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“The greatest sense in our body is our touch sense. It is probably the chief sense in the processes 

of sleeping and waking; it gives us our knowledge of depth or thickness and form; we feel, we 

love and hate, are touchy and are touched, through the touch corpuscules of our skin.” 

 

J. Lionel Tayler, The Stages of Human Life, 

1921, p. 157 
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RÉSUMÉ EN FRANÇAIS 

En plus de sa forte valence sociale et émotionnelle, le toucher joue un rôle prépondérant dans 

notre vie quotidienne, que ce soit pour pouvoir correctement saisir et manipuler des objets dans 

le but de réaliser une action, la plus primitive étant de se nourrir, ou pour simplement se 

mouvoir, la perception tactile émanant de nos pieds étant indispensable au maintien de notre 

position ainsi qu'à la bonne réalisation des mouvements des jambes. Au niveau cortical, les aires 

primaires dédiées à la perception tactile de l'ensemble de notre corps ont la particularité d'être 

organisées selon une cartographie détaillée, appelée Homunculus. Alors que la majorité de notre 

corps y est représenté avec la même continuité que celle de notre corps physique, cet 

Homunculus présente la particularité d'avoir la main et le visage représentés côte à côte alors 

que ces régions sont relativement distantes physiquement. Cette discontinuité que représente la 

frontière main-visage a été le sujet de nombreuses études, l'une des raisons ayant trait à la 

capacité fascinante qu'a notre cerveau à se réorganiser. En effet, de nombreuses études ont 

démontrées que suite à une perte permanente ou transitoire d'afférence sensorielle, survenant par 

exemple après une amputation ou une déafférentation, les cartes somatosensorielles primaires se 

réorganisent fortement, allant jusqu'à traverser cette frontière entre la main et le visage. Ce genre 

de plasticité liée à une perte d'afférence a été qualifiée de maladaptative du fait de son 

association à des symptômes douloureux chez ces patients. A l'inverse, alors que l'existence de 

réorganisations corticales induites par une augmentation d'afférence est connue depuis 

longtemps et a souvent été associée à des effets bénéfiques sur les performances tactiles et 

sensorimotrices, la qualifiant d'adaptative, la possibilité qu'une telle plasticité puisse avoir des 

effets au-delà de la frontière entre la main et le visage reste inexplorée. Mes travaux de thèse ont 

pour but d'apporter un début de réponse quant à cette question. Pour y parvenir, une première 

étude comportementale a permit de mettre en évidence qu'une stimulation cutanée répétée d'un 

doigt permettait non seulement d'améliorer la perception tactile localement, sur le doigt stimulé, 

mais avait aussi des répercussions sur la perception tactile du visage, en améliorant également 

l'acuité de la lèvre supérieure et de la joue. Cette première étude laissant penser qu'une 

augmentation d'afférence par stimulation répétée pourrait en effet traverser la frontière main-

visage, deux études supplémentaires ont été réalisées en utilisant deux techniques d'imagerie 

cérébrales complémentaires, à savoir l'imagerie par résonnance magnétique à haute résolution 

(IRMf 7T), et la magnétoencéphalographie (MEG). La première d'entre elles (IRMf) révèle une 

augmentation de l'activation (signal BOLD en surplus de celui au repos) du doigt stimulé dans 

différentes sous-régions du cortex primaire somatosensoriel (l'aire de Brodmann 3b et 1), 



associée à une augmentation de la désactivation (signal BOLD en défault par rapport à celui au 

repos) évoquée en stimulant la lèvre. Ces deux sous-régions étant connues pour être impliquées 

dans le traitement des caractéristiques spatiales simples d'un stimulus tactile, les changements 

observés sont susceptibles d'être impliqués dans l'amélioration de l'acuité spatiale tactile 

observée ici aussi au niveau du doigt stimulé et des lèvres. De plus, cette étude est la première à 

rapporter que la désactivation observée suite à la stimulation de la lèvre est bilatérale (au sein 

des deux hémisphères), avec la particularité que la désactivation controlatérale à la lèvre 

stimulée a été trouvée plus dorsale que son homologue, la rendant par conséquent co-localisée 

avec les activations controlatérales évoquées par la stimulation des doigts de la main droite. Ce 

résultat suggère la présence d'un nouveau réseau “d'inhibition” entre les représentations de la 

main et du visage et requiert une investigation plus poussée. Pour finir, d’importants clusters ont 

été trouvés au niveau des sillons intrapariétaux et du cortex pariétal postérieur, ce qui suggère 

une intégration des effets de la stimulation répétée dans des régions corticales de plus haut 

niveau, impliquées notamment dans l'intégration multisensorielle, mais également dans des 

tâches de discrimination spatiales ou dans la représentation du "body schema". Quant à la 

seconde étude (MEG), les premiers résultats observés suggèrent une réorganisation de la 

distribution des représentations de la main et du visage, avec un éloignement respectif des 

représentations du doigt stimulé et de la lèvre, cohérent avec l'augmentation de l'activité 

“inhibitrice” observée pour la lèvre dans l'étude précédente. Les analyses dipolaires ont 

également mis en évidence une asymétrie entre les deux hémisphères quant à l'organisation 

somatotopique de la main et du visage. Ensemble, ces études révèlent donc qu'une plasticité 

adaptative induisant un bénéfice perceptif peut se propager sur de relativement grandes 

distances corticales, et notamment au-delà de la frontière entre la main et le visage jusque là 

impliquée essentiellement dans des processus maladaptatifs. De surcroit, nos résultats suggèrent 

l'implication de mécanismes plus complexes que prévu entre les représentations de la main et du 

visage, deux régions corporelles hautement sollicitées dans une palette d'activités que nous 

réalisons quotidiennement, allant des tâches les plus simple et primitives comme le fait de se 

nourrir, à des aspects beaucoup plus cognitifs et intégrés, comme notre communication non 

verbale. Une étude plus approfondie de ces différents niveaux d'interaction et de leurs 

répercussions au niveau perceptif se révèle indispensable. Pour finir, de part leurs aspects 

doublement positifs (augmentation d'afférence et gain perceptif), ces travaux ouvrent également 

une fenêtre sur un nouveau champ d'investigation pouvant avoir de réelles retombées sur les 

techniques misent en œuvre afin de promouvoir une réhabilitation de la perception du toucher, 

mais aussi des capacités motrices de patients cérébrolésés. 



ABSTRACT 

Touch plays a critical role in our daily life to grasp and manipulate objects, or simply walk. 
The primary somatosensory areas exhibit the striking feature of being somatotopically 
organized, giving rise to the so-called Homunculus. While most of our body surface is 
represented following an order similar to its physical continuity, the Homunculus displays a 
major discontinuity, the hand and the face being represented next to each other. The hand-face 
border has been widely used as a somatotopic hallmark to study one of the most fascinating 
features of our brain, its capacity for reorganization. Particularly, somatosensory plasticity was 
found to cross the hand-face border following deprivation of inputs. While it has long been 
known that increasing inputs also leads to cortical changes typically associated with perceptual 
benefits, whether such plasticity can cross the hand-face border remains unknown. My thesis 
work aimed to investigate this question. A first behavioural study revealed that increasing inputs 
to a finger improves not only the tactile acuity at this finger, but also at the face, suggesting a 
transfer of plastic changes across the hand-face border. To investigate this, two additional 
studies were performed using two complementary brain imaging techniques, namely high-field 
fMRI and MEG. In agreement with our hypotheses a reorganization of both hand and face 
representations was found. Altogether, this work reveals that adaptive plasticity leading to 
perceptual benefits can spread over large cortical distances, in particular across the hand-face 
border, and thus opens up a new window of investigation that may have a real impact in 
promoting rehabilitation.   

RÉSUMÉ 

Le toucher a un rôle critique dans notre vie quotidienne pour saisir, manipuler des objets, ou 
simplement marcher. Les aires primaires somatosensorielles présentent la particularité d’être 
organisées somatotopiquement, donnant lieu au dénommé Homunculus. Alors que la plupart de 
notre surface corporelle est représentée suivant un ordre similaire à sa continuité physique, 
l’Homunculus présente une discontinuité majeure, la main et le visage étant représentés côte à côte. 
La frontière main-visage a été souvent utilisée comme un repère pour étudier l’une des particularités 
les plus fascinantes de notre cerveau, sa capacité de réorganisation. En particulier, la plasticité 
somatosensorielle a été trouvée capable de traverser la frontière main-visage suite à une privation 
d’afférences. Alors qu’il est connu depuis longtemps que l’augmentation des afférences conduit 
également à des changements corticaux souvent associés à des bénéfices perceptifs, la possibilité 
qu’une telle plasticité puisse traverser la frontière main-visage reste inexplorée. Le travail de ma 
thèse a pour but d’examiner cette question. Une première étude comportementale a révélé que le fait 
d’augmenter les afférences d’un doigt améliore non seulement l’acuité tactile de ce doigt, mais aussi 
du visage, suggérant un transfert de changements plastiques au travers de la frontière main-visage. 
Afin d’examiner ceci, deux études supplémentaires ont été réalisées en utilisant deux techniques 
complémentaires d’imagerie cérébrales, à savoir l’IRMf et la MEG. En adéquation avec nos 
hypothèses, une réorganisation des représentations de la main et du visage a été trouvée. Dans 
l’ensemble, ce travail révèle qu’une plasticité adaptative menant à des bénéfices perceptifs peut se 
propager sur de larges distances corticales, en particulier au-delà de la frontière main-visage, et par 
conséquent ouvre une nouvelle fenêtre d’investigation pouvant avoir un réel impact dans la 
promotion de rééducation. 
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INTRODUCTION 

In the evolution of the senses the sense of touch was undoubtedly the first to come into 

being. Touch is the parent of our eyes, ears, nose and mouth. It is the sense which differentiated 

into the others, a fact that seems to be recognized in the age-old adage that touch is “the mother 

of the senses”. Touch was one of the first senses to be studied directly in the brain of both 

human and non-human primates due to the easy access to the post-central gyrus, where the 

primary somatosensory cortex is located, during surgery and brain stimulation experiments. One 

of the famous discoveries resulting from such experiments consisted in the detailed description 

of the somatotopic organization of the primary somatosensory cortex, first reported by Penfield 

and Boldrey (1937, see Figure 1). Despite this early interest in the somatosensory system, this 

sense remains one of the least understood due to its complexity arising from the diversity of 

mechanoreceptors and afferents conveying tactile signals to the brain, which also makes the 

reproducibility and reliability of tactile stimulation difficult to achieve, and thus to compare 

between studies. However, touch, like vision, is primordial for several functions such as 

movement through its haptic component, especially necessary to perform fine grained 

movement such as precision grip, but also for higher functions, such as self perception and 

awareness. Among the whole body, the hand and the face have the particularity to share 

common features at different scales. Indeed, in addition to being the most magnified at the 

cortical level (in both the somatosensory and motor stripes), these body parts share high 

sensitivity and discrimination abilities, and are conjointly involved in basic and primitive 

functions such as feeding behaviour (reaching/grasping with hand and mouth) but also in higher 

cognitive functions such as the production and perception of communicative and emotional 

gestures.  

The tactile information arising from the hand and from the face exhibits the particularity of 

being represented next to each other in the primary somatosensory cortex, whereas most of the 

information arising from the rest of our body surface is represented following an order similar to 

its physical continuity. This major discontinuity in the Homunculus has been widely used as a 

landmark to study one of the most fascinating features of our brain, its plasticity. In the 90ies, 

groundbreaking electrophysiological studies revealed that deprivation-induced somatosensory 

plasticity, up to then thought to be limited to few millimetres, could actually cross the hand-face 

border. Since then, numerous studies reported the presence of plastic changes in the cortical 

representations of the somatosensory cortex following reduction or increase of inputs, usually 

associated with perceptual changes. However, the functional relevance of cortical changes 
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regarding perception remains unclear. To better understand the relationship between cortical 

plastic changes and perceptual changes, my thesis work focused on investigating whether 

somatosensory changes, either behavioural and/or cortical, could transfer from the hand to the 

face. 

 

Figure 1 [from Penfield and Boldrey, 1937]. Schematic cartography of the movements 
and sensations reported by a human patient at the level of the tongue, mouth, 
face/throat, finger, hand, arm, trunk and leg/foot following electrical brain stimulation 
of the depicted regions within the primary motor (left) and somatosensory (right) 
cortices. 
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CHAPTER I: THE SOMATOSENSORY ASCENDING 

PATHWAY 

Touch is the first sense that develops in utero, the foetus being capable of sensing the 

pressure caused by one hair touching his cheek starting from week 8 of the gestational period 

(Montagu, 1978), and the first response to electrical stimulation, the functional counterpart of 

the N20 in adults, being detected even prior to full-term age (Taylor et al., 1996; Pihko and 

Lauronen, 2004). This sense arises from the skin which is a highly complex organ, innervated 

by a wide array of specialized sensory neurones sensitive not only to pressure, but also to heat, 

cold, irritation, itch and pain (see Table 1 for a brief description of the different classes of 

sensory afferent nerves innervating the human skin).  

I. The skin: structure and mechanoreceptors 

The skin is the most widely distributed sensory organ, spanning in adults over an average 

area of 1.5-2.0m², which delimits our body and thus interfaces with the environment. Among the 

multiple functions of the skin (i.e. protection, temperature and evaporation regulation etc), this 

organ provides sensory information from our entire body. Mammalian skin is composed of three 

main layers: (i) the epidermis, an outer stratified squamous epithelium which provides 

waterproofing and serves as a barrier via keratinocytes, (ii) the dermis, which consists of a 

thicker, supporting layer of connective tissue and provides tensile strength and elasticity to the 

skin, which then sits on (iii) the hypodermis, which consists primarily of loose connective tissue 

and adipocytes and acts as an energy reserve. The thickness of the dermis, which is a densely 

innervated layer, varies from 0.5 mm over the eyelid to > 5.0 mm in glabrous skin. The two 

outer layers are tightly connected through the basement membrane and compose the cutis from 

which arise most of the somatic sensations through the numerous autonomic and sensory organs 

it contains. 

The specialized sensory receptors in the cutaneous and subcutaneous tissues are dauntingly 

diverse. They include free nerve endings in the skin, nerve endings associated with 

specializations that act as amplifiers or filters, and sensory terminals associated with specialized 

transducing cells that influence the nerve ending by virtue of synapse-like contacts. Based on 

their functional features, this variety of receptors can be divided into three classes: 

mechanoreceptors, nociceptors, and thermoreceptors. Noci- and thermo-receptors are referred to 

as free nerve endings, whereas most other cutaneous receptors show some degree of 
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encapsulation, which helps determining the nature of the stimuli to which they respond. Despite 

their variety, all somatic sensory receptors work in fundamentally the same way: stimuli applied 

to the skin deform or otherwise change the nerve endings, which in turn affects the ionic 

permeability of the receptor cell membrane. Changes in permeability generate a depolarizing 

current in the nerve ending, thus producing a receptor (or generator) potential that triggers action 

potentials. This overall process, in which the energy of a stimulus is converted into an electrical 

signal in the sensory neuron, is called sensory transduction and is the critical first step in all 

sensory processing. Following this process, the action potentials are conveyed through the axons 

of sensory neurons, which constitute sensory fibres. The glabrous skin of the hand is innervated 

by 12 classes of afferent fibres (Table 1) comprising two broad classes of pain afferents 

(Greenspan, 1997), two types of thermoreceptive afferents (one selectively responsive to cooling 

and one to warming; Darian-Smith and Johnson, 1977), four types of proprioceptive afferents 

(Matthews, 1988), and four types of mechanoreceptive afferents responsive to mechanical 

deformation of the glabrous skin (described below).  

 

Table 1 [from McGlone and Reilly, 2010]. Summary of the main characteristics of 
primary sensory afferents innervating the human skin. 

Among the different modalities of information the skin encodes, the mechanical sensory 

signal (which is the one relevant to this work), is conveyed by large, myelinated fibres with 

conduction velocities in the Aβ range (80m/sec), which innervate cutaneous mechanoreceptors. 

Depending on the type of skin (hairy or glabrous), Aβ fibres are present at different densities 

and innervate slightly different structures. In hairy skin, Aβ fibres also innervate vascular 

structures and hair follicles that act as mechanical sensory receptors by detecting changes in hair 

position. In contrast, the glabrous skin is more abundantly and homogenously innervated by Aβ 

fibres because of the high number of mechanoreceptors embedded within this type of skin 

(Figure 2, see Nolano et al., 2003; Provitera et al., 2007). Electrophysiological studies have 

identified four major types of mechanoreceptors in the glabrous skin of the human hand (see 
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Vallbo and Johansson, 1984; reviewed in Johnson, 2001), which are specialized for transducing 

complementary signals arising from skin mechanical stimulation such as vibration, indentation, 

pressure, cutaneous tension or more complex signals evoked by shapes/textures or moving 

stimuli. They comprise Meissner’s corpuscles, Pacinian’s corpuscles, Merkel cell-neurite 

complexes, and Ruffini’s corpuscles (Figure 3). Based on histology, these mechanoreceptors are 

characterized by their location and structure. Meissner’s corpuscles, which lie between the 

dermal papillae just beneath the epidermis, are elongated receptors formed by a capsule made of 

flattened supportive cells (Schwann cells) arranged as horizontal lamellae embedded in 

connective tissue. The centre of the capsule contains one or more afferent nerve fibres. They are 

the most common mechanoreceptors of glabrous skin, mainly expressed in hand palms and foot 

soles but also in lips, tongue, face, nipples and genitals. Their afferent fibres account for about 

40% of the sensory innervation of the human hand. Pacinian’s corpuscles are large (3-4mm in 

length) encapsulated endings located in the subcutaneous tissue (and more deeply in 

interosseous membranes and mesenteries of the gut). The Pacinian corpuscle has an onion-like 

capsule, made of concentric lamellae of fibrous connective tissue and fibroblasts lined by flat 

modified Schwann cells, in which the inner core of membrane lamellae is separated from an 

outer lamella by a fluid-filled space. One or more afferent axons lie at the centre of this 

structure. They make up 10–15% of the cutaneous receptors in the hand and the Pacinian’s 

corpuscles located in interosseous membranes probably detect vibrations transmitted to the 

skeleton. Merkel cell-neurite complexes consist of a disc-shaped terminal composed of a 

specialized epithelial cell, the Merkel cell, in close apposition to an enlarged nerve terminal 

from a single myelinated Aβ fibre (reviewed in Halata et al., 2003). On the epidermal side 

Merkel cell exhibits finger-like processes extending between neighbouring keratinocytes. These 

complexes are found in the basal layer of the epidermis where they are precisely aligned with 

the papillae that lie beneath the dermal ridges. They account for about 25% of the 

mechanoreceptors of the hand and are particularly dense in the fingertips, lips, and external 

genitalia (Lacour et al., 1991). Ruffini’s corpuscles are thin cigar-shaped encapsulated sensory 

endings constituted of small connective tissue cylinders. They are broadly distributed in the 

dermis as well as in ligaments and tendons. The long axis of the corpuscle is usually oriented 

parallel to the stretch lines in skin. They account for about 20% of the receptors in the human 

hand.  
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Figure 2 [from Myers et al., 2013]. Schematic representation of neural structures present 
in glabrous and hairy skin. Small sensory fibres branch off from dermal bundles to 
innervate the epidermis in both hairy and glabrous skin. In addition, autonomic 
innervation can be seen in sweat glands and arrector pili muscles (responsible for 
piloerection). The presence of large myelinated fibres in hairy skin is largely restricted 
to mechanoreceptive hair follicles; glabrous skin has a comparatively higher density of 
mechanoreceptive organs and afferent Aβ myelinated fibres. 

Functionally, these receptors and their associated afferents are distinguished by three main 

features: the kind of stimuli to which they preferentially respond (vibration, moving or static 

stimuli ... etc), the dynamics of their responses (fast or slow adapting) and their receptive fields 

size (see Vallbo and Johansson, 1984). The second feature has been and is still the most 

commonly used to distinguish between mechano-sensory afferents. It refers to how these 

afferents behave in response to sustained skin stimulation: rapidly adapting fibres respond 

maximally, but briefly, to stimulation, their response decreasing quickly if the stimulus is 

maintained, while slowly adapting fibres keep firing as long as the stimulus is present, though at 

a diminished rate. Thus, these types of afferents provide complementary information about both 

the dynamic and static qualities of a stimulus. Among the four types of mechanoreceptors, two 

have been associated with rapidly adapting afferents (FAI and FAII) and two with slowly 

adapting afferents (SAI and SAII) (Knibestöl and Vallbo, 1970; Knibestol, 1973). Rapidly 

adapting cutaneous mechanoreceptors include Meissner’s (FAI) and Pacinian’s (FAII) 

corpuscles (Figure 3), which provide information primarily about the dynamics of mechanical 

stimuli.  
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1. The FAI system is particularly efficient at transducing information about the relatively 

low-frequency vibrations (~5 to ~40 Hz) that occur when textured objects are moved across the 

skin (low-frequency skin motion), and it provides the feedback signals required for grip control 

(Srinivasan et al., 1990). The centre of Meissner’s corpuscles contains one or more afferent 

nerve fibres that generate rapidly adapting action potentials following minimal skin depression, 

which makes them especially sensitive to minute motion on the surface of the skin. They are 

protected from the confounding effects of large, low-frequency skin displacements by the fluid-

filled corpuscle within which they reside. 

2. The most important function served by the FAII system is the detection and transduction 

of high-frequency tissue deformation at the nanometre level. One or more rapidly adapting 

afferent axons lies at the centre of the multilayered, fluid-filled Pacinian’s corpuscle, which 

again acts as a mechanical filter. In this case, its structure allows only transient disturbances at 

high frequencies (~40 to ~400 Hz) to activate the nerve endings, thus protecting against the 

confounding effects of high-amplitude, low-frequency stresses and strains that accompany 

manual tasks. Pacinian’s corpuscles adapt more rapidly than Meissner’s corpuscles and have a 

lower response threshold. These attributes suggest that Pacinian’s corpuscles are involved in the 

discrimination of fine surface textures or other moving stimuli that produce high-frequency 

vibration of the skin.  

Slowly adapting cutaneous mechanoreceptors include Merkel cell-neurite complexes (SAI) 

and Ruffini’s corpuscles (SAII, see Figure 3).  

1. The SAI system is considered to play a major role in the static discrimination of shapes, 

edges, and textures (see Johnson and Hsiao, 1992). Merkel cell-neurite complexes are 

especially sensitive to the spatial features of a stimulus due to their selective sensitivity to a 

particular component of tissue strain (strain energy density). This function is protected from the 

confounding effects of variations in contact pressure by the fact that strain energy density is 

relatively unaffected by changes in contact pressure. Whether the Merkel cell, the sensory 

neuron or both are sites of mechanotransduction is still a matter of debate. However, a recent 

study performed on mice showed that Merkel cells actively tune mechanosensory responses to 

facilitate high spatio-temporal acuity (Maksimovic et al., 2014). Keratinocytes may also play an 

important role in the normal functioning of the Merkel cell-neurite complex, the finger-like 

processes moving with skin deformation and epidermis cell movement. Selective stimulation of 

the SAI afferents in humans produces a sensation of light pressure.  
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2. The SAII system provides information used for the perception of limb conformation and 

for the perception of forces acting on the hand. Ruffini’s corpuscles are supplied by one to 

three myelinated nerve fibres. Their orientation, parallel to the stretch lines in the skin, makes 

Ruffini’s corpuscles particularly sensitive to the deep tissue strain produced by skin stretching, 

related to limb movements and/or position (i.e. proprioception). They are protected from the 

confounding effects of stimuli within their receptive fields by relative insensitivity to local skin 

deformation. They do not elicit any particular tactile sensation when stimulated electrically.  

The second commonly used functional feature to distinguish between mechanoreceptors 

consists of the receptive field (RF) size associated with each type of afferent fibre (Johansson, 

1978). Receptive field is a term originally coined by (Sherrington, 1906) to describe an area of 

the body surface where a stimulus could elicit a reflex. Hartline then extended the term to visual 

neurons (1938), and has been since extended to other sensory neurons. The somatosensory RF 

corresponds to the overall area of the skin that, when stimulated by indentation or hair 

deflection, elicits a reliable neural discharge in a given sensory neuron or fibre. The precise 

boundary of this area will depend to some extent on the intensity of the stimulus used, but with a 

given stimulus type I units (SAI and FAI afferents arising from Merkel cell-neurite complexes 

and Meissner’s corpuscles) will be activated by a much smaller area of skin than type II units 

(SAII and FAII afferents arising from Ruffini’s and Pacinian’s corpuscles), meaning that they 

have smaller RFs (Figure 3, left panel). Consequently, the SAI and FAI fibre systems transmit 

neural images of events at the surface of the skin with relatively high spatial resolution, whereas 

the SAII and FAII systems convey information of a more global nature to the central nervous 

system. The resolution of the information transmitted from mechanoreceptors is also related to 

the fact that they are differently distributed across the skin. Indeed, they exhibit regional 

differences in innervation densities, the mechanoreceptors/afferents having small RFs (Merkel 

cell-neurite complexes and Meissner’s corpuscles/SAI and FAI) showing a proximo-distal 

increasing gradient of innervation (i.e. greatest density in the fingertips), and those having larger 

RFs (Ruffini’s and Pacinian’s corpuscles/SAII and FAII) being more sparsely distributed with 

only small differences in density across the hand surface (Johansson and Vallbo, 1979; see 

Figure 3, right panel).  
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Figure 3 [from McGlone and Reilly, 2010; after Westling, 1986]. Characteristics of the 
four types of mechanoreceptors of the human hand. The central graphs schematically 
show the action potential discharges (lower traces) in response to ramp indentations of 
the skin (upper traces). The central panels also show the relative frequencies of 
occurrence of the four mechanoreceptor types, and the probable morphologic correlates. 
The black dots and shaded areas of the hand figures on the left panel represent typical 
receptive fields of type I (top) and type II (bottom) mechanoreceptors. The hand 
drawings on the right panel indicate the average densities of type I (top) and type II 
(bottom) mechanoreceptors. 

While most of human research into skin sensory processing has focused on the glabrous 

surface of the hand (i.e. fingertips), a few studies also investigated the hairy skin. For instance, 

Essick and Edin (1995) described sensory fibres with similar properties in human facial skin, 

and more recently Nolano and colleagues (2013) found Meissner-like receptors, Merkel 

complexes and Ruffini-like receptors in the perioral hairy skin, as well as a gradient of 

innervation, with the density of myelinated fibres increasing from the supraorbital to the perioral 

skin, resembling the pattern found within the glabrous skin of the hand (Nolano et al., 2003). 

The similarities and differences in fingertip and face skin innervation will be detailed later 

(section Zoom in on the Hand and Face, page 48). In addition, the above “classification” has to 

be regarded only as an attempt to help understanding the complexity of mechanoreceptive Aβ 

afferents. Indeed, the relationship between the cutaneous mechanoreceptors embedded in the 

skin and their presumed associated afferents (and so physiological responses to stimulation) is 

complex and remains to be clarified, each type of cutaneous receptor being always, even if 

differently, involved in the transduction of skin stimuli independently of its category (vibration, 

pressure etc). This is supported by histological evidence that a single afferent fibre can innervate 
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multiple receptors and single receptors can receive multiple (Paré et al., 2002), but also different 

class of afferent fibres (Reinisch and Tschachler, 2005). 

In addition to Aβ afferents, a growing body of evidence has revealed the presence of a 

population of mechanoreceptive unmyelinated C-fibres, found only in hairy skin, that respond 

preferentially (and vigorously) to low force, slowly moving mechanical stimuli traversing their 

RFs (1-10 cm.s-1, see Table 1; Vallbo et al., 1999). These nerve fibres have been classified as C-

tactile afferents, and were first described by Johansson and colleagues (1988) using 

microneurography, and later by Nordin (1990). The functional role of C-tactile afferents is not 

fully understood, but their neurophysiological response properties, fibre class, and slow 

conduction velocities preclude them from playing a role in any form of rapid mechanical 

discriminative tasks, and point to a more limbic function, such as the emotional aspects of tactile 

perception (Essick et al., 1999). In agreement with this hypothesis, selective C-tactile 

stimulation has been found to activate the left anterior insular cortex (Olausson et al., 2002), an 

area involved in the processing of positive emotional feelings (Craig, 2009), and has recently 

been directly associated with pleasant tactile stimulation (Löken et al., 2009). 

II. Somatosensory signal conduction along the neuraxis 

Once the sensory transduction completed, cutaneous information is carried to the central 

nervous system (CNS) by several ascending pathways that run in parallel through the spinal 

cord, brainstem, and thalamus to reach the primary somatosensory cortex (SI) in the postcentral 

gyrus of the parietal lobe. SI projects in turn to the primary motor cortex (MI) in the precentral 

gyrus, to higher-order associative cortices in the parietal lobe, and back to the subcortical 

structures involved in mechanosensory information processing. Depending on the information 

carried, different ascending pathways are involved: discriminative touch and proprioceptive 

information arising from the body are carried through the dorsal column-medial lemniscal 

pathway and those arising from the face through the main sensory trigeminal pathway, while 

information about crude touch (i.e. non-discriminative), pain and temperature arising from the 

body is conducted through the spinothalamic (anterolateral) pathways, and those arising from 

the face through the spinal trigeminal pathway. 

a. The dorsal column-medial lemniscal pathway 

Mechanosensory information arising from the body is transmitted to the spinal cord by the 

previously mentioned Aβ afferent sensory axons (see Figure 14 for detailed description of the 

hand innervation), whose neuronal cell bodies are located in the dorsal root ganglia associated 
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with each segmental spinal nerve. It is worth noting that each spinal nerve innervates a well-

defined cutaneous territory, called a dermatome, thus leading to a “topographic” distribution of 

innervation along the spinal cord, each spinal segment being associated with a cutaneous 

territory (Figure 4).  

 

Figure 4 [from Thibodeau and Patton, 1999]. Segmental dermatome distribution of 
spinal nerves to the front, back, and side of the body. C, Cervical segments; T, thoracic 
segments; L, lumbar segments; S, sacral segments; CX, coccygeal segment.  

Dorsal root ganglion cells are also known as first-order neurons because they initiate the 

three steps necessary to conduct sensory information to higher brain centres. The ganglion cells 

thus give rise on one side to long peripheral axons that end in the receptor specializations 

described above and, on the other side, to shorter central axons that reach the dorsal roots of 

each spinal cord segment (Figure 5). Immediately after entering the spinal cord, the major 

branch of the first-order axons ascends ipsilaterally through the dorsal columns of the cord, all 

the way to the lower medulla (i.e., lower part of the brainstem, consisting of the medulla, the 

pons and the midbrain), where it terminates by contacting second-order neurons in the dorsal 

column nuclei. Axons in the dorsal columns are separated into two tracts: the gracile tract in the 

medial subdivision, which conveys information from the lower half of the body (legs and trunk), 

and the cuneate tract in the lateral subdivision, which conveys information from the upper limbs 

and trunk. This organization is maintained as both tracts end up in two separate nuclei within the 

dorsal column nuclei, namely the gracile and cuneate nuclei (Figure 5). The fibres of the 

second-order neurons in the dorsal column nuclei form the internal arcuate tract which 

immediately crosses the midline (this crossing being called decussation) to form a tract on the 

contralateral side of the brainstem, named the medial lemniscus. This lemniscus then projects 

the ventroposterior lateral (VPL) nucleus of the thalamus, whose cells are the third-order 



32 | P a g e  

neurons of the dorsal column–medial lemniscal pathway (Figure 5). The fibres arising from the 

VPL then ascend in the posterior limb of the internal capsule and the corona radiata to terminate 

in the primary somatosensory cortex (SI) located in the postcentral gyrus. 

 

Figure 5 [modified from Haines, 2003]. Left panel: Schematic representation of the 
dorsal column-medial lemniscal pathway which carries mechanosensory information 
from the posterior third of the head and the rest of the body. The first-order neurons 
(bottom, in grey) located within the posterior (dorsal) root ganglia (PRG) synapse with 
the second-order neurons (centre, in red and blue) located respectively in the gracile 
(NuGr) and cuneate nuclei (NuCu). These neurons then project to the ventroposterior 
lateral (VPL) nucleus of the thalamus where they synapse with the third-order neurons 
(top, in red, grey and blue), which in turn project to the somatosensory cortex. Central 
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panel: transverse sections along the neuraxis showing the position of the medial 
lemniscus (ML, highlighted in yellow), with its somatotopic organization schematically 
represented in the Right panel: the colour-coded letters represent fibres conveying input 
from different body parts: A: upper extremities, L: lower extremities, N: neck, T: trunk).  

b. The sensory trigeminal pathway 

As mentioned earlier, the dorsal column–medial lemniscal pathway carries somatic 

information from the upper and lower body and from the posterior third of the head only. 

Mechanosensory information arising from the face is transmitted to the central nervous system 

via a different pathway, the trigeminal somatosensory pathway (Figure 6). The first-order 

neurons innervating the face (see Figure 18 for a detailed description of facial innervation) have 

their cell bodies located in the trigeminal ganglion. On one side these neurons give rise to the 

three main subdivisions of the trigeminal nerve, while on the other side they form the sensory 

roots of the trigeminal nerve. These Aβ fibres enter the brainstem at the level of the pons to 

synapse with neurons in the principal nucleus (tripartite) of the trigeminal brainstem complex 

(Figure 6). This nucleus can be divided into dorsomedial and ventrolateral regions, the 

dorsomedial division receiving most of its primary afferent input from the oral cavity, and the 

ventrolateral division receiving input from all three branches of the trigeminal nerve. Then, as 

for the dorsal column-medial lemniscus, the projections of these second-order neurons located in 

the ventrolateral part of the principal nucleus decussate and ascend along the medial lemniscus 

via the anterior (or ventral) trigemino-thalamic tract (also called the trigeminal lemniscus) to 

reach the contralateral thalamus where they synapse with the third-order neurons located in the 

ventroposterior medial (VPM) nucleus (Figure 6). Neurons in the dorsomedial division of the 

principal sensory nucleus project to the ipsilateral VPM via the posterior (or dorsal) 

trigeminothalamic tract. Neurons located in the VPM nucleus (i.e., the third-order neurons) 

then project via the posterior limb of the internal capsule to the lateral part of the primary 

somatosensory cortex (SI) located in the postcentral gyrus.  

Thus, mechanosensory pathways from the face and body join at the level of the mid-pons, 

this first single sensory map of the entire body being then projected onto the ventroposterior 

complex of the thalamus. However, it is worth noting that although the bulk of afferent input 

adheres either to the dorsal column-medial lemniscus or to the trigeminal pathway outlined 

above, a degree of mixing occurs, some axons responsible for cutaneous mechanoreception (the 

C-tactile afferents mentioned above) presumably running in the spinothalamic pathway, with 

the result that damage to the dorsal columns does not completely remove touch and pressure 

sensation. The spinothalamic tract will not be described here (for a brief review, see McGlone 
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and Reilly, 2010), but it ascends the entire length of the spinal cord and the entire brainstem, and 

is continuous with the medial lemniscus when it reaches the midbrain. The spinal trigeminal 

pathway synapses onto the spinal nucleus of the trigeminal complex mentioned above. Both 

tracts then enter the ventroposterior complex of the thalamus together, and thus must be taken 

into consideration. 

 

Figure 6 [from Haines, 2013]. Schematic representation of the trigeminal sensory 
pathway which carries mechanosensory information from the face. The first-order 
neurons located within the trigeminal ganglion synapse with the second-order neurons 
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located in the principal sensory nucleus at the pons level. These neurons then project to 
the ventroposterior medial (VPM) nucleus of the thalamus where they synapse with the 
third-order neurons, which in turn project to the somatosensory cortex. A zoom in on 
the pons is illustrated in the lower left part of the picture, with a second zoom showing 
the organization of the three trigeminal branches within the principal sensory nucleus. 
Note that some fibres arising from this nucleus do not cross the midline but instead 
project to the ipsilateral thalamus (VPM nucleus). 

 

III. Topographic organization along the somatosensory pathway 

a. The spinal cord and brainstem 

One of the main features of the somatosensory system arise from its topographic 

organization, each part of the skin being represented in a well-defined order following, most of 

the time, the spatial continuity of the body. This organization, called somatotopy, is preserved 

along the neuraxis throughout the somatosensory pathways. While the somatotopy of cortical 

regions have been well described in humans (see paragraph c.), the organization of spinal and 

subcortical structures has been mainly investigated in animals. For instance, in addition to the 

rough mediolateral distribution of the gracile and cuneate tracts within the spinal cord (see 

Figure 5), a finer topographic organization of the forelimb has been reported in the dorsal horn 

of macaque (Florence et al., 1989) and squirrel monkeys (Florence et al., 1991), with the fingers 

being represented along the rostrocaudal axis, inputs from the dorsal hairy skin of the hand and 

the palm terminating lateral to the digits, and those from the forearm being split around the hand 

(see Figure 7). The authors noticed that this organization is quite similar to that observed in cats 

(Nyberg and Blomqvist, 1985; Brown et al., 1991) and rats (Molander and Grant, 1986), which 

suggests that this somatotopic organization is a common feature of the somatosensory system of 

mammals. 
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Figure 7 [modified from Florence et al., 1989, 1991]. Schematic representation of the 
somatotopic organization of afferent terminations in the dorsal horn of the spinal cord 
from the forelimb of (A) squirrel (A, from Florence et al., 1991) and macaque monkeys 
(B, from Florence et al., 1989), cats (C, based on results from Nyberg and Blomqvist, 
1985), and rats (D, based on results from Molander and Grant, 1986). C4-T2 and L2-
L6: cervical, thoracic and lumbar levels of the spinal cord; D1-D5: digits; M/L/R: 
medial/lateral/rostral directions. 

This spatial organization is preserved along the dorsal columns before reaching the dorsal 

column nuclei in the lower medulla where an even more refined somatotopic organization has 

been found. Indeed, inputs from distal and proximal parts of the glabrous fingers are already 

well segregated at this level of the somatosensory pathway, with afferents from the proximal 

part terminating dorsal to those from the distal part. This organization was particularly observed 

in the ventral pars rotunda of macaque monkeys (Florence et al., 1989), the central zone of the 

cuneate nucleus, where the rest of the hand is organized so that inputs from digits D1-D5 

terminate in a respective ventrolateral to dorsomedial sequence, the hairy skin of the digits, the 

palm, and the back of the hand being sequentially represented dorsal to the proximal glabrous 

digits (Figure 8). As the structure of the cuneate nucleus of humans closely resembles that of 

macaque monkeys, Florence et al. (1989) then extrapolated the topographic organization of 

forelimb afferents within the human cuneate nucleus, with the postulate of a similar pattern to 

that of macaque monkeys. But note that this extrapolation has to be considered carefully as 

some notable differences across species were later reported (Florence et al., 1991; Xu and Wall, 

1999), the distal phalanges of the digits being for instance represented dorsally in the cuneate 

nucleus of squirrel monkeys and not ventrally as in macaques. The cuneate nucleus also contains

maps of forelimb, trunk and face, which are located medial and lateral to the hand map with on 
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the lateral side the representations of the forelimb (usually radial surfaces), shoulder, chest, neck 

and side of the face region, and on the medial side the representations of forelimb (usually ulnar 

surfaces), shoulder, chest, trunk and proximal hindlimb (Xu and Wall, 1999). A similar 

topographic organization has been more recently confirmed within the gracile nucleus 

(containing afferents from the lower limbs and trunk) of several monkey species (Qi and Kaas, 

2006), with the afferents from the tail, foot, distal leg and proximal leg being distributed along 

the mediolateral axis, and the toes 1-5 following a ventro-to-dorsal sequence.  

 

Figure 8 [from Florence et al., 1989]. Somatotopic organization of forelimb cutaneous 
regions into the pars rotunda of (A) macaque monkeys and (B) the proposed relation in 
humans based on histological observation of the substructures revealed by cytochrome 
oxidase (an enzyme related to metabolic activity) on human cuneate nuclei obtained 
post-mortem. Coronal views. Tri: triangularis nucleus. M/D: medial/dorsal directions. 

Axons arising from both the cuneate and gracile nuclei then join to constitute the medial 

lemniscus, within which the somatotopic organization is maintained. But, as axons arising from 

the two nuclei cross each other in the process of the decussation, the orientation of the 

somatotopy changes from mediolateral to dorsoventral, with the upper extremities, the trunk and 

the lower extremities being sequentially more ventral (Figure 5). Then, the medial lemniscus 

gradually rotates laterally as it ascends through the brainstem, resulting in a somatotopy rotated 

by 90° at the level of the midbrain (see Figure 5), the upper extremities, trunk and lower 

extremities being then in a ventromedial to dorsolateral sequence. This is the configuration in 

which these fibres enter the VPL nucleus of the contralateral thalamus. 

As for the trigeminal pathway, the three branches constituting the trigeminal nerve (see 

Figure 18) are somatotopically represented within the principal sensory nucleus, following an 

antero-posterior gradient with the ophthalmic branch (V1) being the most anterior, followed by 

the maxillary branch (V2) and the mandibular branch (V3) being at the posterior part (see Figure 

6). The afferent projections from the principal sensory nucleus also terminate somatotopically 
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within the VPM nucleus of the thalamus, so that the oral cavity is represented medially and the 

external facial structures are represented more laterally. 

b. The somatosensory thalamus 

As mentioned earlier, the ventroposterior complex of the thalamus is the first relay along 

the somatosensory pathway in which a large, single and systematic representation of the 

whole body surface is observed, with its medial (i.e., VPM) nucleus being devoted to the 

representation of the face and head, and its lateral (i.e., VPL) nucleus being devoted to the 

representation of the rest of the body. Both nuclei are separated by a prominent lamella of white 

matter, the arcuate lamella. Kaas et al. (1984) also reported fibre bands within the VPL nucleus 

of squirrel monkeys, subdividing the nucleus into four subnuclei containing respectively the 

representations of the hand, foot, tail and trunk/limbs (Figure 9). However, despite this 

parcellation of the ventroposterior complex, the representational continuity is provided by some 

cellular bridges. For instance, the representations of the distal limbs within the limbs/trunk 

subnucleus (labelled D on Figure 9) dorsally join those of the hand and foot located within their 

respective subnucleus (A & B). In a similar way, the face representation in VPM is separated 

from the hand subnucleus, but is continuous with the neck representation of the limbs/trunk 

subnucleus (D).The hand representation is dominated by large representations of the glabrous 

digits arranged mediolaterally from D1 to D5 and dorsoventrally from proximal to distal on each 

digit. Notably, fingertips are represented along a large band extending from the base of the 

nucleus to its rostral wall, fingertips being thus found both dorsorostrally and ventrally. 

Typically, the representation of digit 1 is less extensive than digit 2 and does not cover the entire 

medial wall of the subnucleus, which makes the index finger also adjacent to the face 

representation. This latter is mainly devoted to the hairy, glabrous and inner surfaces of the 

upper and lower lips, the representations of which are then joined laterally by the lateral and 

upper face (thus comprising the cheek), and dorsally by the lower chin and neck. Interestingly, 

the representations of the upper and lower lips join at the corner of the mouth along a 

mediolaterally oriented line, whose precise orientation appears to vary somewhat from case to 

case. Additionally, the cranium, ears, lateral face, trunk, limbs and gluteal regions are 

respectively represented in a mediolateral sequence within the limbs/trunk subnucleus, while 

the foot subnucleus exhibits a topographic organization similar to that of the hand, with the 

difference that the representation of the toes are rotated so that the rostral portion of each toe is 

medial to the caudal portion (see also Krubitzer and Kaas, 1987). 



39 | P a g e  

 

Figure 9 [from Kaas et al., 1984]. Summary of the somatotopic organization of the 
ventroposterior complex of the thalamus, divided into the VPM and VPL nuclei. VPL is 
further subdivided into four subnuclei respectively for the hand (A), the foot (B), the tail 
(C) and for the limbs/trunk (D). VPM represents the face. D/R/M: dorsal/rostral/medial 
directions. 

Even if there are fewer and less detailed data from human recordings, some evidence from 

microelectrode mapping during stereotactic surgery of epileptic patients (Penfield and Jasper, 

1954) or thalamotomy for treatment of involuntary motor disturbances (Ohye et al., 1990), 

suggests a somatotopic organization of the ventroposterior thalamus in humans comparable to 

that described in monkeys. These studies indicate that the face, upper limb and lower limb are 

represented in a medioventral to dorsolateral sequence, the tongue being more medial and the 

fingers, especially the thumb, being adjacent to the face (Figure 10). 

 

Figure 10 [modified from Penfield and Jasper, 1954]. Homunculus representation in the 
ventroposterior complex of the human thalamus. Coronal section. 
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c. The primary somatosensory cortex 

The thalamocortical projections then convey the signal, whether from VPL or VPM, to 

somatosensory cortices by preserving the general somatotopic pattern (clusters of VP cells 

projecting to restricted cortical regions (Jones et al., 1982), which is responsible for the maps of 

the body that are an ubiquitous feature of early somatosensory cortical areas (Penfield and 

Rasmussen, 1950). Early electrophysiological mapping studies of the cortex identified two 

cortical areas responsive to peripheral tactile stimulation: the primary somatosensory cortex (SI) 

and the second somatosensory cortex (SII) (Woolsey and Fairman, 1946). But since then, 

electrophysiological and imaging studies have defined at least eight separate areas subserving 

somatosensation, arising from the subdivision of SI into four subregions (Brodmann's areas 3a, 

3b, 1 and 2, see next paragraph), and the addition of the insular cortex (Schneider et al., 1993) 

and of two subdivisions of the posterior parietal cortex (Brodmann's areas 5 and 7b)(see ). Here 

I will describe in details SI only, as our investigations, from behaviour to neuronal correlates, 

focused on this early somatosensory area. 

The human primary somatosensory cortex is located in the parietal lobe along the posterior 

bank of the central sulcus (i.e., in the postcentral gyrus), and is divided into six distinct 

cytoarchitectonic layers (for a review see Mountcastle, 1997). Most of the thalamocortical 

projections arising from the ventroposterior complex of the thalamus terminate primarily in the 

4th cortical layer and to a lesser extent, in layer 6 and lower layer 3 (Shanks and Powell, 1981) 

of the contralateral post-central gyrus. In addition to this vertical laminar distribution, SI is also 

subdivided into four subregions (namely, Brodmann's areas (BAs) 3a, 3b, 1 and 2, see Figure 

23) that have been distinguished from each other based on their cytoarchitectonic structure 

(Brodmann, 1909; Vogt and Vogt, 1919). BA3b corresponds to the anterior bank of the 

postcentral gyrus, while BA3a lies in the fundus of the central sulcus. BA1 is located on the 

crown of the postcentral gyrus and reaches down into the postcentral sulcus, and finally, BA2 

covers the posterior crown of the postcentral gyrus (Brodmann, 1909; Geyer et al., 1999). BA3b 

receives most of the projections arising from the ventroposterior thalamic complex, and is the 

site where the initial cortical processing of tactile discrimination takes place (see Figure 24 and 

next paragraph for further description of thalamocortical projections). This led to the suggestion 

that, for homogeny with other sensory fields, only area 3b should be referred to as “primary 

somatosensory cortex” (Merzenich et al., 1978). However, in this thesis the term primary 

somatosensory cortex (or SI) follows the nowadays classical terminology and thus refers to the 

entire postcentral gyrus (which includes BAs 3a, 3b, 1, and 2).  
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The first detailed cartography of the human primary somatosensory cortex was reported by 

Penfield and Boldrey in 1937, by the use of cortical stimulation in patients undergoing surgical 

procedures. Penfield started conducting these experiments in 1928, and in less than ten years he 

managed to carry out cortical stimulation studies in 163 fully conscious patients undergoing 

brain surgery for epilepsy. Data from 126 of these patients were good enough to be analyzed, 

allowing Penfield and Boldrey to publish their groundbreaking work in Brain in 1937. The 

authors rigorously reported any individual movement or sensation evoked by the stimulation of 

different points on the brain, ending up with 170 summarizing charts then condensed into the 16 

illustrative charts that appear in Penfield and Boldrey's paper. In order to render the topography 

of their observations more legible, the authors then decided to add illustrations to their verbal 

descriptions and schematic charts, and thus asked a medical illustrator, Hortense Pauline 

Cantlie, to draw “a visual image and sequence of the cortical area”. This gave rise to the first 

homunculus, which was associated with both sensory and motor responses (Figure 11A). 

Thirteen years later, this first homunculus was revisited into a more precise representation of the 

cortical regions and their related body parts (Figure 11B). Notably, the sensory and motor 

responses were mapped separately onto a cross-section of the cerebral hemispheres with bars 

underlying the spatial sequence and relative extent of cortical areas controlling body part-related 

responses (either sensory or motor). On top of these sensory and motor topographic maps the 

representation of the body surface was resized according to the cortical magnification dedicated 

to each body part and superimposed for legibility. Sixty years later, this famous representation 

still serves as a reference, even if some additional revisions have since been made. These 

revisions concerned mainly the location of the genitals (Kell et al., 2005; Georgiadis et al., 

2006), which constitute one of the two notable discontinuities within the SI homunculus, the 

other one (which we will discuss later on, see chapter Finger/face) involving the hand and face 

representations.  
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Figure 11 [adapted from Penfield and Boldrey, 1937 and Penfield and Rasmussen, 
1950]. First (A) and revisited (B) versions of Penfield's homunculus illustrating the 
results obtained from the cortical stimulation of respectively 126 and 400 epileptic 
patients. (A) Each body part was drawn proportional to the size of the corresponding 
cortical area, thus illustrating the cortical magnification of the different body parts. (B) 
The revisited version represents more precisely the cortical areas and their relative 
surface, which when stimulated evoked either sensory (B, left panel) or motor (B, right 
panel) responses. The length of each bar drawn on the cortical surface provides an 
indication of the relative size of the cortical areas controlling the responses specific to 
its associated body part. Here again, the drawings superimposed at the periphery aim to 
illustrate the degree of cortical magnification associated with each body part. 

Later on, some important experiments carried out in nonhuman primates (Powell and 

Mountcastle, 1959a, 1959b; Paul et al., 1972) provided the direct evidence that the 

cytoarchitectonic differences within SI previously described by Brodmann (1909), with the four 

distinct BAs 3a, 3b, 1 and 2, must be regarded as distinct functional entities. Specifically, 

these authors demonstrated that neurons in BA3b and 1 respond primarily to contralateral low-

threshold cutaneous stimulation as BA3b receives predominantly SA and FA cutaneous input, 

while BA1 receives FA cutaneous and deep input related to vibration sensation (i.e. Pacinian 

receptors). In contrast, neurons in BA3a respond mainly to stimulation of proprioceptors located 

in muscles spindles (Phillips et al., 1971) and those in BA2 process both tactile and 

proprioceptive stimuli (Iwamura and Tanaka, 1978) as they receive inputs principally from 

deep-laying receptors. Additional studies (Randolph and Semmes, 1974; Carlson, 1981) 

revealed that focal lesions of BA1 led to a specific deficit on texture discrimination tasks 

(hard/soft, roughness and line discrimination), while removal of BA2 induced a specific deficit 

on discrimination of object size, shape and curvature (square/diamond, convex/concave, size 

and curve discriminations, see also Yau et al., 2013). In contrast, following removal of BA3, 
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severe deficits were seen on all tactile tasks. The interconnectivity observed between these 

subregions is also quite informative regarding their functional properties. For instance, BA3b 

projects predominantly to BA1 via horizontal intracortical fibres, but also projects less densely 

to BA2 and BA3a (Vogt and Pandya, 1978; Burton and Fabri, 1995), and receives feedforward 

projections from BA3a, BA1 and BA2 (Burton and Fabri, 1995; Coq et al., 2004). BA1 

primarily projects to BA2, but is also reciprocally connected with BA3a and BA3b (Jones et al., 

1978; Pons and Kaas, 1986; Burton and Fabri, 1995). Finally, BA2 projects primarily to 

posterior areas (BA5 and BA7, see section V.c. of this chapter), but also exhibits connections 

with BA1, BA3a and BA3b (Vogt and Pandya, 1978; Pons and Kaas, 1986). Thus, a strong and 

sequential outflow of connections is observed from BA3b to BA1 and BA2 (Ruben et al., 2006), 

then from BA1 to BA2 and finally from BA2 to areas in the posterior parietal cortex, mainly 

BA5 and BA7. As a consequence, BA3b in non-human primates has small and relatively 

simple/homogeneous RFs, whereas RFs from BA1 were found to be larger and more complex 

(i.e., responding to multiple fingers; see Hyvarinen and Poranen, 1978; Iwamura et al., 1980, 

1993; Sur, 1980). This complexification of RFs suggests a greater convergence of peripheral 

inputs in BA1 (see Iwamura, 1998; Ruben et al., 2006). Similarly, RFs for neurons in BA2 are 

typically larger than those in BA1 and RFs involving multiple digits and joints are common. 

Altogether, these studies led to the notion that BA3b is the site where the initial cortical 

processing of tactile discrimination takes place, while BA1 is more involved in texture 

discrimination (which requires the integration of different aspects of tactile inputs), and BA2 in 

size and shape recognition (i.e., even more integrated signal). In contrast, BA3a is mainly 

dedicated to proprioceptive signals processing (see Jones and Powell, 1969; Phillips et al., 

1971).  

Following these discoveries about the functional differences between these BAs, numerous 

electrophysiological studies performed on primates (e.g., Merzenich et al., 1978; Kaas et al., 

1979; Nelson et al., 1980; Sur et al., 1982; Pons et al., 1985; Jain et al., 2001; Coq et al., 2004) 

revealed that the traditional SI somatotopy is actually divided into four separate and complete 

representations of the body surface, one within each of the BAs (see Figure 12 for a summary 

of the maps obtained in macaque monkeys). In agreement with Penfield's homunculus, the foot, 

leg, trunk, forelimbs, and face are represented in a medial to lateral arrangement within each of 

these subregions. Despite some differences (see Merzenich et al., 1978 and Sur et al., 1982 for 

details), the representations within BA3b and BA1 are roughly mirror-images of each other so 

that whatever skin surface is represented rostrally in BA3b is also represented caudally in BA1 

(Sur et al., 1982; Jain et al., 2001). Some cutaneous responses were also found within BA2, with 
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again a somatotopic organization that is the mirror-image of that observed in BA1, and a 

possible fourth representation was found within BA3a (Merzenich et al., 1978; Kaas et al., 1979; 

Nelson et al., 1980; Coq et al., 2004). Moreover, the intrinsic interconnectivity observed 

between these subregions (at least BA3b, 1 and 2) appears to be also somatotopically organized 

(Pons and Kaas, 1986; Burton and Fabri, 1995).  

     

Figure 12 [left panel: from Mountcastle, 1997, after Kaas and Pons, 1988; right panel: 
from Kaas, 2005]. Somatotopic organization of the contralateral body surface in the four 
cytoarchitectural areas of the primary somatosensory cortex of macaque (left panel) and 
owl (right panel) monkeys. Left panel: CS: central sulcus, IPS: intraparietal sulcus, FA: 
forearm, LL: lower-lip, UL: upper-lip, D1-D5: digits of the contralateral hand. Right 
panel: c: contralateral, i: ipsilateral, PV: parietal ventral area, VSr & VSc: rostral and 
caudal ventral somatosensory areas, PR: parietal rostral area (see Coq et al., 2004). 

Nowadays, the improvement in brain imaging techniques allows us to investigate the 

topographic organization of human somatosensory areas non-invasively. However, these 

techniques (mainly functional magnetic resonance imaging (fMRI) and magneto-

encephalography (MEG), which have a relatively good spatial resolution) usually do not provide 

a spatial resolution sufficiently high enough to clearly distinguish between the four BAs. Thus, 

most imaging studies performed on humans usually refer globally to SI (i.e., postcentral gyrus). 

Beyond these technical considerations, it is surprising to note that the somatotopic organization 

of the entire body surface within SI, such as performed by Penfield, has rarely been 

investigated since then. To my knowledge, only one MEG study tried and managed to replicate 

Penfield's homunculus (Nakamura et al., 1998). The authors found a similar mediolateral 
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topographic organization of the body surface within the contralateral post-central gyrus, with the 

toes in the medial side of the hemisphere and the tongue in the most lateral region (Figure 13). 

But such mapping of about 40 regions is demanding and time consuming. This may explain why 

most of studies usually focus on specific (and few) body parts. Indeed, even if a few other MEG 

studies reported, with a less systematic approach, the somatotopic organization of some regions 

of distant body parts, such as the arm, leg and lip (Hoshiyama et al., 1997) or the dermatomes 

(i.e., cervical, thoracic, lumbar and sacral afferents; Itomi et al., 2000; Castillo and 

Papanicolaou, 2005), most studies usually focus solely on one body part at a time. For instance, 

the hand has been extensively investigated using either fMRI (e.g., Maldjian et al., 1999; 

Hlustík et al., 2001; McGlone et al., 2002; Sanchez-Panchuelo et al., 2010; Schweisfurth et al., 

2011, 2014; Besle et al., 2013a, 2013b) or MEG recordings (e.g., Baumgartner et al., 1991; 

Forss et al., 1995; Tecchio et al., 1998; Mertens and Lütkenhöner, 2000; Druschky et al., 2002; 

Inoue et al., 2012; Jamali and Ross, 2013), likely due to its large cortical representation and its 

easy access to peripheral stimulation. Similarly, the face, also highly magnified at the cortical 

level, has been quite intensively investigated the last two decades using again either fMRI 

(Servos et al., 1999; Iannetti et al., 2003; Miyamoto et al., 2006; Blatow et al., 2007; Kopietz et 

al., 2009; Moulton et al., 2009; Lin et al., 2010) or MEG recordings (Yang et al., 1993; 

Mogilner et al., 1994; Hoshiyama et al., 1995, 1996; Nagamatsu et al., 2000; Disbrow et al., 

2003a; Nguyen et al., 2004; Suzuki et al., 2004; Nevalainen et al., 2006; Sakamoto et al., 2008; 

Tamura et al., 2008). In contrast, the representations of the other body parts such as the arm 

(Servos et al., 1998), the legs (Shimojo et al., 1996; Del Gratta et al., 2000; Bao et al., 2012), the 

trunk and genitals (Kell et al., 2005; Rothemund et al., 2005) have been sparsely investigated. 

But except for the genitals, whose representation was reported to be between those of the toe 

and lower trunk (Kell et al., 2005), and for the face whose representation is still controversial 

(see next section IV.b.), most of these studies support the somatotopic arrangement of Penfield's 

homunculus. 
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Figure 13 [from Nakamura et al., 1998]. Detailed somatotopy obtained by MEG and 
displayed on the MRI of one participant. Each receptive area, which was estimated to be 
located in the posterior bank of the central sulcus (BA3b), was projected onto the 
cortical surface. The size of each ellipse reflects the presumed size of the activated 
cortical area, but are displayed three times smaller than the predicted actual sizes. Note 
that the receptive area for the toes is in the medial side of the left hemisphere. 

