivity. To that end, we considered, for each participant and

or each stimulation direction, the contralateral event-related average

esponse (ERA) of each vertex (see Methods 2.5 and Fig. 2 A). Because

ody-parts’ stimulation is continuous and its order is fixed, this ERA is

nalogous to a tuning curve. Thus, the reciprocal of the width of the ERA

denoted by s ) is a measure of selectivity (see Methods 2.5 and Fig. 2 B).

ig. 2 C depicts the group-averaged selectivity across the contralateral
omatosensory-responsive cortex (for ipsilateral selectivity maps see Fig.

1, see also Fig. S2). Selectivity is highest in the rostral part of S1 and

1 and lower selectivity is observed in association cortices. 

.2. Laterality 

Laterality is another measure of processing hierarchy. To quantify

t, we used, for each participant and for each stimulation direction, the

orrelation coefficients between the BOLD responses in each vertex and

ts predictors based on stimulation of the two body sides ( Fig. 3 A, see

ethods 2.6). We defined laterality index l as the difference between the

ontralateral and ipsilateral maximal correlation coefficients, divided by

heir sum (see Methods 2.6, Fig. 3 B). As with selectivity, the most con-

ralateral response was found in the primary cortices S1 (rostral part)

nd M1 while robust bilateral responses were found in the posterior

art of the parietal, anterior part of the frontal and anterior insular so-

atosensory cortex ( Fig. 3 C, see also Fig. S2). 

.3. Selectivity and laterality are correlated 

Considering both selectivity and laterality as measures of hierarchy,

hese measurements should be correlated. This hypothesis is tested in

ig. 4 , which depicts the laterality as a function of the selectivity at the

evel of the single vertex in the entire somatosensory responsive cortex.

he two measures were found to be highly correlated (correlation coef-

cients 𝑟 = 0 . 76 , 𝑁 = 47 , 863 , 𝑝 = 0 and 𝑟 = 0 . 56 , 𝑁 = 61 , 128 , 𝑝 = 0 for

he left and right hemispheres, respectively). 

.4. Hierarchical gradients 

If the somatosensory cortical system is hierarchically organized, then

e expect both selectivity and laterality to decrease as we move away

rom the primary somatosensory cortex. Therefore, we measured how

verage selectivity and laterality change as we move away from the cen-

ral sulcus (the anterior border of S1). We found that indeed, both se-

ectivity and laterality significantly decrease with the geodesic distance

rom the central sulcus ( p < 0.001, Fig. 5 , see also Methods). 

https://openneuro.org/datasets/ds003089/versions/1.0.1
https://github.com/CompuNeuroPsychiatryLabEinKerem/publications_data/tree/master/Somatosensory_hierarchical_gradients
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Fig. 2. Selectivity across the somatosensory re- 

sponsive cortex. A . Selectivity of two represen- 

tative vertices. Dots, the contralateral ERA, av- 

eraged response over seven repetitions of lips- 

to-toes stimulation (TRs 1–10) of a single par- 

ticipant. Line, best-fit Gaussian. B . Selectivity 

of part of the posterior-frontal cortex of the 

right hemisphere of the participant in A. For 

each vertex, a selectivity measure, the recip- 

rocal of the standard deviation of the best-fit 

Gaussian was computed and is presented in 

color code (A- anterior; P-posterior). The ver- 

tex examples in A are denoted by square (left, 

PA 4, high selectivity) and a circle (right, PA 

6a, low selectivity). C. Group selectivity maps. 