The development of probabilistic cytoarchitectonic maps based on an objective and 

systematic delineation and classification of the human cytoarchitectonic areas BA3a, 3b, 1 

(Geyer et al., 1999, 2000) and 2 (Grefkes et al., 2001) over 10 post-mortem brains, and their 

recent integration in imaging analysis software (Eickhoff et al., 2005, 2007b), now allows 

parcellation of human SI and the assignment of imaging results (mostly from fMRI) to each of 

the four BAs. Using these probabilistic maps or the objective description of BAs described by 

Geyer, a somatotopic organization similar to the one reported by monkeys studies was 

consistently observed in human BA3b (Kurth et al., 2000; Blankenburg et al., 2003a; Overduin 

and Servos, 2004; van Westen et al., 2004; Nelson and Chen, 2008; Schweizer et al., 2008; 

Stringer et al., 2011; Martuzzi et al., 2014; Sánchez-Panchuelo et al., 2014), while BAs 1 and 2 

were found to exhibit an overall higher somatotopic variability (Blankenburg et al., 2003a; 

Overduin and Servos, 2004; Nelson and Chen, 2008; Stringer et al., 2011; Martuzzi et al., 2014; 

Sánchez-Panchuelo et al., 2014). It is worth noting that in contrast to Kurth and colleagues 

(2000), two of these studies reported a somatotopy within BA2 (Martuzzi et al., 2014; Sánchez-

Panchuelo et al., 2014), likely due to the higher spatial resolution of the fMRI recordings (7T 

instead of 1.5T). In addition, the possible discrepancies between these studies may arise from 

the huge variability in stimulation approaches, which range from strong electrical to air-puff 
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stimuli, passing by vibrotactile and brushing stimulation. Here again, it is worth emphasizing 

that most of these imaging studies investigated the somatotopy of the hand only. Eickhoff and 

colleagues (2008) are so far the only ones who mapped several regions distributed across the 

body surface (i.e., cheeks, arms and trunk) using cytoarchitectonic probabilistic maps. In 

addition to a homunculus-like somatotopy within SI, these authors reported robust bilateral 

activations to unilateral stimulation of the trunk and face within BAs 3b, 1 and 2, while the three 

BAs exhibited a more complex pattern of activation/deactivation for the hand (discussed later). 

As briefly mentioned earlier, one striking feature of the somatotopic maps comes from the 

fact that the actual proportions of the body part surfaces are not preserved. Instead, while the 

fingertips and lips have the highest cortical magnification (e.g., Penfield and Boldrey, 1937; 

Kaas et al., 1979; Maldjian et al., 1999), the trunk and proximal limbs are disproportionately 

lowly represented given their actual physical size. Within the hand representation, the thumb 

and the index finger are also more represented than the other digits (Sutherling et al., 1992). 

This differential cortical magnification is the counterpart of the differential densities of receptors 

embedded in the skin across body parts, the fingertips and lips exhibiting the highest density of 

receptors. Together, this leads to the higher sensitivity observed at those body parts. But these 

differences in cortical magnification might also arise from different degrees in the functional 

relevance of body parts. Indeed, the fingers and the lips are particularly important for 

manipulation, feeding behaviour, facial expression and communication (language), which are 

preponderant functions for humans, but also non-human primates. Such distortions are also 

apparent in other species such as the rat, which has for instance, a huge part of its somatosensory 

cortex devoted to the whiskers, which are extensively used by the rat to explore its environment, 

safely move within it and localize anything relevant (another rat, food, ... etc).  

In addition to this well know location-based somatotopic organization, evidence for a sub-

organization according to afferent modalities has been accumulating, suggesting that each 

submodality (i.e., FA and SA afferents) is separated into parallel processing channels from the 

skin to the cortex. In line with this, a modality-based organization was recently found within the 

dorsal column pathway (Niu et al., 2013). Similarly, a clusterisation of neurons according to 

their type of adaptation has been reported within the ventroposterior thalamus of squirrel 

monkeys (Dykes et al., 1981; Kaas et al., 1984), neurons related to slowly or rapidly adapting 

receptors being grouped within separate alternating aggregates. This modality-based 

somatotopic organization is then relayed to cortical areas 3b and 1, in which SA and RA neurons 

form alternating narrow bands (Paul et al., 1972; Sur et al., 1981; Schouenborg et al., 1986; 

Friedman et al., 2004; Pei et al., 2009). Approximately 20 to 55% (Paul et al., 1972; Sur et al., 
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1981) of area 3b appears to be activated by SA inputs. While both RA and SA cell types are also 

found in area 1 (Paul et al., 1972; Nelson et al., 1980) the proportion of area 1 activated by SA 

inputs may be 5% or less (Paul et al., 1972), suggesting that few of the SA neurons in the 

ventroposterior thalamus project to area 1.  

 

IV. Zoom in on the Hand and Face regions 

a. The hand 

The hand is one of the most complex movable parts of our body, comprising 27 bones with 

14 phalanges for the fingers alone, and 20 intrinsic muscles. The hand is a special feature of 

primates and its particularity comes from the presence of opposable thumbs (i.e., having the 

ability to be brought into opposition to the other fingers), which renders possible the execution 

of the incredibly complex and refined movements involved in prehension and manipulation. The 

evolutionary relevance of the hand is likely to arise from the appearance of tool use and 

production in the paleolithic age, but in humans the hands also play an important function in 

body language. In addition, the fingers are some of the most densely innervated regions of the 

body, and thus one of the richest sources of tactile information. The hand's innervation is 

provided by three nerves: the median, ulnar and radial nerves (Figure 14). The median nerve 

originates from the lateral and medial cords of the brachial plexus (C5-T1) and is responsible for 

innervating the lateral (radial) three and a half digits on the palmar side. The dorsal branch 

innervates the distal phalanges of the index, middle and lateral half of the ring finger. The ulnar 

nerve innervates the ulnar third of the hand, both the palm and the back of the hand, as well as 

the pinkie and ulnar half of the ring finger. It originates from the medial cord of the brachial 

plexus (C8-T1). The radial nerve innervates the dorsum of the hand, from the thumb to the 

radial half of the ring finger, proximal to the distal interphalangeal joints. It originates from the 

posterior cord of the braxial plexus (C6-8). As mentioned earlier, these fibres, whose neuronal 

cell bodies are located in the dorsal root ganglia, then converge to the gracile and cuneate 

nuclei in the medulla before projecting to the VPL thalamic nucleus via the medial lemniscus 

(see section II.a. of this chapter). 
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modified from http://epomedicine.com/medical-students/applied-anatomy-of-carpal-tunnel/ 

Figure 14. Schematic distribution of the three nerves innervating the human hand. 

 

As mentioned in the previous section, the functional organization of the hand representation 

within the four BAs constituting the “SI” area, has been extensively studied in non-human 

primates (e.g., Merzenich et al., 1978, 1987; Kaas et al., 1979; Iwamura et al., 1980; Nelson et 

al., 1980; Sur et al., 1982; Pons et al., 1985; Coq et al., 2004). The hand representation within SI 

is characterized by a dominant representation of the glabrous skin (Merzenich et al., 1978, 

1987), with a particularly high magnification of the tips of the thumb and the index finger 

(Sutherling et al., 1992; Shoham and Grinvald, 2001). In addition to their sequential and 

topographic organization, a large overlap between finger representations has been repeatedly 

shown in electrophysiological (Iwamura et al., 1980) and optical imaging studies in monkeys 

(Chen et al., 2001; Shoham and Grinvald, 2001), which usually involved neighbouring fingers. 

As expected from the differential functional use of the fingers (i.e., the thumb and index fingers 

being highly solicited in grasping/prehension, manipulation of objects), the largest overlap was 

found between D3, D4 and D5 representations (see Figure 15). 
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Figure 15 [from Shoham and Grinvald, 2001]. Somatotopic organization of the 
fingertips in two monkeys (left hemisphere maps for right-hand stimulation). The left 
maps show the contour lines (and thus overlap) of finger representations, while the right 
maps show which finger “wins” among others in cases of overlapping representations.  

As in non-human primates, a consistent somatotopic arrangement of finger representations 

has been reported in humans within BA3b, BA1 and BA2 using fMRI (Kurth et al., 2000; 

Overduin and Servos, 2004; van Westen et al., 2004; Nelson and Chen, 2008; Schweizer et al., 

2008; Martuzzi et al., 2014; Schweisfurth et al., 2014), with D1 located most lateral, anterior 

and inferior and D5 most medial, posterior and superior. In addition, while the fingers' 

activation peaks are usually well segregated, at least within BA3b and BA1 (Nelson and Chen, 

2008; Stringer et al., 2011; Martuzzi et al., 2014), an overlap between finger representations, 

similar to that observed in electrophysiological studies, has been found in the human SI using 

fMRI (Maldjian et al., 1999; Krause et al., 2001; Besle et al., 2013b; Martuzzi et al., 2014) and 

optical imaging techniques (see Figure 16a; Cannestra et al., 1998; Sato et al., 2005). Usually, 

the largest overlap is observed between neighbouring fingers, but some overlap also occurs 

between non-adjacent fingers (Kurth et al., 2000; Krause et al., 2001; Besle et al., 2013b; 

Martuzzi et al., 2014), and these overlaps have been reported within the three BAs (Krause et 

al., 2001; Besle et al., 2013b; Martuzzi et al., 2014). Note that, while the degree of overlap has 

been found to be correlated with stimulus intensity, it is not affected by correlation thresholds, 

which makes it consistent and argues against an unspecific 'spillover effect' (Krause et al., 

2001). 
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But some differences are observable between the three BAs. First, the magnification and 

spread of finger representations along the gyrus seem to be different across BAs. Indeed, some 

studies reported a larger Euclidean distance (ED) between D1 and D5 peaks in BA3b than in 

BA1 (~16/17mm within BA3b according to Kurth et al., 2000; van Westen et al., 2004 vs 

~14mm within BA1 according to Kurth et al., 2000), although another study reported that D1-

D5 spanned over a similar distance within BA3b and BA1 (~15mm), but over a smaller one 

within BA2 (~8.6mm; Martuzzi et al., 2014). This discrepancy may come from some 

methological differences, as the first study (Kurth et al., 2000) used electrocutaneous stimulation 

and computed the ED based on activation peaks, whereas the latter study used a brushing-like 

stimulation and computed ED based on the centre of mass of finger representations. Another 

study, in which fingertips were stimulated with air-puffs, also found that the relative distance 

between adjacent finger representations is in general 1.6 times larger in BA3b than in BA1 

(Stringer et al., 2011), which was not the case in Martuzzi et al, 2014. I would like to emphasize 

here the huge variability observed in the literature, likely due, in addition to differences in 

analysis, to the use of different stimulation paradigms. Indeed, while electrocutaneous 

stimulation usually spreads along the entire finger and recruits most of the subcutaneous fibres, 

a mechanical stimulation is usually more focal (one or two phalanges) and is also more likely to 

recruit mechanoreceptors in a more specific manner. Ideally, the cortical representation should 

be carefully investigated and identified for each type of stimulation/receptor to facilitate 

comparisons across studies. Going back to the differential magnification of the fingers within 

the three mentioned BAs, an overall decrease of interdigit distances is, at least qualitatively, 

observed gradually from BA3b, to BA1 and BA2 in these studies. In addition, the relative 

magnification of the fingers is, as in monkeys, unbalanced, with the thumb exhibiting the largest 

representation among fingers and across BAs (Martuzzi et al., 2014). But here again some 

discrepancies (still attributable to stimulation and analyses differences) can be observed in the 

literature, some studies reporting instead the largest representation for the index finger (Maldjian 

et al., 1999). As a result of the differential degree of magnification, the degree of overlap 

between finger representations also varies from BA3b to BA2. Indeed, adjacent finger 

representations exhibit a gradual increase of overlap from BA3b to BA1/2 (Kurth et al., 2000; 

Krause et al., 2001; Besle et al., 2013b), with ~41% of overlap within BA3b, ~49% within BA1 

and ~68% within BA2 (Kurth et al., 2000). But this increase in overlap is also observed between 

non-adjacent finger representations, with significantly larger overlap within BA1/2 (~25% 

within BA1, ~39% within BA2 => 23% in combined BA1/2) than within BA3b (~2% of 

overlap, see Kurth et al., 2000). In addition, while this degree of overlap was found to vary as a 
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function of stimulation intensity (Krause et al, 2001), its relative proportion is independent of 

the threshold used to compute the maps (Krause et al., 2001), and is not driven by extra-vascular 

contributions (Besle et al., 2013b), which goes against the idea that these overlaps are 

artefactual. Along this line, another type of analysis revealed that while a high specificity was 

observed within BA3b, the finger representations within BA1 and BA2 also strongly respond to 

adjacent fingers, with their response decreasing gradually with distance between fingers 

(Martuzzi et al., 2014). This gradual increase of overlap and thus decrease of specificity is 

coherent with the increase in RF complexity from BA3b to BA1 and B2 reported in 

electrophysiological studies in monkeys (see section III.c. of this chapter).  

 
Figure 16 [from Sato et al., 2005]. Functional maps of fingers (a) and face (b) 
representations in the left somatosensory cortex (BA1) of four patients during surgical 
removal of tumors. The optical response areas evoked by transcutaneous electrical 
stimulation of each finger (D1, D2, D3, D4, D5) and trigeminal nerve branches (V1: 
supraorbital, V2: zygomaticofacial, V3: mental) are displayed on the vascular image of 
each patient’s brain.   

Going into a more refined mapping of the fingers/hand, several studies took advantage of 

the high spatial resolution of fMRI to investigate the cortical representation of the different 

phalanges and bases of each finger (Blankenburg et al., 2003a; Overduin and Servos, 2004; 

Schweisfurth et al., 2011, 2014; Sánchez-Panchuelo et al., 2012, 2014), as well as the palm 

(Blankenburg et al., 2003a), and looked at their relative distribution. These studies yielded 

somewhat different results. Some of them revealed a consistent somatotopic organization of the 

different phalanges along the anteroposterior axis, orthogonally oriented compared to the 
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“between-digit” maps (Blankenburg et al., 2003a; Sánchez-Panchuelo et al., 2012, 2014). From 

posterior to anterior, the representation of the finger is from base to tip within BA2 and BA3b, 

and reverses at the border with the neighbouring BA1 and BA3a, where it is represented from 

tip to base (see Figure 17). This result is in agreement with the electrophysiological literature 

showing a similar sequential organization in mirror-image of finger representations across BAs 

(e.g., Merzenich et al., 1978; Nelson et al., 1980). However, another group analyzed individual 

maps elicited by tactile stimulation of the three phalanges and the base of each finger of the right 

hand and found that among all the digits, only D5 exhibited a somatotopic organization of its 

phalanges within BA3b, with the base of D5 being consistently located medial to its fingertip, 

whereas no consistent pattern of organization was found for any of the other fingers 

(Schweisfurth et al., 2011, 2014). Another study mapped the three phalanges of D1, D2 and D4, 

but they performed only individual analyses without evaluating the existence of a consistent 

somatotopy across-subjects due to difficulties in map interpretation caused by limitations in 

cortical surface sampling (Overduin and Servos, 2004).  

MEG also features a high spatial resolution, which allows the localization of dipole sources 

on the scale of millimetres. However, its intrinsic properties make MEG able to detect only 

fields oriented tangentially to the scalp (i.e., corresponding to a current oriented orthogonally to 

the scalp). Thus within the SI area, MEG is likely to detect mainly the activity arising from 

BA3b. As with fMRI, contradictory results have been reported regarding the distal-to-proximal 

distribution of the phalange representations. For instance, while no significant ordering was 

reported in two studies by Hashimoto et al. (1999a, 1999b), Hlushchuk et al. (2004) found, in 

agreement with electrophysiology studies and both Blankenburg et al, 2003 and Sanchez-

Panchuelo et al, 2014, the proximal phalanx of D2 to be represented superior to its distal one. 

Yet, another study localized the third phalanx of D3 lateral to that of the first phalanx (Tanosaki 

and Hashimoto, 2004). 
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Figure 17 [from Sánchez-Panchuelo et al., 2014]. Left panel: schematic depiction of the 
between and within finger mapping, and their respective expected mapping within the 
SI region. Right panel: somatotopic maps obtained for two participants (A) between and 
(B) within fingers. Maps are displayed on a flattened cortical patch at the central 
cortical depth (dark grey: sulci, light grey: gyri). Black lines represent the delineation of 
the BAs based on the mirror reversal of the maps.   

Here again several methodological differences could explain these discrepancies. The most 

striking difference is, again, the stimulation modality used to perform the mapping, but also the 

surface it encompasses, as well as its frequency (known to significantly change source 

localization, see Mogilner et al., 1994). While Blankenburg et al, 2003 delivered a large 7Hz 

non-painful electrical stimulation via electrodes covering approximately 15 mm² of D3 skin, 

Sanchez-Panchuelo et al, 2014 used a 30Hz vibrotactile stimulation of only ~1 mm² of skin, and 

Schweisfurth et al, 2011 & 2014 used a piezo-electric Braille display to stimulate at 32Hz, 

resulting in a fast varying pattern of stimulation across ~18 mm² of skin. Finally Overduin & 

Servos, 2004 used air-puff stimulation at a frequency of ~10Hz. This stimulation-related 

variability is similar for the MEG studies. Hashimoto et al, 1999a,b used a stimulation paradigm 

similar to Sanchez-Panchuelo et al, 2014 (vibrotactile, ~1 mm² of skin) but delivered at 200Hz 

instead of 30Hz on D2, and in his 2004 paper with Tanosaki used a relatively intense electrical 

stimulation delivered with ring electrodes at 4Hz on the interphalangeal parts of D3. Finally, 

Hlushchuk et al, 2004 used a ~2Hz pneumatically-driven mechanical stimulation covering ~8 

mm² of skin. In addition to these differences in modality, surface and frequency of stimulation, 

the intensity used also varied largely, ranging from gentle indentation (Sanchez-Panchuelo et al, 

2014: ~100 μm; Hashimoto et al, 1999a,b: ~200 μm) to high non-painful currents (Blankenburg 

et al, 2003: only 1 mA below pain threshold; Tanosaki & Hashimoto, 2004: 4 mA above the 
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highest sensory threshold among tested sites). Finally, it is worth noting that Sanchez-Panchuelo 

et al, 2014 stimulated the phalanges of the three digits they investigated, solely on the left hand 

and simultaneously, which might add some additional variability. Altogether, these 

discrepancies make it difficult to conclude about the pattern of organization of finger phalanges 

cortical representations. In addition, it should be reminded that the inter-digit differences of 

organization may possibly be due to their different functions within the hand (i.e., D1, D2, D3 

being mostly involved in precision grip and D4, D5 supporting the others and allowing whole-

hand prehension and power grip). 

Overall, we can see from the literature that the hand’s cortical representation is far from 

being simple and resolved, at least in humans. This complexity arises first from the huge 

variability in the stimulation paradigms employed, but also from the intrinsic limits of the 

imaging techniques used to investigate the human cortex non-invasively. Last, but not least, a 

non negligible variability may arise from the differences in function across fingers, which may 

also vary across individuals in regard to their respective experiences.   

b. The face 

Right after the hand, the face exhibits one of the most sensitive skin areas of our body. In 

addition, the face, especially in humans, is highly involved in the expression of emotions or 

most generally, of any communicative reactions in regards to the environment perceived through 

the five senses. The face comprises ~22 major muscles responsible for numerous functions, such 

as blinking, chewing (i.e., mastication), language production (i.e., speech) and as mentioned 

above, facial expressions. The lips themselves require approximately 10 muscles to achieve their 

full range of motion. 

In classical anatomy textbooks, most sensory information from the face is reported to be 

carried by the Vth cranial nerve, but sensation from some parts of the mouth (such as the 

tongue), certain parts of the ear and of the meninges is carried by afferent fibres in cranial 

nerves VII (the facial nerve), IX (the glossopharyngeal nerve) and X (the vagus nerve). 

However, the cutaneous information arising from the face is carried by the Vth cranial nerve, 

which is subdivided into three major branches: the ophthalmic nerve (V1), the maxillary nerve 

(V2), and the mandibular nerve (V3). The cutaneous areas innervated by the three branches have 

sharp borders with relatively little overlap (Figure 18). The three branches leave the skull 

through several foramina (i.e., holes in the skull: supraorbital, infraorbital, zygomaticofacial, 

incisive & mental foramina, superior orbital & inferior orbital fissures, foramen rotundum, ovale 

& spinosum). The ophthalmic nerve (V1) carries sensory information from the scalp and 
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forehead, the upper eyelid, the conjunctiva and cornea of the eye, and the nose (except alae 

nasi). The maxillary nerve (V2) innervates the lower eyelid, the cheek, the nostrils and the 

upper lip. The mandibular nerve (V3) innervates the lower lip, the chin and jaw (except the 

angle of the jaw), and parts of the external ear. Thus, the lips are innervated by the infraorbital 

nerve, a branch of the maxillary nerve, and by the mental nerve, a branch of the mandibular 

nerve. This nerve arrangement provides a fully contralateral representation of the face to each 

hemisphere. Please note that each side of the upper-lip, and in particular the region in between 

the upper-lip and the nose, is innervated by the medial branch of the superior labial branch of 

the infraorbital nerve of this same side, and that these nerves have been reported to never meet 

its homologous branch from the other side of the face, nor to cross the midline to innervate part 

of the skin on the other side of the upper-lip region (see Hu et al., 2007). Thus each branch (left 

and right) exclusively innervates the upper-part of the lip from the midline to the left or right 

corner of the mouth. As mentioned previously, these fibres, whose neuronal cell bodies are 

located in the trigeminal ganglion, then converge in the principal trigeminal nucleus in the 

pons, before projecting to the VPM thalamic nucleus via the trigeminal lemniscus (see section 

II.b. of this chapter). 

 

Modified from “Grant 1962 470” by Grant, John Charles Boileau - An atlas of anatomy, / by regions 1962. 

Licensed under Public domain via Wikimedia Commons and http://www.pennmedicine.org/encyclopedia 

Figure 18. Schematic representation of the three main branches of the trigeminal nerve 
innervating the face. 



57 | P a g e  

Even if it has received less attention than the hand, the face representation has been quite 

well described in non-human primates (e.g., Merzenich et al., 1978; Nelson et al., 1980; Sur et 

al., 1982; Lin et al., 1994; Jain et al., 2001; Toda and Taoka, 2002, 2004; Coq et al., 2004). 

Electrophysiological studies showed that despite some differences across monkey species, the 

representations of the upper and lower lips within BA3b and BA1 being sometimes reversed in 

owl monkeys (Merzenich et al., 1978) as compared to squirrel (Sur et al., 1982) and macaque 

monkeys (Nelson et al., 1980), the general location and organization of the face representation 

in the post-central gyrus is consistent. Within the postcentral gyrus, the face representation is 

located lateral to that of the hand, and clearly somatotopically organized within BA3a, BA3b 

and BA1 (Lin et al., 1994; Manger et al., 1995; Jain et al., 2001; Coq et al., 2004). In BA3b, the 

face is represented in a rostrocaudal sequence, three ovals adjacent to the hand representation 

corresponding respectively to the chin/lower-lip, upper-lip and neck/upper-face (Merzenich et 

al., 1978; Jain et al., 2001; Coq et al., 2004), whereas three or four more rostral ovals 

successively represent the contralateral teeth, tongue and the ipsilateral teeth and tongue (see 

Figure 19, Jain et al., 2001). Interestingly, the representation of the contralateral lower lip in 

BA3b has been repeatedly found to be split by the representation of the contralateral upper lip 

(e.g., Dreyer et al., 1975; Manger et al., 1995; Jain et al., 2001), making it a likely general 

feature of the trigeminal nerve representation in BA3b of primates. Then, as for the rest of the 

body, the face representation within BA1 mirrors that of BA3b and the neurons composing it 

exhibit larger RFs (Jain et al., 2001; Coq et al., 2004).Contrary to the hand, however, many of 

these RFs are located on both sides of the face, thus building bilateral representations of part of 

the face into one hemisphere (in particular, the lips). The face representation within BA2 has 

been less described, but a substantial number of neurons responding to lip stimulation were 

found to exhibit composite RFs covering both upper and lower lips (i.e., bilabial RFs), or more 

than one of five oral structures: lip, cheek mucosa, teeth/gingiva, tongue and palate (Toda and 

Taoka, 2002, 2004). In agreement with the BA3b to BA2 convergence, the relative incidence of 

neurons with composite RFs (especially for neurons activated by tongue and lip stimulation) is 

significantly higher in BA2 than in BA3b and BA1 (Toda and Taoka, 2004). Furthermore, the 

proportion of neurons having bilateral RFs increases gradually upon moving caudally from 

BA3b to BA2, suggesting a bilateral integration across SI subregions (Toda and Taoka, 2004). 

Similar to the thumb and index fingers within the hand representation, the lips exhibit the 

highest degree of cortical magnification within the face representation in  BA3b, 1 & 2 (Dreyer 

et al., 1975; Merzenich et al., 1978; Nelson et al., 1980), likely due to its denser innervation (and 

thus sensitivity). Nearly all of the face SI neurons were found to respond to light tactile stimuli 
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and to exhibit a rapidly adapting response to tactile stimulation (82% of the neurons recorded by 

Lin et al., 1994). In addition, no significant difference in the ratio of slowly adapting to rapidly 

adapting neurons was found in BA3b and BA1 (Lin et al., 1994). 

 

Figure 19 [from Jain et al., 2001]. Topography of the contralateral face and oral cavity 
representation in area 3b and the surrounding cortex in an owl monkey. Solid lines show 
the boundaries derived from the myeloarchitecture, dashed lines mark boundaries 
derived from the electrophysiological mapping data. The double hairline on the lateral 
side marks the location of the lateral sulcus. UL: upper-lip, LL: lower-lip, Tng: tongue, 
R/M: rostral/medial. Scale = 1mm. 

As in non-human primates, while the somatotopic organization within the hand 

representation has been well described (see previous section), organization within the face 

representation in human S1 remains controversial. Indeed, while direct electrical stimulation of 

cortical fields (Penfield and Rasmussen, 1950) and more recent intraoperative optical imaging 

studies (Sato et al., 2002, 2005; Schwartz et al., 2004) have indicated a sequential representation 

of the forehead, cheek and chin in a superior-to-inferior order (i.e., an upright representation), 

imaging studies (fMRI and MEG) provide evidence for other possible organizations. A few 

studies reported an inverted (i.e., upside down) representation (Yang et al., 1993; Servos et al., 

1999), whereas several other studies rather reported a huge overlap between face regions 

(Iannetti et al., 2003; Nguyen et al., 2004; Kopietz et al., 2009), suggesting no sharp 

somatotopic organization. For instance, the contralateral activation elicited by the stimulation of 

the forehead has been shown to overlap substantially and thus to not differ significantly from 

that of the lower lip (Iannetti et al., 2003) or of the cheek and chin (Kopietz et al., 2009). 

Similarly, an MEG study investigated six points on the face (two at the forehead, nose, cheek, 

chin and jaw), but did not find any difference in location among them (Nguyen et al., 2004). 

However, the authors highlighted the fact that the representations of these sites were located 

between the thumb and the lower lip representation (see Figure 20, Nguyen et al., 2004). The 
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representation of the neck, still debated, has been reported at the hand/face junction (Lin et al., 

2010). Concerning the intraoral structures, the representation of the teeth has been found to be 

superior to that of the tongue and inferior to that of the lip in the rostral portion of the 

postcentral gyrus (corresponding to BA3b), which is consistent with the classical sensory 

homunculus of Penfield. However, this organization was less clear and the overlap between 

these representations significantly greater in the middle and caudal portions of the postcentral 

gyrus (likely BA1 and BA2) than that in the rostral portion (Miyamoto et al., 2006). Some other 

studies reported a gross somatotopic organization, with the lateral side of the upper lip being 

superior to the lower lip (at 0.6-1.1cm ED according to Mogilner et al., 1994; see also 

Hoshiyama et al., 1996; Disbrow et al., 2003a), and this latter one being more lateral than the 

cheek representation and more inferior, lateral and anterior than the index finger (Nevalainen et 

al., 2006). Quantitatively, the average ED between the P25m sources from the right index finger 

and from the face areas ranges from 1 to 1.5cm (right forehead 13.8 ±8.3mm (sd), right cheek 

12.8 ±4.6 mm, right lip 15 ±4.6 mm and right chin 11.7 ±4.2 mm, Nevalainen et al., 2006). 

The face representational overlap previously observed was further confirmed by 

intraoperative optical imaging (Schwartz et al., 2004; Sato et al., 2005), however, the extent of 

overlap in the face region was quantitatively smaller than that in the finger region (see Figure 

16, Sato et al., 2005). But according to the authors, this difference may come from the locations 

of the stimulation, which was applied to parts of the three trigeminal branches. Interestingly, the 

contralateral responses after lip stimulation were reported to be more ample than those of other 

face regions (Nevalainen et al., 2006), confirming the higher cortical magnification of the lips. 

In addition, the overall degree of cortical magnification of the human face was estimated to be 

similar to the one in monkeys (Schwartz et al., 2004). 
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Figure 20 [modified from Nguyen et al., 2004]. Spatial relationship of the group ECD 
locations following stimulation of the right thumb, lower lip, and the six sites on the 
face illustrated on the picture (forehead 1 and 2, nose, cheek, chin and jaw). The 
location of each region is expressed relative to the thumb in the three dimensions (x: 
medio-lateral direction, y: anterior-posterior direction, z: superior-inferior direction). 

More recently, a segmental organization of the face representation, similar to the one 

known for painful and heat stimuli (so called “onion-skin”, DaSilva et al., 2002), has been 

proposed for non-noxious tactile stimulation of the face (see Figure 21, Moulton et al., 2009). 

This organization consists of a rostro-caudal representation considered to be related to the 

vertical arrangement of the stimulation sites within the segmental ‘‘onion-skin’’ model, which is 

likely determined by segmental inputs from the trigeminal nucleus (Borsook et al., 2004). Due 

to its rather different distribution compared to that of the three trigeminal branches innervating 

the face (see Figure 18), the segmental model is a good candidate to explain the variability and 

the discrepancies of the results previously reported regarding face S1 representations in humans. 

Indeed, stimulation of areas innervated by a given trigeminal nerve division does not necessarily 

provide consistent results across studies, as these face areas may span over several segmental 

representations. Conversely, as a given segmental layer may span over face regions both distant 

and innervated by distinct trigeminal branches (e.g., the upper forehead innervated by V1 and 

the lateral lower jaw innervated by V3), distant sites on the face can be closely represented in 

the cortex (see Figure 21 left panel, Moulton et al., 2009). For example, looking back at the 

results obtained by Nguyen et al, 2004 (Figure 20), we can notice that the most peripheral/lateral 

sites of the face (highlighted in dark grey), correspond to the most external layers described by 

Moulton, and in agreement with the segmental organization (see sites 2, 4 and 3 from Figure 

21), are closely grouped next to the thumb. In contrast, the lip, nose and chin tested in Nguyen’s 

study (highlighted in light grey), correspond to the central layer described by Moulton, and are 

similarly located more laterally and inferiorly. Finally, a previously mentioned intraoperative 
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optical imaging study reported a high overlap between peri-orbital and peri-buccal regions of the 

face (see Figure 21 right panel, Schwartz et al., 2004), which could correspond to the same layer 

of the segmental distribution, thus possibly explaining their overlap. 

 

                     

Figure 21. Left panel [from Moulton et al., 2009]: Schematic segmental representation 
of the face observed in SI. The black/white dots represent positive activation peaks 
identified for each stimulation site for the group. Dashed lines in the concentric ovals 
indicate putative extrapolated segmental boundaries. Right panel [from Schwartz et al., 
2004]: Cortical representations obtained by intraoperative optical imaging of the peri-
orbital (green) and peri-buccal (red) sites, whose stimulation location is illustrated on 
the schema. Activations are displayed on blood vessel map. Bar = 5mm. 

 

Even if a more systematic mapping of the face regions has to be done to confirm this 

segmental organization, a few electrophysiological studies in monkeys have found a similar 

pattern of organization within SI subregions (BA3a, 3b, 1 & 2), with the midline of the face 

represented from top to bottom (i.e., from forehead to mental) along the mediolateral axis, and 

the more lateral parts of the face represented following concentric-like patterns along the 

anteroposterior axis (see Figure 22, Dreyer et al., 1975), more recently confirmed within BA3b 

(Manger et al., 1996). 
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Figure 22 [modified from Dreyer et al., 1975]. Spatial distribution of the peripheral RFs 
of continuous sequences of cell columns in the face representation of SI region in 
macaque monkeys. The thick black arrow that crosses the cortical map from medial to 
lateral, describes a sequence of cell columns within BA1 and BA3b whose cutaneous 
RFs shift across body regions represented by the thick arrow drawn on the figurines. 
The thinner grey arrows, drawn orthogonal to the thick arrow on the schematic of the 
cortex, designate anteroposterior sequences (1-4) of cell columns whose RFs shift to 
describe paths (1-4) on the face. 

Thus also for the face, and even more than for the hand, the literature does not provide a 

precise and detailed description of the intrinsic organization of the face representation at the 

cortical level. In particular, it has to be underlined that the differential representation of the face 

within the subregions of the human SI region (BA3b, BA1 and BA2) and the way tactile 

information arising from the face is processed across those regions has not yet been 

systematically investigated. One major limitation for mapping the face in humans via imaging 

techniques, comes from the issue of finding an appropriate and reliable stimulation paradigm, 

fully amagnetic to be compatible with both fMRI and MEG, capable of reaching the person’s 

head in the fMRI tunnel, and delivering a stimulation sufficiently intense to be clearly perceived 

and to induce a clear brain response, but not too intense to avoid eliciting muscle contraction or 

blinks (mainly for MEG).  
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V. Thalamocortical projections & higher-order cortical areas 

As briefly mentioned at the beginning of section III of this chapter, SI corresponds only to 

the “first” step of the cortical processing of cutaneous information. Other cortical areas, such as 

SII, the insular cortex, BAs 5 and 7b (see Figure 23 to localize BAs), are quickly involved in the 

process, and this starts as soon as the information is sent out from the thalamus. 

 

Figure 23 [modified from Purves et al., 2004 and Hyvarinen and Poranen, 1978]. Upper 
panel: cytoarchitectonic-based parcellation of the brain described by Brodmann in 
1909. Lower panel: zoom of a section across the central sulcus at the level of the hand 
representation, highlighting the early somatosensory and motor cortical areas, with the 
precentral gyrus hosting the primary motor cortex (MI), the postcentral gyrus hosting SI 
region (comprising BA3a, BA3b, BA1 and BA2), and the posterior parietal cortex 
above the intraparietal sulcus (IPS), hosting BA5 and BA7 associative cortices.  

a. Thalamocortical projections 

The thalamus is often called the “gateway” of the cerebral cortex as it relays most of the 

sensory afferents (and motor efferents). However, the thalamus is not simply a relay structure, 

but rather plays an important integrative role prior to projecting to the overlying primary sensory 

cortices. The thalamus comprises 13 nuclei (see Figure 24, left panel). The lateral and medial 

nuclei of the ventroposterior complex of the thalamus (VPL and VPM) send somatotopically 

organized connections primarily to both BA3b and BA1 (see Figure 21, right panel; Whitsel et 

al., 1978; Lin et al., 1979; Nelson and Kaas, 1981), but also -to a lesser extent- to parts of BA2, 

BAs 5 & 7, and SII (Friedman and Murray, 1986; Krubitzer and Kaas, 1987). BA3a also 



64 | P a g e  

receives input from the ventroposterior complex, though its primary source of thalamic input 

appears to be from motor thalamic nuclei, such as the ventral lateral and mediodorsal 

thalamic nuclei (Huffman and Krubitzer, 2001). Several somatosensory cortical areas also 

receive inputs from other thalamic nuclei (see Figure 24; Pons and Kaas, 1985). For instance, 

the ventroposterior superior nucleus relays information from deep receptors mainly to BA2 

(Kaas et al., 1984), BA3a (Jones and Friedman, 1982) and SII (Disbrow et al., 2002), but also 

sends sparse but somatotopically organized projections to BA3b (Cusick and Gould, 1990; 

Cerkevich et al., 2013), BA1 and BA5. The anterior pulvinar, which corresponds to the medial 

posterior nucleus in mammals other than primates, projects in a somatotopic manner to BA3b 

(Cusick and Gould, 1990; Cerkevich et al., 2013), BA2, BAs 5 & 7, as well as SII and the 

parietal ventral area (Krubitzer and Kaas, 1987, 1992). The medial pulvinar also projects to 

BA7b and the central lateral and the posterior nuclei to SII (Friedman and Murray, 1986). The 

lateral posterior nucleus projects to rostral BAs 5 and 7, and has reciprocal connections with 

SII (Krubitzer and Kaas, 1987), and the ventroposterior inferior nucleus projects mainly to SII 

(Friedman and Murray, 1986; Krubitzer and Kaas, 1992; Disbrow et al., 2002; Coq et al., 2004) 

and the parietal ventral area (Krubitzer and Kaas, 1992), but also to BA3b (Krubitzer and Kaas, 

1987; Cusick and Gould, 1990; Cerkevich et al., 2013). Finally, the ventroposterior oral 

nucleus, which encodes information coming from deep receptors, relays muscle spindle signals 

to BA3a (Kaas et al., 1984). To conclude, the thalamocortical connections are quite complex, a 

single thalamic nucleus projecting to multiple cortical areas, but this network (and the 

processing of sensory information) is even more complicated by the fact that these connections 

are largely reciprocal, with cortical areas sending feedback projections to different thalamic 

nuclei (Guillery, 1995). It is also worth mentioning that while the main inputs to the 

ventroposterior complex of the thalamus arise from both the dorsal column and the trigeminal 

systems, this thalamic complex also receives substantial inputs relayed by the spinothalamic 

tract mentioned previously (e.g., Kenshalo et al., 1980). 
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from: http://en.wikibooks.org/wiki/File:Constudthal.gif 

Figure 24. Left panel: Schema of the different nuclei forming the thalamus. Right 
panel [from Pons and Kaas, 1985]:  Some of the multiple thalamocortical connections. 
Solid lines indicate major projections and dashed lines represent minor connections or 
connections that may not project to all parts of a given field. Collaterals of neurons from 
a single nucleus are not represented.  

b. Corticocortical projections arising from SI's subregions 

Apart from the interconnectivity already mentioned within SI (see section III.c. of this 

chapter), BA3b and BA1 are also reciprocally connected with SII (Jones et al., 1978; Vogt and 

Pandya, 1978; Pons and Kaas, 1986; Burton et al., 1995), but BA3b projects less densely to SII 

(Vogt and Pandya, 1978). While there is no evidence that BA3b is connected with the primary 

motor cortex (M1) and BA5 (Jones et al., 1978; Vogt and Pandya, 1978), BA1 is also 

reciprocally connected with M1, BAs 5 & 7 and the supplementary motor area (SMA) (Jones et 

al., 1978; Vogt and Pandya, 1978; Pons and Kaas, 1986; Burton and Fabri, 1995). In addition, 

BA3b and BA1 also project to the retroinsular area and the granular insula (Burton et al., 1995). 

Finally, BA2 primarily projects to BA5, but also exhibits reciprocal connections with M1, SII, 

the premotor cortex (BA6) and the SMA (Jones et al., 1978; Vogt and Pandya, 1978; Pons and 

Kaas, 1986). So to summarise, SI and SII are reciprocally connected in a topographically 

organized manner with each other and with M1 (Catani et al., 2012). Each of them sends further 

fibres in an organized manner to the SMA and the insula, but only SI projects to BAs 5 & 7 

(Jones and Powell, 1969), mainly through BA2 and BA1, which both receive inputs from BA3b. 
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Outputs of SI can be summarized by the association of (i) a ventral path passing through SII to 

reach the caudal insula, areas of the temporal lobe and the premotor and prefrontal cortical 

areas, and (ii) a dorsal path passing by the superior parietal lobule (see Figure 25). 

 
Figure 25 [modified from Squire et al., 2008, after Wall, 1988]. Schematic 
representation of the pathway conducting mechanosensory information from the 
ventroposterior complex of the thalamus to cortical areas.  

c. Higher order somatosensory areas 

The secondary somatosensory cortex (SII), located along the superior bank of the lateral 

sulcus in the parietal operculum (BAs 40 & 43, see Figure 23), is the first relay of the 

somatosensory “ventral stream”. The first evidence for a human SII was based on another 

electrical stimulation study of Penfield (Penfield and Jasper, 1954). SII primarily receives 

convergent projections from SI, but as mentioned above, some third-order neurons from the 

thalamus also terminate directly in SII (Friedman and Murray, 1986; Krubitzer and Kaas, 1987, 

1992; Disbrow et al., 2002). According to Robinson and Burton (1980), neurons in SII are 

rapidly adapting to hair or skin stimulation. Therefore, any projections to SII from the 

ventroposterior complex of the thalamus are likely to be from RA neurons. Functional imaging 

studies found SII to be bilaterally activated in response to nonpainful (Krubitzer et al., 1986; 

Disbrow et al., 2000; Del Gratta et al., 2002; Eickhoff et al., 2007a), and painful (Peyron et al., 

1999; Ferretti et al., 2004; Baumgärtner et al., 2010; Lockwood et al., 2013) somatosensory 
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stimuli, especially when they are rare/deviant (Chen et al., 2008). But SII is also involved in 

higher-order processes of tactile stimuli, such as shape and texture discrimination (Health et al., 

1984), attention (Mima et al., 1998; Backes et al., 2000; Chen et al., 2010; Goltz et al., 2013), 

learning (Pleger et al., 2003; Hodzic et al., 2004) and working memory of tactile surface texture 

(Harris et al., 2002; Kaas et al., 2013b). In monkeys, the SII region has been shown to be 

subdivided into three distinct areas (see Krubitzer et al., 1986, 1995; Cusick et al., 1989; Burton 

et al., 1995), referred to as area SII (not to be mistaken for the “SII region”), the parietal ventral 

area (PV) adjoining SI, and the ventral somatosensory area (VS), lying deeper in the lateral 

sulcus. An homologous subdivision of the human parietal operculum was later reported using 

functional imaging (Disbrow et al., 2000) and histological examinations (Eickhoff et al., 2006a, 

2006c). The latter study led to the distinction of four distinct cytoarchitectonic areas (OP1-OP4) 

in the human parietal operculum (SII region). A topographical correspondence was reported 

between OP4 and PV, OP1 and area SII, OP3 and VS, and the additional area OP2 found in 

humans was attributed to the parietal-insular vestibular cortex in nonhuman primates. Similar to 

SI, and in agreement with electrophysiological studies in monkeys (Krubitzer et al., 1986, 1995; 

Burton et al., 1995), three distinct somatotopic body representations were found respectively 

within OP1, OP3 and OP4 (Eickhoff et al., 2007a), OP1 and OP4 being mirror-images of each 

other, sharing a common border at the representations of the face (superficial), hands 

(intermediate) and feet (deep in the fissure). In addition, many imaging studies revealed, even 

without considering the four subdivisions, an overall somatotopic organization within the 

parietal operculum (Maeda et al., 1999; Ruben et al., 2001; Ferretti et al., 2004; Nguyen et al., 

2005; Malinen et al., 2006). Finally, physiological studies showed that compared to SI, SII 

neurons tend to have larger and more complex RFs (Krubitzer et al., 1986; Fitzgerald et al., 

2006), which usually encompass over two or more fingers and responds to complex tactile 

stimuli, which supports the idea that SII is part of a serial processing scheme (see Pons et al., 

1987, 1992; Iwamura, 1998) in addition to a parallel processing pathway (Knecht et al., 1996b; 

Rowe et al., 1996; Chung et al., 2014) going through the previously mentioned direct 

thalamocortical projections to the SII region. PV (OP4), which is involved in sensorimotor 

integration, then projects densely and reciprocally to BA1, BA3b, BA7b, the parietal 

rostroventral area, frontal motor areas (such as the frontal eye field), the premotor cortex, 

posterior parietal areas (such as the IPS) and the medial auditory belt areas (Qi et al., 2002; 

Disbrow et al., 2003b), while area SII (OP1), a purely somatosensory area, is densely 

interconnected with BA1 and BA3b, but also with PV, and BA7b within the same hemisphere 

(Burton et al., 1995; Disbrow et al., 2003b). Area SII (OP1) is additionally densely 
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interconnected, via massive transcallosal connections, to its homologue in the other hemisphere, 

which then projects intrahemispherically to BA7b and BA3b (Disbrow et al., 2003b, see Figure 

26 for a summary). In contrast, PV has callosal connections limited to its homologue in New 

World monkeys (Disbrow et al., 2003b), plus to area SII in marmosets (Qi et al., 2002). In turn, 

the SII region projects to limbic structures, such as the amygdala and hippocampus (see Figure 

25). This “ventral” path is believed to play an important role in tactile learning and memory.  

 

Figure 26 [from Disbrow et al., 2003b]. Summary of S2 and PV cortical connections 
(Disbrow et al., 2002, 2003b). FEF: frontal eye field, PM: premotor cortex, PP: 
posterior parietal cortex, MD & CL: non-sensory thalamic nuclei. 

The other flow of information arising from SI goes through the “dorsal stream”, whose first 

relays are BAs 5 & 7. BA5 and BA7 are part of the posterior parietal cortex (PPC), which is 

located posterior to SI and superior to the occipital lobe. These regions are associative sensory 

cortices that have been linked to a wide variety of high-level processing tasks, including 

multisensory (Huang et al., 2012; Sereno and Huang, 2014) and sensorimotor integration, and 

activation in association with language use. I will here provide a brief description of PPC to get 

an overview of its function within the somatosensory pathway. 

BA5 is located immediately posterior to SI in the middle of the rostral bank of the 

intraparietal sulcus (IPS, see Figure 23). Like SII, BA5 receives direct projections from SI 

(Jones and Powell, 1969), primarily from BA2 (Vogt and Pandya, 1978) and dense 

thalamocortical projections from VPS, the anterior pulvinar and lateral posterior nuclei (Jones et 

al., 1978; Padberg et al., 2009), which respectively process inputs from muscles and joints and 

cutaneous inputs. Consequently, BA5 responds to stimulation of deep or cutaneous receptors on 

the contralateral hemibody. Unlike anterior parietal fields  (BA3b, 1 & 2), which are proposed to 

be involved in more simple discrimination of object texture, shape and size (Randolph and 
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Semmes, 1974; Carlson, 1981; Murray and Mishkin, 1984), BA5 is involved in motor 

preparation (Burbaud et al., 1991; Snyder et al., 1997), in preshaping the hand before grasping 

an object (Debowy et al., 2001), and in generating body-centered coordinate systems for 

reaching (see Padberg et al., 2007 for review). In humans, BA5 has been reported to be involved 

in movement planning, and to be activated by forelimb movement execution and visualisation 

(Astafiev et al., 2003; Hanakawa et al., 2003; Diedrichsen et al., 2004). Similar to the “primary” 

areas (BA3b, 1 & 2), BA5 is somatotopically organized, but less precisely than BA2, with the 

proximal forelimb and trunk being represented medial to the distal forelimb and hand (Padberg 

et al., 2009; Huang et al., 2012). Strikingly, the forelimb and the hand are dominantly 

represented within this area (Padberg et al., 2009). In addition, BA5's touch responsive neurons 

exhibit RFs on average much larger and complex than those in BA1 and BA2 (Padberg et al., 

2009), that can be contralateral, ipsilateral or bilateral and modulated by attentional states or 

experience (e.g., Iwamura et al., 1994; see Padberg et al., 2007 for review). The specialized 

cutaneous portion of BA5 then connects with BA7 and SII (Pons and Kaas, 1986). Parts of BA5 

are also interconnected with M1 and more posterior parts of BA5 are connected with parts of the 

premotor cortex BA6 (Jones et al., 1978).  

BA7 is located posterior to BA5 (see Figure 23) and superior to the occipital lobe, and is 

subdivided into several regions, with medially the precuneus, laterally the superior parietal 

lobule (SPL), at the base of which is the IPS, below which is the inferior parietal lobule (IPL), 

which in turn divides into BA39 (angular gyrus) and BA40 (supramarginal gyrus). Its lateral 

part, corresponding to BA7b (Vogt and Vogt, 1919), is more closely related to somatosensory 

and active motor functions (Vogt and Vogt, 1919; Leinonen et al., 1979; Robinson and Burton, 

1980a, 1980b; Hyvärinen, 1981) than its medial part, namely BA7a, which has been linked to 

oculomotor functions (Vogt and Vogt, 1919; Mountcastle et al., 1975; Hyvärinen, 1981). BA5 

and the SII area both send reciprocal and somatotopically organized connections to BA7b, but 

not to BA7a (Stanton et al., 1977; Neal et al., 1986; Pons and Kaas, 1986). BA7b also receives 

direct thalamocortical inputs from the anterior, medial and lateral pulvinar, the oral division of 

the pulvinar, the lateral posterior nucleus, the centrolateral and centromedial nuclei and the 

ventrolateral nucleus (Friedman and Murray, 1986; Padberg and Krubitzer, 2006), and inputs 

from BA1 (Pons and Kaas, 1986). Moreover, while no corticocortical fibres have been found 

between BA7a and BA7b (Neal et al., 1986), BA7a receives projections from extrastriate visual 

areas such as BAs 18 and 19 (Pandya and Kuypers, 1969; Stanton et al., 1977). Multiunit 

mapping of BA7 has revealed a somatotopic organization, with neurons responding to cutaneous 

stimulation of the face being located near the anterior tip of the IPS (close to SI face area), and 
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those related to the limbs more posteriorly (Hyvärinen, 1981). A large part of BA7 is related to 

hand sensorimotor performance (Sakata et al., 1973; Mountcastle et al., 1975), but a large part 

covering the most lateral part (in the BA7b region) is also related to face movements 

(Hyvärinen, 1981). Similar to BA5, BA7b generally exhibits large RFs, their size ranging from 

the tips of one or more digits to the entire body, and half of its RFs are bilateral (Robinson and 

Burton, 1980b). Concerning BA7 projections, while BA7a is reciprocally connected with the 

eye movement area of the frontal lobe (Pandya and Kuypers, 1969), BA7b has widespread 

connections with several frontal lobe premotor and motor areas (Pandya and Seltzer, 1982; Neal 

et al., 1987; Caminiti et al., 1996; Johnson et al., 1996). Overall, BA7 is preponderant to 

integrate visuo-tactile inputs to promote and guide arm, hand but also face and lip movements 

and coordination (e.g., in reaching to grasp an object). 

PPC lesions that include BAs 5 & 7b were shown to induce deficits in arm and hand 

coordination in regards to the body posture and the shoulder-centered space (Rushworth et al., 

1997a, 1997b), but to spare roughness discrimination abilities (Health et al., 1984). Conversely, 

electrical stimulation of these brain areas evokes complex movements such as arm and hand 

reaching, grasping or defensive movements, hand-to-mouth movements or face defensive and 

aggressive movements (Stepniewska et al., 2009b; see Figure 27). Altogether, BAs 5 & 7 seem 

to be preponderant for motor planning and spatial coordination of hand/arm movements in 

relation to proprioceptive and tactile information within body-part centred frames of reference, 

all these elements being necessary for an efficient interface between the hands and the object 

being explored (see Cohen and Andersen, 2002; Sereno and Huang, 2014; Vingerhoets, 2014). 

 

Figure 27 [modified from Stepniewska et al., 2009a]. Schematic representation of the 
different functional zones of PPC (outlined by solid lines) in galagos monkeys, defined 
by intracortical microstimulation (ICMS). 
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BAs 5 & 7 correspond to the “traditional” large divisions of PPC (Brodmann, 1909), but the 

latter has been further subdivided into various areas, identified by connection patterns, 

architecture and neuronal response properties in macaque monkeys. These areas include the 

anterior intraparietal area (AIP), the ventral intraparietal area (VIP), the medial intraparietal area 

(MIP), the lateral intraparietal area (LIP), and the posterior intraparietal area (PIP) (for review 

see Grefkes and Fink, 2005). VIP is located in the depth of IPS and receives projections from 

the visual area MT (Maunsell and van Essen, 1983), but also somatosensory inputs while 

projecting to frontal motor cortex (for review see Gentilucci et al., 1988; Graziano and Cooke, 

2006; Avillac et al., 2007). Stimulation of VIP in macaques results in a sequence of movements 

that Cooke and colleagues (2003) described as defensive and avoidance movements (eye 

closure, facial grimacing, and hand movement to the face). LIP is connected to FEF and is 

involved in the control of eye movements (for review see Andersen and Buneo, 2002). AIP is 

considered to be involved in the visual guidance of grasping (see, e.g., Sakata et al., 1995; 

Fogassi et al., 2001), whereas a more posterior and medial region, the parietal reach region 

(PRR), occupied largely by the previously defined MIP, is thought to be involved in the spatial 

guidance of reaching (see, e.g., Batista et al., 1999). 

In turn, PPC areas project to motor areas and multisensory associative cortex (see Figure 

25). This “dorsal” path is believed to play an important role in prehension, grasping and 

manipulation of objects. Altogether, through the lateral sulcus (SII + Insula) and the posterior 

parietal areas (BAs 5 & 7), somatosensory information reaches (1) the limbic system (entorhinal 

cortex, amygdala and hippocampus), (2) the motor system (M1, SMA, BA6), and (3) the 

multisensory cortex in the superior temporal gyrus (see Figure 25). 

An important feature of the nervous system is that at each synapse from the periphery to the 

brain, information from adjacent ascending fibres can be combined locally as each neuron 

receives projections from multiple neurons, thus leading to a convergence of the information 

(Iwamura, 1998). However, each neuron also projects to multiple neurons, causing an extensive 

divergence of ascending somatosensory projections. Thus, while gross somatotopy is preserved 

between the periphery and CNS, there is ample opportunity for each synaptic relay point to act 

as a station for the integration of information from spatially separate skin surfaces. This is 

reflected in the differences and the overall increase in complexity observed at the map and RF 

level along the somatosensory pathway. In addition to this periphery-to-central integration of the 

sensory information, a further integration occurs vertically through the six layers of the cortex. 

Indeed, experiments in rat and monkey somatosensory cortex indicate that the smallest RFs are 

found in layer 4, while supragranular and infragranular layers exhibit larger RFs (Simons, 1978; 
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Sur et al., 1985; Chapin, 1986; Armstrong-James and Fox, 1987). Together these data support 

the notion that at each level of cortical processing the neurons are sampling from a larger input 

space, receiving convergent information from the previous level, diverging out to the next level, 

and in the process, forming larger and more complexly integrated and combined RFs. In 

addition to this vertical flow of information, the substantial horizontal interconnectivity allows 

for integration of information from neighbouring regions and from specific, more distant cortical 

zones (Lorente de No, 1938). Horizontal connectivity may be of particular relevance in cortical 

map reorganization processes that will be detailed in the next chapter. Finally, while this 

bottom-up integration of the signal is preponderant and well-known, somatosensory information 

from cortical areas is also sent back to subcortical structures such as the thalamus, brainstem and 

spinal cord via massive descending projections. These pathways originate in sensory cortical 

fields and project to the thalamus, brainstem, and spinal cord. Although their physiological role 

is not well understood, it is generally assumed that descending projections modulate the 

ascending flow of sensory information at the level of the thalamus and brainstem. 

To conclude, we can see from the literature (non-exhaustively) reviewed in this chapter that 

the somatosensory system is extremely complex, from the mechanoreceptors embedded in the 

skin to the higher order cortical areas and that its structure and function are still not fully 

understood, despite the numerous studies investigating it.  

  



73 | P a g e  

CHAPTER 2: SOMATOSENSORY PLASTICITY 

I. Concept/Overview 

For almost forty years, the previously described somatotopic organization of the cortex (i.e., 

the homunculus) was thought to be stable once the brain achieved its maturation at the adult 

stage. With regard to the RFs, they were -until recently- considered solely on the basis of their 

spatial feature, the classical definition of the RF of a somatosensory neuron being the overall 

area of the body surface eliciting significant variation in the neuron's firing rate when touched. 

However, when we explore objects with the hands, the multiple contacts between the skin and 

the object surface (which may be non-homogeneous) generate extraordinarily complex patterns 

of tactile inputs that, in addition, continuously change in time. In agreement with this 

observation, a temporal component has since been discovered to be a crucial feature of the RFs 

properties, making them intrinsically dynamic (see Nicolelis and Chapin, 1994; Nicolelis et al., 

1997; Ghazanfar and Nicolelis, 1999; Brecht et al., 2003; Ramirez et al., 2014 for the 

somatosensory system). These spatiotemporal features of somatosensory neuron RFs are 

expressed by changes in their spatial selectivity as a function of time following stimulation (at 

the ms scale). For example, in the rat somatosensory thalamus, VPM neurons exhibit RFs that 

respond best to one whisker at the earliest post-stimulus time and then respond best to another 

whisker at a later time (Nicolelis and Chapin, 1994). Consequently, this spatiotemporal coupling 

is also reflected at the level of somatotopic maps, which also evolve with time. Thus, contrary to 

the initial view, the somatosensory system and its intrinsic somatotopic organization are far 

from being “static”, but rather process somatosensory information in a dynamic way. This 

relates to the concept of plasticity, an intrinsic property of the brain, which unveils its ability to 

adapt to our changing environment, but also determines and shapes our abilities to perceive and 

act in this same environment. Indeed, cortical connections and representations in the adult’s 

brain are not static but rather dynamic and constantly changing in response to both peripheral 

manipulations and behaviourally important experience throughout life. Understanding the 

relationships between cortical maps reorganization and functional changes is a valuable and 

challenging step toward refining our knowledge of brain plasticity mechanisms which, in turn, 

could be exploited to implement, complement, or boost plasticity-induced perceptual, cognitive, 

or motor skill learning and rehabilitation. 

As described in the previous chapter, most of the somatosensory relays and in particular the 

SI region are organized topographically, each body-part being represented following a well-
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defined orderly arrangement. This peculiar organization makes the somatosensory cortices a 

particularly suitable model to study and quantify induced cortical plasticity by measuring 

changes in maps distribution/topography. Brain plasticity at this macroscopic level can be 

categorized either by what triggered the plastic changes (i.e., the event: reduction vs increase of 

inputs), by its functional outcomes (i.e. maladaptive vs adaptive) or by the time-scale over 

which the plastic changes occur (i.e. short vs long-term). The first categorization relies on the 

fact that sensory representations can be remodelled following peripheral or central changes in 

input sources or pattern. Numerous studies performed on animals or humans have indeed shown 

that plasticity can occur at great(er) or small(er) degree, following peripheral or central lesions, 

environmental manipulations, or an alteration in the incidence of sensory inputs. This 

reorganization is usually expressed in terms of shifted boundaries, location or volume changes 

of representational maps, as well as changes in the size and location of neuronal RFs. Moreover, 

the grain of spatial representation within sensory maps can be modified, as RFs are sharpened or 

expanded. The second way of categorizing brain plasticity focuses on the plasticity-induced 

functional outcomes, which in a dichotomic approach, can be seen as adaptive or maladaptive. 

To a first approximation, we can distinguish “positive” (or adaptive) cortical plasticity induced, 

for example, by a perceptual or motor training that leads to some benefits (e.g., enhanced 

performance), from “negative” (or maladaptive) plasticity, resulting in functional impairments 

as a consequence, for example, of nerve injury, amputation or brain damage. In reality though, 

things appear to be more complicated, making this classification attempt not fully viable due to 

its subjectivity (i.e. what can be considered “positive” or “negative”?) and to the fact that it does 

not capture the different aspects of the outcomes evoked at all possible levels (e.g. cross-modal 

plasticity or side effects). Finally, the last proposed factor of classification of brain plasticity 

relies on its temporal feature, which is one of the most important to keep in mind throughout the 

reading of my work. Indeed, by definition brain plasticity refers to dynamic processes of 

change/reorganization, which develop and evolve with time. However, most of the studies 

investigating this phenomenon are limited in time and thus zoom in on the involved processes 

during a limited time window. As a result, brain plasticity can refer to different processes (or at 

least different degrees of evolution of these processes) depending on whether it is short-term or 

long-term plasticity. On top of these attempts of classification, brain plasticity can be assessed 

either at the structural or at the functional level. 

Given its involvement in most neuronal processes (e.g. during developmental maturation 

processes, memory, learning, recovery etc), gaining a better understanding of cortical plasticity 

is still a huge challenge for neuroscientists, from a purely fundamental point of view, as well as 
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with the ultimate purpose of improving clinical rehabilitation strategies. Indeed, being capable 

of promoting or strengthening CNS functions that are lost or weakened by guiding/enhancing 

cerebral plasticity would be a huge achievement for brain plasticity research. In this work, the 

functional aspects will be favoured, with a particular emphasis first on the different forms of 

plastic changes with regard to the events triggering them, and second on the functional outcomes 

and relevance of these plastic changes, while the temporal feature of plastic change will be 

emphasized when needed. Moreover, despite the fact that plastic changes can occur at each relay 

along the somatosensory pathway, I intentionally focused on plastic changes occurring at the 

cortical level as this level is the one under investigation in this work. 

II. Plasticity following sensory deprivation 

a. Peripheral lesion or injury: 

Interrupting signal transduction along sensory pathways was one of the first experimental 

manipulations used to probe brain plasticity in animals. The early demonstrations of adult 

somatosensory plasticity were reported after peripheral nerve damage or amputation in the 

somatosensory cortex of several animal species, but mainly in monkeys.  

Deafferentation resulting from amputation of one or a few digits (from upper or lower 

limb) has been shown to induce plastic changes within SI. Immediately after amputation, many 

neurons in the deprived cortical area of flying-foxes (Calford and Tweedale, 1988) and rats 

(Byrne and Calford, 1991) were not silent, but rather became responsive to stimulation of 

directly adjoining skin territories within a few minutes after denervation. Interestingly, these 

enlarged RFs shrank back to their initial size and position in the week following amputation 

(Calford and Tweedale, 1988). Because of their short time-scale, these plastic changes have 

been interpreted as originating from removal of inhibition and the subsequent shrinkage as the 

re-establishment of the inhibitory balance in the affected cortex and its inputs. However, 

similarly restricted amputation in monkeys revealed more gradual reorganization within SI 

(Rasmusson, 1982). The deprived digit’s cortical representation (digit 5) was initially totally 

unresponsive, for as long as 2 weeks, before showing RFs extending over large regions of the 

hand within 8 weeks (Figure 28, A), tending to shrink back to more restricted regions mostly on 

the neighbouring finger (digit 4) and palm 16 weeks post-amputation (Figure 28, B). Despite 

these possible species-dependent time course discrepancies, these studies in flying-foxes, rats or 

monkeys revealed that restricted amputation leads to rather rapid changes in SI RF properties. 

A similar emergence of new tactile RFs following digit amputation was also reported in the 
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ventroposterior lateral (VPL) thalamus of rats (Shin et al., 1995) and monkeys (Rasmusson, 

1996), but most changes have been investigated at the cortical level. The subcortical 

contribution to cortical reorganization is discussed later (page 91). 

 

Figure 28 [modified from Rasmusson, 1982]. A) Examples of “large” RFs obtained 
from the fifth digit area of 8- to 16-week post-amputation animals. B) Representative 
“small” RFs obtained from the fifth digit region of the 16-week post-amputation 
animals. C) Representative RFs obtained in intact animals from the fourth digit and the 
palm areas. 

In parallel with these RF translocations, a significant reorganization has been found within 

cortical maps 2-9 months after multiple-digit amputation (Merzenich et al., 1984), but also 

median nerve transection (Merzenich et al., 1983a, 1983b). A detailed investigation of cortical 

changes over time revealed a similar time course of evolution in monkeys that had undergone a 

more extensive deafferentation induced by median nerve transection, thus depriving the cortex 

of inputs from the glabrous surface of digits D1-D3 (Merzenich et al., 1983b). Immediately after 

transection, a large portion of areas 3b and 1 was unresponsive, but came to be excited by inputs 

from peripherally neighbouring skin surfaces over the course of a few weeks (Figure 29).  
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Figure 29 [from Merzenich et al., 1983b]. Progression of the reorganization of the 
cortical map in response to median nerve transection. Somatotopic representation of the 
hand in areas 3b (left) and 1 (right) derived from a single squirrel monkey before (top), 
immediately after,  and 11, 22 and 144 days after transection of the median nerve. 
Numbers 1–5 represent the digits; the letters p, m, and d represent the proximal, middle, 
and distal portion of each finger. Hatched areas represent the dorsal surface of the hand, 
and black represents silent areas (not driven by cutaneous stimulation).  

But in all cases, topographic plasticity remained relatively local, as most of the changes 

involved the representation of the intact, immediately adjacent digit or palm regions, without 

affecting the representation of more distant digits, such as digit 5 (D5). This reorganization 

consisted of an expansion of neighbouring cortical representations into the deprived cortex, 

resulting in new cortical maps which initially possessed a crude somatotopy that over time 
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transformed into a highly topographic representation. Some authors initially estimated that the 

major topographic changes were limited to a cortical zone extending 500-700 μm on either side 

of the initial boundaries of the amputated digits (Merzenich et al., 1984). In addition to this 

apparent “spatial limit” of reorganization, significant residual cortically silent regions have 

been found up to 2-8 months after multiple-digit amputation (Merzenich et al., 1984). This 

indicates that the deprived cortex failed to completely regain responsiveness even several 

months after the lesion, and suggests the existence of some additional limitations in the amount 

of possible reorganization at the cortical level. Interestingly, and in contrast with the findings of 

this multiple-digit amputation experiment (Merzenich et al., 1984), another monkey study found 

no evidence of unresponsive cortex 2-5 months following transection of both median and ulnar 

nerves, which deprives a larger cortical region of inputs from the glabrous surface of the entire 

hand (Garraghty and Kaas, 1991). Despite the larger amount of deprivation, the corresponding 

(deprived) cortical territories were in all cases responsive to the dorsal surface of the hand 

and/or digits innervated by the intact radial nerve.  

The incongruity of these results compared to those reported in cases of more restricted 

“digit-amputation” (Rasmusson, 1982; Merzenich et al., 1983a, 1983b, 1984) led the authors to 

investigate whether the pattern of peripheral deafferentation could explain these discrepancies in 

the limits of cortical reorganization (Garraghty et al., 1994). To this aim, they induced in 

monkeys a deafferentation mimicking multiple-digit amputation by transecting either radial and 

ulnar nerves (D4-D5 amputation-like) or radial and median nerves (D1-D3 amputation-like). 

With such deafferentation patterns, and in agreement with Merzenich and colleagues' studies, 

the authors found that a large zone of the deprived area was still unresponsive 3-11 months post-

lesion. In light of the opposite results obtained following ulnar and median nerves transection 

(Garraghty and Kaas, 1991), the authors thus concluded that incomplete reorganization occurs 

(at least in monkeys) only if the deafferentation involves both glabrous and hairy skin surfaces. 

Based on this interpretation, Garraghty and colleagues developed a model proposing the concept 

of “dominant” and “latent” inputs reaching the cortex. According to this model, “inputs from 

each of the three cutaneous nerves of the hand have a “dominant” cortical territory where 

neurons are activated in the intact animal, and an additional “latent” cortical territory where 

activation is possible after removal of competitively advantaged inputs” (see Garraghty et al., 

1994). Supported by the evidence that new RFs located exclusively on the dorsal surface of the 

hand have been found in monkeys following median nerve transection (Merzenich et al., 1983a, 

1983b), the authors suggested the existence of a preferential (and immediate) access of “latent” 

inputs from the radial nerve (but not the ulnar nerve) to the deprived “median nerve cortex”, 
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supposedly via an “unmasking” of existing horizontal connections or thalamocortical inputs that 

were previously suppressed by inhibitory circuitry. In line with the literature at this time, this 

study raised the idea that the reorganization that can occur in somatosensory cortex following 

peripheral sensory loss is constrained by the precise pattern of somatosensory deprivation, 

meaning that there is a limitation to the set of new RFs that cortical neurons can acquire. 

Moreover, this model also highlighted the idea of competition between inputs reaching the 

cortex, usually represented between adjacent cortical areas. 

Remarkably, reorganization over a much greater scale was reported by Pons and colleagues 

in the early nineties, with the first demonstration of a massive cortical reorganization in monkey 

SI spanning over 1-2 cm across the hand-face border (Pons et al., 1991), while the previously 

reported reorganization following digit amputation (Merzenich et al., 1984) or median nerve 

transection (Merzenich et al., 1983a, 1983b) did not exceed a few millimetres. In this study, 

Pons and colleagues investigated the reorganizational changes within areas 3b and 1 of monkeys 

that had undergone somatosensory deafferentation of an entire forelimb (and upper trunk) more 

than 12 years earlier (via dorsal root transection at C2-T4 level, i.e. dorsal rhizotomy). 

Typically, each side of the hand-face border region in macaque somatosensory cortex is 

composed of the representation of the chin and lower jaw on the face side, and of the 

representation of the thumb on the hand side (see Figure 12 and Figure 19). Electrophysiological 

recordings revealed that the entire deprived arm area (10 mm in extent) had developed novel 

responses to stimulation of neighbouring skin regions, including a relatively small portion of the 

face (from the chin to the lower jaw). These results suggest that the cortical representation of 

the face had “taken over” or “invaded” the deprived cortical region initially representing the 

arm. Interestingly, the topographical organization was maintained within the reorganized/new 

face map in a highly systematic manner. As mentioned earlier, different types of deprivations 

can lead to different extents of reorganization. Just as deprivation induced by nerve transection 

or digit amputation differs in apparently significant ways (see Garraghty et al, 1994), there are 

also potentially significant differences between deprivations induced by rhizotomy and those 

induced by transection of peripheral processes. For example, many, if not most, dorsal root 

ganglion cells (and their central processes) survive section of their peripheral processes (see 

Wall et al., 1988), while with dorsal rhizotomy, the central processes of the cells lying in the 

rhizotomized ganglia degenerate, leaving vacated synaptic sites in central structures. This 

argument was considered to be a good explanation for the astonishing large-scale reorganization 

reported by Pons and colleagues (1991). However, similar large-scale plastic changes crossing 

the hand-face border have been subsequently reported within monkey areas 3b and 1 following 
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long-lasting (1-13 years) hand or forelimb amputation (Florence and Kaas, 1995; Florence et 

al., 1998, 2000). Thus the degeneration of dorsal root ganglion cells cannot fully account for this 

cross-border plasticity. Rather, as this amount of reorganization goes beyond the estimated 

limits of thalamocortical divergence (i.e., the maximal range of projection of a single 

thalamocortical axon, see Merzenich et al., 1983a; Jones, 2000), it has been proposed that 

sprouting at subcortical and/or cortical levels may account for the cortical magnification of 

plasticity (see Mechanisms section, page 91). In line with the previously mentioned nerve injury 

studies, these results suggest that the extent of cortical reorganization (and reactivation) depends 

on the pattern of deprivation (and pre-existing innervation) rather than on the actual extent of 

deprivation (at the skin and cortical level).  

Similar to median nerve deprivation, compiling evidence comes from trigeminal nerves 

lesion studies, especially in rodents, which typically exhibit a well-ordered cortical organization 

of clearly distinguishable areas called barrels, each barrel processing the tactile information 

from a single whisker (see Petersen, 2007; Feldmeyer et al., 2013 as reviews). Consequently, 

lesions in the rat trigeminal system have become an important model for the study of CNS 

organization and pattern generation (see Brecht et al., 2003; Wilent and Contreras, 2005; 

Erzurumlu et al., 2006; Pouchelon et al., 2012; Ramirez et al., 2014 and Wu et al., 2011 as a 

review) and its neuroplastic effects have been studied extensively (see Fox, 1992; Phoka et al., 

2012 and Feldman and Brecht, 2005; Frostig, 2006; Margolis et al., 2014 for reviews). It is well 

demonstrated, for example, that if all the whiskers but one are removed - by follicle destruction, 

plucking or trimming, which can be considered as an “amputation” - the cortical representation 

of the spared whisker typically expands (thus overlapping with the adjacent ones) and becomes 

more responsive (Fox, 1992, reviewed in Feldman and Brecht, 2005). Similarly, infraorbital 

nerve crush1 immediately results in a large cortical area unresponsive to vibrissal deflection, but 

instead responsive to stimulation of the forepaw digits (Kis et al., 1999), suggesting an 

expansion of the digit representation into the barrel cortex. This expansion was still observed 3 

weeks after injury and the cortical maps fully returned to their initial state 60 days after injury. 

Together with the monkey literature on amputation, these results show that plasticity across the 

cortical hand-face border is bidirectional, the face representation invading that of the hand 

following its amputation/deafferentation, but the opposite being also possible, with the hand 

representation invading that of the deprived face. 

                                                 
1 Nerve crush is a commonly used procedure in which a nerve is squeezed, thus blocking transiently the signal 
conduction, but without seectioning the nerve fibres, which allows for recovery and regeneration. 



81 | P a g e  

In humans, a similar large-scale remodelling occurs in somatosensory areas following 

sensory deprivation, the one occurring across the hand-face border being particularly well 

documented. Indeed, marked intrusion of the face representation into the former hand area has 

been repeatedly found in the contralateral postcentral gyrus of upper-limb amputees using 

EEG/MEG (Elbert et al., 1994; Yang et al., 1994; Elbert et al., 1997; Flor et al., 1995, 1998; 

Knecht et al., 1996a; Birbaumer et al., 1997; Montoya et al., 1998; Grüsser et al., 2001a, 2001b; 

Karl et al., 2001) and fMRI (Borsook et al., 1998). Moreover, the amount of cortical plasticity 

found in humans (13-35mm in Yang et al., 1994; 13mm in Elbert et al., 1997; 17mm in Knecht 

et al., 1996a), inferred from the amount of shift of the face representation into the deprived area, 

was found to be similar to that observed in monkeys (1-2cm, Pons et al., 1991). The face regions 

invading the deafferented arm/hand cortical area comprised alternatively the chin, lower jaw and 

cheek (Yang et al., 1994), the chin (Elbert et al., 1994; Flor et al., 1995), the lip/corner of the 

mouth (Flor et al., 1995, 1998; Birbaumer et al., 1997; Elbert et al., 1997; Montoya et al., 1998; 

Grüsser et al., 2001a, 2001b). However, no systematic mapping of the face was performed in 

these studies on amputees, which would provide a clearer idea of which face regions are 

involved in such plastic changes and to which extent these changes occur. In addition, some 

plasticity of the trunk representation, the other neighbour of the hand/arm representation, has 

also been observed, in the form of an extension of its representation into the hand/arm 

representation (Kew et al., 1997). The variability in the amount and in the topography of cortical 

plasticity, on top of methodological differences across studies, is likely to arise from other 

confounding variables such as the age at which the amputation occurred, the amount of time 

since the amputation, the level of the amputation and thus the size of the residual limb, the cause 

of the amputation (traumatic or for therapeutic reasons), and the presence of phantom sensations 

and pain. Indeed, traumatic amputees experiencing phantom pain exhibit a higher amount of 

plastic changes (22.2mm in Flor et al., 1998; 20.25mm in Birbaumer et al., 1997; Grüsser et al., 

2001a), than pain-free amputees (2.7mm in Flor et al., 1998; 3.36mm in Flor et al., 1995; 

Birbaumer et al., 1997; Grüsser et al., 2001a). The amount of reorganization observed has also 

been closely related to the degree of telescoping sensation and painful referred sensations 

(Grüsser et al., 2001a) (see Functional consequences section, page 115).  
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Altogether, these studies in monkeys and humans reveal that a decrease in sensory input 

following hand/arm amputation or deafferentation results in an “invasion” of the deprived 

cortical representation primarily by the neighbouring cortical areas such as the face and the 

trunk, whose innervation has remained intact. However, it is worth noting that in most of these 

studies reporting a massive cortical reorganization, a massive loss of motor outputs co-occurs 

with the loss of somatosensory inputs. Indeed, nerve injury and amputation of a limb involves 

the complete and sudden truncation of all the afferent and efferent fibres that were innervating 

this limb, triggering an extensive reorganization in the somatosensory cortex, but also in the 

motor cortex (Ojemann and Silbergeld, 1995; Pascual-Leone et al., 1996). In both cases the 

cortical regions surrounding the representation (including the face) of the deafferented/missing 

limb expand into the deprived cortex. Given the close interaction/strong interconnectivity 

between SI and M1 (Porter, 1997; Rocco and Brumberg, 2007; Catani et al., 2012), the 

concurrently induced motor plasticity is likely to contribute extensively to the large-scale 

cortical plasticity reported within SI, but also to the associated subcortical changes (see 

Mechanisms section, page 91). In addition, and more importantly, cortical neuroplastic changes 

are not restricted to the cortex contralateral to the deafferentation/amputation, but also affect the 

ipsilateral hemisphere (i.e., “intact hemisphere”), taking the form of expressed as an expansion 

of the intact hand’s representation (Calford and Tweedale, 1990; Elbert et al., 1997; Werhahn et 

al., 2002). This remodelling is likely to arise from an inter-hemispheric disinhibition (Werhahn 

et al., 2002; Simoes et al., 2012), but also from use-dependent plasticity induced by a 

compensatory over-use of the intact limb (Elbert et al., 1997). Over-use of the remaining limb is 

also the most likely explanation for the increased representation of the intact hand recently 

reported within the deprived cortex of the ipsilateral hemisphere (i.e., contralateral to the 

amputation; Frey et al., 2008; Bogdanov et al., 2012; Makin et al., 2013a). The fact that major 

plastic changes also occur within the ipsilateral hemisphere has to be carefully kept in mind 

when (re)reading the human studies referring to large-scale plastic changes. Indeed, many of 

these studies (Elbert et al., 1994; Flor et al., 1995, 1998; Birbaumer et al., 1997; Grüsser et al., 

2001a; Karl et al., 2001) quantified the cortical changes by comparing both hemispheres, 

because they assumed the ipsilateral one to be “intact” and unchanged. This could have led to 

misleading results. 
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b. Central lesion or injury 

One way of avoiding confusion in assessing plasticity comes from cases of partial or 

complete transection of the dorsal columns, which prevents specifically the somatosensory 

inflow from the spinal cord. Unilateral transection of the dorsal columns at the C3/C4 level 

disrupts afferents from  the entire hand (and lower body), while leaving intact some inputs from 

the arm, as well as those from the face. Consequently, such a lesion performed in monkeys 

extensively deprives portions of the forelimb, trunk, and hindlimb cortical representations in 

area 3b (Jain et al., 1997). A large number of studies described massive reorganization following 

such deafferentations (reviewed in Kaas et al., 2008; Xerri, 2012; Nardone et al., 2013; Qi et al., 

2014). In particular, large-scale cortical changes across the hand-face border similar to those 

reported by Pons and colleagues (1991) were observed within BA3b of these monkeys 6 to 22 

months and up to more than one year after the lesion using microelectrode recordings (Jain et 

al., 1997, 2000, 2008; Tandon et al., 2009), and more than two years after lesion using fMRI 

(Dutta et al., 2013). Here again, the reorganization was expressed as an “invasion” of the 

deprived hand territory by the neighbouring cortical areas (namely the representations of the 

face and arm), but dominantly by the face representation (see Figure 30 A-C). Interestingly, in 

case of partial section preserving the afferents from digits 4 & 5 and the adjoining palm, these 

afferents not only continued to activate neurons within their normal cortical target territories, but 

after 5 or more weeks their area of activation greatly expanded, invading the deafferented 

cortical areas initially dedicated to the other regions of the hand (see Figure 30 D&E, Jain et al., 

1997). Neurons in the reorganized parts of cortex exhibited large RFs and those responding to 

stimulation of the face had RFs located either on the face alone, mostly on the chin, or on both 

the hand and the face (Jain et al., 2008).  

In rats, similar transection of the spinal cord, but at the midthoracic level, revealed that the 

deafferented hindlimb regions in SI became responsive to electrical stimulation of the 

unaffected forepaw as early as three days after the lesion (Endo et al., 2007). However, such 

reorganization was not observed when the forepaw (and any other body part) was mechanically 

stimulated (Jain et al., 1995). Indeed, these authors failed to detect any responses in the hindlimb 

cortical representation deafferented as a consequence of unilateral section of the dorsal funiculus 

at thoracic levels. Thus, in contrast to Endo’s study, Jain’s results suggest that forelimb inputs 

do not substitute for missing hindlimb inputs in SI in rats. The discrepancy between these 

studies may arise from the stimulation paradigms used to elicit post-lesion responses, the 

electrocutaneous stimulation used in Endo’s study being likely to activate the spinothalamic 

pathway in addition to the dorsal column pathways (Chang and Shyu, 2001). Interestingly, a 
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more recent study using mechanical somatosensory stimulation reported in addition to a large 

unresponsive cortical area, an expansion of the lower lip representation into the deprived 

forepaw representation within SI (Martinez et al., 2010), which is in line with the monkey 

results. 

 

Figure 30 [modified from Jain et al., 1997]. Effects of unilateral dorsal column section 
at the C3/C4 level on the hand, face and arm representations in the contralateral area 3b. 
A. Normal map of an adult owl monkey in area 3b before, and B., immediately after a 
complete contralateral dorsal column section. No responses are evoked in the hand 
region after section. C. Eight months after complete section, hand, arm cortex respond 
to stimulation of chin. D&E. From five to thirty-six days after a partial section, the 
initially unresponsive deafferented portions of the hand representation are progressively 
invaded by the cortical territory of the preserved dorsal column inputs from digits 4 and 
5 and adjoining palm. 

Unfortunately, in humans such focal lesions of the dorsal columns are rare, and obviously 

impossible to induce experimentally. Thus most of the human cases arise from spinal cord 

injuries, which can lead to lesion of several other tracts such as the spinothalamic or the motor 

descending fibres, making these cases quite similar to amputation cases. Together with the fact 

that motor impairments are the most incapacitating for the patients, most of the studies 

investigated the induced plasticity at the motor level (see Nardone et al., 2013 for a review). As 

an example, similarly to the previously reported study of midthoracic spinal cord transection 

(Endo et al., 2007), an expansion of the motor cortical hand area toward that of the leg was 

found in both hemiplegic and paraplegic patients using PET imaging (Bruehlmeier et al., 1998). 

Similarly, patients with complete thoracic spinal cord injury revealed a shift of the activation 

maxima evoked during elbow movement (Lotze et al., 1999). Other studies, however, 

investigated the consequences of spinal cord injury on the somatosensory system. For example, 

the study of a patient suffering from a complete spinal cord injury at the T6-level and who was 

experiencing referred sensations on the ipsilateral chest when the left or right forearm were 

stimulated, revealed the activation of both the forearm and the chest cortical representations 
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when the forearm regions inducing the referred sensation were stimulated (Moore et al., 2000). 

This was not the case for other parts of the forearms which did not induce referred sensations. 

Interestingly, these activation foci were separated by more than 1.6cm of nonresponsive cortex, 

suggesting that cortical plasticity can be expressed between nonadjacent representations. Plastic 

changes were also observed within SI following complete thoracic spinal cord injury, with the 

representation of the little finger shifting ~13mm medially toward the deprived lower body 

representation (Henderson et al., 2011). In addition, the amount of cortical reorganization was 

positively correlated with the gray matter volume in the deprived cortical area, and negatively 

correlated with the fractional anisotropy in the little finger representation.  

Altogether, and despite some differences across species and the variability in the induced 

lesion, one can appreciate that similar to the amputation and nerve injury cases, the 

deafferentation induced by hemi-sectioning the spinal cord is followed by a massive 

somatosensory and motor cortical reorganization, the deafferented area being progressively 

invaded by its cortical neighbours. In particular, a lesion limited to the dorsal columns in 

monkeys, revealed exactly the same pattern of large-scale plasticity across the hand-face border, 

the face representation invading the deprived cortical area as soon as 6 months after 

deafferentation. However, results of such experiments can be difficult to interpret because, 

unlike nerve injury experiments, it is more difficult to consistently achieve the complete section 

of the dorsal columns without damaging pathways in the adjacent lateral and ventral tracts and 

the spinal gray matter. Conversely, it is also difficult to determine the extent and source of any 

remaining fibres, particularly if there are only a few. 

Another way of evaluating the patterns of cortical reorganization is to ablate a part of the 

cortex dedicated to a body part to observe how the remaining cortex reacts (see Xerri, 2012 for 

review of plasticity following stroke). For instance, weeks to months after removing all cortex 

responsive to light touch on the glabrous surface of D3 in owl monkeys, some recording sites in 

cortex next to the lesion that were formerly responsive to other parts of the hand become 

responsive to D3 (Jenkins and Merzenich, 1987). Thus, there was recovery of some of the 

cortical inputs previously removed by the lesion. Yet, the amount of cortex activated by inputs 

from D3 remained relatively small, and larger lesions including the cortex devoted to digits 2-to-

5 were not followed by the recovery of representations of these digits. Thus, there was a 

redistribution of the damaged representations that has been demonstrated both in the vicinity of 

the injury, and in remote regions. Indeed, following stroke involving the representations in 

cortical area 3b of specific skin surfaces in monkeys, a post-lesional re-emergence of the 

representation of the fingertips, engaged in a behavioural task, was observed in novel locations 
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within area 3b. In monkeys who had reacquired sensorimotor skill after retraining, an 

enlargement of the representation of the fingers in cortical area 1 was reported, as well as a 

striking emergence of a new representation of the cutaneous fingertips in area 3a, predominantly 

within zones that were previously excited only by proprioceptive inputs (Xerri et al., 1998). 

These findings support the existence of an experience-dependent post-lesional plasticity.  

 

Altogether, there is evidence that somatosensory deafferentation, induced either via 

amputation, nerve injury or central lesions, induces massive cortical reorganization that is 

capable of “crossing” the hand-face border. The possible mechanisms underlying such a large-

scale plasticity will be discussed later (see Mechanisms section page 91), but at this stage, one 

has to consider the fact that this massive reorganization has been reported following extensive 

lesions, which, as repeatedly mentioned along this section, brings some confounds as it removes 

other components such as motor efferents in the case of amputation, nerve or spinal cord 

injuries, but also proprioceptive and sometimes nociceptive afferents, and so on. Moreover, and 

more importantly, a lesion by definition consists of the section or destruction of fibres, which is 

likely to give rise to the death of their cell bodies and thus in turn leads to a massive atrophy and 

neuronal loss along the somatosensory pathway. Note that depending on the manner and the 

level at which the lesion is performed, the amount of neuronal loss is likely to vary, and thus 

may account for some of the variability observed across deafferentation types. Consequently, 

the plasticity observed following such deafferentations likely involves both specific and general 

compensatory phenomena and the intrinsic plastic property of the healthy brain. In addition, all 

the previously cited studies reporting large-scale plasticity across the hand-face border (except 

Jain et al., 1997; Kis et al., 1999) referred to long-lasting deafferentations, which had occurred 

at least 6 months before the related plasticity was investigated. Thus, in addition to its lesional 

aspects, such “long-term” plasticity is likely to involve and to be mediated by multiple 

mechanisms that may develop over time both sequentially and in parallel. Indeed, while several 

electrophysiological studies investigated the time course of local plastic changes (see the 

beginning of the section Peripheral lesion or injury; Rasmusson, 1982; Merzenich et al., 1983b), 

few studies reporting large-scale reorganization investigated the time course of these changes. 

Those who did confirmed the idea that different processes might be involved over time. For 

instance, while an expansion of the face representation into the deafferented hand region was 

reported within BA3b 6 months (Jain et al., 1997) or 22 to 23 months (Jain et al., 2008) after 

complete or partial unilateral dorsal column lesion in monkeys, this same region was found 
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unresponsive immediately after the lesion (Jain et al., 1997, 2008), thus revealing no 

reorganization at this early/acute stage. In contrast, a progressive reactivation of the deafferented 

hand region by the spared hand/palm afferents (already described above, see Figure 30) was 

observed 5 to 36 days after the lesion. That is, in-between the unresponsive state and the face 

“invasion” phase described at 6 months even after partial section of the dorsal columns (similar 

to the complete section case shown on the figure; Jain et al., 1997). Together with the studies on 

local (small-range) plastic changes, these studies underline the critical importance of time when 

considering plasticity, which intrinsically consists of ongoing processes. We should thus be 

careful when interpreting the results of experiments which usually take a single snapshot of this 

process at a given time point.  

Having these caveats in mind, one could wonder what kind of plasticity occurs in an intact 

brain following deprivation of somatosensory inputs, especially on a short time scale. 

c. Sensory deprivation without lesion 

The closest non-lesional cases of sensory “deprivation” are the cases of congenital 

malformation or aplasia. In contrast to traumatic amputees, little or no cortical reorganization 

was found in congenital aplasics (6.9mm in Flor et al., 1998; Montoya et al., 1998). But the 

imaging resolution and the sample size used in these studies might not have been high enough to 

unveil the related cortical changes. In contrast, electrophysiological and tracer recordings in a 

monkey with congenital malformation of the left foot (missing toes 1, 3 and 5) revealed an 

abnormal arrangement of the foot representation throughout the lemniscal pathway (from spinal 

cord to area 3b) with an expanded representation of the plantar region, but also an abnormal 

representation of the intact foot in the ipsilateral spinal cord and area 3b (Liao et al., 2014). Note 

that this latter evidence of an ipsilateral reorganization is consistent with the previously raised 

point regarding the “intact” hemisphere. While the plasticity observed in these congenital cases 

is obviously non-lesional, it results from even longer time-scale changes that have taken place 

since the earliest developmental stages. This leaves the matter of short-term effects of sensory-

deprivation unsolved. 

A more viable way of answering such a question is to investigate the short-term 

reorganization occurring after local anaesthesia of a body part. For instance, restricted 

anaesthesia of a single toe in rats, leads to an expansion of the remaining toes RFs within 5min 

of deafferentation, the deprived cortical area becoming responsive to stimulation of 

neighbouring regions (Byrne and Calford, 1991; Calford and Tweedale, 1991). While these 

initial changes were quite similar to those found following digit amputation, as soon as the 
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anaesthesia wore off (~10-30min after anaesthesia onset), RFs shrank but never returned back to 

precisely the same boundaries as before anaesthesia. In addition, despite this shrinking, most of 

the RFs remained larger than originally (Byrne and Calford, 1991; Calford and Tweedale, 

1991), suggesting some consequences at a longer time-scale. Similar results were obtained 

following local anaesthesia of the hindlimb (Panetsos et al., 1995), and anaesthesia of the 

perioral region of rats, with an immediate reorganization of the deprived barrel cortex which 

developed new (i.e., “unmasked”, see Mechanisms section page 91) tactile responses (Faggin et 

al., 1997; Katz et al., 1999). 

Another way of “simulating” deafferentation effects without damaging the neural structures 

is via environmental impoverishment. Indeed, rats exposed for 80-115 days to an environment 

that reduces the otherwise typical tactile inflow, the topographic cortical organization is 

profoundly disrupted, with the forepaw representation in SI being interspersed with islets driven 

by proprioceptive inputs (see Figure 31; Xerri et al., 1996). In addition, the RFs recorded in the 

remaining cutaneous zones were drastically enlarged. Both cortical map shrinkage and RF 

enlargement were also observed in rats subjected to 7 days of forelimb immobilization (see 

Figure 31; Xerri et al., 1996) or to hindlimb unloading2 for 2 weeks (Langlet et al., 1999; 

Dupont et al., 2001), which also dramatically decreases the rate of cutaneous stimulation. On a 

much longer time-scale, age-related plasticity can be considered as an even more naturalistic 

model of sensory deprivation. Indeed, when compared to young animal, similar RF 

enlargements and disruption/fragmentation of the somatotopic organization of cortical maps 

were reported in aged rats (Spengler et al., 1995; Coq and Xerri, 2000). The representational 

degradation was found to be partially offset or accentuated by housing in enriched or 

impoverished environments respectively (Coq and Xerri, 2001). In humans, an expansion of the 

hand representation (as assessed by an increased distance between D2 and D5 dipoles) close to 

40%, was found in elderly as compared to younger participants (Kalisch et al., 2009). 

                                                 
2 Hindlimb unloading consists in an experimental model of hindlimb sensory deprivation, which was commonly 
used in earth to mimic the effects of microgravity. This technic is characterized by the absence of weight-bearing 
and by a reduced motor activity, which also reduces considerably the activation of the cutaneous receptors located 
on the foot sole. 



89 | P a g e  

 

Figure 31 [modified from Xerri et al., 1996]. Effects of rats housing in an impoverished 
environment and of 7 days of forelimb immobilization on A) the hand representation 
within SI, and on B) SI receptive fields size and distribution. D1-D5: digits 1-5, TH: 
thenar pad, P1-P3: pads 1-3, I: insular zone, HT: hypothenar pad, LL: lower lip, W: 
wrist, LD: large dorsum. 

In humans, the early studies investigating the effect of local anaesthesia on SI used ischemic 

nerve block (e.g., Rossini et al., 1994; Werhahn et al., 2002), which results in an acute and 

reversible deprivation of somatosensory and motor inputs, but also in ischemic pain. Other 

authors using drug anaesthetics reported also on burning pain during these procedures (Buchner 

et al., 1995). However, (phantom) pain is known to be closely related to cortical plasticity within 

SI (e.g., Flor et al., 1995; Wrigley et al., 2009; Gustin et al., 2012), making it difficult to 

distinguish the effects of somatosensory deprivation from the effects of pain produced by 

ischemic nerve block, or from some interaction of these factors. Rossini and colleagues (1994) 

overcame this issue by applying an anaesthetic cream on the ischemic fingers (i.e., four out of 

the five fingers, the remaining finger being either D1, D3 or D5). This procedure completed, the 

authors observed significant changes of the equivalent current dipoles (ECDs) of the remaining 

(unanaesthetized) finger after a relatively brief period of sensory deprivation (~20min). This 

plasticity was expressed by a shift of the dipole source of this finger towards the deprived area 

(corresponding to the four other fingers). Interestingly, while D1 and D5 respectively shifted 

towards the representations of the other (anaesthetized) fingers, D3 (i.e., middle finger) did not 

exhibit a shift of its ECD when the four other fingers (D1, D2, D4 & D5) were anaesthetized 

(Figure 32), which is remarkably consistent with the symmetry of the deprivation (two fingers 

deprived on each side of the tested finger). Considering that the ECD reconstruction corresponds 

more or less to the centre of gravity (CoG) of the representation, one can assume that while D3's 
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ECD did not shift, its representation could have enlarged, but symmetrically. This hypothesis 

was further suggested by the authors regarding the tendency of D3's ECD to deepen. Finally, 

and in agreement with the previously cited animal studies, the changes reported in this study 

took progressively place during the anaesthesia phase, but were persisting even immediately 

after sensation regain.  

More recent human studies favoured the use of pharmacological anaesthesia (by injection or 

cutaneous application) to avoid pain induction. A similar expansion and shift of the 

neighbouring cortical areas towards the deprived region were found following 80min of forearm 

anaesthesia, with the hand representation expanding into that of the forearm (Björkman et al., 

2009). Interestingly, within a similar time-scale (1h), anaesthesia of the radial and medial three-

quarters of the hand resulted in a shift of both the lower lip and D5 cortical representations 

towards each other (see Figure 32; Weiss et al., 2004). Their intact cortical representations being 

on each side to the deprived area, these shifts strongly support an “invasion”, likely mediated by 

an expansion of the lip and the unaffected finger representations into the partially deprived hand 

region. In addition, an increased amplitude of the N20/P20, P27 and N30 components of the 

somatosensory evoked potentials by stimulation of the median nerve were observed during 

anaesthesia of the ipsilateral ulnar nerve (Tinazzi et al., 1997). These components being known 

to be generated respectively in BA3b (N20/P20 and N30) and BA1 (P27), these results thereby 

suggest a strong modulation of SI activity in response to the deafferentation of a neighbouring 

region. 

        

Figure 32 [from Rossini et al., 1994 & Weiss et al., 2004]. Left panel: Antero-posterior 
view of the localizations of the ECDs of the responses induced by stimulation of the test 
finger (either D1, D3 or D5) in the control phase (empty symbols) and when the four 
other fingers (non-stimulated) were anaesthetized (filled symbols) (note that the induced 
ischemic pain was relieved by application of an anaesthetic cream). Right panel: 
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Effects of local anaesthesia of the radial and median three-quarters of the hand on the 
cortical representations of the lower-lip region and D5 (assessed by distance between 
their respective ECDs). 

Altogether, we can see that anaesthesia, even if transient, spatially local and preserving the 

integrity of the somatosensory pathway, may induce significant cortical reorganization within 

SI, and in particular appears to replicate similar large-scale cortical reorganization as those 

described following amputation, nerve or dorsal columns injuries, with the “invasion” of the 

face representation into that of the hand. Thus, cortical plasticity across the hand-face border can 

be induced following a pure deprivation of somatosensory inputs and on a remarkably short-

term scale. 

d. Mechanisms 

A critical issue is to understand how large-scale/cross-border cortical changes are mediated 

in the adult brain. The first obvious point to take into consideration is that the topographic 

reorganizations observed after long-term deafferentation (i.e., amputation, nerve injury and 

spinal cord injury) are not limited to the cortex, but rather occur at each relay of the 

somatosensory pathway. Indeed, similar to that found at the cortical level, an invasion of the 

deafferented area by the neighbouring regions was observed in the ventroposterior nucleus of 

the thalamus following peripheral nerve injury (e.g., Churchill et al., 2001), unilateral dorsal 

column lesion (e.g., Graziano and Jones, 2009), or amputation (e.g., Rasmusson, 1996; 

Chowdhury et al., 2004). But none of these studies investigated whether large-scale plasticity 

occurred across the hand-face border. The only evidence of such plastic changes at the thalamic 

level was reported following long-lasting (ranging from 18 months to 12 years) deafferentation 

by lesion, such as dorsal root section (Jones and Pons, 1998), unilateral dorsal columns lesion 

(Jain et al., 2008), and amputation (Florence et al., 2000). Similar to that found in BA3b, this 

plasticity was expressed by an expansion of the face representation into the deprived forelimb 

region of the ventroposterior nucleus of the thalamus. In humans, the use of microelectrode 

recordings revealed that the thalamic representation of amputees' stump was increased (Lenz et 

al., 1998), invading that of the amputated limb (Davis et al., 1998). In addition, the thalamic 

firing pattern was also increased (Lenz et al., 1998). It seems, therefore, that the thalamus 

exposed to input-deprivation reacts with the same long-term topographic plastic phenomena as 

the cortex. At the brainstem level, expansion of the intact neighbouring representation was also 

found to occur after cutting of the median and ulnar nerves to the hand (Churchill et al., 2001), 

transection of the dorsal roots caudal to L3 (Dostrovsky et al., 1976), long-lasting (> 1 year) 



92 | P a g e  

amputation (Florence and Kaas, 1995; Jain et al., 2000), or dorsal columns lesion (Jain et al., 

2000). The latter two studies specifically reported a similar expansion of the brainstem face 

representation into that of the deprived hand area.  

Conversely, reorganization of the adult brain following hand deafferentation also takes 

place in higher somatosensory areas such as SII and PV (Tandon et al., 2009). Interestingly, 

while in BA3b the invasion concerned only the chin representation, at ~30% of the recording 

sites in areas SII and PV the expanded face representation did not include chin inputs, but 

included instead other parts of the face such as the upper-lip, the cheek or the whole hemiface, 

which is consistent with the integrative property of these higher order areas. Similar differences 

in the details of reorganization were reported between the ventro-posterior thalamic nucleus and 

BA3b (Florence et al., 2000; Jain et al., 2008). Moreover, Tandon’s study also suggests that the 

spinothalamic pathway, which remained intact, is unlikely to play a role in the observed large-

scale reorganization as its integrity did not prevent the large-scale expansion of the face 

representation in SII and PV. Consequently, since there are two major inputs to area SII and PV 

in primates, namely area 3b and direct thalamic inputs from the VPI nucleus (which receives 

dense inputs from the spinothalamic tracts), the authors concluded that the reorganization 

observed in areas SII and PV is likely to arise from and reflect changes in area 3b, which is the 

only source of altered inputs to SII and PV. 

Altogether, these findings show that the extensive reorganization following long-term 

lesion-related deafferentation occurs at multiple levels along the neuraxis. This suggests that the 

large-scale cortical reorganization is likely to reflect that observed in the ventroposterior 

thalamic nucleus that may, in turn reflect that which occurs in the cuneate nucleus of the 

brainstem. It has been proposed that such processes could be mediated by sprouting of new 

connections targeting the dorsal horn of the spinal cord and the brainstem, as observed in adult 

macaque monkeys after forelimb or hindlimb amputation (Florence and Kaas, 1995; Wu and 

Kaas, 2002). In a similar way, neonatal forelimb removal (Lane et al., 1995) or dorsal root 

avulsion (Sengelaub et al., 1997) in rats resulted respectively in invasion of the cuneate nucleus 

by sciatic nerve primary afferents or by gracile projections. Interestingly, sprouting and growth 

of intact face afferents was also reported from the trigeminal brainstem complex into the 

cuneate nucleus (Jain et al., 2000). Similar connections from the trigeminal to the cuneate nuclei 

have also been reported following injection of tracers in the trigeminal ganglion (Marfurt and 

Rajchert, 1991). Although the spread of axon terminals in the cuneate nucleus is limited, it 

undoubtedly activates a number of cuneate neurons, which relay to the contralateral 

ventroposterior thalamic nucleus where an even larger area of the deprived nucleus may be 
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activated (Davis et al., 1998; Jones and Pons, 1998). Then, a relay from the ventroposterior 

nucleus to area 3b probably further amplifies the process, so that an even more extensive 

reorganization may occur in the cortex, likely with the help of other mechanisms, including 

unmasking of previously existing connections at different processing levels (further described 

below). In addition, sprouting has also been reported in the somatosensory cortex (Florence et 

al., 1998), with expanded lateral connections in BA3b and BA1 following long-lasting 

amputation and constraint forelimb. Thus the somatosensory cortical reorganization may benefit 

from both local and bottom-up convergence/divergence processes along the somatosensory 

pathway, relatively small modifications at the periphery ending up magnified at the cortical 

level by the divergence of neuron projections (see Figure 33 and Kaas et al., 1999; Jones, 2000 

for reviews). In agreement with this hypothesis, a slow but progressive withdrawal of lemniscal 

and thalamocortical axons has been reported following cuneate tract section at the cervical level 

in monkeys (Graziano and Jones, 2009), while dendritic arbors reorganization resulting in a 

medial shift of the hand-face cortical border has been observed in rats following forepaw 

deafferentation (Hickmott and Steen, 2005). Conversely, similar considerations have been 

offered for the alterations at subcortical levels, which receive the strong top-down regulatory 

influence of efferent connections from the sensory cortex to the thalamic and brainstem/spinal 

relays (Ergenzinger et al., 1998; Kaas, 1999).  

In humans, an abnormal pattern of intrinsic connectivity has been reported within the 

deafferented SI hand/arm area of amputees (Kew et al., 1997). In addition, the reorganization 

within SI induced by complete thoracic spinal cord injury was found to be negatively correlated 

with local changes in fractional anisotropy (as SI reorganization increased, the extent of 

“aligned structures” decreased) (Henderson et al., 2011), which could reflect intracortical 

changes in fibre density, axonal diameter or myelination. These results support the idea that SI 

reorganization results from sprouting of new lateral connections. 
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Figure 33 [from Jones, 2000]. Schematic representation of the sequential divergence in 
the projections along the somatosensory pathway from the dorsal column and trigeminal 
nuclei to the ventroposterior thalamic nucleus before reaching the somatosensory cortex 
in a normal monkey (left panel) or in a monkey who underwent a dorsal root section at 
the C2-T4 level. This deafferentation leads to atrophy and reorganization within the 
thalamus, which is then magnified at the cortical level, giving rise to the face and trunk 
invasion into the deafferented cortex. 

Note that the most rapid changes mentioned above involved reorganization of the dendritic 

arborization (Hickmott and Steen, 2005), which took place progressively from 7 to 28 days after 

deprivation. While such changes can be considered to occur on a short-term time scale 

compared to sprouting and axonal withdrawal processes, they resulted in a mean shift of the 

hand-face border reaching 250μm at the final stage. Thus, even if occurring over a period of 

weeks, these processes cannot account for the large-scale reorganization that has been observed 

within shorter time-scales. Indeed, numerous studies have shown that reorganization (i.e., 

“invasion”) between neighbouring areas can occur within hours or even minutes after sensory 

interruption in animals, and has been observed within each relay of the somatosensory pathway. 

For instance, local cortical reorganization occurs within a few minutes following restricted 

(single-digit) amputation (Rasmusson and Turnbull, 1983; Calford and Tweedale, 1988, 1991; 

Byrne and Calford, 1991), or nerve injury (Merzenich et al., 1983b). Similar changes within the 

thalamus have been reported following anaesthesia (Nicolelis et al., 1993; Shin et al., 1995) or 

single-digit amputation (Shin et al., 1995). In contrast, no change in response magnitude was 

found in rats following whisker deprivation (see Fox et al., 2002 for review). Finally, short-term 

plasticity at the brainstem level was found after anaesthesia (Pettit and Schwark, 1993), or 

dorsal root transection (Dostrovsky et al., 1976). In addition, a few electrophysiological studies 

simultaneously recorded within several relays along the neuraxis. Local anaesthesia (via 

lidocaine injections) of the maxillary gum, the whisker pad or in different regions of the upper 

lip of rats revealed an immediate and simultaneous sensory reorganization at all levels of the 
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neuraxis, with an expansion of the remaining RFs and the deprived region becoming responsive 

to neighbouring whiskers (Faggin et al., 1997). Moreover, no significant differences between the 

overall spatial extent of reorganization and the percentage of neurons exhibiting unmasked 

responses in the cortex and thalamus were found, suggesting that reorganization evenly occurred 

along the whole system. Similar changes within the VPM thalamic nucleus and SI have been 

reported following capsaicin injections in the lip of rats (Katz et al., 1999), which strongly 

stimulated nociceptive fibres before silencing them. Here again, RF change rates were 

comparable in SI and VPM (57-49%). Altogether, one can see that within minutes, the whole 

somatosensory pathway is capable of reorganization following transient or lesion-induced inputs 

deprivation. But note that all the short-term topographic changes observed in these studies were 

limited to the neighbouring unaffected parts of the same limb that was undergoing the sensory 

deprivation. Reorganization at a larger-scale, for instance across the hand-face border, was not 

investigated. 

Another study investigating the changes along the neuraxis reported that trigeminal nerve 

crush in rats induced few or no short-term changes with the brainstem (Pr5) and thalamus 

(VPM). Shortly after nerve crush (starting from a few minutes), the large unresponsive cortical 

vibrissal representation responded to stimulation of the forepaw digits but, surprisingly, to no 

other parts of the face (see Figure 34; Kis et al., 1999). This expansion was still present 3 weeks 

after injury (~10 days after nerve regeneration onset) and cortical maps fully returned to their 

initial state by 60 days after crushing. These results show that, while a few plastic changes take 

place in the brainstem and thalamus following transient peripheral deafferentation, an 

immediate (and most) significant reorganization was observed at the cortical level (i.e., SI) 

across the hand-face border, with an expanded representation of the digits that, though transient, 

was stable for at least 3 weeks. Thus, while the role played by plasticity taking place in 

subcortical structures remains somewhat controversial, the cortical reorganization occurring 

within minutes after sensory loss has been clearly demonstrated. Note that despite the fact that 

such plastic changes could be considered as short-term as those reported by Hickmott and Steen 

(2005) (from 7 to 28 days), the amount of reorganization observed across the hand-face border 

here is at the mm scale rather than the μm scale. 
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Figure 34 [from Kis et al., 1999]. Reorganization in SI digit and whisker representations 
induced by crushing and subsequent regeneration of the contralateral infraorbital nerve. 
(A) Representation of the posterolateral border between digit and whisker 
representations at baseline. (B) Contralateral trigeminal nerve crush resulted in a large 
unresponsive area to whisker stimulation invaded by responses evoked by digit 
stimulation 3 days after nerve crush, resulting in a shift of the hand-face border into the 
deprived area. (C) The expanded digit representation and the return of whisker 
responses (at 7-10 days after crush) resulted in an overlapping zone exhibiting 
responses to both digital and vibrissal stimulation. (D) 60 days after crushing, the hand-
face border almost regained its original location. 

In humans, short-term plastic changes have been found at the cortical level following 

anaesthesia of part of, or the whole upper-limb (Rossini et al., 1994; Tinazzi et al., 1997; Weiss 

et al., 2004; Björkman et al., 2009; Petoe et al., 2013). But here again, few studies investigated 

large-scale reorganization across body-parts. Björkman and colleagues reported an expansion of 

the hand representation into that of the anaesthetized forearm around 80 minutes after 

deprivation (the face representation was not investigated in this study). Weiss and colleagues 

(2004) reported that the cortical representation of the lower-lip invaded the deprived D1/D2/D3 

cortical region within one hour of pharmacological blockade (Weiss et al., 2004). Interestingly, 

while long-term disruption of median nerve transmission due to carpal tunnel syndrome 

(symptoms > 11 months) was associated with increased somatosensory evoked potentials 

(SEPs) at the spinal, brainstem and cortical levels (Tinazzi et al., 1998), no change at the spinal 

and subcortical levels were found following transient (non-lesional) anaesthesia of the ulnar 
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nerve (Tinazzi et al., 1997). Instead, markedly increased SEPs were reported at the cortical 

level, with in particular, a more pronounced reorganization within BA3b as compared to BA1 

(Tinazzi et al., 1997). This latter result is in agreement with electrophysiological results showing 

more marked RF reorganization within area 3b than in area 1 (Merzenich et al., 1983a, 1983b). 

Knowing that the carpal tunnel syndrome in the former study was associated with median nerve 

lesions at the distal territories, the two studies suggest that different processes might subserve 

the reorganization induced respectively by long-term lesional somatosensory disruptions (such 

as nerve & spinal cord injuries, amputation) and short-term reversible interventions (such as 

anaesthesia). Together with the electrophysiological results previously mentioned, the likely 

contribution of subcortical structures to the cortical reorganization has to be further 

demonstrated and clarified, especially following transient non-lesional deprivations. But apart 

from this consideration, these studies all agree on the fact that somatosensory deprivation 

induces a rapid cortical reorganization, which can occur over a large-scale.  

Given that these short-term plastic changes occur too quickly to be subserved by collateral 

sprouting, or any other changes in neuronal morphology, one potential explanation is the 

unmasking of previously existing, but silent connections (Merzenich et al., 1984; Nicolelis et 

al., 1993; Rossini et al., 1994; Faggin et al., 1997; Tinazzi et al., 1997; Katz et al., 1999). The 

most likely mechanism for unmasking is a disinhibition of these previously silent connections 

(Jacobs and Donoghue, 1991; Tremere et al., 2001a, 2001b; Weiss et al., 2004; Lu et al., 2014). 

Indeed, the discreteness of cortical representations is actively maintained, at least in part, by 

lateral intracortical inhibition (e.g. Tremere et al., 2001b) emanating from a cortical zone 

receiving coherent input from regions of the body surface and exerting its influence on adjacent 

regions. Somatosensory deprivation may thus lead to changes in the balance of excitatory and 

inhibitory postsynaptic potentials with the neighbouring areas. Such changes have been found 

mainly for the GABAergic system (e.g., Jones, 1993; Tremere et al., 2001a, 2001b; Jasmin et 

al., 2003), GABA antagonists leading to a decrease of inhibition. Due to this disinhibition, the 

relatively widespread and previously silent thalamocortical projections (e.g., Rausell et al., 

1998; Barbay et al., 1999) and cortico-cortical connections (Smits et al., 1991; Zarzecki et al., 

1993) may become functional. This disinhibition would account for the rapid rate at which 

cortical reorganization can take place after a decrease in sensory inputs, by rendering the 

deafferented neurons hypersensitive to and thus activated by weak inputs coming from adjacent 

representations, which would otherwise be inhibited. This disinhibition is further supported by 

the numerous reports of an enhanced spontaneous activity (i.e., hyperexcitability) following 

deafferentation (e.g., Rasmusson et al, 1992; Taub et al, 1995; Knecht et al, 1996). The 
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disinhibition further implies an extended network of connectivity across somatosensory cortical 

representations to structurally support such a process. This “unmasking” of latent connections 

could later on be supplemented or even replaced by changes in synaptic efficacy, and/or by 

growth processes, such as sprouting. 

Altogether, the plastic changes observed following different ways of inducing 

deafferentation (i.e., amputation, nerve and spinal cord injuries and anaesthesia), highlight that 

the induced reorganization evolves with time, and may thus depend on different mechanisms 

having different time courses, with short time-scale processes (minutes to hours), possibly 

relying on the unmasking of pre-existing -but silent- thalamocortical and cortico-cortical 

connections, and longer time-scale processes (weeks to months), possibly based upon the 

sprouting of thalamocortical and cortico-cortical projections. To these mechanisms, homeostatic 

processes can be added, aimed at regaining a balanced brain activity  (Vitureira et al., 2012; Lu 

et al., 2014).  

However, I would like to emphasize that despite the fundamental differences between 

somatosensory deprivation cases involving or not a lesion (already mentioned at the end of the 

II.a. and II.b. sections), both cases are usually considered to be similar and are jointly mentioned 

when referring to brain plasticity due to somatosensory deprivation. The processes subserving 

the induced plasticity are, however, likely different. Thus, a direct comparison of these two 

deprivation classes should be systematically investigated within the same species and obviously 

at equal, but multiple, time-scales. For instance, to my knowledge the effects of long-term 

anaesthesia at all levels of the neuraxis have not yet been investigated. In addition, while cortical 

reorganization could result from subcortical plastic changes, the converse also holds, with the 

effects observed at the subcortical level following anaesthesia possibly resulting from changes 

in corticothalamic connections (top-down regulation processes). Indeed, simultaneous 

recordings from the rat forepaw areas of both SI and VPL nucleus 20 minutes after anaesthesia 

onset (by injection of lidocaine), revealed a massive decrease of the thalamocortical connectivity 

and a small decrease of the corticothalamic (corticofugal) connectivity (Jung and Shin, 2002). 

Conversely, a non negligible number of corticothalamic connections were potentiated following 

anaesthesia onset (see Figure 35).  
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Figure 35 [from Jung and Shin, 2002]. Averaged temporal changes of synaptic strengths 
between SI and the VPL thalamic nucleus during forepaw anaesthesia in rats. The arrow 
indicates the onset of anaesthesia (i.e., the subcutaneous injection of lidocaine). * P < 
0.05, ** P < 0.01, compared to the values in absence of anaesthesia. 

In addition, the repeatedly observed invasion of the deprived territory by neighbouring 

representations following deafferentation has led to the concept of an ongoing process of 

competition between sensory surfaces for dynamic allocation of representational space (see 

Buonomano and Merzenich, 1998). Since then, competition-based plasticity has gained a large 

consensus among neuroscientists. Following deafferentation, however, the first consequence of 

the loss of somatosensory inputs is that a given cortical representation is rendered “empty” (i.e., 

deprived), thus allowing for potential competitive “invasions”. But what would happen in the 

absence of sensory deprivation? Which kind of plasticity could we observe across 

somatosensory representations following enhancement of somatosensory inputs? Could we still 

observe large-scale plastic changes with behaviourally relevant perceptual consequences? 

Would competition processes still be involved? To address these questions, a recent and quickly 

expanding field of research has started investigating the potential involvement of cortical 

plasticity as one of the processes subserving perceptual learning and recovery of function, both 

relying on an activity-dependent (also called experience-dependent) modulation of 

somatosensory inputs. 
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III. Activity-dependent plasticity 

a. Restoration & modification of peripheral inputs in the context of 

rehabilitation 

Complementarily to the deafferentation cases reported in the previous section, the most 

intuitive cases to study in regard of activity-dependent plasticity are patients who have 

undergone surgical restoration of peripheral inputs, either by allograft (transplantation) or nerve 

regeneration/redirection, as these cases allow us to assess whether deprivation-induced plasticity 

is reversible.  

In monkeys, nerve regeneration following suture of a previously cut nerve is known to 

result in reactivation of much of its original cortical territory (for reviews, see Merzenich and 

Jenkins, 1993; Navarro, 2009). However, the somatotopic re-organization remains highly 

abnormal (Florence et al., 1994), many neurons having multiple RFs such that neurons at the 

same cortical site respond to stimulation of nonadjacent skin areas, and conversely, many parts 

of the skin innervated by the regenerated nerve being represented in non-contiguous chunks of 

cortex. In contrast, if a nerve is crushed instead of cut and allowed to regenerate, the axons 

regenerate into their original fascicles, and a complete restoration of cortical maps is observed. 

For instance following complete median nerve crush the digits’ somatotopic organization within 

area 3b was fully restored 142 days after injury (Wall et al., 1983). Similarly, restoring inputs by 

means of nerve redirection induces an expansion of the SI representation of the re-innervated 

regions in rats (Marasco and Kuiken, 2010). 

In humans, percutaneous microneurography performed 7 to 23 months following complete 

transection with subsequent suture or graft of the median or ulnar nerves revealed significant 

changes in RFs of SAI and FAI afferents, with multiple RFs innervated by a single afferent and 

unusually small or large RFs (Mackel et al., 1985). At the cortical level, similar median nerve 

transection and repair revealed that more than 1 year postoperatively the BOLD signal within SI 

evoked by stimulation of the hand covered a smaller area located more superiorly than the area 

activated in controls (Taylor et al., 2009). This decreased activity was co-localized with grey 

matter reductions, which were negatively correlated with measures of sensory recovery 

(mechanical and vibration detection). While these results from nerve repair cases clearly show 

the occurrence of cortical plastic changes in these patients, they do not clearly address the 

differential contribution of deprivation and repair-induced plastic changes. In contrast, allograft 

of a limb following amputation was found to at least partially reverse the deprivation-induced 
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plasticity. For instance, Giraux and colleagues (2001) showed that after bilateral hand graft, 

hand representations which were originally shifted towards that of the face due to deprivation, 

expanded toward their normal location 6 months after transplantation. A similar “recapture” of 

the pre-amputation SI hand territory was more recently found to occur as early as 4 months post-

transplantation (Frey et al., 2008). Similarly, toe-to-finger transplantation was found to result 

in successful “substitution” of cortical representations in the long-term (average of 5 years post-

transplantation),the transplanted toe being located in the expected location of the previously 

missing finger representation (Chen et al., 2006). In addition, the transplanted toe (now finger) 

exhibited an expanded representation compared to the other (normal) fingers. Interestingly, a 

quite recent study investigated the time course of cortical changes following similar 

transplantation, but over a shorter time-scale (Hadoush et al., 2012). Somatosensory evoked 

field (SEF) recordings revealed responses evoked by stimulation of the transplanted toe (now 

D2) as soon as 4 weeks after surgery, and its representation was found very close to that of the 

intact D5 of the same hand (ED = 3.7mm). But over time (weeks 12 and 24), this distance 

increased (to 5.9mm and 7.4mm respectively) as did the dipole strength (from 9nAm at week 4 

to 17.3 nAm at week 12 and to 18.6nAm at week 24), whereas latencies decreased (from 76.5ms 

at week 4 to 69.7ms at week 12 and to 67ms at week 24). While these studies, both in animals 

and in humans, show that deprivation-induced plasticity can be partially reversed by restoring 

the missing inputs, the process of restoration and the end result could not be controlled which 

means that the amount of input restored is thus difficult to quantify and thereby difficult to link 

to the cortical reorganization induced by this restoration.  

To overcome this issue, active increase of somatosensory inputs can be triggered in 

monkeys to evaluate and quantify the subsequent restoration of cortical organization (for a 

review, see Xerri, 2012). For instance, monkeys trained to perform a small-object retrieval 

sensorimotor task after having undergone cortical microlesion of the glabrous finger 

representation within area 3b, had a re-emergence of the representation of the fingertips engaged 

in the task, but in novel locations in areas 3b and 3a (Xerri et al., 1998). Following median nerve 

cut and repair, sensory enrichment was also found to increase the proportion of small and well 

localized RFs compared to monkeys raised in non-enriched environments (see Figure 36; 

Florence et al., 2001). Interestingly, these RF changes were consistently observed within area 

3b, but not within the ventroposterior thalamic nucleus, suggesting that enhanced sensory inputs 

primarily affect cortical maps. 
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Figure 36 [from Florence et al., 2001]. Left: Examples of small, large and multiple RF 
classes in area 3b found in the monkeys that had sensory enrichment of the median 
nerve cut hand and in the sensory restricted monkeys. Right: Relative proportions of the 
three classes of RFs (small, large and multiple) in monkeys reared with sensory 
enriched, restricted or standard environments.  