(LH: left hemisphere; RH: right hemisphere; see 

also Fig. S3). Vertex-selectivity was computed 

by averaging the selectivity across all partici- 

pants and two stimuli directions that exhibited 

significant response ( 𝛼 = 0 . 01 , Bonferroni cor- 

rected for multiple correlations) and that their 

ERA was well-fitted by a Gaussian ( R 2 > 0.6, 

see Methods). The location of the patch in B is 

marked by a dashed rectangle. 
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.5. Processing directions 

The somatosensory system as found here lies over four anatomically

istinct regions: (1) parietal lobe, (2) frontal lobe, (3) operculum and in-

ular cortex and (4) the medial wall, where the primary somatosensory

ortex resides at their intersection. This motivated us to ask whether

hese different cortical regions correspond to different somatosensory

rocessing directions. We used a cortical parcellation ( Glasser et al.,

016 ) to draw the borders between the four regions ( Fig. 6 , top; Meth-

ds 2.9, see also Table S1). Within each region, we measured how aver-

ge selectivity and laterality change as we move away from the central

ulcus (for single participants see Fig. S4). 

.5.1. Parietal 

Moving posteriorly in the parietal direction, from the central sul-

us through S1 to the posterior parietal cortex, we found a signifi-

ant decrease in both selectivity and laterality ( Fig. 6 A bottom; LH:

 < 0.001, RH: p = 0.001, bootstrapping over participants). We sug-
est that the previously-reported rostral to caudal hierarchy within S1

 Iwamura et al., 1993 ) and the hierarchy between S1 and posterior pari-

tal cortex ( Sakata et al., 1973 ) are both part of a continuous processing

irection. 

.5.2. Frontal 

The frontal direction, anteriorly from the central sulcus, starts in the

rimary motor cortex and ends in premotor areas ( Fig. 6 B, top). As in the

arietal direction, selectivity and laterality decrease significantly and

onotonically along the frontal direction ( Fig. 6 B bottom; p < 0.001,

ootstrapping over participants). 

.5.3. Medial 

The medial region spreads from right medially to S1 (posteriorly to

he medial end of M1) and reaches the mid cingulate cortex through

he paracentral lobule ( Fig. 6 C, top). Both selectivity and laterality sig-

ificantly decrease in the medial direction ( Fig. 6 C bottom; Selectivity-

H: p = 0.005, LH: p < 0.001; Laterality- RH: p = 0.003, LH: p < 0.001,
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Fig. 3. Laterality across the somatosensory re- 

sponsive cortex. A. Examples of normalized 

BOLD responses of a single participant in two 

representative vertices (top and bottom) in 

response to seven repetitions of contralateral 

(black) and ipsilateral (red) Lips-to-Toes stim- 

ulation. Gray and white strips denote stimu- 

lation and rest periods, respectively. Lateral- 

ity in the upper plot is high: the BOLD re- 

sponse closely follows the contralateral, but not 

the ipsilateral stimulation. By contrast, lateral- 

ity in the bottom plot is low: the response to 

both contralateral and ipsilateral stimulations 

is similar. B. Laterality, defined as the differ- 

ence between the contralateral and ipsilateral 

maximal correlation coefficients (between the 

BOLD response in each vertex and its stimulus- 

based predictors), divided by their sum, of the 

participant in A is presented in color code (A- 

anterior; P-posterior). The vertex examples in 

A are denoted by square (top, PA 4, high lat- 

erality) and a circle (bottom, PA 6a, low later- 

ality). The parameter l can range between − 1 
and 1. While 𝑙 = 1 denotes a pure contralateral 

preference and 𝑙 = 0 corresponds to a bilateral 

response. C. Group laterality maps. (LH: left 

hemisphere; RH: right hemisphere; see also Fig. 

S3). Vertex-laterality was computed by averag- 

ing the laterality across all participants and two 

stimuli directions that exhibited significant re- 

sponse ( 𝛼 = 0 . 01 , Bonferroni corrected for mul- 

tiple correlations). Note that the location of the 

map patch in B is marked with a dashed rect- 

angle. 

Fig. 4. Selectivity and laterality are correlated. 