 

Together, these findings clearly demonstrate that deprivation-induced plastic changes at the 

cortical level can be mostly reversed by restoring somatosensory inputs. This is also true for 

plasticity occurring across the hand-face border. However, while such restoration-induced 

plasticity can be considered as activity-dependent plasticity, the restored inputs are highly 

perturbed due to the reafferentation process involved in the transplants, which inevitably leads 

to afferent changes and re-innervation errors. Accounting for these confounding aspects, a few 

interesting studies have investigated the plastic changes following therapeutic limb elongations 

performed in dwarfs. Such intervention, performed at the lower-limb level, results in an 

enlargement and in a progressive ventral shift of the foot representation in SI, but also in signal 

changes in the superior and inferior parietal regions (SPL and IPL) up to 6 months after 

intervention (Di Russo et al., 2006). This evidence highlights the fact that plastic changes also 

occur in the case of limb modification, likely due to the subsequent modification of the limb’s 

use to adapt to its new length.  
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b. Use-dependent plasticity: naturalistic cases 

Similarly, extensive training leading to an expertise in a given domain is also accompanied 

by use-dependent plastic changes. One type of expertise that has been studied is the one 

acquired by musicians throughout practice. For instance, the cortical representation of the digits 

of the left hand of string players, which are strongly solicited for rapid and precise individual 

movements on the strings, were found to be larger than that of their right hand (less solicited), or 

than the left fingers of non-musicians (Elbert et al., 1995). Interestingly, the amount of cortical 

reorganization in the representation of the fingering digits was correlated with the age at which 

the person had begun to play, but not with the amount of practice. This confirms the 

involvement of the plastic capacity of the CNS at early stages of life in such learning, as half of 

the studied musicians started to practice before the age of 10. A subsequent study further 

revealed that in string players, D2 and D1 were located more anteriorly and the D2-D5 distance 

was greater than in controls (Hashimoto et al., 2004). In the somatosensory modality, blind 

people learning Braille develop a highly sophisticated perceptual skill when they become 

proficient Braille readers. Using SEP recordings and transcranial magnetic stimulation (TMS), a 

larger sensorimotor cortical representation was found for the right index reading finger as 

compared with the left non-reading finger or with the right finger of non-Braille readers 

(Pascual-Leone and Torres, 1993). In contrast, representations of parts of the hand that were not 

solicited in Braille reading were smaller than in non-readers hands. Interestingly, in blind people 

who use more than one finger to read Braille, in addition to a substantial enlargement of the 

reading finger representations a disordered topographical arrangement of the finger 

representations has also been observed within SI (Sterr et al., 1998a, 1998b). In contrast, neither 

the disordered representations, nor comparable mislocalizations were observed in one-finger 

Braille readers or in sighted controls. These few examples clearly demonstrate that cortical 

representation changes not only follow sensory deprivation and can be reversed by restoring 

sensory inputs, but they show that intense use and practicing in a healthy context also results in 

plastic changes that seem to be the “inverse” of those observed after deprivation. But note that 

these expertise-related plastic changes follow either long-term training/practice, usually initiated 

during childhood when the brain exhibits higher plastic capacities, or are associated with long-

term cross-modal plasticity (i.e., from vision to touch). So these cases might reflect rather 

extreme positions on the continuum of the plastic changes occurring in adult brain. Furthermore, 

“over-use” can also result in pathological cases. For instance, individuals who perform high 

precision hand movements such as musicians, engineers, architects and writers may become 

affected by focal hand dystonia, which has been shown to be associated with reorganization of 
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the dystonic (Braun et al., 2003) and non-dystonic (Meunier et al., 2001) hand representations in 

SI, but also with altered sensorimotor integration across fingers (Tamburin et al., 2002). 

In animals, a similar naturalistic induction of use-dependent somatosensory plasticity can be 

achieved through sensory enrichment. Following the early evidence that environmental 

manipulations affect the areal organization of the cortex (e.g. Diamond et al, 1976), numerous 

electrophysiological studies, mainly performed in rats, highlighted the influence and relevance 

of naturalistic sensory solicitation. For instance, a pioneer study investigated the effects of 

natural nursing behaviour in rats on the cortical representation of the ventrum surface (Xerri et 

al., 1994; Rosselet et al., 2006). Compared to virgin or postpartum age-matched rats, lactating 

rats exhibited an enlarged representation of the ventral trunk skin, especially of the nipple-

bearing skin (almost twofold), which was associated with a concomitant decrease in RF size. 

Interestingly, these cortical changes did not alter the topographical organization of SI, which 

remained well ordered. In monkeys, these authors described a similar expansion of the 

representation of the fingertips that were highly solicited in a difficult small-object retrieval 

task, with a closely corresponding reduction in RF size (Xerri et al., 1996). Similarly, rats 

housed for 80 to 115 days in an enriched environment exhibited a substantial enlargement of the 

cutaneous forepaw representation which was associated with smaller glabrous RFs and with 

fewer representational discontinuities (see Figure 37; Xerri et al., 1996; Coq and Xerri, 1998; 

see also Polley et al., 2004). Interestingly, this higher cortical magnification was predominant 

for the protuberant glabrous skin, more likely to be stimulated (i.e., digit tips and palmar pads), 

whereas the hairy skin representation remained unchanged (Coq and Xerri, 1998). Finally, 

neurons were more sensitive to light tactile stimulation in rats exposed to an enriched 

environment than in rats exposed to a standard environment. Altogether, these results 

demonstrate the importance of sensory experience, even at the adult stage, in modifying cortical 

representations, and corroborate the view that cortical representations are maintained in a 

permanent state of use-dependent fluctuation (see next section). 
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Figure 37 [from Coq and Xerri, 1998]. Influence of housing in either a standard or 
enriched environment (after different durations of housing) on A) electrophysiological 
maps of the skin surfaces of the forepaw within SI, and on B) the size and spatial 
distribution of glabrous skin RFs in the same rats. Multiple RFs are not shown. 

As mentioned earlier (see the section Sensory deprivation without lesion page 87), the 

inverse situation of immobilizing a limb for one or more weeks, which also dramatically 

constraints and decreases the occurrence of somatosensory stimulation, results in both SI 

cortical map shrinkage and RF enlargement (Xerri et al, 1996; Dupont et al, 2001; Langlet et al, 

1999). Similar results have been obtained in humans, but most reports refer to the plastic 

changes induced within the motor cortex. For instance, a decreased cortical area devoted to the 

unused anterior tibialis muscle was observed following ankle immobilization (Liepert et al., 

1995), the amount of reorganization being correlated with the duration of immobilization and 

quickly reversed by voluntary muscle contraction. This latter fact led the authors to interpret the 

origin of these cortical changes as being functional rather than morphological. Similarly, 

subcutaneous injections of Botulinum toxin to treat hemifacial spasms (i.e., involuntary phasic 

or tonic contractions of facial muscles), induced an expansion of the contralateral motor 

“representation” of the hand ipsilateral to facial muscle contractions towards the face 

representation, as measured by TMS two weeks after treatment (Liepert et al., 1999). Recently, 
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however, similar injections (but for aesthetic purposes) were further associated with a reduction 

of event-related potentials (ERPs) induced by tactile stimulation of both thumbs, but at longer 

latencies (Haenzi et al., 2014). Thus, despite an obvious major contribution of reorganization of 

motor efferent signals, the somatosensory components are also affected by such interventions. 

But whether these changes arise from the direct “deprivation” of somatosensory inputs due to 

immobilization, or whether they arise from a “second-order” plasticity resulting from the motor 

reorganization remains unknown.  

 

Altogether, the results mentioned in this section provide evidence that cortical 

representations are strongly modulated by “naturalistic” variations of either the environment or 

the use of a limb. But to my knowledge, in contrast with the deprivation-related plasticity cases, 

no systematic investigation of the spatial limits of such activity- or use-dependent plasticity has 

been attempted. However, note that both environmental- and use-related plastic changes involve 

a strong contribution of the limb motor component, either transplanted, immobilized or 

stimulated by its displacement in an enriched environment. Thus, even in these cases the pure 

contribution of increased somatosensory inputs is difficult to isolate. Despite this, these results 

provide a clear demonstration of the strong influence of both activity-dependent sensory inputs 

and motor outputs in driving cortical plastic changes.  
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c. Training-dependent plasticity 

Along the same lines, but focusing more specifically on the somatosensory modality, 

changes in the somatotopic organization of cortical maps have been repeatedly observed 

following tactile training, which is easy to implement in laboratory conditions. For instance, 

reorganization of the hand representation was reported in monkeys who were trained over 10 

days to maintain contact with a rotating disk, thus producing an extensive cutaneous stimulation 

of a restricted part of the skin on the distal phalanges of one or two digits (Jenkins et al., 1990). 

Similar to sensory enrichment cases, the observed reorganization was expressed in terms of an 

expansion of the cortical representations of these stimulated digits, associated with reduced 

cutaneous RF size. In addition, the borders between the representations of individual digits and 

digit segments shifted in parallel. Interestingly, a significant lateral translocation of the borders 

between the representations of the hand and the face was recorded in all cases, suggesting again 

a close interaction between these representations. Finally, the rostral border of BA3b was also 

shifted towards BA3a, which is normally activated by deep (proprioceptive) receptors, 

suggesting a potentiation of cutaneous over deep receptor activation (Jenkins et al., 1990). This 

latter hypothesis was then confirmed in animals trained to detect tactile frequency differences on 

a single digit segment over a period of 20 weeks (Recanzone et al., 1992c), in which an 

emergence of a large cutaneous representation of the trained cutaneous region was observed 

within BA3a, replacing the normal representation of deep receptors in this field. Two other 

studies from this series further investigated the cortical changes observed in these monkeys. 

Electrophysiological mapping of their hand representations within BA3b confirmed the previous 

report of Jenkins by revealing a 1.5- to 3-fold increase in the cortical representation of the 

stimulated skin location (Recanzone et al., 1992d). This enlargement was also accompanied by 

an increased topographic complexity, but also by larger and more overlapping RFs within the 

trained region (Recanzone et al., 1992d). This enlargement of RFs, which strikingly contrasts 

with the shrinkage repeatedly reported so far, is likely to arise from the fact that in this study, 

somatosensory stimuli were invariantly delivered to the same skin location (see the end of the 

section “Temporally paired cutaneous stimulation” for further discussion of this point, page 

128). Additionally, the temporal response characteristics of neurons from BA3b  revealed a 

sharpening of their response that could be accounted for by a large subpopulation of neurons 

that had highly coherent responses, suggesting an increased neuronal coherence (Recanzone et 

al., 1992e). Thus, in contrast to BA3a neurons, frequency discrimination training led to an 

alteration of spatial and temporal response properties of BA3b neurons, which was found to be 

correlated with changes in frequency discrimination performance (Recanzone et al., 1992e). 
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Together, these results confirm the preponderant role of BA3b in processing tactile information 

relevant for acuity performance and further demonstrate its involvement in tactile learning 

processes through training. In addition, these reports clearly highlight that solely increasing 

somatosensory input through training, even if at a restricted skin region, results in a consistent 

enlargement of the representation of the stimulated regions within BA3b, which can lead to 

alterations of the hand-face border.  

In humans, a few studies investigated the cortical correlates of somatosensory training, but 

with less clear results than those of animal studies. For instance, humans trained over a 22 days 

period in a tactile frequency discrimination task similar to that used by Recanzone and 

colleagues did not show any changes of the cortical representation of the trained finger (left-D4) 

as assessed by MEG recordings, despite a steep and long-lasting behavioural improvement (Imai 

et al., 2003). In the spatial domain, another study reported changes in effective connectivity 

within both subcortical (bilateral insula, bilateral putamen, bilateral thalamus, and cerebellum) 

and pre-SMA areas rather than somatosensory cortical regions in participants who underwent a 

tactile microspatial discrimination training at the right-D2 fingertip over 14 sessions lasting ~1h 

each (Sathian et al., 2013). This spatial stimulation pattern consisted of three aligned dots, with 

the middle one being slightly off-set either towards the left or the right, yielding an arrow-like 

pattern whose direction had to be discriminated. Thus, in contrast to the previously cited 

monkey studies, the representational changes in humans induced by tactile training seem to be 

more difficult to capture, likely due to the poor spatial resolution of brain imaging techniques 

compared with invasive electrophysiological recordings. But despite this challenge, a larger 

number of studies investigating the cortical correlates of tactile learning is indeed required. 

Apart from these two studies in which a restricted cutaneous area was involved in the training 

phase, numerous studies in the late 90's - early 2000's combined training (either temporal or 

spatial) with what I will call “pairing” of different cutaneous regions, predominantly the 

fingers. This enthusiasm for pairing procedures arose from earlier studies demonstrating the 

crucial role of temporally correlated inputs in inducing macroscopic representational 

reorganization (more detailed in the next section, page 112) both in monkeys (e.g., Clark et al., 

1988) and in humans (e.g., Mogilner et al., 1993), these studies having themselves inherited 

from classical electrophysiological studies investigating pairing-induced LTP processes at the 

synaptic level (i.e., Hebbian plasticity or spike-timing dependent plasticity, more detailed in 

next chapter, page 125).  
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One of the first studies in which somatosensory training was combined with finger pairing 

was performed by Wang and colleagues (1995) in adult owl monkeys. These authors had the 

ingenious idea of “reversing” the natural pattern of tactile stimulation within the hand by 

delivering a synchronous tactile stimulation across distal phalanges of several fingers (D2, D3 & 

D4), while another synchronous stimulation was delivered to the middle or proximal segments 

of the same digits, but both bars being jittered, thus inducing an abnormal asynchronous 

stimulation of within-finger segments. In addition to these cross-finger pairing and within-finger 

unpairing, monkeys were trained to temporally discriminate and recognize stimulation patterns 

over 4-6 weeks. Using electrophysiological recordings the authors found that the synchronous 

stimulation of the three fingers resulted in a “fusion” of their cortical representations in BA3b, 

whereas the finger segments to which stimuli were applied asynchronously had representations 

that were segregated more than usual (Wang et al., 1995). In addition, RFs corresponding to 

these cortical regions were found to enlarge to span over the multiple stimulated digit segments. 

Note that as in the study by Recanzone and colleagues (1992a, 1992b, 1992c, 1992d) described 

above, this many-fold RF enlargement is likely arising from invariant stimulated skin locations 

(discussed in section “Temporally paired cutaneous stimulation”, page 128). Interestingly, in 

addition to SI, these authors also investigated the VPL thalamic nucleus, and reported no 

changes at its level, supporting the idea that the induced representational changes are cortical in 

origin. A similar protocol applied in humans over a 3-4 weeks period revealed, in addition to a 

behavioural improvement, a significant raining-related decrease in the magnitude of the current 

dipole strength corresponding to the source of the contralateral activity evoked by stimulation of 

the trained hand (Spengler et al., 1997). This decreased dipole strength was interpreted by the 

authors as either a decrease of the neuronal population contributing to the signal or a decrease in 

the temporal and spatial coherence in the evoked activity. Remaining in the tactile temporal 

domain, participants trained to detect changes in tactile frequency applied either to D2+D3+D4 

or only to D2+D4 of the right hand, had modulated steady-state evoked responses for D3, which 

varied across the three days of training (Liu et al., 2000). While the results were difficult to 

interpret due to changes in strength of cortical activation across sessions, this study further 

illustrates how SI representational maps can be dynamically modulated by use/activity-

dependent processes. Considering the fact that both sensory enrichment and training at a 

restricted single cutaneous region seem to induce an enlargement of the stimulated region's 

representation, an additional process is likely to be concurrently involved in the three previously 

mentioned studies (Wang et al., 1995; Spengler et al., 1997; Liu et al., 2000), the synchronous 

stimulation (or pairing) of non-adjacent cutaneous regions tending to move the stimulated 
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representations towards each other, eventually fusing them into a “new” representation with 

digit-overlapping fields. Interestingly, a more recent electrophysiological study in monkeys 

trained to detect temporal differences in tap pairs delivered to two adjacent digits (D1-D2 or D2-

D3), revealed that absolute synchrony is not necessary to induce “fusion-like” cortical changes 

as demonstrated by Wang and colleagues (1995). Indeed, after 4 weeks of training, similar 

cortical reorganization of fingers representations were observed with stimulus onset 

asynchronies ranging from 100 to 200ms (Blake et al., 2005). Note that, as in Recanzone and 

Wang's studies, RFs at sites responsive to the taps enlarged more than twofold (discussed in 

section “Temporally paired cutaneous stimulation”, page 128). In humans, an additional study 

further underlined the importance of inputs temporal characteristics, but also the role of 

attention in representational changes. Participants performed the same (micro)spatial 

discrimination task as in Sathian and colleagues (2013) (i.e., three dots arrow-like pattern), but 

in contrast to that study, training was simultaneously applied to left-D1 and left-D5 over a 

period of 4 weeks (~20h). Interestingly, while EEG recordings during training (in which 

participants had to identify the direction of the “arrow”) revealed an increased distance (in ED 

and theta polar angle) between D1 and D5 cortical representations, both moving further apart 

from each other, passive stimulation of these fingers (with a two-point probe) during EEG 

recordings performed before and after training revealed a shift of their representations in the 

opposite direction, the dipoles of both fingers being closer to each other after training (see 

Figure 38; Braun et al., 2000). While the latter result is consistent with the “fusion” expected 

due to the synchronous stimulation of the fingers (Wang et al., 1995), the increased distance 

observed during training is likely to be accounted for by the attentional weight required during 

the discrimination task due to the need to isolate the stimuli (thus likely the pools of neurons 

activated by D1 and D5 stimuli in SI) in order to discriminate them. Later studies confirmed this 

hypothesis by showing similar increased segregation between finger representations as soon as 

the attentional task started, thus excluding the involvement of training in such changes (Braun et 

al., 2002; Iguchi et al., 2002). Overall, these different reports clearly demonstrate the relevance 

and crucial role of both the spatial and temporal parameters of somatosensory inputs in shaping 

representational maps of the body, and that this modelling is highly dynamic, with 

representations being constantly modulated depending on the context, task, and attentional 

demands.  
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Figure 38 [from Braun et al., 2000]. Neuroelectric source imaging data obtained during 
passive tactile stimulation sessions Pre and Post training. Left panel: Coronal section 
through the postcentral gyrus of an experimental participant showing the decrease in 
theta polar angle between the cortical representations of the first and fifth digit after 
training. Right panel: Mean theta polar angle between the D1 and D5 dipoles obtained 
at the group level for the pre- and post-training sessions. 

Thus, apart from complex naturalistic environments, simple protocols such as repetitive 

stimulation of a restricted cutaneous region through training on temporal or spatial tactile 

discrimination tasks induce representational changes that are somewhat opposite to those 

observed following permanent or transient somatosensory deprivation, the representation of the 

stimulated region expanding. While these changes seem to be more difficult to capture in 

humans (likely due to the relatively poor spatial resolution of brain imaging techniques), cortical 

reorganization was more easily observed in case of extensive training involving temporal 

pairing (i.e., simultaneous stimulation) across fingers, but also under conditions requiring 

attention. Note that, as mentioned above, different processes might be involved in these latter 

cases due to the combination of both local and pairing stimulations. In addition, some 

confounding reorganization could also arise from the involvement of attentional task-related 

processes, which are also likely to differ according to the type of task (i.e., spatial or temporal). 

Indeed, attentional modulation is known to affect somatosensory organization (Noppeney et al., 

1999; Braun et al., 2002; Iguchi et al., 2002; Goltz et al., 2013). But the major point raised by 

these reports is that activity-dependent plastic changes are strongly affected by the degree of 

local synchrony of concurrent sensory inputs delivered to the cortex. Given this crucial 

influence of inputs temporal pattern, an obvious consideration is that the spatial distribution, and 

in particular, continuity between cutaneous regions is one of the founding principles which 

drives temporal correlation of sensory events. 
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d. Relevance of spatial/temporal dis/continuities 

Accordingly, the earliest studies which originally investigated the relevance of the temporal 

correlation of inputs in driving cortical changes, without the confound of training-induced 

cortical reorganization, altered the temporal pattern of inputs by directly altering the spatial 

cutaneous continuity, either by inducing syndactyly or by translocating skin islands. Given that 

in primates, and especially humans, different fingers usually receives non-simultaneous 

somatosensory inputs, partly due to their high dexterity and motor independence, a surgical 

intervention fusing the skin of adjacent fingers would inevitably alter inputs coincidence and 

thus produce abnormal input correlation patterns across digits. In monkeys, recordings made 

from area 3b months after surgically-induced syndactyly revealed that instead of being restricted 

to a single digit, a number of RFs extended across the line of the syndactyly onto the surgically 

joined skin of both fused digits (Clark et al., 1988; Allard et al., 1991). Interestingly, the authors 

showed that this could not be the result of a mechanical spread of the stimulus or of sprouting of 

peripheral nerves across digits, since RFs remained on two digits when recordings were made 

immediately after the digits were separated. In addition, this intervention resulted in the 

disappearance of the normally present discontinuity between the representations of these digits, 

suggesting their “fusion” or the apparition of a new representation dedicated to both digits 

(Clark et al., 1988; Allard et al., 1991), likely reflecting also the induced changes in hand use. 

Similar results were obtained at the synaptic level, with an increased incidence of excitatory 

postsynaptic potentials (EPSPs) evoked from adjacent fingers within the fused finger 

representations in SI (Zarzecki et al., 1993). Taken together, these results clearly support the 

hypothesis that the somatotopic representation of the body-surface in the adult cortex is 

influenced by the temporal correlation of afferent inputs, which primarily results from the 

spatial continuity across skin regions. Horizontal corticocortical connections represent one of 

the most likely substrates for mediating these activity-dependent plastic changes (Smits et al., 

1991; Zarzecki et al., 1993). In humans, disorganized finger representations were also observed 

in patients with congenital syndactyly, their representations being unusually small and 

overlapping (Mogilner et al., 1993). Conversely, surgical separation of the fused fingers of these 

patients induced a segregation of their cortical representations within weeks of surgery, by 3 to 9 

mm. Interestingly, a more recent study investigated the temporal dynamics of such cortical 

changes by non-surgically (glove-based) webbing index-to-little fingers of healthy participants 

for 5h (thus inducing an artificial, reversible syndactyly). This ingenious intervention revealed 

an initial decrease in the distance between the representations of D2 and D5 after only 30 min of 

webbing (B1 in Figure 39), followed by a subsequent increase that lasted for about 2h (B2-B4 in 
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Figure 39), before returning to baseline values after about 4h of finger webbing (B5 in Figure 

39; Stavrinou et al., 2007). These observations further confirm that the mechanisms underlying 

cortical reorganization are extremely rapid in their expression. 

 

Figure 39 [from Stavrinou et al., 2007]. Mean Euclidean distance between D2 and D4 
dipoles before (B0), during (every hour: B1-B5) and after (B6) finger webbing in 
humans, as measured by MEG. Statistical significance with respect to B0 is indicated. 

Another way of disrupting the cutaneous continuity and thus of altering the temporal pattern 

of somatosensory inputs is to translocate pieces of skin. In monkeys, transplantation of skin 

and its neurovascular supply from one finger to an adjacent finger appeared to result in an 

integration of the transplanted skin representation with that of surrounding skin to form the 

cortical representation of the digits (Clark et al., 1986). More recently, Rosselet and colleagues 

(2008) investigated the effects of rotating by 180° a vascularised and innervated pedicle flap of 

the ventrum skin bearing nipples in rats on the somatotopic map organization. Two weeks after 

parturition and nursing, electrophysiological mapping of the ventrum skin revealed that 

compared with non-nursing rats, nursing rats had a reincorporation of the rotated skin flap 

representation into an updated topographical organization of the cortical map, as well as a higher 

incidence of neurons with split RFs resulting from the surgical separation of formerly adjoining 

skin surfaces. This suggests that the nursing-induced cutaneous stimulation of this region helped 

integrating the newly induced continuity of formerly separated skin surfaces. In line with this, 

RFs that included newly adjacent skin surfaces on both sides of the scar line emerged in nursing 

rats. Interestingly, subsequent local anaesthesia of the skin flap induced a RF translocation 

within 2-3 min that reversed the nursing-induced RF changes, such that single RFs located on 

the skin flap shifted back towards their original locations assessed before parturition (Rosselet et 

al., 2008). The influence of the temporal pattern of somatosensory inputs has also been shown in 

humans, a study revealing a reduction of D1-D3 cortical distance when stimulation during the 

mapping procedure was delivered to digits 1, 3 and 5 in this fixed sequence, as compared to 
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randomly (Braun et al., 2000b). But it should be emphasized that the interstimulus intervals 

(ISIs) used in this study were fixed at 250ms, which first, is likely to induce adaptation due to 

stimulation repetition, and second, is highly similar to the study of Blake and colleagues (2005), 

who found a fusion of cortical representations after stimulating two adjacent digits with ISIs of 

200ms. A last remark concerns the matter of what should be considered synchronous or 

asynchronous inputs. Obviously, purely coincident inputs correspond literally to what one refers 

to when speaking about synchrony. But, should we consider the procedure of stimulation 

employed in Braun et al, 2000b and Blake et al, 2005 as asynchronous? Or is the fact of 

delivering a constant temporal pattern of stimuli (i.e., with fixed jittered stimuli) the relevant 

feature captured by neuronal activity before leading to the observed representational changes? 

Conversely, what can be considered an asynchronous stimulation? Purely randomized stimuli, 

free of any repeated pattern? 

Despite these last remarks, these studies performed either in rats, monkeys or humans, 

clearly demonstrate the relevance of the body-surface spatial continuity in determining and 

shaping the temporal pattern of afferent activity, which in turn also shapes the CNS 

organization and in particular the cortical representational maps. Different mechanisms are 

thought to subserve this activity-dependent plasticity, such as Hebbian-like spike-timing 

dependent plasticity (STDP) involving changes in the excitatory-inhibitory balance through 

long-term potentiation (LTP) and long-term depression (LTD) processes. These mechanisms 

will be further discussed in the next chapter (Chapter 3: The Hebbian plasticity, page 125). 

To conclude, we have seen throughout this chapter that cortical map reorganization within 

the somatosensory system, and in particular cortical reorganization occurring across the hand-

face border, has been primarily demonstrated after permanently or transiently depriving the 

cortex of its normal inputs either by lesioning afferents somewhere along the somatosensory 

pathway, or by local anaesthesia of a cutaneous region. Then, we saw that these plastic changes 

can be reversed by restoring inputs either through nerve or limb graft in humans, or through 

training/sensory enrichment in animals. We also saw that under non-pathological conditions 

(i.e., healthy subjects), increasing sensorimotor inputs/outputs either by undergoing an 

extensive practice leading to a sensorimotor expertise or by evolving in an enriched 

environment, also induces remarkable representational changes at the cortical level. Similarly, 

increasing more specifically somatosensory inputs through training on a tactile task or by 

delivering tactile stimuli with a specific temporal pattern also results in drastic changes in the 

topographic organization of somatosensory cortical areas. However, to my knowledge, the limits 

of such plastic changes have not been systematically investigated, in particular regarding their 
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possible spread across the hand-face border. In addition, the issue of understanding the 

functional relevance of these cortical changes remains unsolved despite numerous attempts. A 

short review of this literature will be described in the following section.   

IV. Functional consequences/relevance 

One of the most intriguing and yet unsolved challenges consists in understanding the 

functional relevance of cortical plasticity. It is indeed important to establish whether the 

observed changes in maps topography are associated with changes in cognitive or perceptual 

performance. In addition, better understanding the functional consequences of such plastic 

changes would help to develop new rehabilitative therapies targeting the induction of adaptive 

plasticity to promote recovery. But so far, the links between cortical and behavioural changes 

are far from being solved, numerous discrepant results having been reported, even at the level of 

early somatosensory areas such as SI. 

The cortical reorganization following transient or permanent suppression of somatosensory 

inputs is thought to offer no benefit and has rather been associated with negative outcomes, such 

as pain (Flor et al., 1995; Birbaumer et al., 1997; Karl et al., 2001), and has led to the idea of 

“maladaptive” plasticity. In particular, large-scale SI reorganization observed across the hand-

face border in amputees/deafferented patients has been positively correlated with the intensity of 

phantom limb pain (PLP) (Flor et al., 1995; Montoya et al., 1998; Karl et al., 2001). In favour of 

such an association, a larger amount of cortical reorganization, as measured by face invasion, 

was observed in traumatic amputees with PLP than in pain-free (congenital or traumatic) 

amputees (Birbaumer et al., 1997; Flor et al., 1998; Montoya et al., 1998; Grüsser et al., 2001a). 

Conversely, transient release of PLP induced by local anaesthesia of the stump (Birbaumer et 

al., 1997) or by 4 weeks of mirror training (Foell et al., 2013) was associated with a reversal of 

the cortical reorganization within SI, the lip representation shifting back to its original location. 

In line with these studies, another interesting case report showed that local anaesthesia of the left 

face in the context of dental treatments temporarily released the pain of a patient experiencing 

severe neuropathic pain in his left upper-limb following brachial plexus avulsion (Hozumi et al., 

2011). This pain alleviation was further associated with the disappearance of the illusory finger 

sensations evoked by face stimulation (i.e., referred sensations), and these effects lasted 2h, the 

time for the anaesthesia to resorb. Since this patient reported the same referred sensation as that 

reported in the literature showing hand/face border changes mainly following amputation (see 

“Plasticity following sensory deprivation” section page 75), the authors speculated that local 

anaesthesia of the mouth shrank the mouth/face representation and subsequently expanded the 
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somatotopic representation of the hand/upper limb within the sensorimotor cortices (see Figure 

40), resulting in amelioration of the neuropathic pain in the upper limb and in the disappearance 

of the referred sensations from the face to the phantom. Interestingly, a short but promising 

report revealed that 2 weeks of asynchronous tactile stimulation of the stump and ipsilesional lip 

in six upper-limb amputees, aiming to induce a segregation of their cortical representation based 

on Wang and colleagues' work (1995), resulted in an increase of the lip dipole moment that was 

significantly correlated with PLP reduction (Huse et al., 2001). While this increased lip dipole 

moment suggests an enlargement of its cortical representation, as no shift of this dipole was 

reported, this result could support an increased invasion of the face towards the deprived hand 

region, as well as away from it. But beyond the matter of invasion accentuation or reversal, this 

result could simply reflect a strengthening or potentiation of the cortical representation 

surrounding the deprived region, thus rather reinforcing and accelerating the plastic processes 

already in progress, whose aim is to re-allocate the deprived cortical area to remaining body 

parts to make cortical maps conform to the new body configuration. Note that an improved 

tactile perception as measured by absolute and two-point discrimination tasks, was also 

reported at the stimulated sites (stump and lip) compared with the contralateral sides. Thus, 

while the previous reports associate pain with enlarged representation of the lip (and pain 

release to its shrinkage), this latter report suggests the opposite by associating the expansion of 

the lip representation with pain release and increased tactile perception.   

 

Figure 40 [from Hozumi et al., 2011]. Schematic representation of the somatotopic 
reorganization occurring in the sensorimotor cortices following deafferentation by a 
brachial plexus avulsion injury (a) and its hypothetical normalization by application of 
local anaesthesia to the mouth (b). 
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When considering non-painful sensations, reports converge towards a much more 

complicated pattern of relationships between cortical plasticity and perceptual changes. Indeed, 

while it has been proposed (Ramachandran et al., 1992b; Ramachandran, 1993; Jain, 2002) that 

the plasticity-induced overlap between face and hand regions within somatosensory cortices 

may provide an anatomical and neurophysiological substrate for referred phantom sensations 

that are experienced by patients with limb amputation (Ramachandran, 1993; Ramachandran 

and Hirstein, 1998; Hozumi et al., 2011), and nerve or spinal cord injury (Moore et al., 2000; 

Pourrier et al., 2010), the large-scale SI reorganization observed in amputees was not found to 

be correlated with non-painful phantom sensations (Flor et al., 1995). However, the repeated 

observations of referred sensations to the phantom fingers when stimulating the face in 

amputees (see Figure 41; e.g., Ramachandran et al., 1992a, 1992b; Halligan et al., 1993; 

Borsook et al., 1998) is strikingly congruent with the cortical plastic changes also repeatedly 

observed across the hand-face border. In addition to pain, the reorganization observed in 

amputees was also found to be correlated with the number of sites from which painful stimuli 

evoked referred sensations (Knecht et al., 1996a, 1998), and with telescoping sensations (Katz, 

1992; Grüsser et al., 2001a), but not with tactile thresholds (either thermal, electric or spatial) 

assessed at the stump (Grüsser et al., 2001a). Thus, while a clear (and almost linear) link has 

been observed between SI reorganization and pain, the link with other perceptual changes 

remains largely unclear. However, it's worth noting that in all these studies, non-painful 

mechanical stimulation was used during brain imaging procedures, yielding to the expectation of 

repercussions primarily on non-nociceptive functions. In line with this, the presumed consistent 

and reliable relationship between pain and plasticity has been recently questioned by a study 

suggesting that PLP is rather related to a preserved hand representation, and to a reduced 

sensorimotor connectivity (Makin et al., 2013b). Thus, both painful and some non-painful 

sensations seem to be related to cortical changes, but through a complex association. In addition, 

it is likely that the measure used to quantify the reorganization in most of the previous studies 

was not precise enough to catch this relationship. Indeed, in amputees the plasticity was usually 

quantified by the relative ED between the intact face and the mirrored projection of the intact 

hand representation into the deprived hemisphere, which supposes first an initial "pseudo-

perfect" symmetry between hand representations (quite hazardous at the individual level), and 

second the absence of reorganization of the intact hand representation, which has actually been 

disconfirmed several times (see Elbert et al., 1997; Frey et al., 2008; Björkman et al., 2012; 

Makin et al., 2013a; Moore et al., 2013). In agreement with these remarks, different results were 

obtained with other approaches. For instance, fMRI recordings performed when inducing 
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referred sensations revealed different clusters of activation within SI corresponding to the 

regions from which, but also to which referred sensations were evoked (Moore et al., 2000), 

even if these body parts did not exist anymore (Björkman et al., 2012). Similarly, the use of a 

higher fMRI resolution (3T) revealed a quite substantial cortical reorganization within SI and 

M1 in pain-free lower-limb amputees experiencing phantom sensations (Simoes et al., 2012). 

Finally, artificially-induced referred sensations in healthy participants using the rubber hand 

illusion, were found to be positively correlated with an increased distance between the fingers 

(D1 and D5) involved in the illusion (Schaefer et al., 2006). Thus, taken together these studies 

stress the need for a more refined evaluation and quantification of plastic changes, by combining 

methodological approaches but also by simultaneously observing the plastic changes from 

different but complementary perspectives. 

Some perceptual changes, such as referred sensations, may also arise from plastic changes 

in higher integrative cortical areas, such as SII. Indeed, the sites from which referred sensations 

were mainly reported in upper-limb amputees are a large part of the ipsilateral face that includes 

the chin, upper lip, and cheek (Cronholm, 1951; Ramachandran et al., 1992a, 1992b). These face 

regions correspond to those from which inputs have been found to invade the hand 

representation within SI but also SII and PV in monkeys (i.e., OP1 and OP4 in humans) 

(Tandon et al., 2009). Moreover, the one-to-one relationship between the stimulated face sites 

and the phantom hand areas to which sensations were elicited (see Figure 41, Ramachandran et 

al., 1992b; Halligan et al., 1993; Yang et al., 1994; Knecht et al., 1996a; Borsook et al., 1998), 

strongly suggests the involvement of a somatotopically organized cortical area. Finally, these 

referred sensation maps appear to be modality-specific - at least in the acute phase (Borsook et 

al., 1998), and to evolve with time (Halligan et al., 1994; Knecht et al., 1998) in the same way 

cortical maps do. The involvement of higher order cortical areas is consistent with the fact that 

restoration of visuo-motor inputs/outputs alleviates PLP (see Flor and Diers, 2009 as a review 

for rehabilitative sensorimotor training). However, referred sensations were also reported 

following microstimulation of the deafferented thalamic region, which supports the contribution 

of subcortical reorganization (Davis et al., 1998). As a corollary, these results also indicate that, 

as for the issue of understanding which site along the neuraxis is responsible for the observed 

large-scale cortical reorganization, the origin of the associated perceptual changes remains 

unclear and is more likely to arise from the contribution of the different relays along the 

somatosensory pathway rather than from one specific site. 
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Figure 41. Example of cases reporting referred sensations across the hand-face border. 
Top left [from Halligan et al., 1993]: The regions on the right side of the face of patient 
DM which elicited precisely localized referred sensations in the phantom hand: 1 = 
elbow; 2 = lower arm; 3 = wrist; 4 = palm; 5 = generalized area of the fingers (with 
occasional specific reference to the middle and ring fingers); 6 = little finger; 7 = finger 
tips; 8 = base of fingers; 9 = no referred sensations. Top right [from Ramachandran and 
Hirstein, 1998]: Regions on the left side of patient VQ's face which elicited precisely 
localized referred sensations in the phantom digits 4 weeks after amputation. The region 
labelled 'T' always evoked sensations in the phantom thumb, 'P' from the pinkie, 'I' from 
the index finger, and 'B' from the ball of the thumb. Bottom [from Borsook et al., 1998]: 
Somatotopic representation of referred phantom sensations in the hand following 
stimulation of the face with different stimuli 24 h after amputation. The sites used were 
on the same side as the amputation. No phantom sensations were elicited by stimulation 
of sites on the opposite side of the face. Phantom activation of the arm was seen in more 
lateral stimulation sites (3 cm lateral to the corner of the mouth). 

Apart from this consideration, while pain is obviously a negative outcome, referred 

sensations and more generally phantom sensations, even if not painful, do not provide any 
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benefit but rather some confusion regarding which body part has been touched. Thus, the 

cortical reorganization giving rise to these sensations, but also in some cases to PLP, is usually 

considered as “maladaptive”. In contrast, similar deprivation-induced plasticity has also been 

associated with positive (and functionally relevant) outcomes. For instance, increased tactile 

spatial acuity was observed at the homologous hand (Werhahn et al., 2002; Björkman et al., 

2004b), but also at the lips (see Figure 42; Weiss et al., 2004) following hand anaesthesia via 

ischemic or pharmacological nerve blockade respectively. In addition, while the acuity changes 

observed at the homologous hand were not observed following foot ischemic nerve blockade 

(Werhahn et al., 2002), partial hand anaesthesia was also associated with increased 

mislocalization of touch in the intact ulnar portion of the hand, from D4 to its neighbour D3 

whose nerve supply was blocked (Weiss et al., 2004). Together these results underline a spatial 

selectivity of both cortical and behavioural changes, consistent with the neighbouring cortical 

representation of the hand and face and with the strong transcallosal reciprocal connections 

between homotopic regions within SI (for review see Iwamura et al., 2001). As these gains in 

tactile spatial acuity were identified shortly after the onset of deafferentation, and no change in 

nerve transduction or subcortical structures was found (Werhahn et al., 2002), these behavioural 

changes seemingly arose from mechanisms subserved by existing connections within SI. One 

possible mechanism is disinhibition between adjacent cortical representation through removal of 

existing lateral inhibition via anaesthesia, which could account for both the cortical enlargement 

resulting in the hand-face “invasion” and the improved acuity at the lips. 

             
Figure 42 [from Weiss et al., 2004]. Effects of local anaesthesia of the radial and 
median three-quarters of the hand on: Left panel: the distance between Lip and D5 
cortical representations (assessed by ECDs), and Right panel: the lip spatial acuity 
following hand anaesthesia (assessed by two-point discrimination thresholds). 

Similar to Weiss and colleagues, Gandevia and Phegan (1999) reported enhanced perceived 

size of the lips following thumb anaesthesia either by nerve block or cooling, while that of the 

adjacent finger (D2) was not altered. In line with the hypothesis mentioned earlier, increased 

spatial acuity was also reported at the hand level following anaesthesia of the above forearm 
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(Björkman et al., 2004a, 2009; Petoe et al., 2013), and was associated with an expansion of the 

hand representation within SI (Björkman et al., 2009), and with increased intracortical inhibition 

(Petoe et al., 2013). But changes on the homologous hand were not systematically observed 

(Björkman et al., 2004a, 2009). Altogether, these results demonstrate that a similar event 

triggering reorganization, in this case sensory deprivation, can be associated with both negative 

and positive outcomes. However, note that since the origin of these cortical and functional 

changes is by definition negative, both outcomes have been interpreted mainly in terms of 

competition, with the absence of a given input releasing the lateral inhibition between adjacent 

cortical regions, and resulting in both cortical and functional changes. But competitive processes 

might by itself be regarded as negative, as the “winner” always wins to the detriment of another. 

Conversely, an increase in sensory inputs (i.e., the opposite of deprivation) produces an 

expansion in the corresponding cortical representation zone, similar to that observed for intact 

cortical areas adjacent to a deprived region. But in the case of use-dependent or afferent-increase 

cortical reorganization, this expansion has almost always been associated with the development 

of skills and with outcomes that are advantageous to the individual. For instance, an expanded 

hand representation was reported in string players (Elbert et al., 1995), supposedly subserving 

the enhanced manual dexterity of these musicians. A greater absolute and spatial tactile acuity 

was also recently reported in pain-free musicians as compared to non-musicians or to musicians 

with chronic pain (Zamorano et al., 2015). Similarly, long-term training in Braille reading was 

associated with enlarged cortical representations of the reading fingers (Pascual-Leone and 

Torres, 1993; Sterr et al., 1998a, 1998b), which was linked with the fact that blind Braille 

readers were found to outperform sighted people in terms of tactile acuity (Van Boven et al., 

2000; Goldreich and Kanics, 2003; Wan et al., 2010; Norman and Bartholomew, 2011; Wong et 

al., 2011). However, as mentioned earlier, these initially adaptive plastic changes can result in 

disadvantageous consequences due to over-use, such as, in the case of musicians, focal hand 

dystonia due to the fusion of finger cortical representations (Elbert et al., 1998). Similarly in 

blind Braille readers, representations of the reading fingers were found to be topographically 

disordered (Pascual-Leone and Torres, 1993; Sterr et al., 1998a, 1998b), and an enhanced 

frequency of mislocalization of tactile stimuli was further found between reading fingers in 

multiple-digit blind readers (Sterr et al., 1998b, 2003).  Thus, the functional benefits acquired by 

extensive practice seem to have some “side-effects”, resulting in either pathological cases such 

as dystonia, or in deficits in other tasks (i.e., tactile localization in blind Braille readers). 

Together with the deprivation-related literature, this evidence suggests that use-dependent 
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cortical reorganization can also lead to negative outcomes, and thus can be sometimes as 

“maladaptive” as the deprivation-induced reorganization. 

Other reports of cortical representational expansion arise from rehabilitation cases. For 

instance, the restoration of the hand cortical representation found by Giraux and colleagues 

(2001) in an amputee who underwent bilateral hand graft, was found to be associated with 

tactile extinction at the functional level (Farnè et al., 2002). The authors showed that 

simultaneous stimulation of the ipsilateral face extinguished hand tactile perception soon after 

the graft, in accordance with the face representation invading that of the deprived hand, and 6 

months after, but no longer at 11 months post-operatively. The authors interpreted this ipsilateral 

face-hand extinction as a perceptual counterpart of the remapping that occurs after allograft and 

further stressed that such results highlight the inherently competitive nature of sensory 

representations. Similar “tactile extinction” was observed in an earlier report describing the case 

of an amputee whose referred sensations could be suppressed by simultaneously touching her 

intact hand and the face evoking referred sensations (Ramachandran and Hirstein, 1998). 

Interestingly, this extinction was not observed when the face was simultaneously touched with 

other body-parts (i.e., contralateral shoulder, chest or thigh), suggesting here again a 

somatotopy-based spatial selectivity but this time through topographically organized 

transcallosal connections, known to be mostly inhibitory. Another interesting case report 

concerns a patient who underwent a toe-to-index transplantation (Hadoush et al., 2012). MEG 

recordings in this patient revealed a progressive recovery of the index finger representation over 

time (weeks 12 and 24), as measured by an increased D2-D5 ED, together with an increased 

strength and a decreased latency of D2’s dipole, and these cortical changes were paralleled by 

recovery of hand sensitivity. Altogether, these three case reports tend to underline the adaptive 

aspects of plastic changes in rehabilitation, increased cortical representation being associated 

with sensory recovery, but also with tactile extinction in early recovery stages.  

Focussing on the somatosensory level, while an improved temporal discrimination 

associated with an enlarged finger representation was found in monkeys (Recanzone et al., 

1992a), the relationship between cortical changes and behavioural performance is less clear in 

humans. Indeed, humans trained 3-4 weeks in a temporal discrimination task exhibited enhanced 

performance with complete transfer of learning to the contralateral hand, and these changes 

were associated with a unilateral decrease in the hand dipole strength (Spengler et al., 1997). 

This dipole strength decrease was discussed by the authors as reflecting either a decrease of the 

neuronal population contributing to the signal (i.e., representational shrinkage) or a decrease in 

the temporal and spatial coherence in the evoked activity. But while the authors concluded that 
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the attenuation of SEFs and the complete learning transfer indicate learning in associative 

cortical areas rather than plasticity in early sensory areas, I would consider an alternative  simple 

interpretation, which arises directly from the task used in their protocol. Indeed, participants 

were instructed to localize a certain pattern of tactile stimulation (i.e., two consecutive 

stimulations) either at the distal or at the proximal segments of D2-D4 (i.e., same protocol as 

Wang et al., 1995). The task requiring a clear distinction between two locations, shrinkage of 

their representations and RFs would thus help to perform the task. And such functional 

shrinkage could be driven by task-related attentional modulation (Braun et al., 2002). In 

addition, another report of improved performance in participants who trained for 30 days in a 

frequency discrimination task, did not observe any cortical changes as assessed by MEG (Imai 

et al., 2003). Finally, a study comparing the cortical correlates observed during and after spatial 

tactile training revealed changes in opposite directions (Braun et al., 2000a). Indeed, while 

during training the distance between the cortical representations of the fingers involved in the 

task increased, this same distance decreased after training, when fingers were passively 

stimulated. And this latter decrease was correlated with an increased frequency of 

mislocalizations attributed to more distant fingers (Braun et al., 2000a; Schweizer et al., 2001). 

The authors concluded that the discrimination training tended to isolate pools of neurons 

activated by D1 or D5 stimuli in SI (likely thanks to attentional processes), whereas the passive 

stimulation tended to enlarge/move the territories toward each other, possibly resulting in an 

overlap increasing the probability of tactile mislocalizations. Altogether, while the functional 

consequences of tactile training have been quite abundantly described in humans, their links to 

the changes in cortical representational maps remain unclear. In addition, while animal studies 

clearly suggest that tactile training and improved performance are related to enlarged cortical 

representations (Jenkins et al., 1990; Recanzone et al., 1992a, 1992c, 1992d, 1992e), these 

changes were not observed in humans following similar protocols. 

Although it is outside the scope of the thesis, it should be recalled that age-dependent 

changes also bring to cortical enlargement, but associated with opposite perceptual effects. 

Indeed, a similar expansion of the hand cortical representation was reported in elderly (60-85 

years old), but was associated with strong decline in tactile spatial acuity (Kalisch et al., 

2009). Similar results were observed with electrophysiological recordings in rats, enlarged SI 

representations being correlated with sensorimotor deficits (Spengler et al., 1995). So in this 

case, the enlargement of cortical representation was associated with negative outcomes and not 

with enhanced acuity as in Recanzone's paper (1992a).  
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Altogether, in this section I reviewed findings showing that a given representational change 

such as a cortical expansion has been associated with: (i) phantom sensations following 

amputation and spinal cord injury, and (ii) sometimes pain release (PLP); (iii) increased tactile 

acuity following anaesthesia or expertise (i.e., musician/Braille readers); (iv) enhanced 

sensorimotor skills with expertise such as in musicians, Braille readers or any learner; (v) 

sensorimotor recovery following graft or transplantation; but also (vi) different kinds of pain 

such as phantom limb pain, back pain or neuropathic pain; (vii) increased mislocalization of 

tactile stimuli following anaesthesia, over-use or tactile training; (viii) some pathologies such as 

dystonia; and (ix) somatosensory deficits in elderly. Thus seemingly identical 

‘phenomenological’ expressions of cortical plasticity within SI can be either associated with 

“positive” (adaptive) or “negative” (maladaptive) outcomes, exhibiting sometimes entirely 

opposite effects on a given task. Thus, whilst there is an intuitive advantage in developing a 

larger cortical representation as a result of skill acquisition, this overview of some of its other 

functional outcomes clearly underlines that the significance of cortical reorganization remains 

largely unclear, and even questions the presence of a functional significance of cortical 

plasticity. It could be that cortical reorganization per se is neither positive nor negative for 

individuals, the valence of its effects being likely to depend on multiple factors, such as the 

nature of the event triggering the reorganization, the context in which this event occurs, the level 

at which the somatosensory pathway is affected and the environmental or task-related demands 

placed upon the individual. Thus, if one wants to achieve a better understanding of the complex 

relationships linking cortical and behavioural changes, all these potentially confusing factors 

must be minimized or at least controlled, as much as possible. The work done in this thesis is an 

attempt to contribute to this huge challenge faced by the scientific community, and in particular 

here the somatosensory community. To avoid the confounding aspects of lesional and motor 

contributions mentioned throughout the section “Plasticity following sensory deprivation” (page 

75), we chose the model of activity-dependent plastic changes induced in a healthy population 

and the use of a pure somatosensory protocol designed to precisely control for input pattern. 
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CHAPTER 3: THE HEBBIAN PLASTICITY  

I. Concept 

As briefly mentioned in the section “Relevance of spatial/temporal dis/continuities” of the 

previous chapter, one of the most likely mechanisms underlying activity-dependent plastic 

changes is based on Hebb’s postulate. Indeed, numerous investigations suggested the crucial 

relevance of input temporal pattern for shaping and modulating the brain functional circuitry 

(see Buonomano and Merzenich, 1998 for a review).  

The idea of brain plasticity started to receive wide acceptance in the 1940s when the theory 

of neural plasticity got some popularity thanks to Donald Hebb, who was claiming that ‘‘cells 

that fire together, wire together’’. Hebb introduced a concept in which an increase in synaptic 

efficacy arises from episodes of high temporal correlation between pre- and post-synaptic 

activity (Hebb, 1949). Such a plastic mechanism is now known as ‘‘Hebbian learning’’ or 

“Hebbian plasticity”. Later, Jacques Paillard supported the theory of brain plasticity by stating 

that ‘‘The term plasticity is only appropriate in terms of the ability of a system to achieve novel 

functions, either by transforming its internal connectivity or by changing the elements of which 

it is made’’ (see Will et al., 2008 for an English translation and commentaries). New enthusiasm 

for Hebb’s theory was then provided by the fundamental description of long-term potentiation 

(LTP) and depression (LTD) mechanisms (Bliss and Lomo, 1973; Wigström and Gustafsson, 

1986) and is now commonly advocated to explain some types of associative learning in which 

simultaneous activation of cells leads to pronounced increases in synaptic strength. In addition 

to LTP and LTD mechanisms, the crucial role of the relative timing between pre- and post-

synaptic activity led to the concept of spike-timing-dependent plasticity (STDP). STDP was 

revealed by the demonstration that LTP is induced when pre-synaptic activity preceded post-

synaptic activity by tens of milliseconds, whereas LTD is induced when spiking occurs in the 

reverse order (post-synaptic before pre-synaptic) (e.g., Markram et al., 1997; Feldman, 2000; 

see Dan and Poo, 2004, 2006 for reviews). Although the preponderance of STDP processes in 

driving activity-dependent plasticity has been recognized, their implementation was mostly done 

in vitro and in vivo in animals, before being adapted to humans.  

In this chapter, I will briefly describe the different protocols that have been used to induce 

Hebbian plasticity by emphasizing how this plasticity, which was first described in vitro at the 

synaptic level, was also reported following stimulation of parts of the cortex, and then peripheral 

sensors. Consequently, I will first describe the principles of Hebbian synaptic plasticity, before 



126 | P a g e  

zooming out to the plastic changes observed following intracortical microstimulation (ICMS). 

Then, I will describe how these protocols were adapted to non-invasive protocols that could be 

applied in animals but also in humans, for which plastic changes are mainly investigated at the 

level of the entire brain, leading to the observation of representational plasticity. Finally, I will 

describe in more detail the perceptual and cortical consequences observed following the 

protocol of repetitive somatosensory stimulation, which was used as a mean of inducing 

transient plastic changes in the present work. 

II. Induction: from synapses to the skin 

a. Hebbian synaptic plasticity 

As mentioned above, the Hebbian learning rule was first described and then investigated at 

the synaptic level. This gave rise to the Hebbian synaptic plasticity, which was first reported in 

hippocampal neurons (e.g. Kelso et al., 1986). When presynaptic input from CA3 axons was 

paired with postsynaptic depolarization, the amplitude of the EPSPs was enhanced in a long-

lasting way and referred to as LTP. This form of associative plasticity is of particular interest 

because it is an instantiation of Hebb’s postulate according to which simultaneous pre- and post-

synaptic activity results in the strengthening of the synaptic connection. A particular subtype of 

the glutamate receptor, the N-methyl-D-aspartate (NMDA) receptor (see Fan et al., 2014 for a 

review), mediates this process by permitting the influx of Ca2+, which in turn increases post-

synaptic excitation and is a critical early step in the induction of LTP, when a postsynaptic 

depolarization arrives in presence of glutamate (see Bliss and Collingridge, 1993; Nicoll and 

Malenka, 1995). LTP is also found at the cortical level, and, even if more complex, is highly 

similar to that observed in the hippocampus and can be induced in both cortical slices and in 

vivo. One of the first demonstrations of Hebbian synaptic plasticity in the cortex was with 

intracellular recordings from cat motor cortex in vivo (Baranyi and Fehér, 1981), by pairing 

synaptic input from the ventrolateral nucleus of the thalamus with stimulation of a second 

pathway or intracellular depolarization. Three main protocols have been used to induce LTP at 

the cortical level: (a) tetanus, often a 100-Hz, 1-s stimulus applied to the afferent pathway; (b) 

theta-burst stimulation, in which 10 brief bursts at 5 bursts/s are applied, with each burst 

consisting of 4 pulses at 100 Hz, again delivered to the afferent pathway; and (c) through 

pairing, in which intracellular depolarization of the postsynaptic cell is paired with low-

frequency afferent stimulation. These protocols are likely to differ significantly in their 

physiological relevance but the general hypothesis is that manipulations that decrease inhibition 

or increase the NMDA current result in more robust LTP.  
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b. Intracortical microstimulation 

One level of investigation above, in vivo ICMS has been successfully used to induce short-

term and reversible plastic changes in various cortical regions, including motor (e.g., Gu and 

Fortier, 1996), somatosensory (Recanzone et al., 1992b; Dinse et al., 1993, 1997; Spengler and 

Dinse, 1994; Benali et al., 2008), auditory (e.g., Sakai and Suga, 2001) and visual (e.g., Godde 

et al., 2002) cortices. Typically, ICMS consists in repetitive electrical pulse trains that are 

delivered intracortically via a microelectrode, and which activate a cortical volume of tens or 

hundreds of microns depending on the intensity used. This stimulation results in nearly 

simultaneous activation of all local pre- and post-synaptic elements as well as the modulatory 

inputs projecting to that same cortical locus. Therefore, this stimulation generates the type of 

temporally coincident responses necessary to induce Hebbian plastic changes. The short time 

scale and reversibility of ICMS-induced changes support the idea that ICMS modulates synaptic 

efficiency in neuronal networks.  

Applied over the primary somatosensory cortex of monkeys or rats, ICMS has been shown 

to induce transient changes in the somatotopic map in area 3b. For instance, significant 

extension of the cortical representation of a restricted skin region was reported up to several 

hundred microns away from the conditioning microstimulation site (Recanzone et al., 1992b; 

Spengler and Dinse, 1994). Interestingly, these representational changes were reversible 6 to 8 

hours after termination of ICMS (Spengler and Dinse, 1994), and were accompanied by changes 

in RFs location and size following different patterns. Indeed, while some RFs shifted toward or 

away from the microstimulation site, others shifted and expanded to include the RF of the 

microstimulation site (Recanzone et al., 1992b). Interestingly, ICMS of SI in rats and of BA3b 

in monkeys, revealed an increased correlation in the activity not only of neuron pairs separated 

by about 250μm, but also of pairs separated by 300-800μm or more, revealing an emergence of 

long-range functional coupling (Dinse et al., 1993). Furthermore, this increased coupling was 

positively correlated with a several-fold increase of RFs overlap, changes in RF size and 

response latency. These effects were initially detected 15min after ICMS.  

Altogether, these results demonstrate that ICMS, which is considered to induce Hebbian-

like plastic changes, results in substantial changes in cortical representations, and notably in an 

expansion of the stimulated representation. However, ICMS, as well as the “classical” protocols 

used to induce LTP, can be regarded as artificial and non-physiological experimental 

procedures, compared to natural cutaneous stimulations.  
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c. Temporally paired cutaneous stimulation 

Under more ecological circumstances, similar Hebbian plastic changes occur when tactile 

inputs are temporally paired. Indeed, given the somatotopic organization of the body surface at 

the cortical level, two neighbouring cutaneous points that are stimulated in close temporal 

proximity are more likely to elicit synchronous firing of neighbouring neurons. In terms of the 

excitatory intracortical connections in cortical networks, Hebbian learning should drive neurons 

engaged by behaviourally important stimuli to respond to them in a more temporally coherent 

manner. This kind of synchronous stimulation, or pairing protocol, has been extensively used in 

rodents, by trimming or plucking a subset of whiskers. Neural responses to deprived whiskers 

rapidly decrease and cause the weakening and shrinking of the representation of deprived 

whiskers within the map. In contrast, the responses to spared whiskers increase slowly, and lead 

to the strengthening and expanding of the representation of spared whiskers within the map 

(Fox, 1992; Diamond et al., 1993; Sellien and Ebner, 2007). The dynamic relocation of cortical 

processing space from deprived inputs toward spared inputs will optimize sensory processing 

(see Feldman and Brecht, 2005 for a review).  

The induction of cortical reorganization following temporally paired cutaneous stimulations 

was also described in monkeys (Recanzone et al., 1992c; Wang et al., 1995) and in humans 

(Spengler et al., 1997; Liu et al., 2000) via training, and was initially tested by syndactyly and 

webbing experiments (described in section Relevance of spatial/temporal dis/continuities, page 

112). Interestingly, a study performed in both rats and humans using a pairing paradigm of 

natural tactile stimulation revealed an expansion of the cortical representation of the stimulated 

hindpaw in SI of rats associated with enlarged RFs, while a similar procedure resulted in an 

enhanced tactile acuity at the stimulated fingers (Godde et al., 1996). This study was the first 

suggesting the relevance of adapting somatosensory pairing protocols to humans, and provided 

the evidence that such stimulation may have functional outcomes. 

However, it is worth noting that the enlargement of RFs size observed in rats may appear 

contradictory to the improved discrimination observed in humans. Indeed, given that tactile 

acuity resolution is considered to be determined by the spacing between RF centres (Goodwin 

and Wheat, 2004), a decrease in RFs size is usually expected to obtain an improved 

discrimination. But, note that an enlarged cortical representation was also observed, suggesting 

an increase in the number of neurons activated by the stimulation and thus processing the tactile 

information. In addition, discrepancies in the direction of RF size changes has been frequently 

observed. Among the possible explanations, the pattern and location of somatosensory 



129 | P a g e  

stimulation is thought to affect RFs size. Indeed, while studies in which stimuli were applied 

with a significant trial-by-trial variability in location (e.g. Xerri et al., 1994) or in which stimuli 

moved across the skin (e.g. Jenkins et al., 1990) repeatedly reported RFs size shrinkage 

following training/stimulation exposure, studies in which stimuli were applied at an invariant 

skin location (e.g. Recanzone et al., 1992a, 1992c, 1992d, 1992e; Wang et al., 1995) reported in 

contrast enlarged RFs for the trained region (see section previous chapter). This was interpreted 

as a consequence of the fact that by Hebbian plasticity, any input into the cortex driven from the 

invariantly stimulated skin location would be integrated into a necessarily larger receptive field. 