The laterality of the vertices depicted as a func- 

tion of their selectivity. Each dot corresponds 

to a single vertex that met the significance cri- 

terion (as in Figs. 2 C and 3 C) and for reasons 

of visual clarity, only 5% of the vertices, ran- 

domly selected, are depicted. Black lines are 

linear fits ( 𝑟 = 0 . 76 and 𝑟 = 0 . 56 for the left (LH) 

and right (RH) hemispheres, respectively). 
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Fig. 5. Selectivity and laterality decrease with the distance from the central sul- 

cus. Lateral and medial views of the left and right hemispheres (LH, RH; top). 

Color code represents the geodesic distance in millimeters of each vertex from 

area 3a (posterior to the central sulcus, marked in yellow). Middle, average se- 

lectivity; Bottom, average laterality within 10 distance quantiles. Black lines 

denote linear regression. The negative slope in all of them is significantly dif- 

ferent from zero ( p < 0.001). Error bars are standard deviation, computed by 

bootstrapping over participants. 
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ootstrapping over participants). However, the magnitude of the change

slope) is smaller than that in the parietal and frontal directions (Table

2). Note that the selectivity and laterality at the starting point of this

irection are both small relative to the starting points of the parietal and

rontal directions. 

.5.4. Operculum-insula 

The Operculum region covers parts of the frontoparietal opercula

inferiorly to M1, S1 and the inferior parietal lobule, including S2), pos-

erior insula and the temporal opercula ( Fig. 6 D, top). In contrast to

he three other directions, we observe significant increase of selectiv-

ty ( Fig. 6 D bottom; RH: p = 0.024, LH: p = 0.002, bootstrapping over

articipants) and decrease of laterality (RH: p = 0.003, LH: p = 0.001,

ootstrapping over participants) with distance from the central sulcus. 

.6. Controls 

We argue that the descending gradients in selectivity and laterality

s we move away from the central sulcus are indicative of a process-

ng direction. However, before accepting this interpretation, we should

onsider alternative explanations. One possibility worthwhile consider-
ng is that the change in selectivity and laterality reflect differences in

ignal-to-noise ratio (SNR) across different cortical areas. The reason is

hat the selectivity and the laterality of a response that is dominated

y noise is expected to be low. Thus, a decrease in the selectivity and

aterality as we move away from primary regions could, in principle, re-

ect a reduction in the SNR. To control for this possibility, we used the

orrelation across stimulus repetitions as a measure of the functional

NR (see Methods 2.10). For each participant and each direction, we

ermuted all vertices, while maintaining the spatial distribution of the

unctional SNRs. We used this surrogate data to recompute the change

n the selectivity and laterality along the four directions. As shown in

ig. 6 (light gray), a change in the functional SNR cannot account for

he change in selectivity and laterality. 

Another alternative explanation could have been that the gradients

eflect changes in the representations of different body parts along the

ifferent directions ( Saadon-Grosman et al., 2020 ). For example, it is

nown that the face and the trunk are more bilaterally represented than

he limbs ( Eickhoff et al., 2008 ; Killackey et al., 1983 ). Thus, a decrease

n the representation of the limbs along a direction is expected to result

n a decrease in laterality. To control for this, we associated each vertex

f each participant and each stimulus direction with its preferred body

art (see Methods 2.10). For each participant and for each direction, we

ermuted all vertices, while maintaining the spatial distribution of the

ody-parts representation. We used this surrogate data to recompute

he change in the selectivity and laterality along the four directions.

s shown in Fig. 6 (dark gray), a change in the distribution of body-

arts representation cannot account for the change in selectivity and

aterality. 