In contrast, when stimuli move across the hand (as in Jenkins et al., 1990) or are delivered to 

inconstant skin locations (as in Xerri et al., 1994), each small sector of skin is an effective 

source of competitive input for the Hebbian network, and receptive fields therefore shrink in 

size as the zones of representation of the engaged skin surface grow in size. Note also that RFs 

and cortical map changes induced by naturalistic sensory enrichment were found to follow 

different time courses (Rosselet et al., 2006), the RF size reduction occurring earlier than map 

expansion. Thus, the onset at which both are recorded must be taken into consideration. 

Aside from this parenthetical remark about RFs, we can see that similarly to ICMS, 

temporally paired cutaneous stimulation results in substantial reorganization of the cortical 

representation of the stimulated site. In addition, applied in humans, such protocol appears to 

alter tactile acuity. The paradigm introduced by Godde and colleagues, now commonly referred 

as repetitive somatosensory stimulation, was then extensively used to investigate the link 

between cortical plastic changes and perceptual changes in humans. This literature will be 

described in the following section. 

III. Repetitive somatosensory stimulation 

a. Description 

As underlined in the previous sections of this chapter, the preponderance of the temporal 

coincidence to induce plastic changes has been widely demonstrated. Spike-timing-dependent 

plasticity together with LTP and LTD of synaptic transmission are the most likely processes 

driving activity-dependent plasticity. However, the induction of such processes is typically 

performed invasively in animals, either in slice preparations or intracortically in vivo, which 

makes its implementation in humans difficult, if not impossible. The paradigm introduced by 

Godde and colleagues (1996), or repetitive somatosensory stimulation (RSS), corresponds to an 

adaptation of the classical Hebbian protocols into an ecological stimulation that can be 
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implemented in humans, and which allow for a complete control of the timing and 

spatiotemporal allocation of the stimulation in order to systematically study brain plasticity and 

its functional relevance (see Beste and Dinse, 2013; Parianen Lesemann et al., 2015 for recent 

reviews). Consistent with the Hebbian postulate, RSS consists in a passive simultaneous 

stimulation of cutaneous receptive fields for a few hours. Since Godde and colleagues (1996), a 

substantial number of studies confirmed that RSS induces cortical changes associated with 

changes in tactile perceptual abilities comparable to those occurring after application of active 

perceptual learning paradigms (described in detail below). However, in contrast to classical 

training-dependent procedures, RSS presents the characteristic of being completely passive and 

devoid of attentional or cognitive control processes (i.e., training-independent, Beste and Dinse, 

2013). 

Several lines of evidence strongly suggest that RSS relies on Hebbian synaptic plasticity 

and reflects LTP-like plasticity in SI. First, RSS effects (both cortical and behavioural) were 

found to be N-methyl-D-aspartate (NMDA) receptor-dependent (Dinse et al., 2003), this 

receptor being known to be crucial for LTP induction. Similarly, RSS behavioural effects were 

also found to be dependent on cholinergic mechanisms which are known to participate in 

NMDA receptor-dependent neuroplasticity (Bliem et al., 2008). In addition, an Hebbian-like 

“co-activation” of several RFs has been proven to be crucial for the induction of 

plastic/behavioural changes (Pleger et al., 2003; Ragert et al., 2008). In line with this, opposite 

perceptual changes have been reported following in vitro-like protocols of high- and low-

frequency RSS, discrimination being improved following high-frequency stimulation, whereas 

low-frequency stimulation resulted in an impaired acuity (Ragert et al., 2008). These results 

indicate that brief stimulation protocols resembling those used in cellular LTP and LTD studies 

can induce meaningful and persistent alterations in tactile discrimination in humans. This 

evidence further supports the Hebbian action of RSS. Finally, the short time-scale over which 

RSS cortical and behavioural effects occur (up to 8 hours; Godde et al., 2000) further supports 

the fact that RSS relies on Hebbian-like transient changes in synaptic efficiency. 

Most studies using this protocol applied RSS on the tip of the right index finger (right-D2) 

(Godde et al., 1996, 2000, 2003; Pleger et al., 2001, 2003; Dinse et al., 2003, 2006; Hodzic et 

al., 2004; Ragert et al., 2008; Gibson et al., 2009; Schlieper and Dinse, 2012; Freyer et al., 2012, 

2013; Höffken et al., 2012), while few other studies applied RSS on two- or more adjacent 

fingers (Pilz et al., 2004; Kalisch et al., 2007, 2008; Smith et al., 2009; Kowalewski et al., 

2012), or on the whole hand with a specific glove (e.g., Golaszewski et al., 2012). I will describe 

in the following sections the behavioural and cortical plastic changes obtained following RSS, 
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with a particular emphasis on single-finger stimulation as this procedure was the one used in the 

present work.  

b. RSS-induced perceptual and cortical changes 

First, the consequences of RSS-induced plasticity on tactile perception was assessed using 

tactile spatial discrimination tasks, mainly the two-point discrimination task (2PDT) and the 

grating orientation task (GOT). Following two (Godde et al., 2000) to three hours (Pleger et al., 

2001, 2003; Dinse et al., 2003, 2006; Godde et al., 2003; Hodzic et al., 2004) of RSS at the 

right-D2 fingertip, a substantial improvement in spatial acuity has been observed at the 

stimulated fingertip, the effect size ranging between 13 and 28.8% (Parianen Lesemann et al., 

2015). Conversely, the acuity at the homologous finger was repeatedly found to remain stable 

after RSS at right-D2 (Godde et al., 2000, 2003; Pleger et al., 2001, 2003; Dinse et al., 2003, 

2006). However, apart from the homologous finger, few reports investigated the selectivity of 

RSS-induced perceptual changes. Among these studies, one reported that the spatial acuity at the 

adjacent major finger (right-D3) remained stable (Godde et al., 2000), while another study only 

reported that the dipole source of the adjacent thumb (right-D1) was no affected by RSS at right-

D2 (Pleger et al., 2001). Moreover, it is worth noting that in the former study the acuity at right-

D3 was tested on a small sample of participants (i.e., 7), and that a high variability was 

observable (see Figure 43). 

 

 

Figure 43 [from Godde et al., 2000]. Relative changes (Post-Pre in %) of discrimination 
thresholds were measured at the tip of right-IF (i.e., right-D2), right-MF (i.e., right-D3), 
and left-IF (i.e., left-D2) after RSS was applied to right-D2. In addition, the result of a 
sham stimulation applied to right-D2 is shown. 
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These results led the authors to interpret RSS discrimination changes as highly specific to 

the stimulated finger. In contrast to two or three hours, 30min of RSS was found not enough to 

yield significant changes in tactile discrimination (Godde et al., 2000). Regarding the time 

course of recovery, the improved tactile acuity was found still present 2 to 4h after RSS, but 

returned to baseline within 8h after RSS (Godde et al., 2000). Finally, the same authors reported 

that RSS at right-D2  cumulated over 3 consecutive days (2h/day) delayed the recovery time up 

to 72h. Interestingly, in contrast to tactile spatial discrimination, an impaired frequency 

discrimination was reported at the stimulated fingertip following RSS (Hodzic et al., 2004), 

suggesting a trade-off between spatial and temporal discrimination abilities. But to date, this has 

been the only one report showing that RSS acts on temporal aspects of tactile perception. 

Altogether, these studies reveal that RSS applied at a fingertip substantially improves its tactile 

spatial discrimination.  

RSS has been demonstrated to reliably induce a transient cortical plasticity of the 

stimulated finger’s representation in rats (Godde et al., 1996) but also in humans (Pleger et al., 

2001, 2003; Dinse et al., 2003; Godde et al., 2003; Hodzic et al., 2004). Depending of the 

imaging technique employed, this plasticity has been described in terms of an enlargement of 

the finger’s representation within SI (Figure 44; Pleger et al., 2003; Hodzic et al., 2004), and/or 

by a shift of its centre of gravity (CoG) or dipole source toward the thumb representation (Pleger 

et al., 2001; Dinse et al., 2003; Godde et al., 2003; Hodzic et al., 2004). Similar changes were 

also observed within the secondary somatosensory cortex (Figure 44; Pleger et al., 2003; Hodzic 

et al., 2004). Conversely, no significant cortical changes were observed for the homologous 

finger (left-D2; Pleger et al., 2001, 2003; Dinse et al., 2003; Godde et al., 2003; Hodzic et al., 

2004) and, although on a relatively small sample of participants (n=5), for the adjacent thumb 

(right-D1; Pleger et al., 2001). Additionally, an increase in cortical excitability was reported 

after RSS, as measured by dipole strength (Pleger et al., 2001), BOLD signal intensity (Pleger et 

al., 2003), or paired-pulse SEP recordings (Höffken et al., 2007). Given that an increased 

excitability is considered as a typical signature of effective LTP induction, this increased 

excitability together with the expansion of the representation of the stimulated finger suggest 

that RSS lead to the recruitment of latent connections and/or to fast modulations of synaptic 

efficiency. Interestingly, the amount of shift (Pleger et al., 2001; Dinse et al., 2003; Hodzic et 

al., 2004), enlargement (Pleger et al., 2003) and cortical excitability (Höffken et al., 2007) of the 

finger representation was found to be correlated with its spatial discrimination performance. 

Thus, the improved discrimination is likely to arise from a recruitment of processing resources 

(see Gilbert et al., 2001 for more general discussion). 
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Figure 44. Left [from Godde et al., 2003]: Mean theta angles of the dipoles 
corresponding to the contralateral representations of each index finger (stimulated and 
control) before and after RSS. A representative example of dipole locations is illustrated 
below, with the dipoles corresponding to the contralateral representations of each finger 
before (filled circles) and after (open circles) RSS. Right [from Pleger et al., 2003]: (A-
D): Fixed-effects analysis showing BOLD signals detected pre (A and B) and post (C 
and D) RSS in the contralateral SI and in the contralateral and ipsilateral SII (LH/RH: 
left/right hemisphere). S1 parameters: Pre-RSS [cluster level = 255 vox; T-score = 
10.12; MNI template coordinates (mm) = -46, -11, 50 (x,y,z)]; Post-RSS [cluster level = 
1091 vox; T-score = 20.23; -56, -21, 50 (x,y,z)]. (E) RFX analyses (paired t-test pre vs 
post) revealed significant changes of right-D2 activated patterns localized in the 
contralateral SI and SII [threshold: p = 0.001 uncorrected; S1 parameters: 22 v; T-score 
= 5.92; -44, -18, 54 (x,y,z)]. (F) No changes of BOLD activity were found contralateral 
to the control left-D2. 

As previously mentioned, few studies applied RSS on multiple fingers. In such cases, the 

stimulation was delivered either synchronously or asynchronously to the different fingers (Pilz 

et al., 2004; Kalisch et al., 2007). After 3h of RSS applied synchronously to D2 and D3 or to D3 

and D4, mislocalization between these fingers increased by approximately 37.5%, and was 

associated with a “merge” of the cortical representations of these fingers in the contralateral SI 

(Pilz et al., 2004). In contrast, asynchronous stimulation led to a decreased number of 

mislocalizations (i.e., improved localization) by approximately 22%, which was accompanied 

by a “segregation” of the cortical representation of the stimulated finger (Pilz et al., 2004). 

When applied on all the fingers of the right hand, synchronous RSS led to an improved spatial 
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discrimination associated with an increased rate of mislocalization to more distant fingers, 

whereas after asynchronous RSS no significant perceptual change was observed (Kalisch et al., 

2007). Interestingly, in contrast to spatial acuity, tactile sensitivity as assessed by absolute 

thresholds was unaffected by RSS (Kalisch et al., 2007). Altogether, these studies suggest that 

when several fingers are submitted to RSS, synchrony is necessary to drive spatial 

discrimination improvement locally on each finger, whereas asynchrony seems to involve a 

slightly different mechanism. It is worth noting here that when applied to several fingers, RSS 

might act at two different scales: a first that I will consider as “local”, arising from the 

synchronous stimulation of several RFs at each fingertip, and a second arising from the 

synchronous or asynchronous across fingers. But this hypothesis needs further investigation.  

c. Non-mechanical RSS protocols 

In addition, while the stimulation of the RSS protocol was originally mechanical (Godde et 

al., 1996, 2000, 2003; Pleger et al., 2001, 2003; Dinse et al., 2003; Höffken et al., 2007; Kalisch 

et al., 2007; Ragert et al., 2008; Freyer et al., 2012, 2013), many studies used different variants 

of RSS, and in particular electrical stimulation (Smith et al., 2009; Kalisch et al., 2010; Freyer 

et al., 2012, 2013; Kowalewski et al., 2012; Schlieper and Dinse, 2012; Ladda et al., 2014). In 

contrast to mechanical stimulation which is basically transmitted via Meissner or Merkel 

mechanoreceptors, electrical stimulation activates much more afferents: Ia large muscle 

afferents, group Ib afferents from Golgi, SAII and FAII tactile afferents (Campbell, 1999; 

Kimura, 2013). This wide recruitment of afferents led electrical stimulation to be favoured in the 

context of rehabilitation. For instance, electrical RSS of the fingers of stroke patients suffering 

from sensory loss (Smith et al., 2009), or of elderly people affected by age-related 

somatosensory decline (Kalisch et al., 2010), resulted in an improved sensory discrimination but 

also in an enhanced sensorimotor performance. 

 

To conclude, we saw in this chapter that altering the temporal pattern of somatosensory 

inputs is an efficient way to drive activity-dependent plastic changes via Hebbian plasticity, 

while avoiding the confounding aspects of lesional, motor and attentional contributions. 

Adapted from classical pairing protocols, RSS has been proven to be efficient in inducing a 

transient somatosensory plasticity in healthy population. Interestingly, this plasticity has been 

associated with substantial changes, an notably improvements, in tactile perception. 
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SUMMARY & AIMS 

As described in the introduction of this work, we know from the literature that the tactile 

information arising from the hand and the face are cortically neighbours, and that in case of 

sensory loss cortical plastic changes can occur across the hand-face border, but are associated 

with different functional consequences (either adaptive or maladaptive). On the other hand, 

restoring and more generally increasing somatosensory inputs also leads to cortical changes that 

are more systematically associated with adaptive outcomes. Among the different alternatives 

available to increase somatosensory inputs, RSS relies on the well-known Hebbian plasticity 

processes and yields training-independent learning by passively increasing somatosensory 

inputs. Applied at the right index fingertip RSS results in a substantial, though transient, 

reorganization of the stimulated finger representation within SI, which is typically associated 

with a local improvement in tactile spatial discrimination. However, the eventuality that RSS (or 

any other activity-dependent protocol) may have remote effects to other body-parts, for instance 

its cortical neighbour the face, has not been investigated so far. To address this question, while 

also providing new elements aiming to better understand the perceptual relevance of cortical 

plastic changes, we conducted three studies which will be described in the following section. 

Briefly, a first behavioural study (study 1) was conducted in healthy participants to 

investigate whether three hours of RSS applied at the index fingertip could alter tactile 

discrimination at the face, and whether such transfer follows a pattern “competition-like”. Then, 

two imaging studies were conducted to investigate the cortical correlates of RSS-induced 

changes within SI. Ultra-high field (7T) functional magnetic resonance imaging (fMRI, study 2) 

and magnetoencephalography (MEG, study 3) were respectively used due to their 

complementarity.  
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EXPERIMENTAL CONTRIBUTIONS 
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STUDY 1: BEHAVIOURAL STUDY 

Prior investigations of the topographical limits of the RSS-induced perceptual and cortical 

changes only examined the hand, namely the fingers adjacent to the stimulated index finger 

(Godde et al., 2000; Pleger et al., 2001) and the homologous finger on the opposite hand (e.g., 

Godde et al., 2000, 2003; Pleger et al., 2001, 2003), with the conclusion that RSS-induced 

changes were largely local, both behaviourally and neurally. On the other hand, numerous 

studies reported large-scale plastic changes across the hand-face border following 

somatosensory deprivation (Pons et al., 1991; Elbert et al., 1994; Jain et al., 1997, 2008; Weiss 

et al., 2004), which were associated with perceptual changes (Ramachandran et al., 1992b; 

Halligan et al., 1993; Farnè et al., 2002; Weiss et al., 2004). Little is known, however, about 

whether such cross-border changes can be induced by increasing afferent input under non-

pathological conditions, for instance through RSS-like learning processes. 

Thus, in a first behavioural experiment, we investigated whether the RSS-induced 

improvement of tactile acuity observed at the stimulated fingertip, could cross the hand-face 

border and affect the face tactile acuity. To this aim, we assessed two-point discrimination 

thresholds at both upper-lips and cheeks in addition to both index fingers, respectively before 

and after RSS of the right index finger. To control for any contribution of training or of duration 

of the experiment, a control group in which participants underwent the exact same procedure, 

but with the RSS being off, was additionally tested.  

The two-point discrimination threshold (2PDT) was first introduced by Weber in 1834 

(Weber, 1996) as a measure of tactile spatial acuity, a measure that has subsequently become an 

important, albeit highly controversial, measure of human hand function. This threshold is 

defined as the shortest distance between two contact points that could be perceived as distinct, 

as opposed to just one. Due to its easy implementation, the 2PD task has been widely used to 

assess cutaneous innervation and central somatosensory function (Dellon and Kallman, 1983; 

Van Boven and Johnson, 1994; Lundborg and Rosén, 2004; Parianen Lesemann et al., 2015). It 

has been assumed that two points are distinguishable from one only when the two points are 

sufficiently separated to evoke spatially distinct foci of neural activity (Vallbo and Johansson, 

1978). Accordingly, the 2PDT has been assumed by many to reflect the size and spacing of 

cutaneous RFs, particularly the innervation density of SAI afferents, which convey fine spatial 

information (Johansson and Vallbo, 1979; Johnson, 2001).  
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However, the validity of 2PD task as a measure of spatial acuity has been questioned 

(Johnson and Phillips, 1981; Craig and Johnson, 2000; Lundborg and Rosén, 2004; Tong et al., 

2013). This controversy arises from the fact that 2PDT has sometimes been reported to fall 

under the receptor spacing (i.e., near 0 mm; Johnson and Phillips, 1981), suggesting that 

participants may exploit a non-spatial cue to perform the 2PD task (Craig and Johnson, 2000). 

Indeed, two closely spaced points elicit fewer action potentials in the underlying SAI afferents 

than does a single point of equal indentation (Vega-Bermudez and Johnson, 1999). 

Consequently, the overall response magnitude could provide a non-spatial cue (i.e., intensity 

cue) helping to perform the 2PD task. This means that participants would be able to infer 

whether a stimulus consisted of two closely spaced points or one without actually perceiving 

two distinct points pressing against the skin. This makes 2PDT extremely dependent on the 

criterion that participants adopt for responding that they perceive two points. Finally, another 

issue arises from the lack of standardization of reliable technique of 2PD assessment.  

The most prominent alternative to the classical 2PDT discussed in the literature is the 

grating orientation threshold (GOT), in which a grating consisting of equidistant grooves and 

ridges (with varying width) is presented in one of two orientations, which has to be 

discriminated by the participant (Van Boven and Johnson, 1994; Craig and Johnson, 2000). 

However, potential confounds in the GOT task are unknown contributions of visual cortical 

processing (Sathian and Zangaladze, 2002) and anisotropy of the task performance (Vega-

Bermudez and Johnson, 2004; Gibson and Craig, 2005). But, despite these different critics and 

the differences in the type of stimulation, 2PDT and GOT are roughly equivalent (Dinse et al., 

2006; Bruns et al., 2014). 

Considering the controversy of GOT and the fact that 2PDT is probably the most used (and 

known) method to evaluate tactile spatial acuity, we adopted several precautions regarding our 

method of assessing 2PDT. First, home-made devices were used to deliver a reliable stimulation 

with a constant application force. These devices also prevented participants to move the tested 

area. Then, the instructions for the task were carefully delivered to the participants, to ensure the 

use of a single criterion: to respond that they feel two points ONLY when clearly feeling two 

distinct points, and not a larger point, bar or anything else. These simple precautions made our 

2PDT assessment reliable, as repeatedly confirmed in the literature (Godde et al., 2000, 2003; 

Pleger et al., 2001, 2003; Dinse et al., 2003, 2006). This method was kept similar across the 

three studies reported here.  
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Supplemental Information:  

Touch improvement at the hand transfers to the face 

 

Dollyane Muret, Hubert R. Dinse, Silvia Macchione, Christian Urquizar,  

Alessandro Farnè, Karen T. Reilly 
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Supplemental Results: 

Multiple-Baseline stability of two-point discrimination thresholds 

Experiment 1: Right-D2 and lip thresholds obtained at Pre-sessions S1 and S2 were analyzed for 

baseline stability. No significant main effects or interactions were found for either right-D2 or 

right-Lip thresholds (two repeated measures ANOVAs, all P values > 0.05). Only a significant 

main effect of Session was observed for left-Lip thresholds (repeated measures ANOVA, F(1,28) 

= 7.86, P = 0.012), with S2 thresholds being higher than S1 thresholds. No significant 

interaction with the factor Group was found for this lip (F(1,28) = 0.37, P = 0.55). As there was 

no effect of Session in the direction of task learning (i.e., no threshold reduction) for any of the 

four tested sites, performance at S1 and S2 was averaged to compute a Pre-session threshold 

measure. 

Experiment 2: Right-D2, lip, and cheek thresholds obtained at Pre-sessions S1 and S2 were 

analyzed for baseline stability. No significant main effects or interactions were found for any of 

the six tested body-parts (six repeated measures ANOVAs, all P values > 0.05). 

Analyses comparing Pre (S2 or average of S1 and S2 when available)/Post (Exp1: n = 30, 

Exp2: n = 8)  

Thresholds  

Experiment 1: A three-way repeated measures ANOVA with Session (Pre/Post), Digit (left-

D2/right-D2) and Group (RSS/Control) as factors showed a significant main effect of Session 

(F(1,28) = 6.49, P = 0.016) and a Session x Digit x Group interaction (F(1,28) = 5.90, P = 0.022). 

This interaction revealed a significant threshold decrease at right-D2 in the RSSExp1 group only 

(P = 0.0006; PBonf = 0.002; all P values > 0.9 for the ControlExp1 group, Figure 1A & S2).  

A three-way repeated measures ANOVA with Session (Pre/Post), Lip (left-Lip/right-Lip) and 

Group (RSS/Control) as factors showed a significant main effect of Session (F(1,28) = 15.34, P = 

0.0005) and a Session x Group interaction (F(1,28) = 7.37, P = 0.011). This interaction revealed a 

significant threshold decrease at the lips in the RSSExp1 group only (P = 0.0004; PBonf = 0.002; 

all P values > 0.9 for the ControlExp1 group, Figure 1A & S2). 

Experiment 2: A two-way repeated measures ANOVA with Session (Pre/Post) and Digit (left-

D2/right-D2) as factors showed a significant main effect of Session (F(1,7) = 55.05, P = 0.0001), 

a significant main effect of Digit (F(1,7) = 10.68, P = 0.014) and a significant Session x Digit 
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interaction (F(1,7) = 36.56, P = 0.0005). This interaction revealed a significant threshold decrease 

at right-D2 only (P = 0.0001; PBonf = 0.0002, Figure 1A & S2). 

A two-way repeated measures ANOVA with Session (Pre/Post) and Lip (left-Lip/right-Lip) as 

factors showed a significant main effect of Session (F(1,7) = 18.25, P = 0.0037) with a significant 

threshold decrease at both sides of the upper-lip after RSS (Figure 1A & S2).  

A two-way repeated measures ANOVA with the factors Session (Pre/Post) and Cheek (left-

Cheek/right-Cheek) showed a significant main effect of Session (F(1,7) = 54.10, P = 0.0001) and 

a significant Session x Cheek interaction (F(1,7) = 21.32, P = 0.0024). This interaction revealed a 

significant threshold decrease at the right-Cheek only (P = 0.0027; PBonf = 0.0054, Figure 1A & 

S2).  

Threshold changes 

To better quantify the RSS-induced changes in 2PDT, the difference in threshold between the 

Pre- and Post-sessions was expressed as a percentage of the Pre-session threshold.  

Both local (i.e., right-D2) and remote (i.e., left and right upper-lip and right-Cheek) changes in 

tactile perception were present in the majority of participants (Figure S1C). While in the 

ControlExp1 group (white bars) and at the left-Cheek in the RSSExp2 group threshold changes 

were approximately equally distributed around zero, most of the participants in both the RSSExp1 

and RSSExp2 groups (dark and light red bars) had reduced thresholds after RSS, suggesting a 

consistent effect of RSS. 

Threshold changes in spatial discrimination previously reported in the RSS literature, assessed 

with either 2-Point Discrimination (2PD) test or Grating Orientation Test (GOT):  

 [S1] -18.25% (n = 35; 2PD) 

 [S2] -15.50% (n = 21; 2PD) 

 [S3] -12.60% (n = 16; 2PD) 

 [S4] -19% (n = 14; 2PD) 

 [S5] -20% (n = 12; 2PD) 

 [S6] -12.60% (n = 16; 2PD) 

 [S7] -16% (n = 11; GOT) 

 [S8] -14.20% (n = 78; 2PD) 

Weighted mean (by sample size) = -15.55%; Weighted SD = 2.30% 

Mean = -16.02%; SD = 2.84% 
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Correlations 

Experiment 1: Correlations were calculated on the data from the RSSExp1 group between the 

change in two-point discrimination performance at the right-D2 fingertip and at both sides of the 

upper-lip. No significant correlations were found between threshold changes at the right-D2 and 

either side of the upper-lip (right-D2/left-Lip, r = 0.23, P = 0.41; right-D2/right-Lip, r = 0.06, P 

= 0.83), but threshold changes at both sides of the upper-lip were correlated (r = 0.57, P = 

0.026). In the ControlExp1 group no significant correlation was found between threshold changes 

at both sides of the upper-lip (r = -0.0372, P = 0.895). 

Experiment 2: No significant correlations were found between threshold changes at the right-D2 

and either side of the upper-lip (right-D2/left-Lip, r = -0.02, P = 0.96; right-D2/right-Lip, r = -

0.42, P = 0.30), but threshold changes at the right-D2 tended to correlate with threshold changes 

at the right-Cheek (r = 0.70, P = 0.051).  

 

Figure S1, related to Experimental Procedures and Figure 1. Experimental design, testing 

devices and individual threshold changes following the procedure (RSS on or off) at the 

body-parts showing significant changes. 

(A) Experimental design: 2PDT were assessed at right/left-D2, right/left-Lip and right/left-

Cheek in a practice session and three experimental sessions (S1-S3) on two consecutive days. 

Participants were blindfolded and instructed to promptly answer whether they were touched by 

one or two tips. The RSS device was attached to the right-D2 for three hours between S2 and S3  
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with the stimulator switched on for the RSSExp1 and RSSExp2 groups and off for the ControlExp1 

group. When available, the average of S1 and S2 2PDTs was used to calculate the baseline 

(Pre-session) (otherwise threshold at S2 was used for the Pre-session threshold). Pre-session 

was then compared with 2PDT values measured in S3 (Post-session). (B) Spring mounted 

devices used to deliver nearly constant-force stimulation for 2PDT assessment on right/left-D2 

(left), and on right/left-Lip and right/left-Cheek (right). (C) Rank ordered distributions of 

individual participant threshold changes in 2PDT (% of Pre-session) shown for the RSSExp1 

(dark-red bars), ControlExp1 (white bars) and RSSExp2 (light-red bars) groups for sites that 

showed significant changes at the group level in the RSS groups: the right-D2, the right and left 

upper-lips, and the right-Cheek. The bottom right panel also shows the same data for the non-

affected left-Cheek in the RSSExp2 (light-red bars). Each bar corresponds to a single participant. 

Values are rank ordered so a given participant is not represented in the same position across 

graphs. The average threshold changes at the group level are indicated below each distribution 

(  referring to mean ± SEM). 

 

Figure S2, related to Figure 1. Mean and single subject psychometric curves, before and 

after the procedure (RSS on or off) at each tested body-part for each group. 

(A) Psychometric curves averaged over all individual regression curves for each tested distance, 

Pre (black) and Post (red) the procedure applied to the right-D2. Asterisks highlight the cases 
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where a significant threshold decrease was obtained (repeated measures ANOVAs on data from 

the fingers, lips, and cheeks followed by Bonferroni-corrected post-hoc tests, *PBonf < 0.05, see 

Figure 1A). (B) Single subject psychometric curves from individuals representative of each 

group, Pre (black) and Post (red) the procedure applied to the right-D2.  Arrows indicate 

thresholds at 50% correct detection.  

Analyses comparing S2/Post (Exp1: n = 30):  

Thresholds  

A three way repeated measures ANOVA with factors Session (S2/Post), Digit (left-D2/right-D2) 

and Group (RSS/Control) showed a significant main effect of Session (F(1,28) = 5.47, P = 0.027) 

and a Session x Digit x Group interaction (F(1,28) = 4.92, P = 0.035). This interaction revealed a 

significant threshold decrease at right-D2 in the RSSExp1 group only (P = 0.006; PBonf = 0.026; 

all P values > 0.9 for the ControlExp1 group).  

A three way repeated measures ANOVAs with factors Session (S2/Post), Lip (left-Lip/right-

Lip) and Group (RSS/Control) showed a significant main effect of Session (F(1,28) = 24.57, P = 

0.00003) and a Session x Group interaction (F(1,28) = 11.19, P = 0.002). This interaction revealed 

a significant threshold decrease at both lips in the RSSExp1 group only (P = 0.00002; PBonf = 

0.00006; all P values > 0.9 for the ControlExp1 group). 

Threshold changes 

RSSExp1 group: 

Right-D2: -13.67 ± 3.92% (mean ± SEM). 

Left-D2: -4.34 ± 2.90%. 

Right-Lip: -10.86 ± 2.98%. 

Left-Lip: -13.76 ± 3.53%. 

ControlExp1 group: 

Right-D2: 2.73 ± 3.36%. 

Left-D2: -0.62 ± 6.41%. 

Right-Lip: -1.46 ± 1.60%. 

Left-Lip: -2.57 ± 2.00%. 

Correlations 

As for when they were calculated with respect to the average of S1 and S2, threshold changes 

observed in the RSSExp1 group showed no significant correlations between changes at the right-

D2 and at either side of the upper-lip (right-D2/left-Lip, r = 0.29, P = 0.30; right-D2/right-Lip, r 
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= 0.02, P = 0.93). Again similar to the calculation based upon the S1-S2 average, threshold 

changes at both sides of the upper-lip were correlated (r = 0.59, P = 0.02). 

In the ControlExp1 group, no significant correlation was found either between right-D2 and either 

side of the upper-Lip, nor between both sides of the upper-Lip (all P values > 0.08).  

 

Analyses comparing Pre (average of S1 and S2) /Post for the lip data (RSSExp1: n = 11 ):  

A two-way repeated measures ANOVA with Session (Pre/Post) and Lip (left-Lip/right-Lip) as 

factors, showed a significant main effect of Lip (F(1,10) = 7.71, P = 0.02), the thresholds at the 

right-Lip being smaller than at the left-Lip, and a significant main effect of Session (F(1,28) = 

7.72, P = 0.02) reflecting a threshold decrease at both sides of the upper-lip after RSS. 

 

  



 

150 | P a g e  

 
 Pre-

session 
Post-

session Paired t-test 

Mean ± SD Mean ± SD t P PBonf 

E
xp

er
im

en
t 1

 (P
re

 : 
S1

 &
 S

2 
av

er
ag

e 
or

 S
2 

 o
nl

y† ) 

d-prime 

Right-D2 0.93 ± 0.35 1.22 ± 0.55 -3.23 0.0060* 0.024* 

Left-D2 0.87 ± 0.35 0.96 ± 0.44 -1.34 0.20  

Right-Lip 0.81 ± 0.31 1.00 ± 0.35 -3.18 0.0067* 0.027* 

Left-Lip 0.71 ± 0.39 0.97 ± 0.59 -3.59 0.0029* 0.012* 

ln(Beta) 

Right-D2 0.57 ± 0.09 0.52 ± 0.15 1.37 0.19  

Left-D2 0.57 ± 0.09 0.55 ± 0.12 0.54 0.60  

Right-Lip 0.55 ± 0.11 0.59 ± 0.07 -1.57 0.14  

Left-Lip 0.49 ± 0.19 0.48 ± 0.25 0.12 0.90  

E
xp
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t 2

 (P
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: S
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&
 S

2 
av

er
ag

e)
 

d-prime 

Right-D2 0.89 ± 0.24 1.37 ± 0.15 -8.14 0.00008* 0.0005* 

Left-D2 0.96 ± 0.13 1.00 ± 0.15 -1.05 0.33  

Right-Lip 0.93 ± 0.08 1.15 ± 0.18 -4.30 0.0035* 0.021* 

Left-Lip 0.87 ± 0.09 1.11 ± 0.17 -3.71 0.0075* 0.045* 

Right-Cheek 0.66 ± 0.15 1.01 ± 0.09 -7.97 0.0001* 0.0006* 

Left-Cheek 0.75 ± 0.06 0.73 ± 0.14 0.36 0.73  

ln(Beta) 

Right-D2 0.58 ± 0.12 0.63 ± 0.03 -0.88 0.41  

Left-D2 0.63 ± 0.03 0.64 ± 0.05 -1.19 0.27  

Right-Lip 0.63 ± 0.01 0.65 ± 0.02 -1.56 0.16  

Left-Lip 0.61 ± 0.02 0.65 ± 0.02 -3.76 0.0071* 0.042* 

Right-Cheek 0.52 ± 0.08 0.65 ± 0.01 -5.06 0.0015* 0.009* 

Left-Cheek 0.57 ± 0.02 0.57 ± 0.06 0.52 0.62  

E
xp

er
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en
t 1

 (P
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: S
2)

 

d-prime 

Right-D2 0.97 ± 0.39 1.22 ± 0.55 -2.64 0.0193* 0.077 

Left-D2 0.87 ± 0.35 0.96 ± 0.44 -1.34 0.20  

Right-Lip 0.76 ± 0.30 1.00 ± 0.35 -3.98 0.0014* 0.005* 

Left-Lip 0.67 ± 0.43 0.97 ± 0.59 -4.64 0.0004* 0.001* 

ln(Beta) 

Right-D2 0.57 ± 0.10 0.52 ± 0.15 1.57 0.14  

Left-D2 0.57 ± 0.09 0.55 ± 0.12 0.54 0.60  

Right-Lip 0.54 ± 0.12 0.59 ± 0.07 -1.81 0.09  

Left-Lip 0.46 ± 0.25 0.48 ± 0.25 -0.56 0.58  

 

Table S1, related to Results in Main Text. Signal Detection Theory values.  

Mean d-prime and ln(Beta) values at the Pre- (either the average of S1 and S2 or S2 only) and 

Post-session for each tested area for both the RSSExp1 and RSSExp2 groups. Paired t-test results 

are presented in the last column, *PBonf < 0.05. Participants from the second experiment were 
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more conservative (favouring 1 rather than 2 responses) after the RSS stimulation for the left-

Lip and the right-Cheek, which could have yielded higher thresholds. Instead, the observed 

threshold decreased (confirmed by the significant increase in d-prime values). Therefore, in both 

experiments we observed improved discrimination, with no slackening of response criterion. 

The comparison of the S2 and Post sessions revealed significant d-prime increases at right-D2 

(which did not survive the Bonferroni correction), right-Lip and left-Lip without criterion 

changes, as for when the comparison was made between the Post-session and the average of S1 

and S2. 

†Average of S1 and S2 for all 30 subjects for the right-D2 and right-Lip and for 20 subjects for 

the left-Lip. S2 only for 10 subjects for the left-Lip and for all 30 subjects for the left-D2. 

 

Supplemental Experimental Procedures: 

Participants 

Thirty-two healthy volunteers participated in the first experiment. Participants were randomly 

assigned to one of two groups: RSSExp1 or ControlExp1. Two participants (one from each group) 

were excluded from the final analyses because their percent threshold change between S2 and 

S3 was more than 2.5 SDs above the average threshold change in their group. Groups were 

similar in terms of average age and number of males/females (RSSExp1: n = 15, mean age = 

20.53 ± SD 2.26 years, 8 females. ControlExp1: n = 15, mean age = 23.42 ± SD 3.10 years, 8 

females). Eight healthy volunteers participated in the second experiment (RSSExp2: mean age = 

23.25 ± SD 1.67 years, 7 females).  

All participants were right-handed according to the Edinburgh Handedness Inventory [S9] 

(RSSExp1: mean score = 75.34 ± SD 20.65%; ControlExp1: mean score = 77.86 ± SD 15.78%; 

RSSExp2: mean score = 73.75 ± SD 24.46%), and they all gave written informed consent before 

participating. The protocol was approved by the ethics committee of Lyon, and was performed 

in accordance with the Declaration of Helsinki. 

Experimental Design 

During the Practice session (Day1), detailed instructions were given, informed consent was 

obtained, and two-point discrimination thresholds (2PDT) were measured. This session allowed 

participants to become familiar with the task, but the data were not included in any analyses 
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(Figure S1A). This Practice session and sessions S1 and S2 ensured that discrimination 

performance before RSS was stable and allowed us to separate RSS-induced changes from 

potential changes related to familiarization with the task.  

Based upon previous studies reporting no threshold change at left-D2 [S2-S6, S8], and because 

we did not expect to see a threshold change on the left-Lip, the initial design of the first 

experiment tested 2PDT at the left-D2 and left-Lip in S2 and S3 only. However, when a 

preliminary analysis on the data from 4 participants from the RSSExp1 group revealed changes in 

left-Lip threshold between S2 and S3 (i.e., after RSS), we modified our protocol to include 

assessments of left-Lip threshold in all four sessions. Data from the new design were obtained 

for 20 out of the 30 participants who participated in Experiment 1.  

In the second experiment, thresholds of the six tested areas (left/right-D2, left/right-Lip and 

left/right-Cheek) were assessed in all four sessions (Practice, S1, S2 and S3) in all participants.  

Within a session, each area was tested in a separate block, and for a given participant the order 

of blocks was maintained across sessions. Block order was randomized across participants. 

Repetitive Somatosensory Stimulation (RSS) Protocol 

We used an RSS protocol that is known to induce plastic changes in the somatosensory cortex 

[S2-S7, S10-S12]. This method is effective and relatively simple to implement.  It relies on the 

Hebbian postulate as it simultaneously co-activates several cutaneous receptive fields, thus 

producing temporally correlated inputs necessary to give rise to Hebbian plasticity [S13, S14]. 

In the three groups (RSSExp1, ControlExp1 and RSSExp2) a small 8 mm diameter solenoid 

controlled by an MP3 player was taped to the volar surface of the right-D2 fingertip for three 

hours. In both the RSSExp1 and RSSExp2 groups this solenoid delivered brief (10ms) supra-

threshold tactile stimuli with inter-stimulus intervals ranging from 100 to 3000 ms and 

following a Poisson distribution (average stimulation frequency of 1Hz). In the ControlExp1 

group the stimulation was turned off. All participants could freely move during the real and 

control stimulation period (3 hours) and were instructed to continue with their daily activities 

without paying attention to the device, but to avoid intensive use of their fingers (i.e. they were 

not allowed to either write or type on a keyboard).  
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Two-point discrimination task 

In Experiment 1 tactile two-point discrimination thresholds (2PDT) were assessed at four 

locations using a two-alternative forced-choice task: the tips of both index fingers [distance from 

fingertip: 5.40 ± 1.82 mm; distance from finger edge: 5.59 ± 0.69 mm (mean ± SD)], and both 

sides of the upper-lip region [distance from mid-lip: 20.00 ± 4.52 mm (mean ± SD); midway 

between the upper-lip and the base of the nose]. In Experiment 2, 2PDT were assessed at six 

locations using the same paradigm: the tips of both index fingers [distance from fingertip: 6.25 ± 

2.12 mm; distance from finger edge: 5.13 ± 1.64 mm (mean ± SD)], both sides of the upper-lip 

region [distance from mid-lip: 10.00 ± 0.00 mm (mean ± SD); midway between upper-lip and 

nose], and both cheeks [distance from the corner of the mouth: 5.13 ± 0.58 cm; midway between 

the ear and the corner of the mouth at 46.09 ± 5.25% of the distance ear-mouth: 11.13 ± 0.44 cm 

(mean ± SD)]. The tested lip areas are innervated by two independent nerves: each side of the 

upper-lip is innervated by the medial branch of the superior labial branch of the infraorbital 

nerve and these nerves never cross the midline [S15]. Thus, measurements at both sides of the 

upper-lip could not influence each other at the peripheral level. For each participant the location 

of each tested area was kept constant across sessions.  

2PDT were assessed using eight probes, one with a single tip and seven with two tips separated 

by various distances. Shaft length was 1.9 mm for the finger probes and 8 mm for the lip and 

cheek probes. Shaft and tip diameters were identical for all probes (shaft: 0.7 mm; tip: 

approximately 200 μm). The distances tested were predetermined and remained constant for all 

participants but differed between fingertips (0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5 mm), lips (2, 3, 4, 5, 

6, 7, 8 mm) and cheeks (8, 10, 12, 14, 16, 18, 20 mm) because of basic sensitivity differences 

between these regions. For every site, each probe was tested 8 times in a pseudo-randomized 

order (no more than two consecutive repetitions of the same probe), resulting in 64 trials 

(approximately 10 minutes). Tips were always presented parallel to the longitudinal axis of the 

fingers and face. To avoid the problem of variations in application pressure when using 

handheld tips [S16, S17], we used two specially-designed spring-mounted apparatuses that 

controlled application force across trials. 

The left images in panel B of Figure S1 show the apparatus used to assess 2PDT at the index 

fingertips. The eight probes were mounted on a rotatable disc which permitted rapid and 

unpredictable switching between distances. The participant’s arm rested on the device with the 

index finger positioned over a small hole and the index, middle, and ring fingers strapped down 

to prevent them moving. Participants were instructed to relax the hand and the forearm, and to 
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remain still. The probes were brought into contact with the participant’s finger by the 

experimenter pulling the device down towards the rotatable disc with an application force of 

between 150 and 200 mN [S11]. The fingertip remained in contact with the probes for 

approximately 1 second and participants were required to promptly give their oral response 

(“one” or “two”). The experimenter then lifted up the participant's hand, rotated the disc to 

present the next probe and continued until all probes had been presented eight times. Care was 

taken to prevent participants from moving their finger or pressing it down on the probes. 

The apparatus used to test 2PDT on the skin above the upper-lip and on the cheeks is shown in 

the right images in panel B of Figure S1. The probes were mounted on individual plexiglass 

sticks with ferromagnetic bases (4.5 cm long). Probes were applied by inserting them into the 

end of a metal tube (length: 12.5 cm; diameter: 1.5 cm) which contained a spring that was 

calibrated to obtain an almost constant application force (between 190 and 290 mN). When 

applied to the skin, the plexiglass stick moved approximately 1 cm into the tube and a magnet 

prevented it from rotating or tilting. The participant’s head was stabilized using a chin/head rest 

and their hands rested on the table. They were instructed to keep their face and hands relaxed 

and still. Stimulation was manually delivered by the experimenter perpendicularly to the skin 

surface to ensure that both tips (for the seven two-tip probes) touched the skin’s surface at the 

same time. After each trial the experimenter changed the plexiglass base and presented the next 

probe until all probes had been presented eight times.  

At the beginning of each finger, lip or cheek testing block the single probe and the two-tip probe 

with the largest tip separation (2.5 mm for the fingertip; 8 mm for the lips; 20 mm for the 

cheeks) were presented three times to the participant while the experimenter said "one" or 

"two". Once participants declared that they clearly felt the difference between these two probes 

the testing began and lasted approximately 10 minutes for each body-part. 

Analyses 

For each participant and for each area the mean of the verbal responses (‘one’ or ‘two’) was 

plotted as a function of distance between the probes and the psychometric function was fitted 

with a binary logistic regression [S8]. Threshold was determined from the fitted data and was 

defined as the distance at which participants responded “two” 50% of the time.  

S1 and S2 thresholds were statistically analyzed for stability using repeated measures ANOVAs 

with, in Experiment 1, the two factors Group (Control/RSS) and Session (S1/S2) and in 

Experiment 2, the factor Session (S1/S2). Separate ANOVAs were performed for the right-D2, 
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right-Lip, and left-Lip data (left-D2 data were not collected at S1) of Experiment 1 and for data 

from each of the six tested body-parts (fingers, lips, cheeks) of Experiment 2.  

Pre (average of S1 and S2 or S2 alone) and Post (S3) thresholds were statistically analyzed 

using (for Experiment 1) two three-way repeated measures ANOVAs (one for the lips one for 

the fingers) with factors Group (Control/RSS), Side (Left/Right), and Session (Pre/Post) or (for 

Experiment 2) three two-way repeated measures ANOVAs (one for each pair of body-parts) 

with factors Side (Left/Right) and Session (Pre/Post).  

Threshold changes between Pre- and Post-sessions were determined for each subject as a 

percentage of the Pre-session threshold (average of S1 and S2, or S2 alone): 

. For each tested area the average threshold change was 

calculated.  

Three correlations were performed within the RSSExp1 group to compare threshold changes at 

the left and right upper-lip and between each side of the upper-lip and the right-D2. Six 

correlations were performed within the RSSExp2 group to compare threshold changes at the left 

and right upper-lip, at the left and right-cheek and between each side of the upper-lip or cheek 

and the right-D2 (4 correlations). 

To test for changes in discrimination sensitivity and response criterion (Signal Detection 

Theory), we calculated the false alarm and hit rates and using the MATLAB Palamedes toolbox 

for one-alternative forced choice (PAL_SDT_1AFC_PHFtoDP, MATLAB v.r2010a) we 

derived the discriminative index (d-prime value) and the criterion shift index (ln(Beta) value) 

[S18]. Statistical analysis was performed using paired t-tests corrected for multiple comparisons 

(Bonferroni), comparing sessions (Pre vs. Post) within both the RSSExp1 (four t-tests) and the 

RSSExp2 (six t-tests) groups. 

All statistical analyses were conducted using Statistica® (v.9.0, StatSoft). Data were checked for 

normality using Kolmogorov-Smirnov tests. Bonferroni post-hoc analyses were performed and 

corrected for multiple comparisons (Bonferroni). All data are expressed as mean ± standard 

error of the mean (SEM). 
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TRANSITION TO IMAGING STUDIES 

 

Instead of an impaired tactile acuity, (as one may have expected from the tactile 

improvement at the fingertip, based on the literature showing competitive processes between 

neighbouring cortical areas), we report that increasing input at the right index finger of healthy 

participants through RSS improved tactile perception not only at the stimulated fingertip, but 

also at the unstimulated lips and cheek. These findings demonstrate that perceptual improvement 

induced by finger stimulation crosses the face-hand border in a novel 'competition-free' manner, 

and suggest that competition is not the only mechanism behind cross-border plasticity, but that 

facilitation-based plasticity can be harnessed to produce large-scale changes in the healthy 

human brain. 

Together with the fact that an expansion and a shift of the cortical representation of the 

RSS-stimulated finger (i.e., right-D2) has been extensively reported in SI (Pleger et al., 2001, 

2003; Godde et al., 2003; Hodzic et al., 2004), the behavioural results of this first study bring to 

the prediction that: (i) the lips representation may also be affected and enlarged after RSS of 

right-D2, (ii) such an enlargement would possibly lead to a shift of their centre of gravity or 

dipole sources, and (iii) these shifts might be toward the RSS-stimulated finger. 

In order to investigate the cortical correlates of these behavioural changes, two imaging 

studies were then performed with the same RSS protocol and behavioural task to allow a direct 

comparison between perceptual and cortical changes. Among the neuroimaging techniques 

available, fMRI and MEG exhibit the highest spatial resolution achievable non-invasively in 

healthy participants, which makes them the most suitable to investigate the subtle changes we 

are expecting.  
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STUDY 2: 7T FMRI STUDY 

Among functional neuroimaging techniques, fMRI is indubitably the most extensively used 

since the discovery of its potential for studying brain function in the early 1990s. This technique 

relies on the detection of changes in cerebral blood flow (CBF) that exceed changes in tissue 

oxygen consumption, which is tightly linked to neuronal activity. This phenomenon is called 

neurovascular coupling. Although this link was discovered quite early by Charles Roy and 

Charles Sherrington in 1890 (Roy and Sherrington, 1980), one century passed before the first 

description of fMRI and its blood oxygenation level dependent (BOLD) signal by Seiji Ogawa 

in the 1990. Based on earlier works by Thulborn and colleagues (Thulborn et al., 1982) and by 

Pauling's and Coryell's who discovered the paramagnetic nature of deoxyhemoglobin, making it 

a good indicator to measure blood flow to the brain (Pauling and Coryell, 1936), Ogawa and 

colleagues measured blood flow changes in rodents using a strong magnetic field (7.0 Tesla) 

MRI. To show these blood flow changes were related to functional brain activity, they 

manipulated the blood oxygen level (later called BOLD signal) by changing the proportion of 

oxygen breathed by the animals, and scanned them while monitoring brain activity with EEG 

(Ogawa et al., 1990). Since then, fMRI has come to dominate the brain imaging field due to its 

low invasiveness, high spatial resolution, and relatively wide availability and easy use.  

 

As fMRI relies on the detection of changes in blood oxygenation, it provides only an 

indirect measure of brain activity. The basic principle of the underlying neurovascular coupling 

relies on that fact that in case of neuronal activity, blood flow to the brain increases to bring to 

the neurons the amount of glucose and oxygen (in the form of oxygenated hemoglobin) they 

need. Usually the brought-in oxygen is more than the oxygen consumed in burning glucose, and 

this causes a net decrease in deoxyhemoglobin in that brain area (see Figure 45). This changes 

the magnetic property of the blood, making it interfere less with the magnetization and its 

eventual decay induced by the MRI process. 
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Figure 45 [from Raichle, 1998]. Summary of the basic principle on which BOLD signal 
relies, i.e., the relationship between blood flow, glucose utilization and oxygen 
consumption, and the cellular activity of the brain during changes in functional activity. 
The changes occurring in o blood flow and glucose utilization exceed changes in 
oxygen consumption. 

 

Beyond this theoretical principle, the exact relationship between BOLD signal and the 

underlying neural activity is still not fully understood (for reviews on neurovascular coupling, 

see Shibasaki, 2008; Vanzetta and Grinvald, 2008; Kim and Ogawa, 2012). However, 

electrophysiological studies in animals support the idea that positive BOLD response (PBR; i.e., 

above baseline levels) reflects an increase in neural activity (Logothetis et al., 2001; Arthurs and 

Boniface, 2003; Devor et al., 2005; Goloshevsky et al., 2008; Huttunen et al., 2008; Bentley et 

al., 2014). Conversely, negative BOLD response (NBR; i.e., below baseline levels) has been 

recently increasingly investigated, and while its neurophysiological significance raised 

considerable debate, accumulating evidence suggests that NBR is tightly coupled with local 

decreases in neuronal activity below spontaneous activity (see Figure 46; Shmuel et al., 2006; 

Boorman et al., 2010; Kennerley et al., 2012; Schäfer et al., 2012; Bentley et al., 2014; 

Mullinger et al., 2014).  



 

161 | P a g e  

 

Figure 46 [from Shmuel et al., 2006]. Left: Dynamics of BOLD signal and neuronal 
activity. red: PBR and increases neuronal activity; blue: NBR and decreases in neuronal 
activity. Right: Scatter plots of the trial-by-trial amplitude of the PBR (red) and NBR 
(blue) as a function of respectively the increase and decrease in neuronal activity. 

 

In this first imaging experiment, we choose to exploit the high spatial resolution of ultra-

high field fMRI (7T) to investigate the cortical changes induced by RSS, with regard to the 

behavioural changes observed at both the finger and face level. Both PBR and NBR were 

considered. 
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Abstract 

Better understanding the functional relevance of cortical plasticity is still a major challenge. 

Within the primary somatosensory cortex (SI), large-scale plastic changes have been reported 

across the hand-face border following deafferentation and correlated with phantom sensations 

and pain. While similar representational changes, but associated with perceptual benefits, have 

been observed locally following learning, the possible extent across the hand-face border has not 

yet been investigated. To address this question, we used a repetitive somatosensory stimulation, 

known to induce an expansion of the cortical representation of stimulated finger, associated with 

an improved tactile acuity at this finger, which was recently found to transfer to the face. Using 

ultra-high field magnetic resonance imaging (7T fMRI) to precisely map the cortical 

representations of each finger and lip within SI sub-regions, we report an enlarged activation of 

the stimulated finger within BA3b and BA1, but also a decreased volume of activation for the 

adjacent finger after RSS (p=.049). Interestingly, we also report the presence of contralateral 

deactivations evoked by lips stimulation which were co-localized with the contralateral 

activation elicited by finger stimulation. This lip deactivation within the contralateral BA3b was 

found to expand after RSS. Altogether, these results not only report the major contribution of 

BA3b and BA1 sub-regions to the RSS-induced effects, but also suggest the presence of a new 

interaction between the hand-face mediated by activation/deactivation processes.  
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Introduction 

One of the most intriguing and yet unsolved challenges faced by the neuroscientific 

community is to understand the functional significance of cortical plasticity. Within the primary 

somatosensory cortex (SI), large-scale reorganizations after permanent or transient reduction of 

afferent input (Pons et al., 1991; Weiss et al., 2004) have been extensively investigated during 

the last 25 years due to its striking feature of crossing the hand-face “boundary”. The 

mechanisms subserving such large-scale plastic changes are assumed to act on competitive 

processes, intrinsically present between neighbouring areas, for instance by releasing 

intracortical inhibition (Tremere et al., 2001b), unmasking corticocortical connections (Smits et 

al., 1991) or a combination of both. This cortical plasticity, which typically displays an 

expansion of the face representation into that of the deprived hand area, was found to correlate 

with phantom sensations and pain (Flor et al., 1995; Davis et al., 1998; but see Makin et al., 

2013), and thus considered as maladaptive.  

Quite surprisingly, despite the fact that similar expansion of cortical representations (mostly 

of the fingertips) has been repeatedly observed following an increase in somatosensory input 

(Recanzone et al., 1992d; Wang et al., 1995; Pleger et al., 2003; Hodzic et al., 2004), their 

possible extent across the hand-face border has never been investigated. Such a gap into our 

knowledge about large-scale plasticity due to augmented somatosensory stimulation is even 

more astonishing when considering that, in contrast to deprivation cases, these input-increase or 

activity-dependent plastic changes were invariably associated with enhanced tactile acuity 

(Recanzone et al., 1992a; Godde et al., 2000; Pleger et al., 2003; Hodzic et al., 2004; Zamorano 

et al., 2015) or augmented sensorimotor skills in experts such as musicians (Elbert et al., 1995) 

or Braille readers (Pascual-Leone and Torres, 1993; Sterr et al., 1998b). Trying to fill this gap, 

here we tested the limits and functional repercussions of such beneficial (or adaptive) 

somatosensory plasticity.  

To this aim, we built upon a recent study (Muret et al., 2014) in which we showed that 

repetitive somatosensory stimulation (RSS) of the right index finger (right-D2), known to 

improve tactile acuity locally at this fingertip (Godde et al., 2000; Pleger et al., 2003), actually 

improves tactile acuity also remotely, at the level of the upper-lip (bilaterally) and cheek 

(ipsilaterally). Since the local behavioural effects of RSS have consistently been associated with 

plastic reorganization within SI (see Parianen Lesemann et al., 2015 for a review), as expressed 

by an enlargement of the cortical representation of the stimulated finger (Pleger et al., 2003; 
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Hodzic et al., 2004), we hypothesised that larger scale reorganization may accompany the 

remote effects induced by RSS at the lips, thus crossing the hand-face border.  

Ultra-high field functional magnetic imaging (7T fMRI) has recently proven its reliability in 

providing detailed somatosensory maps of individual finger representations within SI (Sánchez-

Panchuelo et al., 2012; Besle et al., 2013b), and even within different sub-regions of SI, as 

recently shown by Martuzzi and colleagues (Martuzzi et al., 2014). Taking advantage of the 

ultra-high spatial resolution of this technique, we examined in depth the RSS-induced cortical 

plasticity, with a special focus on the differential contribution of the three Brodmann areas (BA) 

involved in tactile information processing within SI, namely areas 3b, 1 and 2 (BA3b, BA1 and 

BA2). In addition, to assess the spatial limits of this form of adaptive plasticity, we investigated 

whether RSS-induced cortical plasticity can cross the hand-face border under non-pathological 

conditions. 

 

Materials and Methods 

Participants. Fourteen healthy volunteers (mean age = 23.21 ± SD 3.60 years, 7 females) 

participated in the study. One participant was excluded from further analyses due to excessive 

head motion (more than 2mm) during fMRI scanning. All participants were right-handed 

according to the Edinburgh Handedness Inventory (Oldfield, 1971; mean score = 70.95 ± SD 

25.54%), and gave written informed consent before participating. All procedures were approved 

by the Ethics Committee of the Faculty of Biology and Medicine of the University of Lausanne, 

and the study was conducted in accordance with the Declaration of Helsinki. 

Experimental time course. The experiment took place over two consecutive days. During 

the first day, participants were familiarized with the experimental procedure and a first measure 

of tactile spatial acuity was assessed. On the second day, another measure of tactile acuity was 

acquired before a first session of fMRI recordings, then repetitive somatosensory stimulation 

(RSS) was applied to the right index finger for three hours. Afterward the RSS, a new set of 

fMRI and tactile spatial acuity measures were acquired, with the order of these two measures 

counterbalanced across participants (see Figure 1 for a schematic representation of the 

experimental time course). 
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Figure 1. Experimental time course. Two-point discrimination thresholds (2PDT) were 
assessed at right/left-D2, right-D3 and right/left-Lip in a practice session and three 
experimental sessions (S1-S3) distributed over two consecutive days. On the second 
day, the RSS device was attached to the right-D2 for three hours between S2 and S3. In 
order to assess cortical plasticity, the cortical representations of both sides of the upper-
lips and each finger on both hands were mapped during two fMRI sessions acquired 
before and after the RSS procedure. After RSS, the order between the fMRI and tactile 
acuity sessions was counterbalanced across participants. 

Repetitive Somatosensory Stimulation (RSS) Protocol. The RSS protocol consist in the 

simultaneous co-activation of several cutaneous receptive fields in a limited portion of a 

fingertip, thus producing temporally correlated inputs necessary to drive Hebbian plasticity 

(Clark et al., 1988; Wang et al., 1995). A small 8 mm diameter solenoid controlled by an MP3 

player was taped to the volar surface of the right-D2 fingertip. For three hours this solenoid 

delivered supra-threshold tactile stimuli with inter-stimulus intervals ranging from 100 to 3000 

ms and following a Poisson distribution (average stimulation frequency of 1Hz). Participants 

could freely move during the stimulation period and were instructed to continue with their daily 

activities without paying attention to the device, but to avoid intensive use of their fingers (i.e., 

they were not allowed to either write or type on a keyboard).  

Tactile spatial acuity assessment. To assess tactile spatial acuity, two-point discrimination 

thresholds (2PDT) were measured using a two-alternative forced-choice task at both index 

fingertips (left-D2 & right-D2), the right middle fingertip (right-D3), and both sides of the 

upper-lip region, three times before (Practice, S1 and S2) and once after (S3) 3 hours of RSS 

applied to the right-D2. During the Practice session (Day1), detailed instructions were given and 

informed consent was obtained before the 2PDT assessment. This session allowed participants 

to become familiar with the task, but data were not analyzed. Sessions S1 and S2 allowed to test 
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whether discrimination performance before RSS was stable and allowed us to separate RSS-

induced changes from potential changes related to familiarization with the task. Based upon 

previous studies reporting that learning due to practice/familiarization transfers to the 

homologous finger (Sathian and Zangaladze, 1997, 1998; Harris et al., 2001; Harrar et al., 

2014), together with other studies showing no threshold change at left-D2 following RSS on 

right-D2 (Godde et al., 2000, 2003; Pleger et al., 2001, 2003; Dinse et al., 2003, 2006), 2PDT at 

left-D2 was assessed in S2 and S3 only. Within a session each area was tested in a separate 

block, and for a given participant the order of blocks was maintained across sessions, but block 

order was randomized across participants. For each participant the location of each tested area 

was kept constant across sessions [distance from fingertip: 5.69 ± 2.29 mm and distance from 

finger edge: 6.00 ± 0.91 mm (mean ± SD); distance from mid-lip: 18.38 ± 2.66 mm (mean ± 

SD), midway between the upper-lip and the base of the nose].  