. Discussion 

.1. Summary 

In this study we measured BOLD signals in response to whole body

ight touch stimulation. We defined two measures of cortical response,

electivity and laterality. Both were found higher in primary somatosen-

ory and motor cortices while lower in association cortices. This re-

ult, is reminiscent of the electrophysiological findings that the recep-

ive fields are more lateralized and sharply-tuned (selective) in primary

egions than in higher processing regions ( Hubel and Wiesel, 1962 ;

wamura, 2003 ; Kaas et al., 1979 ). We used selectivity and laterality

o characterize processing hierarchy in the somatosensory-responsive

ortex. This analysis enabled us to identify three anatomically distinct

omatosensory hierarchical gradients. In the parietal lobe, from the cen-

ral sulcus posteriorly, in the frontal lobe, from the central sulcus ante-

iorly and in the medial wall, medially to S1 anteriorly and inferiorly. In

iew of the anatomical segregation of these three directions, the multi-

licity of body representations in each region ( Huang and Sereno, 2018 ;

aadon-Grosman et al., 2020 ) and the hierarchy in our findings, we pro-

ose that as in the visual domain, these directions are, in fact, streams

f somatosensory information processing. 

.2. From selectivity and laterality through hierarchical gradient(s) to 

rocessing streams 

The experimental results are consistent with the general increase in

ierarchy as we move away from central sulcus ( Fig. 5 ). We would like

o propose a possible interpretation of this data based on multiple pro-

essing streams ( Fig. 6 ). As described in the Introduction, three lines of

vidence support the cortical streams hypothesis in the visual domain:

1) functional dissociation, (2) multiple maps and (3) hierarchy. Re-

arding hierarchy, we used the fMRI analog of a receptive field. We fol-

owed the path of electrophysiologists, which measured the selectivity

nd laterality of single neurons as proxies for the hierarchical processing

evel (e.g., Hubel and Wiesel, 1962 ; Iwamura et al., 1993 ; Sakata et al.,
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Fig. 6. Somatosensory hierarchical gradients. Four gross anatomical regions, A. parietal, B. frontal, C. medial and D. operculum-insula are denoted on the right 

and left hemispheres (RH, LH; top). Color code represents the geodesic distance in millimeters of each vertex from area 3a (posterior to the central sulcus, yellow). 

Middle, average selectivity; Bottom, average laterality within 10 distance quantiles. Black lines denote linear regression. In gray, controls for functional SNR (light 

gray) and body-parts’ distribution (dark gray). Error bars are standard deviation, computed by bootstrapping over participants. 
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973 ), and measured changes in selectivity and laterality at the popu-

ation level. We found that in the parietal and frontal directions, and to

esser degree in the medial direction, but not in the operculum-insula,

electivity and laterality decrease as we move away from the central sul-

us. With respect to multiple maps, previous studies have demonstrated

he existence of multiple body maps in each of the processing direc-

ions ( Arienzo et al., 2006 ; Hagen et al., 2002 ; Huang and Sereno, 2018 ;

aas, 2004 ; Penfield and Jasper, 1954 ; Saadon-Grosman et al., 2020 ).

ith respect to functionality, the extent to which somatosensory infor-

ation is functionally dissociated is still unclear and a proof of a func-

ional dissociation between the three directions awaits future experi-

ents. 

.3. Processing directions 

.3.1. The parietal direction 

Previous studies have provided evidence of somatosensory hierar-

hies in parts of the parietal cortex. Within S1 (Brodmann areas 3a,3b,1

nd 2), single-unit recordings in non-human primates demonstrated an

ncrease in the complexity of receptive field properties and integration of

ilateral sides of the body along the rostral-caudal (anterior to posterior)

xis ( Hyvärinen and Poranen, 1978 ; Iwamura, 2003 ; Iwamura et al.,

993 ). In agreement with these results, BOLD responses in area 3b

ere found to be more selective than those in area 1 ( Ann Stringer

t al., 2014 ). Moreover, response latencies to somatosensory stimuli

ere longer in area 1 than in areas 3 ( Inui et al., 2004 ). Finally, the

xistence of this processing direction within S1 is also supported by

natomical evidence of serial corticocortical connections ( Felleman and

an Essen, 1991 ). 