2PDTs were assessed using a set of eight probes, one with a single tip and seven with two 

tips separated by various distances. Shaft length was 1.9 mm for the finger probes and 8 mm for 

the lip and cheek probes. Shaft and tip diameters were identical for all probes (shaft: 0.7 mm; 

tip: approximately 200 μm). The distances tested were predetermined and remained constant for 

all participants but differed between index fingertips (0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5 mm), 

middle fingertip (1.0, 1.4, 1.8, 2.2, 2.6, 3.2, 4 mm) and lips (2, 3, 4, 5, 6, 7, 8 mm) because of 

absolute sensitivity differences between these regions. At the beginning of each testing block, 

the single probe and the two-tip probe with the largest tip separation (2.5 mm for index 

fingertips; 4 mm for the middle fingertip; 8 mm for the lips) were presented three times to the 

participant while the experimenter said "one" or "two". Once participants declared that they 

clearly felt the difference between these two probes the testing was started and lasted 10 to 15 

minutes for each body-site. For every site, each probe was tested 8 times in a pseudo-

randomized order (no more than two consecutive repetitions of the same probe), resulting in 64 

trials. Tips were always presented parallel to the longitudinal axis of the fingers and face.  

To avoid the problem of variations in application pressure when using handheld tips 

(Johnson and Phillips, 1981; Craig and Johnson, 2000), we used two specially-designed spring-

mounted apparatuses that controlled application force across trials (for details, see Muret et al., 

2014 supplemental data). Briefly, for fingertips, the eight probes were mounted on a rotatable 

disc which permitted rapid and unpredictable switching between distances while the 

participant’s arm rested on the device with the tested fingertip positioned over a small hole. 

Participants were blindfolded and instructed to relax the hand and forearm and to remain still. 

The probes were brought into contact with the participant’s finger by the experimenter pulling 
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the device down towards the rotatable disc with an application force of between 150 and 200 

mN (Kalisch et al., 2007). The fingertip remained in contact with the probes for approximately 1 

second and participants were required to promptly give their oral response (“one” or “two”). The 

experimenter then lifted up the participant's hand, rotated the disc to present the next probe and 

continued until all probes had been presented eight times. Care was taken to prevent participants 

from moving their finger. Similarly, for the lips, probes were mounted on individual plexiglass 

sticks with ferromagnetic bases (4.5 cm long) and were used to deliver the stimulation by 

inserting them into the end of a metal tube (length: 12.5 cm; diameter: 1.5 cm) which contained 

a spring that was calibrated to obtain an almost constant application force (between 190 and 290 

mN). When applied to the skin, the plexiglass stick moved approximately 1 cm into the tube and 

a magnet prevented it from rotating or tilting. The participants’ head was stabilized by a chin-

head rest and their hands rested on the table. They were instructed to keep their face and hands 

relaxed and still. Stimulation was manually delivered by the experimenter perpendicularly to the 

skin surface to ensure that both tips (for the seven two-tip probes) touched the skin’s surface at 

the same time. After each trial the experimenter changed the plexiglass base and presented the 

next probe until all probes had been presented eight times.  

Procedure for fMRI data acquisition. During fMRI sessions, participants lay supine in the 

scanner with both arms comfortably stretched along the side of their body in the magnet bore. 

Just before being slowly moved into the scanner, a custom-made MRI-compatible device was 

fixed on the 32-channel coil to deliver tactile stimulation to each of the upper-lips with a 

constant application force and location (Figure 2). This device consisted of 2 brushes attached to 

a plastic joint which allowed pendular displacement along the medio-lateral axis of each brush 

independently. The position of each brush was adjustable with respect to the distance from the 

coil, which allowed the position of the brushes to be adapted to each participant's face 

configuration and head size.  

Two casts were used to maintain the forearm, the wrist and the two first phalanges of each 

finger aligned in the same position, and to maintain each finger well-separated from each other, 

thus preventing inadvertent stimulation of multiple-fingers. Additionally, to maintain tactile 

stimulation parameters stable across Pre/Post RSS sessions, these casts allowed access only to 

the distal phalange of each finger and prevented any change of the hand posture over the course 

of the acquisition. 
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Figure 2. MRI-compatible apparatus used to stroke the lips. The experimenter stayed at 
the entrance to the bore and sequentially stimulated the fingertips and the upper-lip 
using either a tooth brush or the shaft whose rotation induced a pendular displacement 
of the brush that was attached to the coil. 

Two functional runs were acquired per session, with one run per hemibody. The order in 

which each side was tested was kept constant across sessions but counter-balanced across 

participants. The experimenter was positioned at the entrance to the bore where she could easily 

reach and stroke the distal phalange of each digit with a tooth brush and could control the shafts 

attached to the lip stimulator attached to the coil. Stimulation was delivered on the distal 

phalange of each finger along the longitudinal axis, and on one side of the upper-lip along the 

medio-lateral axis of the face. Each body-site was repeatedly stroked independently for 24 s, 

followed by 12 s of rest, in the following order: D1 (thumb), D3 (middle), D5 (little), D2 

(index), D4 (ring) and Lip. This sequence was repeated four times per run, resulting in a scan 

time of 12 min per run. To minimize the variability of the stroking procedure all stimulations 

were performed by the same experimenter (DM) who kept a similar pace and pressure on the 

fingers across subjects. Each stroke lasted 400–700 ms and digits were stroked at a frequency of 

~1 Hz, leading to approximately 25 strokes per stimulation block. 

MRI data acquisition. Images were acquired on a short-bore 7T scanner (Siemens Medical, 

Germany) with a 32-channel coil Tx/Rx RF-coil (Nova Medical, USA). Functional images were 

acquired using sinusoidal readout EPI sequence (Speck et al, 2008) and comprised 34 axial 

slices (in-plane resolution 1.3mm²; slice thickness 1.3mm; no gap) placed over the postcentral 

gyrus (approximately orthogonal to the central sulcus, see Figure 3) in order to cover the 

primary somatosensory cortex (TR = 2.4s, TE = 27ms, matrix size 160 x 160, FOV = 210mm, 

GRAPPA = 2). Two functional runs (one for each hemibody) were acquired before and after the 

RSS procedure, comprising 371 volumes each. To aid coregistration, two whole-brain EPI 

volumes with 91 slices (1.3mm3 resolution) were also acquired before and after the procedure. 

To aid in the delineation of the Brodmann areas, a 1mm3 resolution anatomical volume was 
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acquired at the beginning of the first session (Pre) using the MP2RAGE sequence (TR = 5.5s, 

TE = 2.82ms, TI1 = 0.75s, TI2 = 2.35s, TRmprage = 5.5s, see Marques et al, 2010). 

 

Figure 3. Position of the 34 axial slices acquired during functional recordings shown on 
the structural MRI of an individual participant. 

Behavioural data analysis. For each participant and for each body-site the mean of the 

verbal responses (‘one’ or ‘two’) was plotted as a function of distance between the probes and 

the psychometric function was fitted with a binary logistic regression (Dinse et al., 2006). 

Threshold values were determined from the fitted data and were defined as the distance at which 

participants responded “two” 50% of the time. S1 and S2 thresholds for each body-site (except 

left-D2 as data were not collected at S1) were separately analyzed for stability using repeated 

measures ANOVA (rmANOVA) with the factor Session (S1, S2). Pre (average of S1 and S2) 

and Post (S3) thresholds were analyzed using separate two-way rmANOVAs with factors Side 

(Left/Right) and Session (Pre/Post) respectively for the index fingertips and upper-lips datasets 

and using a one-way rmANOVA with factor Session (Pre/Post) for the right-D3 dataset. 

Furthermore, threshold changes between Pre- and Post-sessions were determined for each 

subject as a percentage of the Pre-session threshold (average of S1 and S2): 

. Mean threshold changes were calculated for each of the five 

tested areas and were then submitted to a one-way rmANOVA to assess differences in threshold 

change across body-sites. Three linear correlations (Pearson) were performed to compare 

threshold changes at the left and right upper-lip and between each side of the upper-lip and the 

right-D2. To assess whether threshold changes were related to changes in discrimination 

sensitivity and/or in response criterion (Signal Detection Theory), false alarm and hit rates were 

systematically calculated and used to compute the discriminative index (d-prime value) and the 

criterion shift index (ln(Beta) value) using the Palamedes toolbox for one-alternative forced 

choice (PAL_SDT_1AFC_PHFtoDP, MATLAB R2010a). These indices were then statistically 

analyzed using five paired t-tests comparing sessions (Pre vs. Post). All statistical analyses were 
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conducted using Statistica© (v.10, StatSoft). Data were checked for normality using 

Kolmogorov-Smirnov tests. Post-hoc analyses were performed using Bonferroni tests 

(mentioned in the text as pBonf). All group data are expressed as mean ± standard error of the 

mean (SEM). 

Imaging data analysis. Statistical analyses were conducted using SPM8© (v.5236, 

Wellcome Trust Centre for Neuroimaging, London, UK). Functional volumes were temporally 

realigned to the second slice acquired, spatially realigned to the average of both volumes using 

6th degree B-spline interpolation, and the whole brain EPI was coregistered to this mean EPI 

functional volume. The MP2RAGE volume was then coregistered to the whole brain EPI image 

using rigid body transformations and 6th degree B-spline interpolation.  

Functional analyses were conducted both in the MNI (Montreal Neurological Institute) 

space for standard group analyses, and in the native space as proposed in Martuzzi et al. (2014), 

in order to better take into account the inter-individual variability regarding both structural and 

functional aspects of the data. In line with this, and with the idea of preserving the initial 

resolution as much as possible, the realigned functional volumes were smoothed with a 4mm 

(full-width half-maximum) isotropic Gaussian kernel (FWHM) for the MNI space analysis, but 

with a 2mm FWHM isotropic Gaussian kernel for the native space analysis. In both cases 

statistical analyses were then performed using the General Linear Model (GLM), which 

included two regressors per region (the canonical hemodynamic response function: HRF and its 

time derivative), the motion parameters as nuisance regressors, and also included a high-pass 

filter set to 432s to filter low-frequency drifts. Using this model the response evoked by the 

stimulation of each area was estimated independently from the others by means of t-contrasts 

over the HRF regressors of each individual area. Both positive (activity > rest) and negative 

(activity < rest) contrasts were computed. In addition, Post-Pre contrasts were computed to later 

assess their possible co-variation with perceptual changes. 

For the MNI space analysis contrasts from the Post-session were coregistered together with 

the mean EPI functional volume of the Post-session, to the mean EPI functional volume of the 

Pre-session, and resliced using 6th degree B-spline interpolation. The MP2RAGE volume was 

then segmented and used to compute a template of the group normalized to the standard MNI 

template using DARTEL algorithms. The resulting normalization parameters were then applied 

to the previously computed t-contrasts with no additional smoothing (voxel size, 1mm3). These 

normalized contrasts were inserted into a random-effect model to compute both one-sample 

(activity > or < rest) and paired t-tests (Post > Pre or Post < Pre), the former contrasts being then 
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used to visually inspect data and to compute the centres of gravity (CoG) of the resulting 

clusters, whereas the latter contrasts allowed evaluation of the RSS-induced changes. To assess 

the relationship between individual RSS-induced changes in BOLD signal and perceptual 

changes in discrimination thresholds, Pearson correlations were performed by entering the 

individual (normalized) Post-Pre contrasts in a second level analysis, where 2PDT threshold 

changes were inserted as covariates. Given our strong a priori predictions, the resulting 

activation maps were examined within SI only using a composite of the BA3b, BA3a, BA2 and 

BA1 maximum probabilistic maps available in the Anatomy Toolbox (Eickhoff et al., 2005, 

2006b, 2007b) as region of interest (ROI), and thresholded at p < 0.001 uncorrected (due to the 

use of ROI), with a minimum cluster size of 10 voxels.  

For the native space analysis, the t-contrasts resulting from the GLM (smoothed at 2mm) 

were used to compute positive and negative maps of each area (10 fingers and both lips) from 

each session (Pre and Post), by selecting the voxels that survived a threshold of p < 0.05 (FDR 

corrected). To assess whether the FDR-corrected thresholds used to compute the maps were 

similar across areas and sessions, they were submitted to a three-way rmANOVA 

(Session*Side*Area). The only significant difference observed was higher thresholds for D4 

than for D1 and D2 (both pLSD values < 0.035), higher thresholds for D5 than for the other 

fingers (all pLSD values < 0.05), and lower thresholds for the Lip than for the other areas (all pLSD 

values < 0.002). No main effects or interactions between the factors Session or Side were 

observed, suggesting that thresholds were comparable for both hemi-bodies before and after the 

RSS procedure. This was further confirmed by separate two-way rmANOVAs (Session*Side) 

applied on the FDR-corrected thresholds of each area, which revealed no main effect or 

interaction with the factor Session. Each individual map (positive or negative) and contrast from 

the Post-session was then coregistered together with the mean EPI functional volume of the 

Post-session, to the mean EPI functional volume of the Pre-session, and resliced using nearest 

neighbour and 6th degree B-spline interpolations respectively, the former one being used to 

avoid any spillover effect due to interpolation. Anatomical masks were manually delineated for 

each participant based on his/her own structural MRI, which was previously skull-stripped and 

coregistered to the whole brain EPI before being both resliced to the mean EPI functional 

volume using 6th degree B-spline interpolation. Delineation of BA3b, BA1 and BA2 was 

performed using the guidelines provided by cytoarchitectonic studies (Geyer et al., 1999, 2000; 

Grefkes et al., 2001), with BA3b being defined as the posterior bank of the central sulcus, BA1 

as the crown of the postcentral gyrus, and BA2 as the posterior bank of the postcentral gyrus. 

These masks, corresponding to our regions of interests (ROIs), were then applied on the 
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individual functional maps (positive or negative) to constrain the analyses to BA3b, BA1 and 

BA2 anatomically defined at the individual level. Within each BA and body-site representation 

the volume of activation was assessed by quantifying the number of voxels surviving the 

threshold (pcorr < 0.05), and the volume of overlap between representations was also quantified. 

To account for the fact that different levels of activation could arise between Pre and Post 

sessions (e.g., from fatigue), but also between the two hemi-bodies (recorded in two separate 

runs), we normalized activation volumes to the total volume of activation obtained for all body-

sites in a hemibody for each session, (i.e., sum of the volumes of activation obtained in both 

hemispheres for the 6 areas of one side in a given session). This was done for each BA. The 

CoG of each representation was also computed by weighting the coordinates of each voxel by its 

beta value (i.e., BOLD signal intensity) and the Euclidean distance (ED) between CoGs of 

different body-sites was calculated as following: 

 

where x, y and z refer to the 3D Cartesian coordinates of the two body-sites a and b. Volumes 

and ED differences across body-sites, BAs, and sessions were assessed using rmANOVAs 

(detailed in the Results section), followed by LSD Fisher post-hoc tests (pLSD < 0.05).  

Results 

The thresholds obtained at right-D2, right-D3 and the lips in the pre-sessions S1 and S2 

were analyzed to ascertain multiple baseline stability. No significant differences were found for 

any of the body-sites (four rmANOVAs, all p values > 0.08). A two-way rmANOVA on two-

point discrimination thresholds of index fingertips, showed a significant interaction Side x 

Session (F(1.12) = 13.35, p = 0.003). Bonferroni post-hoc tests revealed that thresholds at right-

D2 significantly decreased following the RSS procedure (pBonf = 0.014), whereas thresholds 

obtained at left-D2 remained stable (pBonf > 0.90, Figure 4). The post-RSS threshold of right-D2 

was also significantly smaller than that of its homologue post-RSS (pBonf = 0.028). A similar 

analysis performed on thresholds of both sides of the upper-lips revealed a significant main 

effect of Session (F(1.12) = 22.75, p < 0.0005), the thresholds from both upper-lips being 

significantly smaller after RSS of right-D2 (Figure 4). Altogether, these results confirm our 

previous findings (Muret et al., 2014) that three hours of RSS applied to the right-D2 

significantly improves spatial discrimination not only locally, (i.e., at the stimulated fingertip), 

but also remotely (i.e., at both sides of the upper-lip), without affecting the homologous index 

fingertip (left-D2). In addition, the results from the present study further revealed that the 
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thresholds of the right-D3 also remained stable (see Figure 4) after the same amount of RSS 

applied to the right-D2 (from 2.39 ± 0.31 mm pre-RSS to 2.37 ± 0.36 mm post-RSS, p > 0.8).  

D-prime analyses confirmed sensitivity gains exclusively for right-D2 and both upper-lips 

(right-D2: t(12) = -2.48, p = 0.029, right-Lip: t(12) = -4.57, p < 0.0007, left-Lip: t(12) = -3.75, p = 

0.003), with no slackening of participants’ response criterion in either experiment (Figure 5). 

 

 

Figure 4. Mean psychometric curves and thresholds (mm), before and after the RSS 
procedure at each tested body-site. Psychometric curves averaged over all individual 
regression curves for each tested distance, Pre (black) and Post (red) RSS applied to the 
right-D2. The mean thresholds obtained Pre and Post RSS are represented for each area 
on the bar plots, with the same colour code. Asterisks highlight the cases where a 
significant threshold decrease was obtained from the thresholds analyses (three 
rmANOVAs on data from the index fingers, major finger and lips followed by 
Bonferroni post-hoc tests, * pBonf < 0.05). 
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Figure 5. Signal detection theory values across sessions. (A) Mean d-prime and (B) 
mean ln(Beta) values obtained for each area, Pre (black) and Post (red) RSS of right-D2. 
* p < 0.05 

To compare the RSS-induced changes obtained across body-sites, the difference in 

threshold between the Pre- and Post-sessions was expressed as a percentage of the Pre-session 

threshold, and these values were submitted to a one-way rmANOVA. This analysis revealed 

different threshold changes across body-sites (F(4.48) = 5.35, p = 0.001), with the changes 

observed at right-D2 (pBonf = 0.032), right-Lip (pBonf = 0.008) and left-Lip (pBonf = 0.011) being 

significantly different from left-D2 threshold changes (Figure 6, upper panel). Similar to the first 

report of such RSS-induced transfer of tactile acuity improvement from the finger to the lips 

(Muret et al., 2014) the majority of participants exhibited decreased thresholds at both the right-

D2 and lips (i.e., 84.6% here with 11 participants out of 13, and 80% in Muret et al., 2014 with 

12 participants out of 15), while threshold changes were approximately equally distributed 

around zero (i.e., no change) at the other areas (i.e., left-D2 and right-D3, see Figure 6, left and 

right columns). In addition, the mean threshold at the right- and left-Lip decreased respectively 

by 9.33% (± 1.90) and 8.90% (± 2.43), which represents 121% and 116% of the improvement 

observed at right-D2 (-7.66 ± 3.07 %). 

In contrast to the straightforward pattern observed between threshold changes at right-D2 

and the lips (Figure 6, right column, middle plot), the pattern observed between right-D2 and 

either left-D2 or right-D3 reveals that among the participants for whom the RSS protocol turned 

out to be effective locally (i.e., exhibiting right-D2 threshold decrease after RSS), half of them 

had a similar threshold decrease at the homologous or adjacent finger (Figure 6, right column, 

upper and lower plots, red arrows), while the other half instead had increased thresholds at these 

finger following RSS (blue arrows). Interestingly, no threshold increase was observed at the lips 

following RSS (Figure 6, right column, middle plot). 
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Figure 6. Group and individual threshold changes. Upper panel: Average threshold 
changes at the group level for each tested area (mean ± SEM). * pBonf < 0.05. Left 
column: Rank ordered distributions of individual participant threshold changes in 2PDT 
(% of Pre-session) shown for each tested area. Each bar corresponds to a single 
participant. Values are rank ordered so a given participant is not represented in the same 
position across graphs. Right column: Vectors showing the relationship between 
threshold changes at right-D2 and: left-D2 (top), the lips (middle), and right-D3 
(bottom), for each participant. The starting and ending points of vectors respectively 
represent pre- and post-session thresholds. Red vectors indicate parallel threshold 
decreases at both right-D2 and the other body-site (i.e., lips, left-D2 or right-D3), 
whereas blue vectors illustrate a decreased threshold at right-D2 and an increased at the 
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other area. Grey vectors illustrate the two participants having an increased threshold at 
right-D2 after RSS. 

 

Random-effect (RFX) analyses - Region of Interest (SI) 

RFX analyses were first computed using one-sample t-tests to get a first qualitative 

overview of the data at our group level. As expected, large positive BOLD responses (PBR, 

activity > rest) were found in the postcentral gyrus, before and after RSS. These responses were 

predominantly contralateral for the fingers, with the notable exception of the thumb, which also 

exhibited a small but significant ipsilateral cluster. In contrast, touch evoked responses were 

bilateral for the lips (see Figure S1 for whole-EPI and S2 for ROI maps). Similarly to Pleger and 

colleagues (2003), an enlargement of the cluster size and an enhancement of the BOLD signal 

amplitude were observed for right-D2 PBR following RSS (Figure 7; Pre: cluster-level = 1574 

voxels (vox); T-score = 7.70; MNI template coordinates (mm): [-50 -20 52] [x y z]. Post: 5969 

vox; T-score = 13.03; [-55 -21 45]). In addition, an ipsilateral cluster emerged at the Post-

session (see Figure 7, bottom right panel; 138 vox; T-score = 5.23; [53 -19 37]). In contrast, no 

changes were observed for the homologous left-D2 PBR after RSS (Figure 8; Pre: 1403 vox; T-

score = 7.72; [51 -21 56]. Post: 1179 vox; T-score = 7.70; [51 -21 56]). 

The CoG of each activation cluster was computed for each body-site and session. The 

Euclidean Distance (ED) between Pre and Post CoGs was calculated and considered as a 

measure of the CoG shift. In apparent contrast to Pleger et al. (2003), most of the body-sites 

exhibited a shift of their CoG, ranging from 0.68 to 8.67mm (Table 1), but with no specific shift 

of right-D2 CoG. 
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Figure 7. Group positive BOLD response (PBR) obtained from random-effects analysis 
using one-sample t-tests (stimulation > rest, puncorr < 0.001, minimum cluster size = 
10vox) following stimulation of right-D2 respectively Pre (left) and Post (right) RSS. 
PBR maps are displayed on the MP2RAGE volume of an individual participant 
(normalized into MNI), whose three anatomical planes are shown (sagittal, coronal and 
axial). Two different positions (x, y, z in MNI coordinates) are shown between the upper 
and lower row, corresponding to the location of the respective peaks of activation. Note 
the enlarged area and the increased intensity of PBR post-RSS. A: anterior, P: posterior, 
L: left, R: right. 
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Figure 8. Group positve BOLD response (PBR) obtained from random-effects analysis 
using one-sample t-tests (stimulation > rest, puncorr < 0.001, minimum cluster size = 
10vox) following stimulation of left-D2 respectively Pre (left) and Post (right) RSS. The 
respective peaks of activation are exactely at the same position (x, y, z in MNI 
coordinates). A: anterior, P: posterior, L: left, R: right. 
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Pre (mm) Post (mm) Shift (mm) 

x y z x y z Post-Pre 

Left-D1 51.93 -18.52 47.44 54.30 -14.99 48.48 2.64 

Left-D2 49.39 -20.79 51.49 48.89 -20.67 53.18 1.78 

Left-D3 47.13 -24.01 55.83 47.02 -23.12 58.84 3.15 

Left-D4 44.99 -24.01 62.11 44.99 -24.68 62.22 0.68 

Left-D5 42.53 -25.60 66.93 45.02 -26.35 64.99 3.25 

Left-Lipc 54.12 -14.59 37.96 60.13 -13.46 37.94 6.11 

Left-Lipi -59.12 -19.01 38.00 -59.30 -18.68 37.41 0.70 

Right-D1 -45.68 -26.57 49.46 -49.91 -24.23 47.56 5.19 

Right-D2 -50.19 -22.61 49.93 -47.35 -24.87 48.87 3.78 

Right-D3 -45.90 -26.58 54.16 -47.31 -26.67 53.95 1.42 

Right-D4 -43.82 -30.12 60.86 -45.45 -28.14 54.14 4.39 

Right-D5 -43.46 -31.98 60.86 -42.40 -31.90 58.52 2.57 

Right-Lipc -55.46 -16.36 37.02 -54.04 -16.04 38.76 2.57 

Right-Lipi 57.13 -13.73 38.52 51.45 -11.43 44.65 8.67 

Table 1. Cartesian coordinates (x, y, z, MNI space) and amount of CoG shift for each 
cluster of PBR (RFX one-sample t-test, stimulation > rest, puncorr < 0.001, minimum 
cluster size = 10vox) obtained for each body-site across sessions. 

In contrast to PBR, negative contrasts (activity < rest) revealed activity into a more 

distributed network resembling the default mode network (Figure S1; Raichle et al., 2001; 

Greicius et al., 2003; Brookes et al., 2011; Passow et al., 2015), which is known to be task-

dependent down-regulated (Fox et al., 2005). Within our ROI, these negative BOLD responses 

(NBR) were most of the time observed within the ipsilateral hemisphere for the fingertips, but 

within both hemispheres for the lips (Figure S3). Notably, the NBRs elicited by finger 

stimulation appeared to be highly overlapped and located more anterior relative to the post-

central gyrus than that elicited by lip stimulation. Similar to the findings of Amedi’s group on 

the negative bold somatotopy of the motor homunculus (Zeharia et al., 2012), the NBR of the 

lips were not located in the mirror PBR maps, but more dorsally (Figure 9, two first brain 

displays). Using the PBR evoked by all body-sites as masks, the contralateral NBR evoked by 

lip stimulation was co-localized only with the contralateral PBR evoked by the stimulation of all 
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fingers from the same side (Figure 9). Note that while the PBR evoked by lip stimulation was 

predominantly assigned to BA3b and BA1, the NBR was primarily assigned to BA2 (Figure 9). 

NBR being too widespread, changes in their volumes, BOLD signal amplitude or CoG location 

were difficult to assess qualitatively. 

 

Figure 9. Localization of the group negative BOLD response (NBR) obtained from 
random-effects analysis using one-sample t-tests (puncorr < 0.001, minimum cluster size 
= 10vox) following stimulation of right-Lip respectively Pre (upper panel) and Post 
(lower panel) RSS. Sagittal and radial views are shown for each cluster. The two first 
brain displays show respectively the PBR and the NBR evoked by right-Lip stimulation 
within the contralateral hemisphere. Note that the NBR is much more dorsal than the 
PBR. The dashed lines highlight the clear separation between both. The five other brain 
displays show the portion of the NBR being co-localized with the contralateal PBR 
evoked by each finger of the right  hand (used as masks). Note that while this co-
localization is more striking at the Post-session (lower panel), it is already present at the 
Pre-session (upper panel). The assignement of each cluster performed using the 
Anatomy toolbox is indicated below each cluster. Similar results were observed for the 
left-Lip. 

To assess the RSS-induced volume enlargement of right-D2 PBR were analyzed using RFX 

paired t-tests (puncorr < 0.001, minimum cluster size = 10vox). Post-Pre contrasts (Post-Pre > rest 

== Post > Pre) revealed for right-D2 four different clusters, which suggests a significant 

increase of right-D2 BOLD response following RSS. Two of these clusters were located within 

the left (contralateral) hemisphere (cluster1: 14 vox; T-score = 4.27; [-48 -15 40]; cluster2: 12 
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vox; T-score = 4.30; [-46 -17 35]), and the two others were within the right (ipsilateral) 

hemisphere (cluster3: 17 vox; T-score = 4.60; [49 -16 44]; cluster4: 11 vox; T-score = 4.73; [41 

-18 35]). With the use of cytoarchitectonic probabilistic maps, the contralateral clusters were 

respectively assigned to BA3b with a probability of 100% for cluster1, and with a probability of 

91.7% for cluster2, the remaining 8.3% assigning it to BA3a (Figure 10). Regarding the 

ipsilateral clusters, they were respectively assigned with a 100% probability to BA3b (cluster3) 

and to BA3a (cluster4) (Figure 10). Interestingly, using the group PBR maps resulting from the 

one-sample t-tests (puncorr < 0.001) as masks, parts of the contralateral clusters were co-localized 

with the right-D2 PBR within BA3b obtained at the Post-session (9 voxels from cluster1, and 3 

voxels from cluster2), but other parts were additionally co-localized with the right-Lip PBR 

within BA3b obtained at the Post-session (9 voxels from cluster1 and 11 voxels from cluster2). 

In addition, parts of the ipsilateral cluster4 (7 voxels) were co-localized with the right-D1 

ipsilateral NBR obtained within BA3a at the Post-session. 

In contrast, no changes of BOLD activity were found for the homologous finger left-D2 or 

for any other regions, except two ipsilateral clusters respectively for left and right-D5 (left-D5: 

49 vox; T-score = 6.16; [-52 -36 52]. right-D5: 20 vox; T-score = 5.13; [50 -39 58]). While the 

latter cluster was assigned at 100% to right BA1, the cluster obtained for left-D5 was assigned at 

67.3% to left BA1 and at 32.7% to left BA2. The inverse paired t-test contrasts (Pre-Post > rest 

== Post < Pre) were also computed. Among all the body-sites, only one significant cluster (14 

vox; T-score = 4.94; [30 -42 72]) was found for right-D1 within the right hemisphere, thus 

ipsilaterally to the stimulation. Using probabilistic maps, this cluster was assigned at 92.9% to 

right BA1, and at 7.1% to right BA3b. 
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Figure 10. Differential group BOLD response between Pre and Post sessions following 
right-D2 stimulation, obtained from random-effects analysis using paired t-tests (Post-
Pre > rest, puncorr < 0.001, minimum cluster size  = 10vox). Among the four clusters 
revealed by the analysis, two were located within the left hemisphere (upper panel), 
while the other two were located within the right hemisphere (lower panel). The 
assignement of each cluster was performed using the Anatomy toolbox, and is indicated 
below each cluster. [x, y, z in MNI coordinates]. 
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To assess whether the PBR changes observed for right-D2 are related to the 2PDT changes 

previously reported, linear correlations (Pearson) were performed using the individual Post-Pre 

contrasts with the individual 2PDT threshold changes inserted as covariates. While no 

significant correlation was found with right-D2 threshold changes, a significant negative 

correlation was found within SI between the RSS-induced changes in the PBR volumes evoked 

by right-D2 stimulation and the 2PDT changes found at the left-Lip (puncorr < 0.001, minimum 

cluster size  = 10vox). Three clusters exhibited this correlation, one located within the left 

hemisphere (cluster1: 106 vox; T-score = 6.85; [-39 -36 41]) was assigned to BA2 at 100% 

(Figure 11, left), while the two other clusters located in the right hemisphere (cluster2: 204 vox; 

T-score = 5.90; [42 -37 56]; cluster3: 14 vox; T-score = 4.61; [53 -31 56]) were fully assigned to 

BA2 and BA1 respectively (Figure 11, right). 

 

Figure 11. Correlation analysis to assess the relationship between the RSS-induced 
BOLD signal changes found for right-D2 and the two-point discrimination threshold 
changes obtained at the individual level. Results revealed a significant negative 
correlation between BOLD changes at right-D2 and the perceptual changes at left-Lip 
only (puncorr < 0.001, minimum cluster size  = 10vox). Among the three clusters revealed 
by the analysis, one was located within the left hemisphere (left panel), while the other 
two were located within the right hemisphere (right panel). The assignement of each 
cluster was performed using the Anatomy toolbox, and is indicated below each cluster. 
[x, y, z in MNI coordinates]. 

Native space analyses - Positive contrasts 

To investigate more subtle somatotopic changes across body-sites, analyses were also 

performed in the native space as suggested by Martuzzi et al. (2014). All the data hereafter are 

thus displayed relative to the original coordinates of acquisition and have not been reoriented 

relative to the bicommissural (i.e., AC-PC) plane. Differently from Martuzzi et al. (2014), here 
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maps were determined using FDR-corrected thresholds, and thus allowed for areal overlaps. As 

expected, all participants exhibited PBR (positive t-contrasts: activity > rest) within the 

postcentral gyrus. While responses were predominantly contralateral for the fingers, bilateral 

PBR were consistently observed following stimulation of either side of the upper-lip (Figure 

12). Some PBR were also observed ipsilateral to the stimulated fingers, but inconsistently across 

participants. An overview of the maps obtained at the individual level is shown in Figure 13, 

with two representative slices (axial and sagittal) per participant. Despite some overlaps, a clear 

somatotopic organization was systematically observed along the anterior bank of the postcentral 

gyrus (corresponding to BA3b), with the fingers being represented in a dorso-median to ventro-

lateral sequence from D5 to D1, and the lips being located ventro-laterally (Figure 13). In 

contrast, the crown and the posterior bank of the postcentral gyrus exhibited much more 

overlaps between representations, yielding to a less distinguishable somatotopic organization. 

This result is in agreement with previous imaging studies demonstrating a larger areal overlap 

between finger representation in BA1/2 than in BA3b (Krause et al., 2001; Besle et al., 2013b). 

 

Figure 12. Bilateral SI PBR evoked by right-Lip stimulation obtained at the Pre-session 
in the native individual space. One representative axial slice is shown for each of the 
participants (I to XIII). Body-sites are colour-coded (see inset in the right lower corner), 
and overlaps result in mixed colours (white when all the areas are superimposed). Note 
that the ipsilateral PBR to lip stimulation varied with the amount of global activation 
(e.g., smaller but present in participants III and X, showing the smallest overall 
activity). 
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Figure 13. Native space individual somatotopic organization of PBR obtained following 
stimulation of the right hemibody within the contralateral SI during the Pre-session. One 
representative axial (top) and sagittal (bottom) slices are shown for each participant (I to 
XIII). Body-sites are colour-coded (see inset), and overlaps result in mixed colours 
(white when all the areas are superimposed). 

These results on the overall distribution of PBR to fingers stimulation are consistent with 

previous reports (Kurth et al., 2000; Krause et al., 2001; Stringer et al., 2011; Besle et al., 

2013b; van der Zwaag et al., 2013; Martuzzi et al., 2014). To assess whether the enhancement of 

right-D2 PBR observed at the group level (Figure 10) was also observable in data from the 
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native space, the volumes of body-sites PBR were extracted from the previous maps and further 

analyzed. 

First, looking at the total volume of the three sub-regions (i.e., BA3b, BA1 and BA2), a 

two-way rmANOVA (BAs*Session) revealed a significantly smaller volume of PBR for BA3b 

than for BA1 and BA2 (Figure 14; F(2,24) = 10.01, p < 0.001, post-hoc tests: BA3b < BA1, pLSD 

< 0.001; BA3b < BA2, pLSD = 0.008). This result is in apparent contrast to the report of Martuzzi 

et al. (2014), in which BA2 was found smaller than BA3b and BA1. This discrepancy is likely 

to arise from a major difference in how maps were computed here, whereby overlaps were 

allowed. As the focus of the present study was not to assess the absolute volume differences 

across sub-regions or even body-sites, but rather to investigate the relative volume changes 

across sessions, the total volume of each sub-region (BAs) was further analyzed separately. 

 

Figure 14. Total volume (mm3) of PBR within SI and the sub-regions BA3b, BA1 and 
BA2 of both hemispheres, before (black) and after (red) the RSS procedure. * p < 0.05. 

When considering sub-regions volumes across body sides, hemispheres and sessions, two 

participants who lacked suprathreshold ipsilateral PBR (expected for the lips) in at least one 

session and within at least two of the three BAs (participant VIII within BA3b & BA2; 

participant X within BA3b, BA1 and BA2) were removed from further analysis. Another 

argument in favour of this rejection was that these same participants also lacked contralateral 

PBR for at least one body-site within at least two of the three BAs (participant VIII within 

BA3b & BA2; participant X within BA1 & BA2). This resulted in 11 participants exhibiting 

responses for all the body-sites (within the contralateral hemisphere for all regions and within 

the ipsilateral hemisphere for the lips) within BA3b and BA1. Within BA2, two further 

participants were lacking PBR, one (participant III) for left-D4 and left-D5 within their 

contralateral right hemisphere (RH) at the Pre-session solely, and the other one (participant XII) 

for left-Lip within its ipsilateral left hemisphere (LH) at the Post-session. To keep our sample 

size as big as possible, these two participants were removed only from BA2 analysis, which was 

thus based on a sample of 9 participants. 
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PBR volumes within each sub-region were analyzed across sessions with body side and 

hemisphere as factors (i.e., three-way rmANOVA Session*Side*Hemisphere). First, the analysis 

performed on SI as a whole (n = 11; Figure 15, top left), revealed a significant difference 

between hemispheres (F(1,10) = 6.02, p = 0.034), with a larger PBR volume within the left (25 

712.67 ± 3 606.45 mm3, mean ± sem) than the right hemisphere (22 544.91 ± 3 707.26 mm3). In 

addition, a significant interaction between the body side and hemisphere (F(1,10) = 61.75, p < 

0.001) revealed, as expected, larger PBR volumes within the contralateral hemisphere compared 

to the ipsilateral one (Left: RH > LH; Right: LH > RH; LH: Right > Left; RH: Left > Right, all 

pLSD values < 0.001). No significant effect or interaction with the factor Session was observed at 

this level (p > 0.3). 

 

Figure 15. Total PBR volumes (mm3) evoked by the stimulation of each hemibody, 
within SI and the three sub-regions (BA3b, BA1 and BA2) of each hemisphere (LH: left 
hemisphere, RH: right hemisphere), before (black) and after (red) the RSS procedure. 
Statistical results are detailed in the text. Note that SI, BA3b and BA1 volumes include 
the average of 11 participants, whereas those of BA2 include 9 participants. 

Similar results were found within BA3b (n = 11; Figure 15, bottom left), with larger 

volumes within LH than within RH (F(1,10) = 5.41, p = 0.042), and larger PBR volumes within 

the contralateral hemisphere than within the ipsilateral one (F(1,10) = 47.59, p < 0.001; Post-hoc 

tests: Left: RH > LH, pLSD = 0.002; Right: LH > RH, pLSD < 0.001; LH: Right > Left, pLSD < 

0.001; RH: Left > Right, pLSD = 0.001). Within BA1 (n = 11; Figure 15, top right) and BA2 (n = 

9; Figure 15, bottom right), the difference between hemispheres was no longer observed, but 



 

190 | P a g e  

larger volumes were still observed within the contralateral hemisphere compared to the 

ipsilateral one (BA1: F(1,10) = 54.21, p < 0.001; Post-hoc tests: all pLSD values < 0.001 - BA2: 

F(1,8) = 72.92, p < 0.001; Post-hoc tests: all pLSD values < 0.001). In addition, BA2 volumes 

contralateral to the right hemibody (i.e., within LH) were significantly larger than that 

contralateral to the left hemibody (i.e., within RH) (pLSD = 0.026). Altogether, these results 

suggest a similar pattern between hemispheres and body sides for the three BAs, with larger 

PBR volumes within the hemisphere contralateral to the stimulation than the ipsilateral one 

being consistent across BAs.  

As for SI, no significant changes were observed across sessions, suggesting no effect of 

RSS over the global PBR volumes within either sub-region. More importantly, this finding 

allows excluding any variation in response volumes potentially due to fatigue or other unspecific 

factors between sessions. Because the two hemi-bodies were stimulated by the same 

experimenter in two different runs with either her right or left hand, we refrain from interpreting 

the larger volumes observed in the left hemisphere as compared to the right one. Instead, we 

expressed the volumes obtained for each body-site as a percentage of the total volume obtained 

for a given sub-region (BAs) after stimulating this hemibody, within the two hemispheres. 

These volumes used to normalize body-site volumes (i.e., sum of the volumes of activation 

within both hemispheres obtained for either hemibody) were statistically stable and similar 

across sessions and hemibody sides (one two-way rmANOVAs Session*Side per BA). 

From the resulting (normalized) volumes, those corresponding to the contralateral PBR for 

the fingers and to the bilateral responses for the lips were selected (i.e., the only regions for 

which all the 11 participants exhibited PBR). Separate analyses of the three BAs (three-way 

rmANOVA Session*Hemisphere*Area) revealed volume differences between body-sites, 

regardless of the hemisphere, or session (BA3b: F(6,60) = 7.936, p < 0.001; BA1: F(6,60) = 17.15, 

p < 0.001; BA2: F(6,48) = 5.321, p < 0.001). 
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Figure 16. Normalized volumes (% volume total of the sub-region) of PBR evoked by 
the stimulation of each body-site from each body side, within each of the three sub-
regions BA3b, BA1 and BA2 in each hemisphere, before (black) and after (red) the RSS 
procedure. Note that within each hemisphere, the volumes of the ipsilateral lip are 
showed in addition to the contralateral body-sites. Significant volume differences were 
obtained only between body-sites, not interfering with the hemisphere or the session. 
Statistical results are detailed in the text. 

Within BA3b (Figure 16, top), PBR from D5 were significantly smaller than those from all 

other areas, but the ipsilateral lip (i.e., left-Lip within LH and right-Lip within RH; all pLSD 

values < 0.011), while PBR from D1 were significantly larger than those observed for D3, D4 

and D5 and the lips (all pLSD values < 0.048). Finally, PBR from D4 were smaller than those 

observed for D2 (pLSD = 0.012), and PBR of the ipsilateral lip were also significantly smaller 

than those from D2 and D3 (both pLSD values < 0.041). Within BA1 (Figure 16, middle), the 

volume differences between body-sites was less pronounced, with PBR from D1, D2 and D3 

being larger than those from D4, D5 and the lips (all pLSD values < 0.015), and with the PBR 

from D5 and the ipsilateral lip being significantly smaller than that from D4 (both pLSD values < 

0.008). Finally, few differences were observed within BA2 (Figure 16, bottom), with D1, D2 

and D3 showing larger PBR than those observed from D5 and the lips (all pLSD values < 0.032), 

the latter having smaller PBR than those from D4 (both pLSD values < 0.035). 
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Thus, while D1 & D2 seem to display the largest representation across BAs, D5 and the 

ipsilateral lip exhibit the smallest representations within BA3b, and are followed by the 

contralateral lip, whose representation seems to decrease from BA3b to BA2. These results are 

in agreement with previous reports showing a higher degree of cortical magnification for D1 and 

D2 in both monkeys (Sutherling et al., 1992; Shoham and Grinvald, 2001) and  humans 

(Maldjian et al., 1999; Martuzzi et al., 2014). Apart from these differences in volumes across 

body-sites, no differences were observed across hemispheres or sessions (see Figure 16). This 

suggests that the effects induced by RSS, if any, might be masked by the huge differences across 

body-sites. 

To overcome this issue and directly compare the PBR volumes obtained for homologous 

body-sites across sessions, the normalized volumes were then analyzed separately. Within BA3b 

(n = 11; Figure 17, top), a two-way rmANOVA showed a significant interaction for D2 

fingertips (F(1,10) = 5.08, p = 0.048), revealing a significant increase of right-D2 PBR after RSS 

(pLSD = 0.047). A significant main effect of Session was found for D3 (F(1,10) = 4.99, p = 0.049), 

but displaying a  decrease of D3 PBR after RSS, though visual inspection of the data (Figure 17, 

top) suggests the effect may be predominantly driven by right-D3. Finally, a significant 

difference between sides was found for D5 (F(1,10) = 7.80, p = 0.019), the PBR of left-D5 (thus 

within RH) being larger than its homologue within LH. Within BA1 (n= 11; Figure 17, middle), 

a similar interaction as in BA3b was found for D2 PBR (F(1,10) = 11.76, p = 0.006), revealing 

here again a significant enlargement of right-D2 BOLD response after RSS (pLSD = 0.027), but 

also a significant decrease of left-D2 PBR after RSS (pLSD = 0.047). However, a significant 

difference between the Pre-sessions of both fingers was also observed (pLSD = 0.007), which 

could partly explain the interaction. Finally, a significant difference between sides was found for 

the contralateral lip (F(1,10) = 5.15, p = 0.047), the PBR of the right-Lip being larger than that of 

the left-Lip. Lastly, no significant changes were observed within BA2, likely due to a too small 

sample (n = 9). However, despite the small sample, the variability observed (Figure 17, bottom) 

seems reasonable, and allows to distinguish a tendency for a decrease of left-D2 PBR, as found 

within BA1. 

Altogether, these results suggest that RSS induced an increase of right-D2 PBR, primarily 

within BA3b, but extending significantly to BA1. This enlargement of right-D2 representation 

was accompanied by a significant decrease of (mainly the right) D3 PBR within BA3b, and by a 

tendency for left-D2 PBR to shrink within BA1. Somewhat surprisingly, no changes across 

sessions were observed for the upper-lips. 
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Figure 17. Same normalized PBR volumes (%Vtot) as in Figure 15, but grouped by 
body-sites within each of the three sub-regions BA3b, BA1 and BA2, to directly 
compared homologous body-sites (i.e., the two sides of the body) and their changes in 
volume across sessions (Pre-RSS: black, Post-RSS: red). Note that for the six first body-
sites (i.e., the five fingers and the lip), the volumes of PBR obtained within their 
respective contralateral hemispheres are compared, while for the last body-site (i.e., the 
second lip), the volumes of PBR compared are those located within their respective 
ipsilateral hemispheres. A two-way rmANOVA (Session*Side) was applied on each 
body-site. * p < 0.05. 
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To assess the possible link between the significant volume changes observed at these body-

sites and sub-regions, they were submitted to Pearson's correlations. While no significant 

correlation was found between right-D2 and right-D3 volume changes within BA3b (p = 0.101), 

nor between right-D2 volume changes within BA3b and left-D2 volume changes within BA1 (p 

= 0.218), a significant positive correlation was observed between volume changes of right-D2 

PBR within BA3b and those within BA1 (Figure 18; r = 0.8273, p = 0.002). Notably, the 

equation linking these two variables exhibited a slope whose coefficient was below 1, 

suggesting that a higher amount (almost twice more) of volume changes were occurring within 

BA3b to get the same amount of changes within BA1. 

 

Figure 18. Relationship between right-D2 PBR volume changes within BA3b and BA1 
(%Post-Pre). The linear (Pearson) correlation is significant (p < 0.05). 

To investigate whether these enlargements of right-D2 representation altered its degree of 

overlap with the other areas, we computed both the proportion of D2 PBR overlapping with the 

PBR from other body-sites, and the proportion of the other body-sites PBR being overlapped 

with D2 PBR (i.e., we expressed the volumes of overlaps as a proportion of either D2's volume 

or of the volumes of the other body-sites). Within BA3b, the proportion of D2 PBR overlapping 

with those from the other body-sites was significantly higher with its direct neighbours (i.e., D1 

and D3), than with the non-adjacent body-sites (F(4,40) = 20.19, p < 10-6, all pLSD values < 0.005), 

with respectively 39.08% (± 4.69) and 45.03% (± 5.28) of D2 overlapping with D1 and D3, 

instead of 27.45% (± 6.37), 15.4% (± 3.61) and 18.44% (± 2.89) with D4, D5 and Lip. 

Conversely, these same volumes of overlap corresponded to 40.40% (± 6.39), 49.72% (± 5.05), 

33.04% (± 6.80), 29.73% (± 6.81), and 19.77% (± 3.28) of the representations of these other 

body-sites (i.e., in the same order: D1, D3, D4, D5 and Lip). Within BA1, the proportion of D2 

overlapping with the other body-sites was higher than in BA3b, and a significant gradient of 
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overlap was observed from D3, to D1, D4, D5 and Lip (F(4,40) = 58.45, p < 10-6, all pLSD values < 

0.005), with respectively 67.71% (± 4.55), 57.70% (± 5.31), 48.23% (± 6.37), 37.04% (± 5.97) 

and 21.24% (± 3.31) of overlap. Conversely, these same volumes of overlap corresponded to 

67.36% (± 4.89), 59.96% (± 6.55), 58.13% (± 6.47), 56.42% (± 7.26), and 34.97% (± 5.97) of 

the representations of these other body-sites (i.e., in the same order: D3, D1, D4, D5 and Lip). 

These values reveal a gradient of overlap consistent with the literature for the adjacent fingers 

(see Kurth et al., 2000). For the with non-adjacent body-sites, the proportion of relative overlaps 

were slightly higher, but these values were calculated in a slightly different way. However, no 

significant changes in the proportion of overlap were observed across sessions. 

Despite the fact that similar behavioural results were found when analyzing data from the 

11 participants used for BA3b and BA1 analyses, (i.e., significant threshold decreases for right-

D2 (F(1.10) = 13.70, p = 0.004, post-hoc: pBonf = 0.049) and both sides of the upper-lips (F(1.10) = 

21.78, p < 0.001), whereas thresholds remained stable at left-D2 and right-D3 (both p values > 

0.4)), no significant correlation between behavioural and PBR volume changes was found for 

any of the affected body-sites, likely due to our too small sample size. 

Native space analyses - Negative contrasts 

All participants also showed NBR (activity < rest) within the postcentral gyrus. 

Interestingly, these ‘negative maps’ were observed within both hemispheres. However, although 

larger volumes were observed within the ipsilateral hemispheres (see Figure 22), contralateral 

NBR were more consistent across individuals, making their statistical analysis possible. First, to 

compare qualitatively the distribution of these negative maps with that of the positive maps 

analyzed previously (see Figure 12 and Figure 13), we observed these maps at the same brain 

slices. When considering the brain regions were the upper-lip PBR were found bilaterally 

(Figure 12, cyan), few NBR were observed at the individual level (Figure 19, cyan). In contrast, 

when considering the regions where hand PBR were observed (Figure 13, cyan), 11 out of the 

13 participants exhibited large NBR evoked by upper-lip stimulation (Figure 20, cyan), and 

these responses were predominantly contralateral. Concerning the fingertips, some NBR were 

observable at this level, sometimes more ipsilaterally, sometimes more contralaterally 

depending on participants (Figure 20). Larger NBR evoked by finger stimulation were found 

slightly more dorsally. These observations suggest that NBR were located globally higher in the 

brain than PBR, and notably, the NBR evoked by lip stimulation were observed at the same 

brain levels as the fingers PBR. Note that the ipsilateral activity evoked by stimulating the 

different body-sites was generally much more overlapping than the one evoked within the 
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contralateral hemisphere (especially for the fingers). Apart from the clear distinction between 

the NBRs evoked by lip and finger stimulation, no consistent somatotopic organization was 

observed. While the finding of ipsilateral NBR following hand stimulation has increasingly been 

documented in recent years (Hlushchuk and Hari, 2006; Kastrup et al., 2008; Klingner et al., 

2010, 2011; Schäfer et al., 2012; Malinen et al., 2014; Mullinger et al., 2014), to the best of our 

knowledge this is the first report of contralateral NBR following hand and face stimulation. 

 

 

Figure 19. NBR maps obtained at the Pre-session following right hemibody stimulation 
in the native space of individuals, at the same axial slices as in Figure 11 for each of the 
participants (I to XIII). Body-sites are colour-coded (see schema), and overlaps result in 
mixed colours (white when all the areas are superimposed). Note that compared to 
Figure 19, few lip NBR is observed at these lip PBR levels (see Figure 11). 
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Figure 20. Native space individual NBR maps obtained at the Pre-session following 
right hemibody stimulation. The same axial (top) and sagittal (bottom) slices as in 
Figure 12 are shown for each of the participants (I to XIII). Body-sites are colour-coded 
(see schema), and overlaps result in mixed colours (white when all the areas are 
superimposed). 
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Similar to positive contrasts, the total volumes of NBR among the three sub-regions were 

quantified based on data from the 13 participants, and a two-way rmANOVA (BAs*Session) 

revealed significantly larger volumes within BA3b than within BA1 and BA2 (Figure 21; F(2,24) 

= 8.52, p = 0.002, post-hoc tests: BA3b > BA1, pLSD = 0.001; BA3b > BA2, pLSD = 0.002). Note 

that the overall amount of negative BOLD is approximately twice as smaller than that of the 

positive BOLD at SI level. Here again, no difference across sessions was observed. 

 

Figure 21. Total volumes (mm3) of all NBR maps within SI and the three sub-regions 
BA3b, BA1 and BA2, before (black) and after (red) the RSS procedure. * p < 0.05. 

The four participants who were lacking PBR within several sub-regions (i.e., participant 

VIII and X excluded for BA3b and BA1 analysis and participants III and XII excluded for BA2 

analysis), also lacked NBR for several body-sites in all sub-regions. They were thus excluded 

from further analysis as for the positive BOLD analysis, resulting in a sample of 9 participants. 

Looking at the distribution of negative BOLD across body sides and hemispheres 

(rmANOVA Session*Side*Hemisphere), first within SI, a larger volume of NBR was found 

following stimulation of the left body side compared to the right side (F(1,8) = 7.03, p = 0.030). 

This larger NBR was further found to be specific to the ipsilateral hemisphere (F(1,8) = 14.22, p 

= 0.005), the volume of negative BOLD evoked within the left hemisphere following 

stimulation of the left hemibody being significantly larger than all other side or hemisphere 

(Figure 22, top left; all pLSD < 0.028). Similar results were found within BA3b (Figure 22, 

bottom left), where the NBR evoked by stimulation of the left hemibody was larger than that of 

the right side (F(1,8) = 7.98, p = 0.022), this effect being driven by the ipsilateral hemisphere 

(F(1,8) = 14.56, p = 0.005; all pLSD < 0.024). While similar results were found within BA1 (Figure 

22, top right; F(1,8) = 5.09, p = 0.054) and BA2 (Figure 22, bottom right; F(1,8) = 10.11, p = 

0.013), post-hoc tests revealed significantly larger volumes within the hemisphere ipsilateral to 

the stimulation of the left hemibody compared to its contralateral hemisphere (BA1: pLSD = 

0.014; BA2: pLSD = 0.009) and to the hemisphere contralateral to the right hemibody solely 

(BA1: pLSD = 0.011; BA2: pLSD = 0.012). 
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Figure 22. Total volumes (mm3) of NBR evoked by the stimulation of each hemibody, 
within SI and the three sub-regions BA3b, BA1 and BA2 of each hemisphere (LH: left 
hemisphere, RH: right hemisphere), before (black) and after (red) the RSS procedure. 
Statistical results are detailed in the text. Note that these volumes arise from the average 
of 9 participants. 

Similar to the positive contrasts, volumes were then normalized to the total volume obtained 

within each sub-regions for each hemibody and session. No difference between sessions was 

observed for these volumes, but here again, the volumes elicited after stimulation of the left 

hemibody were larger than those elicited by the right hemibody within BA3b solely (F(1,8) = 

7.98, p = 0.022), with only a tendency for BA1 (F(1,8) = 5.09, p = 0.054). 

Surprisingly, despite the larger amount of negative BOLD within the ipsilateral 

hemispheres at the group level (n = 9), NBR were more reliably and systematically observed 

within the contralateral hemisphere. Thus, the volumes obtained from the contralateral 

hemisphere were analyzed together with the ipsilateral volumes obtained for the lips. 

BA3b and BA1 were the sub-regions for which negative BOLD signal was consistently 

observed across body-sites and participants. Indeed, NBR were detected for the 9 participants 

after stimulation of all body-sites, except ipsilateral lips within BA3b and D2 fingertip within 

BA1. NBR were more disparate within BA2, thus precluding statistical analysis. Within BA3b 

(Figure 23, top), when comparing the body-sites for which the 9 participants exhibited activity 

(i.e., not for the ipsilateral lip), significant differences were found between their volumes (F(5,40) 

= 3.33, p = 0.013), with a significantly larger volume of negative BOLD evoked by stimulating 
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the lip within their respective contralateral hemisphere than those elicited by stimulating D1, 

D2, D3, D4 (all pLSD values < 0.046). In addition, D5 volume was found significantly larger than 

that of D2 (pLSD = 0.027), and a significant interaction between sessions and body-sites was 

found (F(5,40) = 2.63, p = 0.038), with a volume of NBR evoked within the contralateral BA3b 

region by lip stimulation significantly enhanced after RSS (pLSD < 0.001). Despite a clear 

tendency for this effect to be driven by the right-Lip (see Figure 23, top left), the interaction 

with the hemisphere was not significant, suggesting an increased volume for both lips within 

their respective contralateral hemisphere. Within BA1 (Figure 23, middle), submitting data from 

the body-sites for which negative BOLD was elicited in each of the 9 participants to a three-way 

rmANOVA (i.e., all body-sites except D2), revealed a similar pattern of volume differences 

across body-sites as within BA3b (F(5,40) = 9.26, p < 0.001), with a significantly larger volume 

of NBR evoked by stimulating the lips within their respective contralateral hemisphere than 

those elicited by stimulating all other body-sites (i.e., D1, D3, D4, D4 and ipsilateral lip; all pLSD 

values < 0.002). In addition, the ipsilateral lip exhibited a significantly larger volume of NBR 

than D3 (pLSD = 0.021). Finally, a significant interaction between sessions and hemispheres 

(F(5,40) = 7.11, p = 0.028) revealed an enhanced volume of negative BOLD after RSS for the 

right hemibody (pLSD = 0.015), the latter being also significantly larger than that evoked by 

stimulating the left hemibody after RSS (pLSD = 0.047). As previously mentioned, BA2 sub-

region was not statistically analyzed due to the lack of data for too many body-sites (see Figure 

23, bottom). 

In summary, these results reveal not only the presence of contralateral negative BOLD 

activity following finger stimulation, but also, and for the first time, an even larger contralateral 

volume of negative BOLD signal following lip stimulation. This larger contralateral 

deactivation following lip stimulation was statistically confirmed within BA3b and BA1. A 

tendency for a gradual increase of this contralateral deactivation from BA3b to BA2 is 

detectable by visual inspection (Figure 23) despite the lack of data from one participant within 

BA2. In addition to the differences across body-sites, a significant increase of the contralateral 

NBR following RSS was already observable within BA3b. 
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Figure 23. Normalized volumes (% volume total of the sub-region) of NBR evoked by 
the stimulation of each body-site from each body side, within each of the three sub-
regions BA3b, BA1 and BA2 in each hemisphere, before (black) and after (red) the RSS 
procedure. Note that within each hemisphere, the volumes of the ipsilateral lip are 
showed in addition to the contralateral body-sites. Significant volume differences were 
obtained only between body-sites, not interfering with the hemisphere or the session. 
Statistical results are detailed in the text. 

As done for the positive contrast, normalized contralateral volumes were further analyzed 

separately for each body-site (two-way rmANOVAs). Within BA3b (n = 9; Figure 24, top), 

apart from a significantly larger volume for left-D3 than for right-D3 (F(1,8) = 6.61, p = 0.033), 

the contralateral NBR evoked by lips stimulation increased significantly after RSS (F(1,8) = 7.74, 

p = 0.024), with no difference across hemispheres, in line with the previous analysis. In 

addition, a tendency for NBR from D1 to increase after RSS was observed (F(1,8) = 5.09, p = 

0.054). This trend turned significant within BA1 (n = 9; Figure 24, middle), revealing larger 

NBR following RSS for D1 (F(1,8) = 6.84, p = 0.031) regardless of hemisphere, though 

seemingly predominant for right-D1 (Figure 24, middle). Finally, the contralateral negative 

BOLD elicited by right-Lip stimulation was found significantly larger than that evoked by left-

Lip stimulation (F(1,10) = 5.15, p = 0.047). 
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Altogether, these results suggest that RSS resulted in an increase of the NBR elicited by lips 

stimulation within their respective contralateral BA3b sub-region, a similar RSS-induced 

increase being observed following D1 stimulation within BA1. Moreover, despite the lack of 

side differences, these changes were preferentially driven by the right side of the body.  

No significant correlation (Pearson) was found between these negative BOLD volume 

changes observed across BAs (all p values > 0.05).  