Posterior to S1, there is substantial evidence that both Brodmann

reas 5 and 7 are higher in the processing hierarchy than S1. First,

lectrophysiological recordings reveal that neurons in area 5 respond

o multiple body parts. Moreover, neurons with ipsilateral and bilat-

ral receptive fields were found in these areas ( Sakata et al., 1973 ;

aoka et al., 1998 ). Also, the receptive fields of neurons in Brodmann

rea 7 are larger than those in S1 ( Leinonen et al., 1979 ; Robinson and

urton, 1980 ). Second, response latencies in area 5 are longer than in

1 ( Hayashi et al., 1995 ; Inui et al., 2004 ). Together, these results indi-

ate that areas 5 and 7 are higher in the processing hierarchy than S1.

ur findings generalize these results, demonstrating that the hierarchies

ithin S1 and between S1 and areas 5 and 7 reflect a single organization

rinciple – a processing direction that originates in the anterior part of

1 and extends in the parietal direction. 

.3.2. The frontal direction 

In comparison with the parietal direction, the evidence in the litera-

ure supporting a somatosensory frontal processing direction is limited.

here is anatomical evidence of projections from M1 to the premotor

ortex ( Felleman and Van Essen, 1991 ). Evidence for processing hier-

rchy in the frontal direction comes from the finding that sensory pro-

essing in premotor areas (but not in M1) is multimodal ( Graziano et al.,

994 ; Murata and Ishida, 2007 ; Rizzolatti et al., 2002 ). 

Most studies on the posterior-frontal lobe focused on its role in motor

ontrol ( Graziano, 2006 ). The motor processing direction in this area is

rimarily processed from premotor areas to the primary motor cortex

M1; ( Fuster, 1993 ; Kandel et al., 2000 )), opposite to our finding of a

omatosensory hierarchy from M1 to premotor areas. Together, these

esults indicate that sensory and motor information are processed in

pposite directions. The existence of two processing streams in opposite

irections may seem counterintuitive. However, we argue that sensory

nd motor streams are expected to be opposite. The gross planning of a

otor sequence (likely to occur in premotor areas) requires large-scale

omatosensory information whereas the actual execution of the motions

equires more detailed information about specific body parts. 
.3.3. The medial direction 

Most parts of the medial region are considered as higher-level motor

reas ( Deiber et al., 1996 ; Lee et al., 1999 ; Rolanc and Zilles, 1996 ).

evertheless, somatosensory responses were recorded in the paracen-

ral lobule and in the middle cingulate gyrus ( Arienzo et al., 2006 ;

aas, 2004 ; Penfield and Jasper, 1954 ). Moreover, somatosensory re-

ponsive neurons with large receptive fields were found in the medial

all ( Kaas, 2004 ). We observe substantial somatosensory responses in

he medial region, with selectivity and laterality decreasing as we move

way from the medial end of S1 to the cingulate cortex. Compared with

he parietal and frontal directions, the modulation of these measures is

elatively small (Table S2). A possible interpretation is that while both

he parietal and frontal regions includes primary cortices whose selec-

ivity and laterality is highest, the medial direction starts in association

ortex. When considering Figs. 2 C and 3 C, selectivity and laterality are

aximal in the medial part of the primary motor area (M1, area 4) and

ecrease as we move away from M1. An alternative definition of the

edial region that includes M1 or part of it would result in a larger

odulation of selectivity and laterality. 