To investigate whether the RSS-induced increase of the lips NBR altered its degree of 

overlap with the NBR from other body-sites, we computed both the proportion of Lip NBR (the 

contralateral response) overlapping with the NBR from other body-sites, and the proportion of 

the other body-site NBR being overlapped with Lip NBR. Within BA3b, the proportion of Lip 

NBR overlapping with those from the other body-sites was significantly different across body-

sites (F(4,32) = 4.97, p = 0.003). For instance, a higher overlap was found with D1 than with D3, 

D4 and D5 (all pLSD values < 0.009), with respectively 15.40% (± 3.38) of Lip overlapping with 

D1 instead of 5.03% (± 1.39), 6.27% (± 1.95) and 8.21% (± 1.97) with D3, D4 and D5. In 

addition, the Lip NBR was significantly more overlapping with D2 NBR (10.53% ± 2.86) than 

with D3 (pLSD = 0.042). Conversely, these same volumes of overlap corresponded to 22.80% (± 

5.82), 23.92% (± 6.80), 10.08% (± 3.04), 10.36% (± 3.25), and 12.32% (± 4.06) of the NBR of 

these other body-sites (i.e., in the same order: D1, D2, D3, D4 and D5). These latter proportions 

were significantly higher for D1 and D2 than for the other fingers (F(4,32) = 10.36, p < 10-4, all 

pLSD values < 0.001). However, no significant changes in the proportion of overlap were 

observed across sessions. 

Similar to PBRs, no correlation was found between 2PDT changes and NBR volume 

changes for any of the affected body-sites (Lips in BA3b and D1 in BA1; all p values > 0.05). 
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Figure 24. Same normalized NBR volumes (%Vtot) as in Figure 23, but grouped by 
body-sites within each of the three sub-regions BA3b, BA1 and BA2, to directly 
compared homologous body-sites (i.e., the two sides of the body) and their changes in 
volume across sessions (Pre-RSS: black, Post-RSS: red). Note that for the six first body-
sites (i.e., the five fingers and the lip), the volumes of NBR obtained within their 
respective contralateral hemispheres are compared, while for the last body-site (i.e., the 
second lip), the volumes of NBR compared are those located within their respective 
ipsilateral hemispheres. A two-way rmANOVA (Session*Side) was applied on each 
body-site. * p < 0.05. 

Finally, no correlation was found between the RSS-induced increased PBR within BA3b for 

right-D2 and the increased NBR found within BA3b for the lips , as well as between the changes 

of volumes of PBR for right- and left-D2 within BA1 and the increased NBR evoked by D1 

stimulation within BA1. 
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Random-effect (RFX) analysis - “whole-EPI” 

In addition to these RFX and native space ROI analyses, a whole-EPI RFX paired t-test 

analysis of right-D2 (puncorr < 0.001, minimum cluster size = 100 voxels) revealed four clusters 

of enhanced PBR following RSS (Figure 25). The first cluster (756 vox; T-score = 6.53; [-12 -

27 70]) was assigned to left BA4a with a probability of 42.5%, and the second (725 vox; T-score 

= 6.49; [57 -51 45]) to the right intraparietal lobule (IPL) and right intraparietal sulcus (IPS). 

More specifically, 35.9% of this cluster was assigned to PFm, 27% to PGA, 19.4% to hIP1 and 

1.4% to hIP2. Finally, 73% of the third cluster (141 vox; T-score = 6.22; [42 -18 38]) was 

assigned to right BA4p, 12.1% to BA3b and 7.8% to BA3a, and the last cluster (139 vox; T-

score = 5.96; [-41 -16 43]) to left BA4p (71.2%), BA3b (18%), BA4a (6.5%) and BA3a (0.7%). 

 

Figure 25. Differential group BOLD response between Pre and Post sessions following 
right-D2 stimulation, obtained from random-effects analysis using paired t-tests (Post-
Pre > rest, puncorr < 0.001, minimum cluster size  = 100vox) for right-D2. Among the 
four clusters revealed by the analysis, two were located within the left hemisphere 
(cluster 1 and 4), while the other two were located within the right hemisphere (cluster 2 
& 3). The assignement of each cluster was performed using the Anatomy toolbox, and 
is indicated below each cluster. [x, y, z] in MNI coordinates. 

Unexpectedly, when entering 2PDT as covariates, the whole-EPI RFX paired t-test analysis 

of right-D2 revealed several clusters of correlation. Notably, 2PDT changes at right-D2 were 

negatively correlated with BOLD signal changes (Post-Pre) within the SPL (BA5 and BA7), IPS 

and IPL. Similarly, 2PDT at left-Lip were negatively correlated with BOLD signal changes 

(Post-Pre) at right-D2 within SPL (BA7), IPS, BA2 and IPL (see Figure 26 for more details). 
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The more these cortical regions were activated, the more 2PDT decreased (i.e., improved 

discrimination). Conversely, a positive correlation was found between BOLD signal changes 

(Post-Pre) at right-D2 and right-D3 2PDT changes. This cluster was partly assigned to MI 

(BA4a and BA4p). 

 

Figure 26. Correlation analysis to assess the relationship between the RSS-induced 
BOLD signal changes found for right-D2 and the two-point discrimination threshold 
changes obtained at the individual level. Results revealed a significant negative 
correlation between BOLD changes at right-D2 and the perceptual changes at right-D2 
and left-Lip (puncorr < 0.001, minimum cluster size  = 100vox). The assignement of each 
cluster was performed using the Anatomy toolbox, and is indicated below each cluster. 
[x, y, z in MNI coordinates]. 
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Discussion 

The purpose of this study was to take advantage of ultra-high field fMRI to identify first, 

the involvement of SI subregions BA3b, 1 and 2 in the somatosensory plastic changes that are 

obtained through training-independent learning, such as RSS; Second to investigate whether the 

recently reported remote changes induced by finger-RSS on the unstimulated region of the 

upper-lips reflect not only a behavioural, but also functional plastic changes that cross the hand-

face border within SI sub-regions.  

In agreement with our previous study (Muret et al., 2014), we found that three hours of RSS 

of right-D2 fingertip improved the spatial acuity not only at this finger, but also at both sides of 

the upper-lip. Additionally, this study provides the evidence that spatial acuity on right-D3 also 

remained unchanged. In parallel with these behavioural effects, several RSS-induced BOLD 

changes were observed at the cortical level. First, using standard group analysis (RFX) we 

found that the right-D2 response expanded following RSS within both hemispheres. Similar 

enhanced BOLD responses were also observed for both little fingers within their ipsilateral 

hemispheres. Finally, a decreased BOLD response was observed after RSS for right-D1 within 

the ipsilateral hemisphere. Second, a native space analysis similar to that proposed by Martuzzi 

and colleagues (2014) also revealed an enlarged contralateral PBR for right-D2 after RSS. In 

addition, decreased contralateral PBRs were found for right-D3 and for left-D2. Conversely, 

enhanced contralateral NBRs after RSS were found for the lips and the thumbs. Finally, 

exploration of the whole-EPI following RFX Post-Pre contrasts revealed large clusters located 

within the anterior part of the left primary motor cortex (BA4a) and the right intraparietal lobule 

and sulcus (IPL/IPS) for the stimulated finger (right-D2), and BOLD changes within these 

regions covaried with the perceptual threshold changes.  

Behavioural results 

The changes in tactile spatial discrimination observed here support and confirm our 

previous findings that RSS at right-D2 improves not only its tactile acuity, but also that of the 

upper-lips (Muret et al., 2014). Compared with the first report of this finding, the overall amount 

of threshold decrease for the three affected body-sites was smaller (right-D2: -7.66 ± 3.07 % 

instead of -15.26 ± 3.85 %; Lips: -9.11 ± 1.76 % instead of -10.29 ± 2.96 %). In addition to 

replicating these effects, the lack of threshold changes at the adjacent finger (i.e., right-D3) 

confirms a previous report by Godde and colleagues in a smaller sample of participants (Godde 

et al., 2000), and further defines a  limit in the “spread” of the RSS-induced perceptual changes 

within the hand region. In addition, the different patterns of threshold changes at the different 
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body-sites suggest that a decreased threshold at right-D2 is more likely to be associated with an 

increased threshold at the adjacent finger than at the homologous finger. Together, these results 

are consistent with the presence of intracortical inhibitory connections between adjacent 

representations (Négyessy et al., 2013), and thus reinforce the hypothesis that short-range lateral 

inhibition (Simões et al., 2001) might be one of the mechanisms limiting the spread of RSS-

induced effects between fingers. This is further supported by the previous report that the cortical 

representation of the adjacent thumb remains unchanged after RSS of right-D2 (Pleger et al., 

2001). Conversely, the consistent decrease in lip thresholds suggests that different mechanisms 

underlie lip threshold changes after RSS of the right-D2.  

Positive and Negative BOLD significance 

BOLD (i.e., blood oxygenation level-dependent) signal is the most commonly used measure 

among the different possibilities provided by fMRI techniques. This signal is directly linked to 

the level of deoxyhemoglobin content in the cerebral blood, which is indirectly related to neural 

activity. The principle is quite simple: increased neural activity supposedly yields to a local 

increase in cerebral blood flow (CBF) greater than the increase in oxygen consumption by the 

neurons in activity, resulting in a decrease in deoxyhemoglobin content. As deoxyhemoglobin is 

paramagnetic by nature, its decrease translates into an increased magnetic resonance signal 

relative to the pre-stimulus baseline period (i.e., PBR). While the exact relationship between 

BOLD signal and the underlying neural activity is still not fully understood (for reviews on 

neurovascular coupling, see Shibasaki, 2008; Vanzetta and Grinvald, 2008; Kim and Ogawa, 

2012), electrophysiological studies in animals support the idea that PBR reflects an increase in 

neural activity. For instance, PBR amplitude has been shown to correlate with increases in 

intracortical local field potential (LFP) (Logothetis et al., 2001; Devor et al., 2005; Bentley et 

al., 2014), but also with increases in the amplitude of somatosensory evoked potentials (SEPs) 

(Goloshevsky et al., 2008; Huttunen et al., 2008). A similar coupling between SI BOLD changes 

and SEP amplitudes has been found in humans (Arthurs and Boniface, 2003), and more recently, 

BOLD changes were associated with changes in the spectral profile of neuronal activity among 

several spectral bands (Rosa et al., 2010).  

In contrast to PBR, NBR consists in a decrease in BOLD signal below pre-stimulus baseline 

levels. While this aspect of BOLD signal has long been disregarded, NBR has been increasingly 

investigated over the last 10 years, and has raised considerable debate regarding the 

underpinning mechanisms and its neurophysiological significance (see Kim and Ogawa, 2012). 

However, accumulating evidence from recent electrophysiological studies suggests that NBR is 
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tightly coupled with local decreases in neuronal activity below spontaneous activity (Shmuel et 

al., 2006), and with comparable decreases in LFP and multi-unit activity (Shmuel et al., 2006; 

Boorman et al., 2010; Kennerley et al., 2012; Bentley et al., 2014). While deep cortical layers 

were found to be involved (De Celis Alonso et al., 2008; Boorman et al., 2010), NBR is also 

likely to reflect activity in astrocytes (e.g., Sloan et al., 2010). In humans, the NBR evoked 

either by tactile or visual stimuli was found to be associated with decreases in CBF and oxygen 

consumption in primary sensory cortices (Shmuel et al., 2002; Wade and Rowland, 2010; 

Schäfer et al., 2012; Mullinger et al., 2014), and its average amplitude has been shown to 

increase with increasing stimulus duration and intensity (Shmuel et al., 2002; Klingner et al., 

2010), analogous to the behaviour of the PBR. NBR within SI/MI has also been found to be 

negatively correlated with both the mu (8-13Hz) power and SEP amplitude (Mullinger et al., 

2014). Altogether, these studies suggest that NBR may reflect inhibitory processes. Further 

support for this view comes from increasing evidence that NBR is associated with an increase in 

perceptual detection thresholds, suggesting that NBR reflects a functionally relevant measure of 

neuronal deactivation (Bressler et al., 2007; Kastrup et al., 2008; Klingner et al., 2010; Schäfer 

et al., 2012).  

Positive BOLD distribution 

Regardless of the analysis (RFX or native space), our mapping procedure revealed a 

consistent PBR in the post-central gyrus contralaterally to the stroked finger, and in both 

hemispheres following lip stroking. While the former is now well accepted, the bilateral 

representation of the lips remains somewhat controversial as some imaging studies report no 

ipsilateral activity following face stimulation (Stippich et al., 1999; Suzuki et al., 2004; Kopietz 

et al., 2009). However, in agreement with several imaging studies of face regions (Nagamatsu et 

al., 2000; Disbrow et al., 2003a; Nevalainen et al., 2006; Blatow et al., 2007; Eickhoff et al., 

2008; Lin et al., 2010; Nash et al., 2010), including the lips (Nagamatsu et al., 2000; Disbrow et 

al., 2003a; Nevalainen et al., 2006; Blatow et al., 2007; Nash et al., 2010) our results bring 

strong evidence in support of a bilateral representation of the upper-lip region within SI. The 

lack of an ipsilateral representation in some of the previous studies might have arisen from 

insufficient strength in tactile stimulation leading to low levels of activation (Stippich et al., 

1999; Kopietz et al., 2009), or from low signal to noise ratio particularly crucial for dipole 

source reconstruction in electrophysiological imaging (Suzuki et al., 2004). It is worth noticing 

that each side of the upper-lip is innervated by the medial branch of the superior labial branch of 

the infraorbital nerve, which never crosses the midline (Hu et al., 2007). In addition, the tested 
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sites at the upper-lips were located away from the midline (average at 18.38 ± 2.66 mm) for the 

behavioural testing, and the stroking never crossed the midline during the fMRI mapping. This 

positioning ensures that the bilateral PBR that we report here in SI emerges from unilateral 

peripheral innervation of the upper-lip. We also observed some ipsilateral PBR following finger 

stimulation, but this was inconsistent across participants. While this has been a subject of 

controversy, the existence of an ipsilateral representation of the hand within SI is now 

relatively well accepted, since both electrophysiological studies in animals (Iwamura et al., 

1994; Zarei and Stephenson, 1996) and imaging studies in humans provide evidence in this 

direction (Schnitzler et al., 1995; Hansson and Brismar, 1999; Nihashi et al., 2005; Sutherland 

and Tang, 2006; Blatow et al., 2007).  

The ipsilateral representations observed for both fingers and lips have two possible 

origins, either subcortical or cortical. First, it has been proposed that uncrossed fibres directly 

projecting to the ipsilateral SI or projections to both hemispheres may arise from the thalamus 

(Hoshiyama et al., 1996). However, the former appears to be unlikely as unilateral stimulation 

of the lip has been shown to elicit a strict contralateral activation within the ventroposterior 

thalamus, but bilateral activations in SI (Nash et al., 2010). Similarly, while neurons with 

bilateral RFs in the hindlimb region were found SI in awake macaque monkeys (Taoka et al., 

2000), microstimulation of the stump representation in the thalamus of amputees induced 

referred sensation limited to the same hemi-body (Davis et al., 1998). While the available 

evidence does not support a thalamic origin, the ipsilateral responses could be caused by spread 

through transcallosal connections. Such callosal connections have been shown to vary in density 

among SI sub-regions, with few between BA3b, more between BA1 and relatively dense 

callosal connections between BA2 (Killackey et al., 1983; Manzoni et al., 1984; Iwamura, 2000; 

Iwamura et al., 2001). Additionally, these connections were found to be much denser for the 

representations of the face and trunk than for the glabrous hand (Killackey et al., 1983), which is 

consistent with the stronger ipsilateral activation found for the lip than for the fingers reported 

here and in previous studies (Blatow et al., 2007; Eickhoff et al., 2008; Nash et al., 2010)    

In line with the literature (Penfield and Rasmussen, 1950; Nakamura et al., 1998), a 

somatotopic organization of the PBRs was observed, the finger representations from D5 to D1 

being sequentially more ventral and anterior, with the lip representations located more ventrally 

and anterior than D1. This somatotopic organization was more distinguishable within BA3b 

than BA1 and BA2, as confirmed by the increase in PBR overlap observed from BA3b to BA1. 

Primarily found for the fingers, with larger areal overlap between finger representation in BA1/2 

than in BA3b (Krause et al., 2001; Besle et al., 2013b; Martuzzi et al., 2014), similar results 
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were observed for the face with larger overlaps between the representations of the lower lip, 

teeth and tongue in the portions of the post-central gyrus corresponding to BA1 and BA2 

(Miyamoto et al., 2006). Notably, here we additionally report a substantial overlap between D2 

and the Lip representations, which also increases from BA3b to BA1 (19.77% of the PBR from 

the lip overlapping with that from D2 in BA3b, which turned to 34.97% in BA1). Finally, the 

larger PBRs observed for D1 and D2 in the native space analysis suggest a higher magnification 

of D1 and D2 across BAs, and a lower magnification of D5 and the ipsilateral Lip. These results 

are in agreement with the literature showing a higher degree of cortical magnification of D1 and 

D2 in monkeys (Sutherling et al., 1992; Shoham and Grinvald, 2001) and in humans (Maldjian 

et al., 1999; Martuzzi et al., 2014). 

Negative BOLD distribution 

In contrast to PBR, negative contrasts revealed activity in a more distributed network 

resembling the default mode network (Raichle et al., 2001; Greicius et al., 2003; Brookes et al., 

2011; Passow et al., 2015), which is known to be down-regulated in a task-dependent manner 

(Fox et al., 2005). A similar widespread network has already been reported following electrical 

median nerve stimulation (Taylor and Davis, 2009; Klingner et al., 2011), and is likely to reflect 

a deactivation of the cortical regions not involved in tactile processing.  

Within SI, RFX analyses revealed a consistent ipsilateral NBR following finger 

stimulation. This ipsilateral deactivation has already been reported in the literature (Hlushchuk 

and Hari, 2006; Arthurs et al., 2007; Eickhoff et al., 2008; Kastrup et al., 2008; Schäfer et al., 

2012; Mullinger et al., 2014), but most of the time following strong electrical median nerve 

stimulation near motor (Kastrup et al., 2008; Schäfer et al., 2012; Mullinger et al., 2014) or pain 

(Arthurs et al., 2007) thresholds. Here, we show that an ecological brushing stimulation of 

individual fingers also results in ipsilateral NBRs. In previous reports this ipsilateral NBR has 

mainly been observed within BA3b and BA1 sub-regions (Hlushchuk and Hari, 2006; Eickhoff 

et al., 2008), where microelectrode recordings in monkeys revealed a predominant inhibition 

(Lipton et al., 2006). In agreement with these findings, here we found that the ipsilateral NBRs 

evoked by fingers brushing were located on the anterior wall of the post-central gyrus, and that 

larger volumes of NBR were found in BA3b than BA1 and BA2. Given that in contrast to BA3b 

and BA1, BA2 appears to contain a bilateral hand representation in monkeys (Iwamura et al., 

1994) or a bilateral PBR in humans (Nihashi et al., 2005; Eickhoff et al., 2008), but also dense 

homologous callosal connections (Killackey et al., 1983), the ipsilateral NBR observed within 

BA3b and BA1 has been hypothesized to arise from a “serial” process, the contralateral PBR 
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sequentially travelling from BA3b to BA1 and BA2 through inter-areal intracortical 

connections, then transferring to the other hemisphere through BA2 transcallosal connections, 

this ipsilateral PBR within BA2 being then likely responsible for the NBR in BA3b and BA1 via 

inter-areal intracortical backward connections (Hlushchuk and Hari, 2006). This hypothetical 

model of indirect interhemispheric inhibition still remains the most probable, but requires 

further investigation. 

A major novel finding of the current study is that it provides the first evidence for NBRs 

across body-sites at the somatosensory level, allowing the assessment of their relative 

distribution and possible somatotopic organization. At both group and individual levels, 

ipsilateral NBRs elicited by finger stimulation were highly overlapping, suggesting no clear 

somatotopic organization. Interestingly, while these ipsilateral NBRs were consistently observed 

at the group level (RFX), their presence was less systematic across individuals and body-sites, 

not all participants showing NBR for each body-site in all sessions. The presence of RFX 

ipsilateral NBRs despite some inconsistencies across individuals is likely to arise from the fact 

that these NBRs were large, highly overlapping and at relatively similar locations across 

participants. This suggests that the NBRs evoked ipsilaterally following fingers stroking may 

reflect a somatosensory deactivation processing that does not target any particular homotopic 

regions. In contrast, contralateral NBRs were consistently observed across participants and 

body-sites at the individual level, but not at the group level (RFX). This apparent discrepancy 

most likely arises from the fact that these contralateral NBRs were substantially smaller than the 

ipsilateral ones and not consistently distributed and localized, making it difficult to capture them 

at the group level. To the best of our knowledge, such a somatosensory contralateral NBR was 

previously reported only once, following imperceptible (subliminal) electrical finger stimulation 

(Blankenburg et al., 2003b). These authors interpreted this NBR as reflecting an increased 

activity of local inhibitory interneurons. While this contralateral NBR could be thought to arise 

from vascular stealing due to the presence of juxtaposed PBR (see Harel et al., 2002; 

Kannurpatti and Biswal, 2004), recent studies in rodents suggest that such NBR might rather 

reflect surround inhibition (De Celis Alonso et al., 2008; Boorman et al., 2010; Kennerley et al., 

2012), a process that has been extensively studied in the barrel cortex (e.g., Derdikman et al., 

2003). To conclude on the NBR from the fingers, presuming that this negative BOLD reflects an 

inhibition-like deactivation, the ipsilateral NBRs are likely to reflect a “global” somatosensory 

inhibition of the homologous hand, not necessarily somatotopically organized, while the 

contralateral NBR is more likely to reflect lateral-inhibition processes. 
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Another major novel finding of our study is that lip stimulation evoked large NBRs, within 

both hemispheres. In addition, these NBRs were located more dorsal than the lip PBR and co-

localized with the PBR of the fingers/hand. In contrast to the hand, the NBR elicited by 

stimulation of the face, and notably the lips, has never been investigated. The only study in 

which both PBR and NBR elicited by cheek stimulation were assessed within SI reported a 

strong bilateral PBR only (Eickhoff et al., 2008). However, it is worth noting that the authors 

only investigated the ipsilateral hemisphere using ROIs defined based on the positive contrasts. 

In agreement with their results, we observed only a few NBRs at the same localizations as PBRs 

evoked by lip stimulation. 

Thus, here we provide the first evidence that the somatosensory cortex might actually be 

composed of two homunculi: the first one is the traditional homunculus based on activations, 

while the second and new one would be a ‘negative’ version of the traditional homunculus, 

which would be detectable only by analyzing NBRs. In addition, the new somatosensory 

homunculus seems to be spatially inverted, as finger and lip regions appeared swopped. This 

negative homunculus may arise from a direct (i.e., via thalamocortical projections) or indirect 

increase in inhibitory interneuron activity, since electrophysiological studies demonstrated that 

NBR is related to decreases in neural activity in deep cortical layers (De Celis Alonso et al., 

2008; Boorman et al., 2010), which are known to contain such interneurons (Gibson et al., 1999; 

Swadlow, 2003). The precise nature and origin of such a negative homunculus remains to be 

investigated, however. Interestingly, a similar negative based homunculus, which is also 

swopped in term of somatotopy, has been recently reported for the primary motor cortex by 

Zeharia and colleagues (Zeharia et al., 2012). Most interestingly in relation to the 

neurofunctional mechanisms behind the behavioural transfer of plasticity from the finger to the 

lips, here we found that, while the PBR evoked by lip stimulation was predominantly assigned 

to BA3b and BA1, the NBR was primarily assigned to BA2, where neuronal excitation 

(Iwamura et al., 1994) and PBR (Nihashi et al., 2005) were found bilaterally following hand 

stimulation. This co-localization of lip NBR and fingers PBR may thus represent a novel 

substrate for interactions between these two regions, without requiring the involvement of long-

range intracortical connections, which have been found to be rare, at least within BA3b (Manger 

et al., 1996; Fang et al., 2002).  
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RSS-induced changes in SI  

While this study provides novel evidence of differential patterns of NBR within SI, its 

primary purpose was to assess how the RSS procedure may modulate somatotopic patterns both 

locally at the stimulated finger and remotely at the unstimulated lips. As expected, the RFX 

paired t-tests revealed an enlargement of the contralateral PBR associated with right-D2 stroking 

(the finger that underwent RSS). This result is in keeping with those reported by Pleger and 

colleagues (2003). However, in contrast to Pleger and colleagues who reported a lateral shift of 

right-D2 by 11.9 mm, we found a non-selective shift for each tested body-site, with right-D2 

shifting only by 3.78 mm. It is important to note, however, that Pleger and colleagues calculated 

the shift based on a fixed-effect analysis, which does not take into consideration the inter-

individual variability, meaning that this large shift could be driven by only a few participants. 

Inspection of their individual data suggests an average shift of only 6.80 ± 9.1 mm (± sd), 

including one participant who had a 30mm shift (the others all shifting less than 13mm). 

Notwithstanding this methodological consideration from previous fMRI data, a lateral shift of 

the RSS-stimulated finger has been previously reported with other, electrophysiological imaging 

techniques (Pleger et al., 2001; Dinse et al., 2003; Godde et al., 2003). Thus, considering the 

significant enlargement of right-D2 PBR, the smaller shift reported here suggests a more 

symmetrical enlargement than in previous studies. In addition, the current study is the first that 

allows for comparison among the effects induced by RSS on the representation of the stimulated 

finger with those of other unstimulated sites on the same hemi-body. In this respect, we 

observed non-selective shifts of the PBR of other body-sites, which may underline the dynamic 

property of cortical maps. Indeed, to our knowledge, no study systematically investigated the 

test-retest reliability of the absolute localization of PBR CoGs. The only study reporting test-

retest data for finger PBRs (Martuzzi et al., 2014) revealed similar absolute and non-selective 

shifts in the retest session (1.7 ± 1.2 mm for D1, 3.2 ± 3.1 mm for D2, 2.3 ± 1.3 mm for D3, 2.2 

± 1.5 mm for D4, and 2.2 ± 2.5 mm for D5). Given the temporal dynamics of receptive fields 

(see Nicolelis et al., 1997; Ramirez et al., 2014) and of transient plastic changes in SI (Stavrinou 

et al., 2007), cortical maps could exhibit similar properties, making them to be constantly and 

dynamically fluctuating. This could explain the non-selective shifts reported here. Also at odds 

with Pleger and colleagues’ findings, we did not find a linear correlation between right-D2 

acuity improvement and cortical enlargement. Again, methodological differences should be 

underlined, as to avoid removing possible effects from the control homologous finger, here we 

did not use side-corrected difference maps to perform the correlation, and found only a negative 

correlation between right-D2 cortical changes (located within bilateral BA2 sub-region and right 
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BA1) and left-Lip threshold changes. Yet, at the behavioural level we observed a tendency 

towards a positive correlation between right-D2 and left-Lip threshold changes (r = 0.52, p = 

0.066). All in all, the present results substantiate the enlargement of right-D2 following RSS. 

The purpose was then to use the ultra-high resolution of 7T fMRI to investigate in more detail 

the contribution of SI sub-regions to this enlargement and to RSS-induced behavioural effects. 

RSS-induced changes within BA3b 

BA3b is considered to be the true primary somatosensory cortex as it receives the bulk of 

thalamocortical projections. Within BA3b, a significant enlargement of right-D2 contralateral 

PBR was observed with both RFX and native space analyses. Given that it has been suggested 

that BOLD changes reflect the input and intracortical processing of a given area rather than its 

spiking output (Logothetis et al., 2001), this increased PBR elicited by stimulation of the finger 

that underwent RSS could either arise from an increased thalamocortical input, from an 

increased intracortical processing, or both. Given that RSS drives Hebbian-like plastic changes, 

this enlarged PBR is likely to reflect recruitment of cortical processing resources and/or an 

enhanced synaptic efficacy through potentiation (see Beste and Dinse, 2013 for a review). In 

line with this resource recruitment hypothesis, a decrease in D3's PBR that was mostly driven by 

right-D3 was found after RSS in the native space analysis. This suggests that part of the 

resources recruited to enhance the processing of tactile information on the right-D2 after RSS 

might have been drawn from the adjacent right-D3 finger. Interestingly, although the cortical 

changes for these two areas were not correlated, the cortical changes observed for right-D2 and 

right-D3 are consistent with the behavioural data, which show improved tactile acuity for right-

D2 but not for right-D3. 

In addition, an ipsilateral cluster emerged at the group level (RFX) after RSS when right-D2 

was stroked. Given that hand stimulation evokes NBR in the ipsilateral BA3b (Hlushchuk and 

Hari, 2006; Eickhoff et al., 2008) associated with local inhibition (Lipton et al., 2006), this 

ipsilateral cluster resulting from the Post-Pre contrast is likely to reflect a decrease in NBR (i.e., 

less negative after RSS).  This type of relationship between positive and negative BOLD 

responses has recently been demonstrated by inducing somatosensory adaptation in humans 

(Klingner et al., 2014). These authors found that a high frequency unilateral electrical 

stimulation of the median nerve not only decreased the contralateral PBR (indicative of 

adaptation), but also increased the ipsilateral NBR. Together, these results suggest the presence 

of widespread changes in the excitatory/inhibitory balance between hemispheres.  
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Interestingly, the RFX analysis revealed that the cortical regions recruited in favour of 

right-D2 after RSS were partly co-localized with the right-Lip PBR within the contralateral 

BA3b at the Post-session. While this has to be confirmed with a more refined analysis in the 

native space, based on the relationship found by Klingner with adaptation, it could be 

hypothesized that due to this co-localization, the increased right-D2 PBR may have occurred to 

the detriment of the right-Lip PBR which might then have resulted in an increased NBR within 

the lip’s ipsilateral hemisphere. What we found, however, was an increased NBR for both lips 

and within their contralateral hemispheres. While this bilateral effect is likely to arise from the 

bilateral representation of the lips, based on the hypothesis presented above it is surprising that 

we did not find a similar effect for the ipsilateral lip representation. These results suggest that 

the interhemispheric balance in the processing of tactile information may be different for the 

face. Indeed, the “hemispheric rivalry” observed for the hands (with the ipsilateral NBR in 

BA3b and BA1) is likely to be related to the need to dissociate tactile information arising from 

the two hands when manipulating objects (usually done bimanually). Instead, the use we make 

of lips does not require such dissociation. This idea is consistent with the fact that in contrast to 

the hand, the lips’ ipsilateral activity was found to be positive within all SI sub-regions 

(Eickhoff et al., 2008). In addition, while the exact nature and interaction between SI sub-

regions regarding the processing of tactile information arising from the hands is still unclear 

despite many investigations, that arising from the face is completely obscure. Our results 

represent a starting point for such an investigation. Interestingly, despite the absence of a 

correlation (likely due to the small sample size, n=9), the increased lip NBR following RSS of 

right-D2 was bilateral, as was the acuity improvement. This hypothetical link between NBR and 

tactile acuity is further supported by the recent evidence that the NBR elicited by hand 

stimulation is associated with an increased detection threshold on the opposite hand (Kastrup et 

al., 2008; Klingner et al., 2014).  

Overall, we can see that as early as within BA3b, RSS-induced cortical changes are 

observed for the body-sites exhibiting tactile threshold changes. But these cortical changes 

affect both activation and deactivation processes, which suggests that RSS modulates a complex 

excitatory/inhibitory balance across body-sites, SI sub-regions, and hemispheres. 

RSS-induced changes within BA1 

Within BA1 the native space analysis revealed an increase in PBR for right-D2, similar to 

that observed in BA3b. Given the strong interconnectivity between SI sub-regions (Vogt and 

Pandya, 1978; Burton and Fabri, 1995), this effect could arise from a transfer of the RSS-



 

216 | P a g e  

induced effects from BA3b to BA1. But another possibility would be a direct effect of RSS on 

BA1 via the thalamocortical projections reaching BA1 (Whitsel et al., 1978; Lin et al., 1979; 

Nelson and Kaas, 1981). However, the positive linear correlation found between the changes 

observed within BA3b and BA1 supports a transfer from BA3b to BA1. The slope of this 

correlation further suggests that larger changes should occur within BA3b to get substantial 

changes within BA1. Interestingly, this increased PBR for right-D2 was associated with a 

significant decrease of the PBR evoked by stroking left-D2. This result suggests a transfer of the 

RSS-induced effects to the other hemisphere (i.e., BA1), which is consistent with the 

electrophysiological literature reporting more transcallosal connections between homologous 

BA1 regions than between BA3b (Killackey et al., 1983; Manzoni et al., 1984; Iwamura, 2000; 

Iwamura et al., 2001). The decrease in left-D2 PBR is also consistent with the increased activity 

emerging within the ipsilateral BA3b (discussed above), and with the absence of threshold 

changes at this fingertip. Together, these results are likely to reflect a homeostatic process that 

counterbalances the RSS-induced increased response observed for right-D2, perhaps via indirect 

interhemispheric inhibition. But the exact nature and interactions between homologous 

representations within a given hemisphere remains to be clarified. Note that while a difference 

between PBR volumes was also observed at baseline for left-D2 and right-D2, the same trend 

was found within BA3b and BA2, suggesting general inter-hemispheric difference. In addition 

to these PBR changes, the contralateral NBR elicited by thumb stroking increased following 

RSS of right-D2. D1 being adjacent to the finger that underwent RSS, this increased NBR 

within the contralateral hemisphere is likely to reflect an increased lateral inhibition (discussed 

in the Negative BOLD distribution paragraph). But if this were the case then it should have also 

been observed for right-D3, but there was only a tendency that did not reach significance. This 

is likely due to the fact that the higher cortical magnification of the thumb and index fingers 

means that their volumes represent a higher proportion of the total evoked activity, which makes 

it easier to catch any changes.  

In addition to these changes observed at the native space, RFX paired t-tests also revealed 

an enhanced activity for both little fingers and a decreased activity (either decreased PBR or 

increased NBR) for right-D1, all within their respective ipsilateral hemispheres. These 

unexpected changes might reflect a “by-product” of the increased lateral inhibition suggested 

above and of the increased ipsilateral activity observed for right-D2, though this possibility 

awaits for further investigations. Here again, while this effect is likely to, an interpretation is 

difficult and would be highly speculative.  
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To conclude, our results suggest that the RSS-induced effects reach BA1, likely through 

BA3b, and reveal that in both BA1 and BA3b the pattern of changes for right-D2 is similar. Our 

results also suggest the presence of some inhibition in BA1, both intra (right-D1) and 

interhemispheric (mainly left-D2). 

RSS-induced changes within BA2 

While data from BA2 were not consistent enough to perform the native space analysis, RFX 

analyses revealed no significant changes within this sub-region. However, this does not preclude 

BA2 from being involved in the RSS-induced effects. Instead, the significant negative 

correlation found between the RSS-induced changes for right-D2 BOLD signal and the 

perceptual changes observed at left-Lip rather suggest the opposite. Two of the clusters were 

localized within each BA2 sub-region, while the last one was assigned to right BA1. Altogether, 

it is difficult to conclude about BA2’s role in RSS. 

RSS-induced changes within BA3a 

In addition to the three sub-regions described above, an increase in activity was also 

observed within BA3a after RSS. This was observed for right-D2 within both hemispheres (with 

8.3% of cluster2 and 100% of cluster4). While this result seems at first surprising, an emergence 

of cutaneous responses in the hand representation of BA3a have been previously reported in 

monkeys following training in tasks increasing tactile inputs (Recanzone et al., 1992c) or 

sensorimotor skills (Xerri et al., 1998). While BA3a neurons are usually classified as “deep” in 

origin because they respond specifically to inputs arising from muscle and joint spindles (Powell 

and Mountcastle, 1959a), electrophysiological recordings have revealed sub-threshold responses 

of BA3a neurons from cutaneous mechanoreceptors (Zarzecki and Wiggin, 1982; Zarzecki et 

al., 1983; Kang et al., 1985), and cutaneous RFs are occasionally defined within BA3a (see 

Tanji and Wise, 1981). Thus, RSS appears to also affect these neurons. This effect might be 

linked to the previously reported RSS-induced haptic improvement (Kalisch et al., 2008, 2010; 

Kowalewski et al., 2012). Indeed, the enhanced tactile acuity, associated with an enhanced 

kinaesthesia, is likely to improve the integration of both object conformation hold by the fingers 

and the finger/hand position, and movement to maintain fine grasping while performing arm 

movements to end up with release of the object in a specific place (i.e., pegboard task). 

  



 

218 | P a g e  

RSS-induced changes within BA4a and PPC 

While the previous analyses highlighted the contributions of SI sub-regions in the RSS-

induced cortical changes, some interesting hints about the implication of other cortical areas 

arise from the whole-EPI analysis. Indeed, to the best our knowledge, this is the first evidence of 

RSS-induced changes within BA4a and the posterior parietal cortex (PPC), including the 

intraparietal sulcus (IPS) and the superior parietal lobule (SPL). 

Even if primarily associated with the motor cortex, BA4a has been shown to be involved in 

the processing of either purely somatosensory information, in case of complex tactile 

stimulation such a moving pins (Terumitsu et al., 2009), or in haptic discrimination tasks (Geyer 

et al., 1996; Eickhoff et al., 2005) involving somatosensory, proprioceptive and motor 

processing. Regarding PPC, this region has been found to be activated in cases of complex 

moving stimuli generating a texture sensation such as rubbing a sponge (Fabri et al., 1999, 

2001), which is quite similar to the brushing used here for the fMRI mapping. The involvement 

of SPL and IPS in tactile motion direction discrimination was also reported (Nakashita et al., 

2008). But occasionally, activation of PPC either ipsilateral (Del Gratta et al., 2000; Nihashi et 

al., 2005) or contralateral (Forss et al., 1995; Mauguière et al., 1997) was found following 

electrical stimulation. Previous studies have also implicated the superior parietal cortex in tactile 

(and visual) spatial attention specifically when attention was focused close to the hands, in 

peripersonal space (see Macaluso and Maravita, 2010 for a review), and in working memory 

representations of actively explored tactile textures (Kaas et al., 2013b). Additionally, IPS and 

SPL were found to be involved in macrospatial discrimination tasks such as the grating 

orientation task, but also in microspatial spacing discrimination tasks resembling the 2PDT 

(Sathian et al., 1997; Stoesz et al., 2003; Zhang et al., 2005). Still along these same lines, shape, 

length and texture perception and discrimination were found to activate the anterior part of IPS 

and SPL (Roland et al., 1998; Bodegård et al., 2001; Stoeckel et al., 2004). PPC was also 

involved in two-point discrimination (Akatsuka et al., 2008). Thus the enhanced activity that we 

report within BA4a and PPC following RSS of right-D2 appears to reveal changes in higher 

order cortical areas, which may reflect or actually contribute to improved spatial discrimination 

abilities following RSS. This seems to be confirmed by the negative correlations found between 

the enhanced activity in bilateral PPC and both right-D2 and left-Lip acuity changes. In line 

with this, the right posterior IPS was also found to be involved in tactile spatial discrimination 

learning, within which the level of activity significantly predicted individual acuity thresholds 

(Stilla et al., 2007). 
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Interestingly, although tactile stimuli were applied to the right hand of right-handed people, 

the enhanced activity in PPC was found mainly in the right hemisphere. This may reflect right 

cerebral hemisphere dominance. Similar right lateralization has been reported for tactile shape 

perception (Sadato et al., 2000), somatosensory stimulation of different kinds (Coghill et al., 

2001; Hagen et al., 2002).  

Conclusion 

To conclude we found that three hours of RSS of right-D2 fingertip improved the spatial 

acuity not only at this finger, but also at both sides of the upper-lip, while the acuity of left-D2 

and right-D3 remained unchanged. In parallel with these behavioural effects, an expansion of 

right-D2 response was found following RSS within the contralateral BA3b and BA1. In 

addition, decreased contralateral PBRs were found for right-D3 and for left-D2 respectively 

within the contralateral BA3b and BA1. Unexpectedly, we also report an enhanced contralateral 

NBRs for the lips within BA3b, and for the thumbs within BA1. Interestingly, while no linear 

correlation was found between PBR and NBR changes, the PBR changes observed within BA3b 

and BA1 for right-D2 were positively correlated. Finally, exploration of the whole-EPI 

following RFX Post-Pre contrasts revealed large clusters located within the anterior part of the 

left primary motor cortex (BA4a) and the right intraparietal lobule and sulcus (IPL/IPS) for the 

stimulated finger (right-D2), and BOLD changes within these regions covaried with the 

perceptual threshold changes. Thus, in addition to replicating the well-established enlargement 

of right-D2 representation, this study reports a differential contribution of SI sub-regions to 

RSS-induced effects, and the possible involvement of higher-order cortical regions. 

Furthermore, this study provides evidence for the existence of NBR evoked by lip stroking, 

which in contrast to PBR, are co-localized with the hand PBR. This latter result asks for a 

revision of the concepts of cortical “representations” and of their “borders”, the presence of 

intermingled positive and negative responses making them more complex. Finally, this lip-

related NBR was modulated by RSS of the finger, suggesting the existence of remote cortical 

effects of RSS, and further, that plastic changes observed across the hand-face border in the 

literature could be related to modulations in NBR. 
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Supplementary Data 

Whole-EPI - Positive and Negative RFX one-sample t-tests at baseline: 

 

Figure S1. Example of whole-EPI group activations (positive BOLD) and deactivations 
(negative BOLD) obtained from random-effects analysis using one-sample t-tests 
(stimulation > rest or stimulation < rest, puncorr < 0.001) following stimulation of left 
(top) and right (bottom) body-sites at baseline. The same eight axial slices are shown 
across sides and sessions, along the ventro-dorsal axis. Each body-site is color-coded 
(see upper schema: red: D1, blue: D2, green: D3, violet: D4, yellow: D5, cyan: Lip). 
Overlaps result in mixed colors (white when all the areas are superimposed). 
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ROI - Positive RFX one-sample t-tests (activity > rest): 

 

Figure S2. Group activations within SI obtained from random-effects analysis using 
one-sample t-tests (stimulation > rest, puncorr < 0.001) following stimulation of right and 
left body-sites respectively Pre (top) and Post (bottom) RSS. The same eight axial slices 
are shown across sides and sessions, along the ventro-dorsal axis. Each body-site is 
color-coded (see upper schema: red: D1, blue: D2, green: D3, violet: D4, yellow: D5, 
cyan: Lip). Overlaps result in mixed colors (white when all the areas are superimposed). 
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ROI - Negative RFX one-sample t-tests (activity < rest): 

 

Figure S3. Group deactivations within SI obtained from random-effects analysis using 
one-sample t-tests (stimulation < rest, puncorr < 0.001) following stimulation of right and 
left body-sites respectively Pre (top) and Post (bottom) RSS. The same eight axial slices 
as for the activation maps are shown across sides and sessions, along the ventro-dorsal 
axis. Note that the lips deactivations are located much more dorsally than are their 
activations. Each body-site is color-coded (see upper schema: red: D1, blue: D2, green: 
D3, violet: D4, yellow: D5, cyan: Lip). Overlaps result in mixed colors (white when all 
the areas are superimposed).  
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STUDY 3: MEG STUDY 

MEG is another functional neuroimaging technique whose use has been considerably rising 

since the late 1990s. The increasing interest for this technique arises from several features of 

MEG. First, unlike fMRI, MEG provides a direct measure of brain activity as it measures the 

magnetic fields generated by the currents arising from neuronal activity. In addition, MEG also 

has a higher temporal resolution, events with time scales on the order of milliseconds being 

resolved. Even if slightly below than that of fMRI, the spatial resolution of MEG is still 

excellent, sources can be localized with millimetre precision. This makes MEG highly 

complementary to fMRI, which has a higher spatial resolution but a pretty low temporal 

resolution.  

Despite the fact that MEG was described earlier than fMRI, the first measure having been 

done by the physicist David Cohen in 1968 (Cohen, 1968), MEG has long been less popular 

than fMRI, likely due to the higher complexity of the signals and of the algorithms required to 

analyze it. David Cohen later used the first superconducting sensor (or SQUID, superconducting 

quantum interference devices) to improve MEG signal measurement (Cohen, 1972). This was 

cumbersome, and, in the 80s, MEG manufacturers began to arrange multiple sensors into arrays 

to cover a larger area of the head. Present-day MEG arrays are set in helmet-shaped dewar that 

typically contain 300 sensors, covering most of the head. In this way, MEGs of a subject or 

patient can now be accumulated rapidly and efficiently. 

Magnetic fields are generated by current flows, which in the brain originate primarily from 

intracellular currents flowing from the dendrites to the soma. Since current dipoles must have 

similar orientations to generate magnetic fields that reinforce each other, it is often the layer of 

pyramidal cells, which are situated perpendicular to the cortical surface, which gives rise to 

measurable magnetic fields. To generate a signal that is detectable, approximately 50,000 active 

neurons are needed (Okada, 1983). Despite the fact that magnetic fields pass unaffected trough 

brain tissue and the skull, making it possible to be recorded outside of the head, these fields are 

extremely small. To account for this, MEG signals are typically recorded by superconducting 

sensors within a shielded room to eliminate the magnetic interference found in a typical urban 

environment. Given that magnetic fields are orthogonally oriented relatively to the current flow 

(Maxwell's equations), only the activity of neurons that are orientated tangentially to the scalp 

surface project measurable portions of their magnetic fields outside of the head, thus measurable 

with MEG sensors (see Figure 47). This limitation of MEG makes it sensitive mainly to neurons 
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(as said above, primarily pyramidal cells) typically located in the sulci, which in most of the 

case is not problematic when investigating primary sensory cortices.  

In many instances, the net currents from which magnetic fields originates can be thought as 

current dipoles having a given position, orientation and magnitude (also called dipole strength), 

but no spatial extent. Using complex algorithms, these dipoles can be reconstructed using 

equivalent current dipole (ECD) models. A high goodness of fit of the field produced by the 

modelled ECD to the real measurement provides a reasonable justification for the application of 

the model. The accuracy of the localization of ECD is usually in the range of few millimetres.  

 

 

Figure 47. Left [from Korvenoja, 2007]: Illustration of an MEG sensor (planar 
gradiometer) above the cortex measuring the gradient of magnetic fields (dotted lines 
with arrows indicating their flow) generated by the current source (black arrow) 
oriented tangentially to the scalp. Right [from Williamson and Kaufman, 1990]: 
Representation of a current dipole Q associated with intracellular current and the 
magnetic field B that it produces. The extracellular charge density is represented by + 
and - signs, and Jv indicates the accompanying extracellular current density. 
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Abstract 

 It is well established that permanent or transient reduction of somatosensory inputs 

(following deafferentation or anaesthesia) induces plastic changes across the hand-face border. 

Whether such cross-border changes can be induced by increasing rather than decreasing afferent 

inputs remains poorly understood. We recently found that a repetitive somatosensory 

stimulation (RSS) at a fingertip, which is known to induce a local training-independent learning 

paralleled by local plastic changes within the primary somatosensory cortex (see Beste & Dinse, 

2013), induces plastic changes and a similar perceptual learning across the hand-face border, 

altering the face representation (Muret et al., in preparation) and perception (Muret et al., 2014). 

Here we used magnetoencephalography to provide a complementary view over the mechanisms 

underlying RSS-induced cortical reorganization across the hand-face border, by investigating its 

electrophysiological correlates. We report significant changes in dipole location after RSS, both 

for the stimulated finger and for the lips. These results confirm the presence of plastic changes 

crossing the hand-face border following an increase of inputs. 

  



 

237 | P a g e  

Introduction 

Most of our knowledge about large-scale somatosensory plasticity comes from cases of 

permanent or transient reduction of inputs. In particular, massive cortical reorganization has 

been repeatedly observed across the face-hand border, with the representation of the face 

expanding and shifting towards that of the deprived hand (Pons et al., 1991; Jain et al., 1997; 

Weiss et al., 2004; Tandon et al., 2009; Dutta et al., 2013). Whether such cross-border changes 

can be induced by increasing rather than decreasing afferent inputs remains poorly understood 

despite its potential impact in promoting adaptive plasticity remotely. We recently found that 

repetitive somatosensory stimulation (RSS) of a single fingertip, which has long been known to 

induce both a local plasticity within the primary somatosensory cortex (SI) and a local 

improvement in tactile acuity (for reviews see Beste and Dinse, 2013; Parianen Lesemann et al., 

2015), also alters remotely the face representation (Muret et al., in preparation) and improves its 

tactile acuity (Muret et al., 2014). These observations suggest a transfer of plastic changes 

across the hand-face border. Indeed, following RSS of the right index finger (right-D2) we 

observed reorganization of the face representation within BA3b, which took the form of an 

increase of the negative BOLD response (NBR) evoked by lip stimulation (Muret et al., in 

preparation). Strikingly, this NBR was co-localized with the more “traditional” positive BOLD 

response evoked by index finger stimulation in the contralateral hemisphere. Given that the 

neurovascular coupling underlying such BOLD signal changes is still under investigation and 

debated (Hoffmeyer et al., 2007; Huttunen et al., 2008; Moore and Cao, 2008; Rosa et al., 2010; 

Devonshire et al., 2012), and that magnetoencephalography (MEG) allows for a direct measure 

of neuronal activity with a sufficiently high spatial resolution to distinguish between lip and 

finger somatosensory sources (Nakamura et al., 1998), we used MEG to further investigate the 

neurophysiological substrates of these plastic changes, in order to provide a complementary 

perspective over the mechanisms underlying RSS-induced cortical changes. The benefits of 

comparing electrophysiological and functional magnetic resonance imaging signals have already 

been proven (Thees et al., 2003; Tuunanen et al., 2003; Stoeckel et al., 2007). 

Given that the local plasticity induced in the finger representation was previously found to 

be expressed by a shift of the right-D2 equivalent current dipole (ECD) toward that of the thumb 

(Pleger et al., 2001; Godde et al., 2003), we investigated whether RSS-induced cortical changes 

across the hand-face border were accompanied by changes in the configuration of 

neuromagnetic dipole sources. 



 

238 | P a g e  

Experimental Procedures 

Participants. Twenty-five healthy volunteers (mean age = 22.24 ± SD 2.71 years, 13 

females) were tested and four participants were removed from the analyses due to poor signal to 

noise ratio and to artefacts. All participants were right-handed according to the Edinburgh 

Handedness Inventory (Oldfield, 1971; mean score = 82.93 ± SD 18.37%), and they all gave 

written informed consent before participating. The protocol was approved by the ethics 

committee of Lyon, and was performed in accordance with the Declaration of Helsinki.  

Experimental time course. Figure 1 shows the time-course of the experiment which took place 

over two consecutive days. On the first day, participants underwent a practice session to 

familiarize themselves with the tactile task, followed by a first assessment of their tactile spatial 

acuity. The next day, another measure of tactile acuity was acquired before a first session of 

MEG recordings, immediately followed by 3 hours of repetitive somatosensory stimulation 

(RSS) of the right index finger. Immediately after the RSS a second set of MEG recordings and 

tactile acuity assessments were performed, the order between these two last sessions being 

counterbalanced across participants (see Figure 1). The structural MRI of each participant was 

acquired in the days following the experiment, usually the next day. 

 

Figure 1. Experimental time course. Two-point discrimination thresholds (2PDT) were 
assessed at right/left-D2, right/left-D5 and right/left-Lip in a practice session and three 
experimental sessions (S1-S3) distributed over two consecutive days. On the second day 
the RSS device was attached to the right-D2 for three hours between S2 and S3. 
Additionally, mapping of the cortical representations of the four tested fingers and both 
sides of the upper-lips was performed during two MEG sessions acquired just before 
and after the RSS procedure. After RSS, the order between the MEG and tactile acuity 
sessions was counterbalanced across participants. 
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Repetitive Somatosensory Stimulation (RSS) Protocol. We used an RSS protocol that is 

known to induce plastic changes in the somatosensory cortex (Godde et al., 2000, 2003; Pleger 

et al., 2001, 2003; Dinse et al., 2003; Hodzic et al., 2004; Pilz et al., 2004; Kalisch et al., 2007; 

Gibson et al., 2009). This method is effective, relatively simple to implement, and relies on 

Hebbian-like plasticity processes as it simultaneously co-activates several cutaneous receptive 

fields, thus producing temporally correlated inputs necessary to drive plasticity (Clark et al., 

1988; Wang et al., 1995). A small 8 mm diameter solenoid controlled by an MP3 player was 

taped to the volar surface of the right-D2 fingertip for three hours. This solenoid delivered brief 

(10ms) supra-threshold tactile stimuli with inter-stimulus intervals ranging from 100 to 3000 ms 

and following a Poisson distribution (average stimulation frequency of 1Hz). Participants could 

freely move during the stimulation period and were instructed to continue with their daily 

activities without paying attention to the device, but to avoid intensive use of their fingers (i.e., 

they were not allowed to either write or type on a keyboard).  

Tactile spatial acuity assessment. To assess tactile spatial acuity, two-point discrimination 

thresholds (2PDT) were measured using a two-alternative forced-choice task and force-

controlled devices, at both index fingertips (left-D2 & right-D2), both little fingertips (left-D5 & 

right-D5), and both sides of the upper-lip region, three times before (Practice, S1 and S2) and 

once after (S3) 3 hours of RSS applied to the right-D2. During the Practice session (Day1), 

detailed instructions were given and informed consent was obtained before 2PDT assessment. 

This session allowed participants to become familiar with the task, but the data were not 

included in any analyses. This Practice session and sessions S1 and S2 ensured that 

discrimination performance before RSS was stable and allowed us to separate RSS-induced 

changes from potential changes related to familiarization with the task. Based upon previous 

studies reporting no threshold change at left-D2 following RSS on right-D2 (Godde et al., 2000, 

2003; Pleger et al., 2001, 2003; Dinse et al., 2003, 2006), and on other studies showing that 

learning due to practice/familiarization transfers to the homologous finger (Harris et al., 2001; 

Harrar et al., 2014), 2PDT at left-D2 were assessed in S2 and S3 only. Within a session, each 

area was tested in a separate block, and for a given participant the order of blocks was 

maintained across sessions while block order was randomized across participants. For each 

participant the location of each tested area was kept constant across sessions [distance from 

fingertip: 5.17 ± 1.74 mm and distance from finger edge: 5.19 ± 1.13 mm (mean ± SD); distance 

from mid-lip: 14.88 ± 0.82 mm (mean ± SD), midway between the upper-lip and the base of the 

nose]. To ensure as precisely as possible that assessments were performed on a constant location 

throughout sessions, the location of 2PDT assessment was marked on the first day before 
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starting the first session (and renewed if necessary the second day), using a 10 mm circular 

stamp soaked in an invisible ink visible with a UV lamp (see Figure 2, A). These marks were 

also used to position the pneumatically-driven stimulators used during the MEG mapping 

procedure on the same locations (see “Magnetoencephalography data acquisition” section). It is 

important to note that the tested lip areas are innervated by two independent nerves as each side 

of the upper-lip is innervated by the medial branch of the superior labial branch of the 

infraorbital nerve and these nerves never cross the midline (Hu et al., 2007). Thus, 

measurements at both sides of the upper-lip could not influence each other at the peripheral 

level. For each participant the location of each tested area was kept constant across sessions. 

2PDT were assessed using eight probes, one with a single tip and seven with two tips 

separated by various distances. Shaft length was 1.9 mm for the finger probes and 8 mm for the 

lip and cheek probes. Shaft and tip diameters were identical for all probes (shaft: 0.7 mm; tip: 

approximately 200 μm). The distances tested were predetermined and remained constant for all 

participants but differed between index fingertips (0.7, 1.0, 1.3, 1.6, 1.9, 2.2, 2.5 mm), little 

fingertips (1.0, 1.4, 1.8, 2.2, 2.6, 3.2, 4 mm) and lips (2, 3, 4, 5, 6, 7, 8 mm) because of basic 

sensitivity differences between these regions. At the beginning of each finger or lip testing block 

the single probe and the two-tip probe with the largest tip separation (2.5 mm for index 

fingertips; 4 mm for little fingertips; 8 mm for the lips) were presented three times to the 

participant while the experimenter said "one" or "two". Once participants declared that they 

clearly felt the difference between these two probes the testing began and lasted 10 to 15 

minutes for each body-site. For every site, each probe was tested 8 times in a pseudo-

randomized order (no more than two consecutive repetitions of the same probe), resulting in 64 

trials. Tips were always presented parallel to the longitudinal axis of the fingers and face.  

To avoid the problem of variations in application pressure when using handheld tips 

(Johnson and Phillips, 1981; Craig and Johnson, 2000), we used two specially-designed spring-

mounted apparatuses that controlled application force across trials (see Muret et al., 2014 

supplemental data for details). Briefly, for fingertip assessments, the eight probes were mounted 

on a rotatable disc which permitted rapid and unpredictable switching between distances. The 

participant’s arm rested on the device with the tested fingertip positioned over a small hole 

while the other fingers were strapped down to prevent any motion. Participants were blindfolded 

and instructed to relax the hand and the forearm, and to remain still. The probes were brought 

into contact with the participant’s finger by the experimenter pulling the device down towards 

the rotatable disc with an application force of between 150 and 200 mN (Kalisch et al., 2007). 

The fingertip remained in contact with the probes for approximately 1 second and participants 
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were required to promptly give their oral response (“one” or “two”). The experimenter then 

lifted up the participant's hand, rotated the disc to present the next probe and continued until all 

probes had been presented eight times. Care was taken to prevent participants from moving their 

finger or pressing it down on the probes. Similarly for the lips assessments, probes were 

mounted on individual plexiglass sticks with ferromagnetic bases (4.5 cm long) and were used 

to deliver the stimulation by inserting them into the end of a metal tube (length: 12.5 cm; 

diameter: 1.5 cm) which contained a spring that was calibrated to obtain an almost constant 

application force (between 190 and 290 mN). When applied to the skin, the plexiglass stick 

moved approximately 1 cm into the tube and a magnet prevented it from rotating or tilting. The 

participant’s head was stabilized using a chin/head rest and their hands rested on the table. They 

were instructed to keep their face and hands relaxed and still. Stimulation was manually 

delivered by the experimenter perpendicularly to the skin surface to ensure that both tips (for the 

seven two-tip probes) touched the skin’s surface at the same time. After each trial the 

experimenter changed the plexiglass base and presented the next probe until all probes had been 

presented eight times.  

 

Figure 2. Devices and procedure used to deliver a reliable stimulation during MEG 
recordings at a constant location throughout sessions, but also to systematically assess 
tactile acuity within the same cutaneous area. A) Pictures showing the circular stamp 
and the UV-visible ink used to precisely mark the tested locations. B) Pictures 
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illustrating the pneumatically-driven stimulator (8mm diameter) fixed either to a 
fingertip or to the lips with the membrane contacting the skin and the tubes conducting 
the compressed-air coming from outside of the shielded room. 

Magnetoencephalography data acquisition. Recordings were carried out using a 275-

channel whole-head MEG system (CTF-275 by VSM Medtech Inc.) with continuous sampling 

rate of 600Hz, a 150Hz low-pass filter, and third-order spatial gradient noise cancellation. 

During the two MEG sessions, participants lay supine in a magnetically-shielded recording 

room with the head comfortably maintained by cushions to limit involuntary movements. 

Oblique electro-oculogrammes (EOG) were acquired with bipolar electrodes. The exact position 

of the head with respect to the sensors was determined by measuring magnetic signals produced 

by currents in three indicator coils fixed to the nasion and the preauricular points (fiducial 

points). Their location was continuously recorded and checked at the beginning of each block to 

ensure that head movements did not exceed 5mm. In order to maintain the exact same position 

across sessions the coils and EOG electrodes remained on the participant’s head between the 

two MEG sessions.  

The stimulation system was pneumatically driven and electronically controlled from the 

command board outside of the shielded room. This system had eight individually controlled 

channels, each consisting of a pneumatic valve connected by a plastic tube to a membrane (8mm 

of diameter). Prior to starting the experiment, the temporal onset and time course of the 

stimulation was carefully measured for each of the eight channels using a force sensor 

positioned next to the membrane. The average of 100 stimulations revealed a constant delay of 

30ms in each of the tubes (see Figure 3), which was taken into consideration for further 

analyses. The six channels/tubes with the closest delays were selected for our six stimulators. 