.3.4. The operculum-insula 

We did not identify a somatosensory hierarchical gradient in the

perculum-insula that originates in the central sulcus. This, however,

oes not imply that selectivity and laterality are homogeneous in this

egion. Rather, we observe in Figs. 2 C and 3 C that peak laterality and

o a lesser extent that selectivity is higher within S2 and are lower

round it. This could indicate a processing stream that originates in

2. Indeed, hierarchy between S2 and the insula has been previously

uggested ( Friedman et al., 1986 ; Mazzola et al., 2005 ). Another in-

erpretation could be that the hierarchical structure in this region is

ifferent, perhaps more complex. In this work, based on previous stud-

es, hierarchy was demonstrated with a decrease in both selectivity and

aterality. We showed that these two measurements are correlated in

he somatosensory responsive cortex. Examination of the relationship

etween selectivity and laterality in each one of the four gross anatom-

cal regions separately (Fig. S5) points on an interesting finding. While

n the Parietal, Frontal and Medial regions the correlation is extremely

igh (Parietal- 𝑟 𝐿𝐻 

= 0 . 87 , 𝑟 𝑅𝐻 

= 0 . 73 ; Frontal- 𝑟 𝐿𝐻 

= 0 . 8 , 𝑟 𝑅𝐻 

= 0 . 75 ;
edial- 𝑟 𝐿𝐻 

= 0 . 69 , 𝑟 𝑅𝐻 

= 0 . 6 ; all p’s = 0) in the Operculum-insula region

t is rather small ( 𝑟 𝐿𝐻 

= 0 . 29 , 𝑟 𝑅𝐻 

= 0 . 1 ; p’s = 0). This might suggest that

 different processing principle governs the operculum-insula region. 

.4. Macroscale gradients and somatosensory processing directions 

The focus of this work was the changes in the responses to so-

atosensory stimulations as we move away from the central sulcus

long the cortical surface. Previous studies, however, have demon-

trated that responses also become less selective to the somatosensory

odality, changing from unimodal selectivity to multimodal selectiv-

ty ( Mesulam, 1998 ). For example, the visual dorsal stream terminates

n the posterior partial cortex, and regions there are selective to both

isual and somatosensory stimuli ( Sereno and Huang, 2014 ). These

bservations raise the question of how the somatosensory responsive

ortex is integrated within the larger scale organization of the cortex.

esting state fMRI analysis revealed that the macroscale cortical struc-

ure is characterized by conserved spatial order of functional networks

 Power et al., 2011 ) that is repeated along the cortical surface, from per-

eption and action to more abstract cognitive functions ( Margulies et al.,

016 ). 

Interestingly, the three processing directions identified in this study

re spatially aligned along three of the gradients identified in that study.

e thus hypothesize that the somatosensory processing directions iden-

ified here are part of the larger scale functional organization of the

ortex. 
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.5. Limitations 

Our analysis was based on a particular segmentation of the parcel-

ation areas to the four gross anatomical regions ( Glasser et al., 2016 ).

hile the segmentation of most parcellations areas is indisputable, four

arcellation areas constitute of both medial and lateral parts: area 5L,

Am, 6mp and area 4. Most of area 4 (M1) and most of area 6mp reside

n the lateral part and therefore they were taken as part of the frontal re-

ion. With respect to areas 5L and 7Am, both are almost equally divided

etween the medial and lateral regions. The medial region originates in

he medial end of S1 and stretches anteriorly and inferiorly towards the

ingulate gyrus. Both areas 5L and 7Am are located posteriorly to the

edial end of S1, rather than anteriorly and inferiorly. Therefore, we as-

ociated both to the lateral parietal region, and not to the medial region.

t should be noted, however, that including them in the medial region

oes not have a qualitative effect on our results. A second limitation

f our study is that it is difficult with current data to reliably identify

he borders between the multiple dissociated body maps and thus to

rrange them based on their average selectivity and laterality. Finally,

here could potentially be alternative accounts explaining the reported

omatosensory hierarchical gradients. For example, spatial variability

ntroduced by co-registration of multiple individuals could explain the

ecrease in selectivity and laterality moving away from the central sul-

us. To address this and other alternative explanations, we repeated the

nalysis for each participant and each stimulus direction separately. The

ecrease in selectivity and laterality along the three directions is evident

lso at the single participant level (Fig. S4). 

.6. Conclusion 

Three hierarchical gradients in cortical somatosensory processing

ere introduced by the quantification of selectivity and laterality of re-

ponse to whole body light touch stimulation. We suggest that similar to

he well-known visual domain, these gradients represent somatosensory

treams. Furthermore, we speculate that the somatosensory streams are

art of the larger scale functional gradient organization of the cortex. 
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