For each participant, the membranes used to deliver the mechanical stimulation were carefully 

checked and replaced if damaged, and then fixed at each of the tested body-sites (D2, D5 and 

upper-lip bilaterally) using double adhesive tape combined with regular adhesive tape. At the 

beginning of each MEG session care was taken to position each stimulator exactly at the same 

location as 2PDT assessments thanks to the UV-visible marks made beforehand (see Figure 2, 

B). This ensured a precise correspondence between the location of behavioural and MEG 

acquisitions throughout sessions. Tactile stimuli were delivered at constant supra-threshold 

intensity (0.8 bars) using 30ms square-wave pulses interleaved by a delay ranging from 400 to 

600ms by 10ms steps. Before each session participants were asked whether the tactile 

stimulation was clearly perceived at all body-sites, with a comparable subjective intensity across 

the six body-sites, and if necessary the fixation of the membranes was adjusted.  
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Each MEG session was subdivided into four blocks during which each body-site was 

stimulated 125 times, resulting in 500 stimulations per area per session. The stimulated regions 

and intervals between stimulations were pseudo-randomized, allowing no more than one 

consecutive repetition at the same location or with the same ISI, and ensuring that the number of 

repetitions (location or ISI) was equally distributed across body-sites and blocks. To mask the 

noise made by the stimulators participants listened to 60 dB white noise presented binaurally 

through air-conducting tubes with foam ear tips. Participants were instructed to remain as still as 

possible, to fixate a cross drawn at the centre of a board positioned 50cm away from their eyes 

(to avoid eye saccades), and to avoid blinking during the stimulation period. Every 30 

stimulations the white noise was interrupted for 3s, notifying a rest period during which 

participants were instructed/allowed to freely close the eyes and blink. Few minutes of rest were 

additionally taken in between each block. 

 

Figure 3. Mean onset and time course of the pneumatically-driven tactile stimulation 
used during MEG recordings as measured by a force captor positioned next to the 
membrane. The time course below the graph shows the onset of the stimulus trigger (0), 
the onset of the stimulus corrected for the delay (+30ms), and the peak of the stimulus 
force profile (+60ms) as well as the time window used for further analyses: [-70 
+280]ms uncorrected to obtain a final analysis window [-100 +250]ms where 0 
represents the onset of the tactile stimulation. 

Behavioural data analysis. For each participant and for each area the mean of the verbal 

responses (‘one’ or ‘two’) was plotted as a function of distance between the probes and the 

psychometric function was fitted with a binary logistic regression (Dinse et al., 2006). Threshold 

was determined from the fitted data and defined as the distance at which participants responded 

“two” 50% of the time. S1 and S2 thresholds were statistically analysed for stability using 
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repeated measures ANOVAs (rmANOVAs) with the factor Session (S1/S2). Separate 

rmANOVAs were performed for the right-D2, right-D5, right-Lip, and left-Lip data (left-D2 and 

left-D5 data were not collected at S1). To assess whether the S2 session of left-D2 and left-D5 

were different from the S2 session of right-D2 and right-D5, two paired t-tests were performed. 

Pre (average of S1 and S2) and Post (S3) thresholds were analysed using three two-way 

rmANOVAs (one for each pair of body-sites) with factors Side (Left/Right) and Session 

(Pre/Post). Threshold changes between Pre- and Post-sessions were determined for each subject 

as a percentage of the Pre-session threshold (average of S1 and S2): 

. Mean threshold changes were calculated for each of the six 

tested areas and were then submitted to a one-way rmANOVA to assess differences in threshold 

change across regions. Three linear correlations (Pearson) were performed to compare threshold 

changes at the left and right upper-lip and between each side of the upper-lip and the right-D2. 

To assess whether threshold changes were related to changes in discrimination sensitivity and/or 

in response criterion (Signal Detection Theory), false alarm and hit rates were systematically 

calculated and used to compute the discriminative index (d-prime value) and the criterion shift 

index (ln(Beta) value) using the Palamedes toolbox for one-alternative forced choice 

(PAL_SDT_1AFC_PHFtoDP, MATLAB v.r2010a). These indices were then statistically 

analyzed using five paired t-tests comparing sessions (Pre vs. Post), corrected for multiple 

comparisons (Bonferroni). All statistical analyses were conducted using Statistica® (v.10, 

StatSoft). Data were checked for normality using Kolmogorov-Smirnov tests. Post-hoc analyses 

were performed using Bonferroni tests (mentioned in the text as pcorr). All group data are 

expressed as mean ± standard error of the mean (SEM). 

Magnetoencephalography data analysis. Neuromagnetic analyses were conducted using CTF 

softwares (VSM Medtech Inc.). The first step in the offline processing involved visual 

inspection of all datasets for muscle artefacts rejection. Datasets were then low-pass filtered to 

100Hz before being segmented into epochs of 350ms including a period of 250ms post-stimulus 

(corrected) and a pre-stimulus baseline of 100ms. Trials coinciding with eye movements (i.e., 

blink, saccades etc) were automatically rejected on the basis of EOG recordings, all trials with 

EOG activity exceeding 20μV being rejected. Subsequently, all trials were visually inspected to 

check and if necessary adjust trials rejection. Using the remaining trials, the mean head position 

was calculated and trials in which head motion exceeded the average by 3mm were rejected. 

Then the mean head position was re-calculated separately for each condition and used to correct 

for head motion. These pre-processing steps resulted in an average of 404 (± 15.72) (out of 500) 
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artefact-free trials per condition. For each of the six conditions (Area, Side and Session) 

artefact-free trials were averaged using the 100ms pre-stimulus for baseline correction. The 

averaged somatosensory evoked magnetic fields (SEFs) were then visually explored with 

DataEditor CTF software and a trigger was placed over the peak of the first prominent 

component.  

To allow for an anatomical correspondence to participants' brain, MEG data were 

coregistered to each participant’s structural MRI using the position of the coils as landmarks. A 

multi-spherical headmodel was computed based on individuals’ brain shape and used for dipole 

source reconstruction. Please note that it has been suggested that realistically shaped head 

models offer a significant advantage over spherical head models only when dipole sources are 

located at depths greater than 10-20mm below the brain surface (i.e. subcortical structures) (see 

Yvert et al., 1996), which is not the case of the present study. The three fiducial points defined a 

head-based Cartesian coordinate system with the origin at the midpoint between the left and 

right preauricular points. The y-axis ran along the medio-lateral (M/L) direction from the right to 

the left preauricular points , x-axis (orthogonal to y-axis) along the antero-posterior (A/P) 

direction, forward through the nasion, and z-axis along the dorso-ventral (D/V) direction, 

upwards orthogonal to the xy plane (see Figure 6). 

For source identification, dipole source analysis using equivalent current dipoles (ECDs) 

was used to model local cerebral activations using a multi-spherical head model. For fingertip 

data, a single ECD was fitted as most of the activity was expected to be in the contralateral 

hemisphere. In contrast, two ECDs were fitted for the lips due to multiple MEG (Hoshiyama et 

al., 1996; Disbrow et al., 2003a; Nevalainen et al., 2006) and fMRI (Iannetti et al., 2003; Blatow 

et al., 2007; Eickhoff et al., 2008; Lin et al., 2010) reports showing a bilateral response 

following lip stimulation. Data from all MEG channels over a time interval of 7ms around the 

peak were used to solve the inverse problem. Given that lip's sources were expected to be 

bilateral and symmetrical, a minimal sphere was systematically used to exclude the centre of the 

headmodel from the source space in order to minimize the convergence of bilateral dipoles. The 

radius of this minimal sphere was set to 35% (i.e., 2.57 ± 0.02 cm) of each participant’s 

headmodel radius. An extra dipole (excluded from further analyses) was added if the dipole 

model did not explain 90% of the variance of the magnetic field (Wühle et al., 2010, 2011). In 

total, 19 additional dipoles (for 9 participants) were required for the fingertips (most of the time 

due to small ipsilateral activity), while only 6 were needed for the lips (for 2 participants). These 

procedures resulted in ECDs explaining more than 95% of the variance (95.45 ± 0.47 %) for the 

fingertips, and more than 97% of the variance for the lips (97.25 ± 0.28 %). To ensure that the 
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goodness-of-fit (GoF) did not vary across sessions the error of fit percentages were submitted to 

a three-way rmANOVA with the factors Session (Pre/Post), Area (D2, D5 and Lip) and Side 

(Left/Right). While this analysis revealed a significant difference of GoF between Areas (F(2,40) 

= 16.37, p < 10-5), with significantly smaller error of fit for the lips than for the fingers (Fisher 

post-hoc tests, both pLSD values < 5*10-4), no effect or interaction with the factor Session was 

found (see Figure 4). An additional analysis with separate two-way rmANOVA (Session*Side) 

for each of the three body-sites confirmed that for a given body-site the GoF remained stable 

across sessions (all p values > 0.05).  

 

Figure 4. Mean error of fit expressing the percentage of the variance of the magnetic 
field not explained by the dipole model used to reconstruct the source of each of the 
tested body-sites. 

For each participant ECDs were superimposed onto their MRI images to identify source 

locations with respect to anatomical structures. Examination of the resulting images revealed 

erroneous localization of the ipsilateral activity evoked by lip stimulation, confirmed by large 

volumes of confidence: 209.20 ± 170.18 mm3 (14 participants with volumes larger than 5 mm3). 

Consequently, ipsilateral dipoles were excluded from further analyses. In contrast, the volumes 

of confidence were in the order of 2.65 ± 0.96 mm3 for the contralateral lip dipoles and 2.60 ± 

1.37 mm3 for the contralateral fingertip dipoles. These small volumes of confidence provide the 

information that the error in dipole localization was less than 1mm in radius (0.78 ± 0.08 mm). 

To ensure that this incertitude in localization did not vary across sessions, the mean radius of the 

volumes of confidence were submitted to a three-way rmANOVA with the factors Session 

(Pre/Post), Area (D2, D5 and Lip) and Side (Left/Right). This analysis revealed no significant 

differences across Areas or Sessions (see Figure 5). Running separate two-way rmANOVAs 

(Session*Side) on each of the three body-sites did not reveal any further differences.  
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Figure 5. Mean radius (mm) of the volumes of confidence, providing the incertitude in 
dipole location obtained for each of the tested body-sites. 

Dipole positions, originally expressed in the Cartesian coordinate system, were also defined 

by their polar coordinates, computed following the standard formula described in Figure 6. The 

eccentricity (or radius, r) is defined as the distance from the centre of the Polar coordinate 

system (here the centre of the headmodel), theta angle (θ) is positive on both sides, from 0° to 

180°, upward to downward, while phi angle (φ) is positive on the right side, from 0° to 180°, 

upward to downward, and negative on the left side (due to the use of the "four quadrant inverse 

tangent" function). The Euclidean Distance (ED) between dipoles was calculated from their 

dipole location in the Cartesian system as following: 

 

x, y and z referring to the 3D Cartesian coordinates of the two body-sites a and b.  

Statistical analyses of peak latencies, dipoles coordinates and strength were performed 

using repeated measures analysis of variance (rmANOVA) and post-hoc Fisher’s tests 

(mentioned in the text as pLSD). 
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Figure 6. Cartesian and polar coordinate systems. Left panel: Schematic representation 
of the Cartesian coordinate system centred to the headmodel origin of each participant, 
from which polar coordinates were computed according to the equations. The spatial 
correspondence of each polar coordinate is illustrated in red among the Cartesian 
coordinates (black), as well as the three main anatomical axes (antero-posterior, dorso-
ventral and medio-lateral). Right panel: the sign and directional changes of both φ and 
θ polar angles are illustrated on axial and coronal view respectively. Note that the "four 
quadrant inverse tangent" was used to facilitate φ angle analysis. 

Results 

Behavioural data 

Analysis of the thresholds obtained at baseline for right-D2, right-D5 and the lips revealed 

no significant differences between S1 and S2 for any of these body-sites (four rmANOVAs, all 

p values > 0.12). As thresholds at left-D2 and left-D5 were assessed solely at S2, two paired t-

tests confirmed that their thresholds were not statistically different from those obtained for their 

homologue at S2 (both p values > 0.7). A two-way rmANOVA (Session*Side) on the thresholds 

from both index fingertips revealed a significant interaction (F(1.20) = 4.82, p = 0.040), indicating 

a significant decrease of right-D2 thresholds following RSS (pBonf = 0.002) while left-D2 

thresholds remained stable (pBonf > 0.90; Figure 7). The post-RSS threshold obtained at right-D2 

was also significantly lower than that obtained at left-D2 pre and post-RSS (both pBonf values < 
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0.018). A similar analysis performed on thresholds from both sides of the upper-lip revealed a 

significant main effect of Session only (F(1.20) = 11.47, p < 0.003), with thresholds from both 

upper-lips being significantly lower after RSS of right-D2 (Figure 7). Together, these results 

confirm our previous findings (Muret et al., 2014 and results from the fMRI study) that three 

hours of RSS applied to the right-D2 significantly improves spatial discrimination not only at 

the stimulated fingertip but also at both sides of the upper-lip, without affecting the left-D2. In 

the present study, thresholds were additionally assessed at both little fingertips and their analysis 

revealed that they were stable across sessions. These latter results further demonstrate the limit 

in the “spread” of the RSS-induced perceptual changes across fingers of the same hand, 

something that was already reported for the adjacent middle finger following RSS on right-D2 

(Godde et al, 2000; Muret et al, 2014).  

D-prime analyses confirmed sensitivity gains for right-D2 and right-Lip (right-D2: t(20) = -

2.63, p = 0.016, right-Lip: t(20) = -2.42, p = 0.025), with no slackening of participants’ response 

criterion for any region (Figure 8).  

 
Figure 7. Mean psychometric curves and thresholds (mm) before and after the RSS 
procedure at each tested body-site. Psychometric curves averaged over all individual 
regression curves, Pre (black) and Post (red) RSS applied to the right-D2. The mean 
thresholds obtained Pre and Post RSS are represented for each area on the bar plots with 
the same colour code. Asterisks highlight the cases where a significant threshold 
decrease was obtained from the threshold analyses (three rmANOVAs on data from the 
index fingers, little fingers and lips followed by Bonferroni post-hoc tests, * pBonf < 
0.05).  
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Figure 8. Signal detection theory values across sessions. (A) Mean d-prime and (B) 
mean ln(Beta) values obtained for each area, Pre (black) and Post (red) RSS of right-D2. 

 

Comparison of the amount of threshold change at each body-site did not reveal any further 

patterns of interest. In contrast to the first report of this transfer (Muret et al., 2014), no 

significant correlation was found between threshold changes obtained at each side of the upper-

lip. In comparison with the previous study, however, in this study more participants did not 

exhibit a threshold decrease at right-D2 (5/21 instead of 2/15), resulting in a lower proportion of 

participants (57% (12/21) compared with 80% (12/15)) who had decreased thresholds at both 

the right-D2 and lips. In addition, the mean threshold decreases at right-D2 and the right- and 

left-Lip were lower than those observed in Muret et al., 2014 (i.e., respectively -8.91 ± 3.35%, -

6.73 ± 2.04% and -3.80 ± 2.18%, instead of -15.26 ± 3.85%, -8.42 ± 2.88% and -12.15 ± 

3.78%).  

Despite observing a smaller threshold decrease after RSS in this study than in our previous 

study (Muret et al., 2014), the pattern of changes at right-D2 and the lips was similar for the two 

studies when only participants exhibiting threshold decrease at right-D2 were selected (Figure 9, 

upper left).  
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Figure 9. Vectors showing the relationship between threshold changes at right-D2 and 
the lips (upper left), left-D2 (upper right), right-D5 (bottom left), and left-D5 (bottom 
right) for each of the participants for who RSS worked (i.e., exhibiting a threshold 
decrease for right-D2). The starting and ending points of vectors respectively represent 
pre- and post-session thresholds. Red vectors indicate parallel threshold decreases at 
both right-D2 and the other body-site (i.e., lips, left-D2, right-D5 or left-D5), whereas 
blue vectors illustrate a decreased threshold at right-D2 and an increase at the other 
area. 

 

Neuromagnetic data 

Significant somatosensory evoked fields (SEFs) were identified for all participants with a 

first prominent peak observed on average at 60.1 ms (± 8.5, SD) following fingertip stimulation 

and at 47.4 ms (± 6.9, SD) following upper-lip stimulation (see Figure 10 for a representative 

example). These latencies are in agreement with the literature reporting a first component from 

55ms to 75ms following finger/hand stimulation (e.g., Braun et al., 2000; Mertens et al., 2000; 

Hlushchuk et al., 2004; Zhu et al., 2007; Onishi et al., 2010; Wühle et al., 2011), and around 

40ms following lips/face stimulation (Mogilner et al., 1994; Disbrow et al., 2003a; Nguyen et 

al., 2004; Nevalainen et al., 2006).  
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Figure 10. Illustration of the mean evoked responses and of their topographies projected 
at the captor level from a single participant. The left panels show the somatosensory 
evoked fields (SEFs) computed by averaging artefact-free trials obtained following 
stimulation of A) right-D2, B) right-D5, and C) right-Lip at the Pre-session. The vertical 
lines represent the triggers used to select the peak of each component and the arrows 
below these lines indicate their raw and delay-corrected latencies. The right panels show 
the topography of the fields corresponding to the peak highlighted by the arrow in left 
panels projected at the sensor/scalp level. 
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To assess whether these peak latencies varied across sessions or body-sites, values were 

submitted to a three-way rmANOVA (Session*Area*Side; Figure 11). This analysis revealed a 

significant decrease in peak latencies after RSS (F(1,20) = 6.14, p = 0.022), but also significant 

differences between body-sites (F(2,40) = 66.71, p < 10-6), with as expected, shorter peak 

latencies for the lips than for the fingertips (both pLSD values < 10-6). Given this difference 

between lips and fingertips separate two-way rmANOVAs (Session*Side) were then applied to 

their datasets. Analysis of fingertip peak latencies revealed significantly shorter latencies for the 

left fingers than for the right (F(1,20) = 4.43, p = 0.048), and the significant decrease of peak 

latencies after RSS was still observed (F(1,20) = 6.46, p = 0.019). In contrast, no significant 

differences were observed for the lips. 

 

Figure 11. Mean peak latencies (ms) of the first prominent component obtained Pre 
(black) and Post (red) RSS following stimulation of each of the tested body-sites: right- 
and left-D2, right- and left-D5, right- and left-Lip. 

The topography of the magnetic fields observed at the sensor level for these components 

revealed that the one evoked by finger stimulation arose predominantly from the contralateral 

hemisphere (Figure 10, A & B), but that the component evoked by lip stimulation arose from 

both hemispheres, as an inverted pattern was observed (Figure 10, C). Because of the nature of 

the stimulation employed for the mapping procedure (i.e., mechanical), and given the orientation 

of SI subregions and the fact that MEG sensors predominantly record the activity arising 

tangentially from the scalp, these responses are likely to arise from activity within BA3b. 

Reconstruction of the sources of these components using ECDs confirmed this hypothesis, as 

dipoles were located at the proximity of the post-central gyrus (see Figure 12 for a 

representative example). A somatotopic organization was observable at the individual level 

(Figure 12), but also across individuals (Figure 13), with D5, D2 and the Lip being sequentially 

more ventral and anterior. This organization is consistent with Penfield's homunculus (Penfield 

and Boldrey, 1937), but also with more recent somatotopic mapping using MEG (Nakamura et 

al., 1998).  
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Figure 12. Illustration of dipole localizations from a single participant overlaid on his 
structural MRI. Left panel: coronal and axial view of the ECDs from right body-sites 
(right-D5: yellow; right-D2: red; right-Lip: cyan) obtained at the Pre-session. Note the 
bilateral dipole obtained for the right-Lip and the somatotopic organization with D5-D2-
Lip being sequentially more ventral and anterior. Note also that due to large volumes of 
confidence, the ipsilateral lip dipole was excluded from further analyses. Right panel: 
comparison of the dipole location Pre (filled circle) and Post (empty circle) RSS, 
obtained for right-D2 (yellow) and left-D2 (green). Note the upward shift of the right-
D2 ECD at the Post-session.  
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Figure 13. Sagittal (top) and coronal (bottom) view of the contralateral ECDs of all 
individuals obtained Pre (left) and Post (right) RSS for all tested body-sites: D2 (blue), 
D5 (green) and Lips (red). The body side is differentiated by marker shapes: right 
(square), left (triangle). The centre of the referential corresponds to the centre of the 
headmodel of each participant, which had a similar size (radius: 7.33 ± 0.05 cm). Note 
here again the overall somatotopic organization with D5-D2-Lip being sequentially 
more ventral and anterior. 

Since our goal was to detect possible RSS-induced changes in dipole localization, the next 

step was to quantify Pre-Post differences among individuals. These analyses were performed 

within both the Cartesian and the Polar coordinate systems, and gave rise to multiple differences 

between body-sites related to their somatotopic organization that we will describe first. Note 

that only the significant RSS-induced changes are indicated by asterisks on the graphics.   

Somatotopic organization: 

Body-sites differences in dipole localization were first assessed by analyzing the Polar 

coordinates (Figure 16). Significant differences in the eccentricity (i.e., radius) of the ECDs of 

the different body-sites were observed (three-way rmANOVA; F(2,40) = 29.08, p < 10-6), with a 

gradual increase in radius from the lip, to D2, to D5 (all pLSD values < 0.032). The same gradual 

increase from the lip, to D2, to D5 was also found for the phi angle (three-way rmANOVA; 

F(2,40) = 16.81, p < 10-5), while as expected, the inverse pattern was observed for the theta angle 

(three-way rmANOVA; F(2,40) = 127.39, p < 10-6, all pLSD values < 10-5). Together, these results 

demonstrate a clear somatotopic organization, with D5, D2 and the Lip being sequentially more 
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ventral (as revealed by theta angles) and anterior (as revealed by phi angles). This result is 

consistent with the somatotopic organization described in the literature (Penfield and Boldrey, 

1937; Nakamura et al., 1998) and qualitatively observed in Figure 13. In addition, the 

eccentricity (i.e., radius) was significantly smaller for the ECDs of the right body-sites than for 

that of the left (F(1,20) = 23.94, p < 10-4). Running separate two-way rmANOVAs (Session*Side) 

on each body-site confirmed this difference was present at all three body-sites (D2: F(1,20) = 

16.50, p < 0.001; D5: F(1,20) = 14.42, p = 0.001; Lip: F(1,20) = 10.43, p = 0.004). 

Differences in the distance between body-site ECDs were also assessed by computing their 

relative Euclidean Distances (EDs) (Figure 16). At baseline, the ED between D2 and D5 ECDs 

was on average 10.61 mm (± 1.50, SEM). These values are in agreement with those previously 

reported in the MEG literature (Elbert et al., 1995; Nakamura et al., 1998; Tecchio et al., 1998; 

Stavrinou et al., 2007; Inoue et al., 2013). Similar to the Polar analysis, significant differences 

were found between these relative EDs (three-way rmANOVA; F(2,40) = 46.76, p < 10-6), with 

the D2-D5 distance being smaller than the distance between the lip and D2, itself smaller than 

the Lip-D5 distance (all pLSD < 5*10-5). In addition, an interaction between relative distances and 

sides was found (F(2,40) = 6.65, p = 0.003), with the ED between D2 and D5 being larger on the 

right side than on the left (pLSD = 0.018), while both sides were similar for the Lip-D5 and Lip-

D2 EDs (both pLSD values > 0.05). This latter result suggests a larger representation of the right 

hand compared to the left one, perhaps due to handedness. Separate two-way rmANOVAs 

(Session*Side) on each body-site further revealed that the Lip-D2 ED was significantly smaller 

on the right side than on the left (F(1,20) = 5.87, p = 0.025). This was not the case for Lip-D5 

EDs. Similar rmANOVAs performed separately on each Cartesian coordinate (x, y and z) 

revealed that the gradual increase in the relative distance from D2-D5, to Lip-D2 and Lip-D5 

was predominantly driven by differences along the z axis (see Supplemental Results). This was 

also true for the side difference observed for the Lip-D2 distance. 

The relative distances between body-site ECDs were also evaluated by calculating their 

differential Polar coordinates (Figure 17). As for the relative EDs, a gradually increasing 

∆theta angle was found from D2-D5, to Lip-D2, with the largest ∆theta angle being reported for 

Lip-D5 ECDs (three-way rmANOVA; F(2,40) = 38.56, p < 10-6; all pLSD values < 5*10-4). This 

suggests that ED differences are essentially present along the dorso-ventral direction, and thus 

confirms the similar gradual increase observed along the z axis. Some differences were also 

observed at the level of both eccentricity and phi angles, with a significantly smaller ∆radius 

between D2-D5 ECDs than between the Lips and the fingertips (three-way rmANOVA; F(2,40) = 

8.88, p < 0.001; all pLSD values < 0.021), and a larger ∆phi angle between Lip-D5 ECDs than 
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between D2-D5 ECDs (three-way rmANOVA; F(2,40) = 3.73, p = 0.033; pLSD = 0.011). These 

results further confirm the somatotopic organization of the tested body-sites ECDs, but with less 

pronounced differences along these directions than along the dorso-ventral direction. The ∆theta 

analysis also revealed a significant interaction between relative EDs and sides (F(2,40) = 3.43, p = 

0.042), but which did not survive post-hoc tests (all p values > 0.05). Running separate two-way 

rmANOVAs (Session*Side) on each relative ED further revealed a significant difference 

between sides for the ∆theta angle found between Lip and D2 ECDs (F(1,20) = 4.91, p = 0.038), 

with a significantly smaller ∆theta angle for the right side than for the left. No further 

differences were found for D2-D5 & Lip-D5 ∆theta angles. 

Overall, these differences in absolute and relative distances clearly demonstrate the 

somatotopic organization of the ECDs modelling the sources of the first prominent component 

evoked by tactile stimulation. In addition, some differences between body sides were observed, 

with smaller overall eccentricity of ECDs, larger D2-D5 ED, smaller Lip-D2 ED, and smaller 

∆theta angle between Lip-D2 for the right side, as compared with the left.  

The next section focuses on the primary goal of this study, i.e., the quantification of the 

possible RSS-induced changes among individuals. Given the systematic differences observed 

between body-sites for several measures, and our strong hypotheses, the three-way rmANOVA 

(Session*Area*Side) was systematically followed by a separate two-way rmANOVA 

(Session*Side) for each body-site. 

RSS-induced changes: 

Comparing the dipole shift across sessions, no significant difference between body-sites 

was observed, all areas exhibiting a similar amount of shift that was significantly different from 

zero (Figure 14; 6 t-tests, all t(20) values > 6.80, all p values < 10-5 << pBonf = 0.008). This 

unspecific shift was on average of 6.32mm (± 0.82). 

 

Figure 14. Mean dipole shift (mm) obtained after RSS for each of the tested body-sites. 
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To investigate the direction of these shifts, the Pre and Post localization of the dipoles was 

first compared for each of the Polar coordinates (Figure 16). A significant interaction was 

found between the eccentricity (i.e., radius) of body-site ECDs and sessions (three-way 

rmANOVA; F(2,40) = 3.31, p = 0.047), revealing a tendency for an increased eccentricity for the 

lips after RSS (pLSD = 0.059). Running a separate two-way rmANOVA (Session*Side) on each 

body-site confirmed this tendency for the lips only (F(1,20) = 3.53, p = 0.075). In contrast, no 

RSS-induced changes in ECD location were observed for theta and phi angles.  

 

 

 

Figure 15. Mean Polar coordinates of the ECDs of each tested body-site (i.e., right- and 
left-D2, right- and left-D5, right- and left-Lip), Pre (black) and Post (red) RSS. Top: 
Mean eccentricity (or radius), in mm. Centre: Mean theta angle in degrees. Bottom: 
Mean phi angle in degrees. Note that the sign of the phi angles was inverted for the left 
body-sites (normally negative) to allow comparison with the right body-sites. 
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When computing the relative Euclidean Distance (ED) between body-sites (Figure 16), a 

significant interaction between sessions and relative EDs was found (three-way rmANOVA; 

F(2,40) = 4.48, p = 0.017), with an increase of the Lip-D2 ED after RSS (pLSD = 0.014; Figure 16). 

Running a separate two-way rmANOVA (Session*Side) on each body-site further confirmed 

this increase in the ED between the lip and D2 after RSS, regardless of the side (F(1,20) = 8.27, p 

= 0.009). The two other relative EDs analyzed separately (i.e., D2-D5 and Lip-D5) did not show 

any RSS-induced effect. Similar analyses performed separately on each Cartesian coordinate (x, 

y and z) did not reveal any further effects (see Supplemental Results). 

 

Figure 16. Mean relative Euclidean Distance (mm) between body-sites, Pre (black) and 
Post (red) RSS. r/lD2-D5: distance between D2 and D5 of the right or left side; r/lLip-
D5: distance between Lip and D5 of the right or left side; r/lLip-D2: distance between 
Lip and D2 of the right or left side. 

The relative displacement of ECDs was assessed by analyzing RSS-induced changes in 

their differential Polar coordinates (Figure 17). For all body-sites, ∆radius distances were 

smaller after RSS (three-way rmANOVA; F(1,20) = 5.56, p = 0.030). Running separate two-way 

rmANOVAs (Session*Side) on each of the relative distances revealed a significant decrease in 

the relative eccentricity between the lip and D5 after RSS only (F(1,20) = 5.56, p = 0.029). No 

RSS-induced effect was found for D2-D5 or Lip-D2 relative distances. A significant decrease of 

the ∆θ angle was observed after RSS between D2 and D5 only (three-way rmANOVA; F(2,40) = 

3.55, p = 0.038; pLSD = 0.032). Separate two-way rmANOVAs (Session*Side) on each relative 

distance revealed a significant increase of the ∆θ angle between the Lips and D2 after RSS 

(F(1,20) = 6.40, p = 0.020). No effect was observed for D2-D5 & Lip-D5 ∆θ angles. Similarly, no 

RSS-induced changes were observed for ∆phi angles. 
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Figure 17. Mean differential Polar coordinates between the ECDs of the tested body-
sites, Pre (black) and Post (red) RSS. From top to bottom: Mean ∆eccentricity (or 
radius, in mm), mean ∆theta and mean ∆phi angles, both in degrees. Note that the sign 
of the phi angles was inverted for the left body-sites (normally negative) to allow 
comparison with the right body-sites. r/lD2-D5: distance between D2 and D5 of the 
right or left side; r/lLip-D5: distance between Lip and D5 of the right or left side; r/lLip-
D2: distance between Lip and D2 of the right or left side. 

Altogether, we report after RSS an increased Lip-D2 ED, associated with a decrease in Lip-

D5 eccentricity, a decreased ∆theta angle between D2 and D5, and an increased Lip-D2 ∆theta 

angle.  

Dipole strength was significantly different across body-sites (Figure 18; F(2,40) = 9.36, p < 

5*10-4), the lips exhibiting significantly higher dipole strength than the fingertips (both pBonf 

values < 0.023). In addition, a significant interaction between sessions and sides was found 
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(F(1,20) = 4.50, p = 0.047), with the dipole strengths obtained at the Post-session being 

significantly higher for the right body-sites than for the left ones (pLSD = 0.027). Given the 

difference between lips and fingertips, their datasets were separately submitted to two-way 

rmANOVAs (Session*Side). While no significant difference was observed for the lips, the 

strength of D5 dipoles was significantly smaller than that of D2 dipoles (F(1,20) = 5.11, p = 

0.035). In addition, an interaction with the finger side was revealed (F(1,20) = 5.29, p = 0.032), 

the left-D5 dipole being weaker than both left- and right-D2 dipoles (both pLSD values < 0.022), 

and right-D5 having a weaker dipole strength than left-D2 (pLSD = 0.027). Finally, note the 

tendency for an inverse pattern between left- and right-D2 (p = 0.086), suggesting that right-D2 

dipole strength increased after RSS while left-D2 strength decreased. 

 

Figure 18. Mean dipole strength (nAm) of the first prominent component obtained Pre 
(black) and Post (red) RSS for each of the tested body-sites: right- and left-D2, right- 
and left-D5, right- and left-Lip. 

Finally, no significant linear correlation was found between changes in dipole localization 

(ED, Δradius or Δθ angles) and 2PDT changes (all p values > 0.05). 
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Discussion 

The purpose of this study was to assess the neurophysiological substrates underlying the 

RSS-induced plastic changes recently observed across the hand-face border and to evaluate how 

they relate to the perceptual changes. In agreement with our previous reports (Muret et al., 2014, 

study 2 in this thesis), we found that three hours of RSS at the right-D2 fingertip improved 

spatial acuity not only at this finger, but also at both sides of the upper-lip, while the 

homologous left-D2 was unaffected. Additionally, in this present study we report for the first 

time the absence of behavioural effects on both little fingers. In parallel with these behavioural 

changes, dipole model source analyses revealed after RSS: (i) an increased distance between Lip 

and D2 dipoles (ED and Δtheta angle), (ii) a decrease in Lip-D5 relative eccentricity, and (iii) a 

decreased distance between D2 and D5 dipoles (∆theta angle). In addition, the dipole strengths 

after RSS were found to be stronger for the right body-sites than for the left ones. Altogether, 

these results first confirm the existence of cross-border changes following RSS, with relative 

changes between the stimulated finger and the lip, but also suggest that changes are widespread  

- reaching the other hemisphere. Finally, these results underline the dynamic property of 

somatotopic maps, which likely fluctuate with time depending on the use, configuration, and 

stimulation of body-sites.  

Behavioural results 

In agreement with our previous findings (Muret et al., 2014), we report that three hours of 

RSS at right-D2 improved tactile acuity not only at this fingertip, but also at both sides of the 

upper-lip. However, smaller behavioural effects were observed in the present study than in the 

previous report (Muret et al., 2014). Indeed, a higher proportion of participants did not exhibit 

the right-D2 threshold decrease, which is the marker of the effectiveness of the RSS procedure. 

In addition, a lower proportion showed the mutual decrease at both right-D2 and the lips, and 

the average threshold decreases were lower. Altogether, these facts suggest a lower efficiency of 

the RSS procedure in this study, which resulted in a lower “transfer” of the effects towards the 

face. A possible explanation arises from the type of stimulation used during the MEG mapping 

procedure. Indeed, one has to consider that the repetitive stimulation performed during the MEG 

mapping could have itself induced some cortical reorganization. More importantly, note that the 

tapping-like pneumatic stimulation used during the mapping procedure with quite short and 

jittered ISIs (400-600ms) is highly similar to the RSS procedure. The main difference between 

these two procedures arises from the fact that instead of stimulating right-D2 only, during the 

mapping body-sites were randomly stimulated, which could be considered as an “asynchronous” 
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stimulation of these regions. Given that asynchronous RSS protocols across fingers have been 

shown to result in spatial acuity impairments (Hodzic et al., 2004; Kalisch et al., 2007), it is 

possible that the mapping procedure somewhat interfered  with the RSS procedure. This could 

explain the lower RSS-induced behavioural changes reported here. Moreover, the longer time 

interval between tactile threshold assessments and the RSS procedure due to the interleaved 

MEG sessions (~1h instead of ~15min) could also have played a role in producing the smaller 

behavioural effects. Indeed, while the threshold decrease has been reported to be significant 2h 

after RSS (Godde et al., 2000), it was undoubtedly on the way back to baseline levels.  

Despite the possible interfering factors described above, similar mean effects were observed 

at the group level, as well as at the individual level when considering participants for whom RSS 

was effective. In addition to replicating the effects at right-D2 and both sides of the upper-lip, 

we report that similar to left-D2, RSS at right-D2 does not affect the thresholds at both little 

fingers. This result is in line with previous reports of no change at the adjacent finger (right-D3; 

Godde et al., 2000; Muret et al., in preparation), and supports the idea that RSS-induced 

perceptual changes are limited to the stimulated finger and do not spread to other fingers within 

the hand, likely through intracortical inhibitory connections underlying lateral inhibition 

(Simões et al., 2001; Négyessy et al., 2013). 

ECDs as a source model 

The quality of the ECDs was confirmed by the high GoF observed across both body-sites 

and sessions. This ensured that our models explained more than 95% of the variance, which is 

the gold-standard in dipole model source analysis (see Hämäläinen et al., 1993; Kakigi et al., 

2000). Note that the higher GoF observed for the lips compared to the fingertips is likely to arise 

from a systematic, even if small, ipsilateral activity induced by finger stimulation (Schnitzler et 

al., 1995; Sutherland and Tang, 2006; Hadoush et al., 2010), which we did not systematically 

model. In addition, the incertitude in our dipole localizations was on average below 1mm (i.e., 

5mm3 on average, 52mm3 maximum), which is relatively small considering the spatial resolution 

that MEG offers and the values usually reported in the literature (i.e., Elbert et al., 1995; Flor et 

al., 1995: < 300mm3; Hlushchuk et al., 2004; Suzuki et al., 2004: < 1cm3; Knecht et al., 1998: < 

300cm3). Altogether, these parameters demonstrate the reliability of our ECDs to model the 

relatively simple activity evoked within the primary somatosensory cortex following finger and 

face stimulation. 

Because of the nature of the stimulation employed for the mapping procedure (i.e., 

mechanical), and given the orientation of SI subregions and the fact that MEG sensors record 
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predominantly the activity arising tangentially from the scalp (Hämäläinen et al., 1993), these 

responses are likely to arise from activity within BA3b (i.e., anterior wall of the post-central 

gyrus) and BA2 (i.e., posterior wall of the post-central gyrus), with BA1 activity possibly 

weighting the resulting fields. Intracranial recording studies have confirmed that BA3b and BA1 

contribute the most to the peak in the type of evoked response examined here (Baumgartner et 

al., 1993).  

Somatotopic organization 

Consistent with the classical somatotopic organization of the primary somatosensory cortex 

(Penfield and Rasmussen, 1950; Nakamura et al., 1998), polar coordinates and Euclidean 

distances revealed that dipoles of D5, D2 and the Lip were sequentially more ventral and 

anterior. The largest differences between body-sites were observed along the dorso-ventral 

direction (i.e., y axis and theta angle), and some differences between body sides were also 

observed. First, dipole eccentricities were globally smaller for the right body side (i.e., left 

hemisphere), than for the left (i.e., right hemisphere). This result suggests an asymmetry 

between hemispheres, which has already been reported using MEG but following electrical 

median nerve stimulation (Jung et al., 2003, 2008). Surprisingly, in contrast to the hemispheric 

asymmetries reported in the primary motor cortex (e.g., Amunts et al., 1996), these studies also 

showed that this asymmetry of somatosensory representations was not correlated with 

handedness (Jung et al., 2003, 2008). Thus, the cause and functional relevance of such 

interhemispheric asymmetry remains to be clarified for the somatosensory domain. In addition 

to this overall asymmetry, the ED between D2 and D5 dipoles was significantly larger for the 

right body-sites than for the left. This difference is consistent with previous reports (Imai et al., 

2003) and suggests a larger somatosensory representation of the dominant hand. Supporting this 

view, it has been reported that the rostral area of the post-central gyrus is more extended in the 

left than in the right hemisphere (Jung et al., 2003). Finally, there was also an asymmetry in 

dipole localization between the lip and D2 finger, as several measures (ED, ∆theta and z) 

revealed a smaller distance between their dipoles for the right side. Together with the larger D2-

D5 distance mentioned above and the absence of Lip-D5 asymmetry, this novel result suggests a 

higher proximity between the lip and D2 representations in the left hemisphere, either due to a 

smaller D1 representation in between them, to a smaller lip representation (but in this case we 

would have expected differences in dipole strength), or more likely due to more overlapping 

representations than in the right hemisphere. But this remains to be investigated. 
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As expected from the shorter conduction pathways, shorter peak latencies were observed for 

the lips than for the fingers. But surprisingly, shorter latencies were observed for the left fingers 

than for the right ones. This unexpected result could come from differences in the membrane 

fixation since different experimenters fixed the membranes on the left and right body sites, or 

from "lateralization" but in this case we might have expected to see shorter latencies for the 

dominant hand). Note that even in the case of different fixations, this would have led to 

differences in stimulation intensity, which typically alter the dipole strength and latency (the 

higher the intensity, the higher the dipole strength and the lower the latency), but not 

localization (e.g., Hoshiyama and Kakigi, 2001; Otsuru et al., 2011). All possible precautions 

were taken to minimize the variability in stimulation location using the UV-visible marks. 

Moreover, the relative comparison of sessions also account for such differences. Finally, the 

dipole strength was larger for the lips compared to the fingertips, and - ignoring the differences 

between body sides - also larger for D2 compared to D5. Given that the current dipole strength 

is hypothesized to be an indicator of the net strength of cortical polarization, which reflects the 

total number of synchronously firing neurons contributing to the stimulus-driven cortical 

response (Williamson and Kaufman, 1990), these differences can reflect a larger/smaller 

neuronal population (i.e., representation) for the lip/D5. Such differences in cortical 

magnification are thought to be related to the differential sensitivity/acuity across body-sites, 

arising from the differential densities of receptors embedded in the skin. 

RSS-induced changes 

Despite the reliability of our ECDs (see above), a shift of approximately 6mm was observed 

across sessions for the ECDs of all body-sites. Such unspecific changes in dipole location could 

arise from an altered re-positioning of the participant’s head inside the MEG helmet during the 

two recording sessions, co-registration errors, or systematic head motion. However, since all 

body-sites were stimulated within a given block, these possible causes can be excluded as one 

would have expected the ECD locations for the different regions to be similarly affected at the 

individual level, which was not the case. In line with this, a systematic shift at the individual 

level would have left the relative distances unaltered, which is again not the case. Furthermore, 

localization of head position was carefully checked at the beginning of each block ensuring the 

stability of the head position throughout the recording. These causes excluded, one remaining 

possibility is that the membranes/stimulators might have been attached slightly differently 

across body-sites and sessions, resulting in slightly different intensities of stimulation. However, 

changes in stimulation intensity have typically been shown to alter the dipole strength and 
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latency (the higher the intensity, the higher the dipole strength and the lower the latency), but 

not its localization (e.g., Hoshiyama and Kakigi, 2001; Otsuru et al., 2011). These 

methodological aspects being unlikely responsible for these 6mm shifts, our data suggest instead 

a real shift of all body-sites in different directions, as we found changes in their relative 

distances. 

Similarly to the behavioural results, the repetitive stimulation performed during the MEG 

mapping could have itself induced some cortical reorganization which could explain these shifts. 

In line with this, task-free somatosensory stimulation paradigms have been shown to induce 

cortical changes depending on their stimulus properties (Braun et al., 2000b). Thus, despite the 

fact that each body-site received the exact same amount of stimuli and that stimuli were 

randomized, this repetitive stimulation may have led to some cortical changes. More 

importantly, note that the tapping-like pneumatic stimulation used during the mapping 

procedure with quite short and jittered ISIs (400-600ms) is highly similar to the RSS procedure. 

The main difference arises from the fact that body-sites were randomly stimulated instead of 

solely right-D2, which could be considered as an “asynchronous” stimulation of these regions. 

Given that such asynchronous stimulation were found to result in a segregation of cortical 

representations (e.g., Hodzic et al., 2004), this may have interfered with the RSS-induced 

cortical changes (as for the perceptual ones). Despite all these considerations, given that the 

exact same procedure was followed during each session, the Pre/Post design of this study allow 

for a direct estimation of the RSS-induced changes. 

Following RSS at right-D2, a decrease in eccentricity was observed for all body-sites, 

suggesting a “deepening” or downward shift of all dipoles. However, further analysis revealed 

that this effect was mainly driven by a decreased eccentricity between the lip and D5 dipoles. 

Given the sequential distribution of the dipoles, one possibility is that each body-site may have 

slightly shifted down towards the lips, but that the “cumulative” effect made the shift significant 

for D5 only. Consistent with the shift of D5 towards the lip, a decreased ∆theta angle was found 

between D2 and D5 dipoles. Finally, an increased distance between the lip and D2 dipoles was 

observed with two measures (∆theta and ED), suggesting that their dipoles moved apart from 

each other. Thus, another possibility is that D2 and Lip dipoles shifted towards that of D5, but 

that D2 shifted more than the lip. Given that an enlargement of the cortical representation of 

right-D2 has been reported by our team and others using fMRI (Pleger et al, 2003; Hodzic et al, 

2004; Muret et al, in preparation), a possible explanation is that the enlargement of right-D2 

displaced the lip representation away from it, while D5 moved towards D2/Lip. The tendency 

for an increased dipole strength for right-D2 is consistent with right-D2 enlargement. However, 
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given that the dipole strength for the lips and D5 did not change (not even a tendency), it is 

unlikely that right-D2 enlargement occurred to the detriment of the lip and D5 representations, 

as would be expected by the classically-defined “invasion” idea. Instead, these relative shifts are 

likely to have not altered the adjacent representations, but rather their relative overlap.  

Importantly, the RSS-induced effects reported here were not influenced by body sides, 

suggesting changes in dipole location in both the left and right hemisphere. Given the strong 

transcallosal connectivity (at least between BA2s), changes in the hemisphere ipsilateral to the 

right-D2 which received the RSS may arise from a transfer, likely through right-D2 

representations and/or the lips whose representations are known to be bilateral (more than 

fingers). Another alternative would be that RSS induces plastic changes primarily within the 

thalamus, then projecting to both hemispheres. 

The only side-specific changes we observed were a higher dipole strength for the right 

body-sites than the left after RSS. Given that the current dipole strength is hypothesized to be an 

indicator of the net strength of cortical polarization, which reflects the total number of 

synchronously firing neurons contributing to the stimulus-driven cortical response (Williamson 

and Kaufman, 1990), these enhanced dipole strengths suggest a potentiation of the 

representations among the left hemisphere. This is consistent with the postulated mechanisms 

underlying RSS. 

Conclusion 

To conclude, in addition to the improved spatial discrimination at the RSS-stimulated finger 

(right-D2) and to both sides of the upper-lip, the present study reveals that the tactile acuity at 

both little fingers is not affected by the RSS procedure. Associated with these perceptual 

changes, dipole source analysis revealed relative shifts of all dipoles (Lip, D2 and D5), resulting 

in an increased distance between the sources of the Lips and D2, and a decreased distance 

between the little fingers and both the Lip and D2. After RSS, dipole strengths for the right 

body-sites (ipsilateral to RSS) were stronger than those of the left side. Altogether, these results 

first confirm the existence of cross-border changes following RSS, with relative changes 

between the stimulated finger and the lip, but also suggest that RSS induces widespread changes 

reaching the other hemisphere.  
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Supplementary Results 

 

A three-way rmANOVA (Session*Body-sites*Side) revealed a significant difference 

between the relative distance between body-sites along the x axis (F(2,40) = 4.87, p = 0.013), the 

distance between Lip and D5 being larger than that between D2 and D5 (pLSD = 0.004). Running 

separate two-way rmANOVAs (Session*Side) on each relative distance did not reveal any 

further effect or interaction. Similar analysis performed on the relative distance between body-

sites along the y axis did not reveal any significant differences. 

Conversely, along the z axis a significant difference between the relative distance between 

body-sites was found (three-way rmANOVA; F(2,40) = 35.24, p < 10-6). Post-hoc analyses 

revealed that the distance along the z axis between body-sites gradually and significantly 

increased from D2-D5, to Lip-D2, the largest distance being between the Lip and D5  (all pLSD 

values < 5*10-4). In addition, a significant interaction between relative distances and sides was 

found (F(2,40) = 4.76, p = 0.014), coming from a larger distance between the Lip and D2 for the 

left areas than for the right ones (pLSD = 0.005). Running separate two-way rmANOVAs 

(Session*Side) on each relative distance further confirmed this effect (F(1,20) = 10.53, p = 0.004). 
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Figure S1. Mean relative distance (mm) between body-sites along the x (top), y (middle) 
and z (bottom) axis, Pre (black) and Post (red) RSS. Note that for the y axis, the sign 
was inverted for the left body-sites (normally negative) to allow comparison with the 
right body-sites. r/lD2-D5: distance between D2 and D5 of the right or left side; r/lLip-
D5: distance between Lip and D5 of the right or left side; r/lLip-D2: distance between 
Lip and D2 of the right or left side.  
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GENERAL DISCUSSION 

I. Main results 

In addition to its strong social and emotional valence, touch plays a critical role in our daily 

life to grasp and manipulate objects, or simply walk. Touch was also one of the first senses to be 

investigated in the brain of both human and non-human primates using intracranial recordings 

and cortical stimulation procedures, due to the easy access to the post-central gyrus where the 

primary somatosensory cortex (SI) is located. These early and groundbreaking experiments 

revealed the peculiar somatotopic organization of the primary somatosensory areas, and gave 

rise to the so-called Homunculus. However, while most of the tactile information arising from 

our body surface is represented following an order similar to the physical continuity of our skin, 

the hand and the face representations generate a major discontinuity within the homunculus by 

their direct cortical proximity. The border separating these two representations has been widely 

used as a somatotopic landmark to study one of the most fascinating features of our brain, its 

capacity for reorganization. In the 90s, groundbreaking electrophysiological studies revealed 

that deprivation-induced somatosensory plasticity, until then thought to be limited to a few 

millimetres, could actually cross the hand-face border. While it has been known for a long time 

that increasing inputs also leads to cortical changes typically associated with perceptual benefits, 

whether such plasticity can cross the hand-face border remains unknown. My thesis work aimed 

to investigate this question using a protocol of repetitive somatosensory stimulation (RSS) 

known to induce transient somatosensory plasticity associated with tactile acuity improvements, 

which until my work were thought to be largely local (i.e., finger-specific). 

In a first behavioural study, we showed that three hours of RSS at the tip of the right index 

finger improved tactile discrimination not only at the stimulated fingertip, but also at both sides 

of the unstimulated upper-lip and at the right cheek. In contrast, the left index finger was 

unaffected. These findings provide the first evidence that passively increasing input to the hand 

can positively affect tactile perception at a region of the body that is cortically close, but 

physically distant. Given that, although limited in number, horizontal intracortical connections 

exist between the hand and face representations (Manger et al., 1997; Florence et al., 1998; Fang 

et al., 2002), and can undergo hebbian-based plastic changes (Marik and Hickmott, 2009; 

Paullus and Hickmott, 2011), we hypothesized that the remote behavioural changes induced by 

RSS could arise from plastic changes spreading across the SI hand-face border via these 

connections. Together with the fact that an expansion and a shift of the cortical representation of 
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the RSS-stimulated finger (i.e., right-D2) has been repeatedly reported in SI (Pleger et al., 2001, 

2003; Godde et al., 2003; Hodzic et al., 2004), the behavioural results of this first study bring to 

the following predictions: (i) the lip representations may also be affected and enlarged after RSS 

at right-D2, (ii) such an enlargement would possibly lead to a shift of their centre of gravity or 

dipole sources, and (iii) these shifts might be toward the RSS-stimulated finger. 

To investigate these hypotheses two imaging studies were then conducted. In the first, ultra-

high field fMRI (7T) was used: 1) to more precisely examine the RSS-induced cortical plasticity 

within SI, by allowing for a fine grained identification of the possibly differential contributions 

of the three Brodmann areas involved in tactile information processing (BA 3b, 1 and 2); and 2) 

to assess the spatial limits of this adaptive plasticity and whether it alters the representation of 

other fingers or of the face. In addition to replicating the behavioural results of the first study, 

we found a significant enlargement of right-D2 positive BOLD response (PBR) within the 

contralateral SI, more specifically, within the BA3b and BA1 sub-regions. Additionally, a 

decrease in right-D3 PBR and an increase in Lips negative BOLD response (NBR) were found 

within the contralateral BA3b, while a decrease in left-D2 PBR and an increase in D1 NBR were 

found within the contralateral BA1. These results clearly demonstrate a major contribution of 

BA3b and BA1 SI sub-regions to RSS-induced effects, and reveal that these effects are not as 

spatially limited as previously thought, given that changes were observed at body-parts that 

were not RSS-stimulated. This study also provides evidence for the existence of a complex 

pattern of intermingled positive and negative BOLD responses which could underlie RSS-

induced changes across the hand-face border. Finally, for the first time an increased BOLD 

signal following RSS was reported within the contralateral BA4a area, and within the ipsilateral 

PPC, and these activations were correlated both with right-D2 and left-Lip discrimination 

improvements. This latter result suggests that a simple stimulation such as RSS may lead to 

consistent changes in higher-order multi-sensory associative cortical areas, and thus opens-up a 

new field of research to investigate the contribution of these areas to the RSS-induced increase 

in tactile spatial discrimination. 

Complementarily, MEG was used in the second imaging study to assess the 

neurophysiological substrates of the RSS-induced plastic changes. The transfer of behavioural 

improvement from the finger to the upper-lips was confirmed for the third time, and 

neuromagnetic data analyzed using dipole source models revealed an increased distance 

between Lip and D2 sources after RSS, and conversely a decreased distance between Lip-D5 

and D2-D5 sources. While further analyses are required to fully clarify the origin of these 

relative shifts, this last study supports the existence of cross-border changes following RSS of 
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right-D2, and confirms that the contralateral representation of each side of the upper-lip is 

affected. Finally, given that an unspecific shift not explained by methodological considerations 

was found, these results further suggest a dynamic modulation of somatotopic maps. 

In addition to raising the question of assessing the cortical correlates of RSS-induced 

changes, the first study also raised the question of whether RSS may affect the perception at 

other fingers (i.e., what are the limits of the behavioural effects of RSS). While the first question 

was addressed with the two imaging studies mentioned above, this second question was 

addressed with a transversal approach through the two studies, the same critical body-sites as 

those tested in the first study being retested each time together with new ones, in order to 

respectively replicate and extend the behavioural results of study 1. These tests revealed a 

relatively high finger-selectivity of RSS effects, as no perceptual changes were observed neither 

at the adjacent finger (study 2), nor at both little fingers (study 5). 

In the following sections, I will first underline some methodological aspects to take into 

consideration regarding this work, then I will discuss the implications of our behavioural results 

regarding the concept of learning, before discussing the possible mechanisms underlying RSS-

induced changes. Finally, I will close the discussion with a more speculative section underlining 

some similarities between the status of the hand and the face regarding somatosensory 

perception, and how these two body-parts are conjointly involved in some of our most 

fundamental functions.     

II. Methodological considerations 

One of the limitations of the imaging studies arises from the stimulation used during the 

mapping procedures. Indeed, concerning the fMRI study, while brushing was delivered to the 

lips by rotating a shaft, the stimulation was manually delivered to the fingertips using a brush. 

Thus, despite the invariant frequency of stimulation, the use of casts, and all the care in 

delivering a nearly constant and reliable stimulation, some variability in the intensity of 

stimulation may have occurred. In addition, the fact that the experimenter had to use different 

hands to deliver the stimulation to each side of the participant's hand might also have 

contributed to some differences across body sides. To circumvent this source of variability, we 

expressed the amount of BOLD activation as a percentage of the total volume evoked by a given 

body side (i.e. the sum of all body-parts from this hemi-body) and sessions. Moreover, even if 

quite different from the RSS stimulation and equally administrated to all body-parts, the 

stimulation performed during both mapping procedures might have altered or interfered with the 

RSS-induced effects. In addition, note that we intentionally chose to perform a simple mapping 
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procedure using passive (i.e., brush or pneumatic) stimulation rather than involving a spatial 

discrimination task. This choice was made in order to replicate the RSS-induced enlargement of 

the right-D2 representation, which had been previously reported in a similar context (Pleger et 

al., 2003).  

Finally, the different types of tactile stimulation used across the different mapping 

procedures (i.e., two sharp static probes for 2PDT, brushing involving tactile motion during 

fMRI recordings, and tapping-like static stimulation during RSS and MEG recordings) could 

differentially recruit tactile afferents. Indeed, according to the traditional view, the 2PDT task is 

likely to preferentially involve slowly adapting afferents (SAI, Merkel cell-neurite complexes; 

see Phillips and Johnson, 1981; Johnson and Hsiao, 1992), while the brushing stimuli performed 

during the fMRI mapping procedure may preferentially recruit fast adapting afferents (FAI, 

Meissner's corpuscules) due to their sensitivity to low-frequency moving stimulus (Lofvenberg 

and Johansson, 1984). But the texture stimuli induced by the brush are likely to involve SAI 

afferents too (Blake et al., 1997). Finally, the tapping stimulation delivered during the RSS 

procedure may have preferentially recruited SAI and FAI afferents due to the fact that is was 

delivered at a low-frequency feature and did not contain tactile motion (Lofvenberg and 

Johansson, 1984). However, we can see that SAI afferents and slowly adapting afferents of type 

II (SAII, Ruffini's corpuscules) are likely involved in all procedures due to their sensitivity to 

skin stretch and sustained downward pressure (Knibestöl and Vallbo, 1970). And more 

importantly, while the traditional view is that the different classes of afferents serve different 

functions and lead to a segregation of these submodalities, recent evidence shows that most 

afferent classes are excited by most tactile stimuli and that information from all afferent classes 

are likely to converge and to be integrated together at least at the cortical level (for a review see 

Saal and Bensmaia, 2014). This suggests that all afferent classes should be taken into account to 

explain perceptual judgments. In addition, both mechanical stimulations are likely to provide 

complementary views on the RSS-induced effects, given that brushing stimuli were more 

complex and dynamic.  

A last methodological consideration concerns the analysis of CoG. Indeed, given the large 

variability in sulcal geometry across individuals, localization of group activation in S1 could 

(and will) be optimized by implementing surface-based cortical mapping techniques, instead of 

simply calculating the Euclidean distances. 
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III. Training-dependent vs training-independent learning 

One of the main contributions of the present work arises from the demonstration that the 

RSS-induced acuity improvement thought to be local, actually transfers from the hand to the 

face without losing its beneficial aspect. At the perceptual level, any process leading to the 

acquisition or reinforcement/improvement of a skill is commonly referred to as learning. While 

it is well known that practice and training are usually required to learn a skill, for instance in 

music and sport domains (e.g., Elbert et al., 1995; Draganski et al., 2004; Hashimoto et al., 

2004), perception and behaviour can also change simply via passive exposure to sensory 

stimulation protocols (Recanzone et al., 1992a; Pleger et al., 2001, 2003; Dinse et al., 2003; 

Seitz and Dinse, 2007; Ragert et al., 2008; Beste et al., 2011). Such procedures, of which RSS is 

part, are referred to as training-independent learning processes (see Beste and Dinse, 2013 for a 

review). Consequently, improvements in tactile acuity similar to those reported in this work 

have also been reported following extensive somatosensory training, either over a life span such 

as in Braille reading (Pascual-Leone and Torres, 1993; Sterr et al., 1998a, 1998b; Van Boven et 

al., 2000; Goldreich and Kanics, 2003; Wan et al., 2010; Norman and Bartholomew, 2011; 

Wong et al., 2011), or over shorter time-scales (Recanzone et al., 1992d; Wang et al., 1995; 

Spengler et al., 1997; Harris et al., 2001). But several lines of evidence suggest that these 

protocols do not tap into the same neural mechanisms as the training-independent protocol used 

in the present study, which is completely passive and devoid of attentional or cognitive control 

processes. 

Unlike the rapid changes reported here and in previous work using the RSS paradigm 

(Godde et al., 2000, 2003; Pleger et al., 2001, 2003; Dinse et al., 2006), training-induced 

improvements typically require days or weeks of attention-demanding training and practice 

(Spengler et al., 1997; Sathian and Zangaladze, 1998; Kaas et al., 2013a; Harrar et al., 2014). 

Also, in contrast with the present and previous results of RSS studies, training-induced tactile 

improvement has been found to transfer to the homologous finger on the opposite hand 

(Spengler et al., 1997; Sathian and Zangaladze, 1998; Kaas et al., 2013a; Harrar et al., 2014). 

Furthermore, while some perceptual learning studies report that improvement is transferred to 

adjacent fingers (Sathian and Zangaladze, 1997; Harris et al., 2001; Harrar et al., 2014), the 

possible transfer to other body-parts in the same hemi-body has rarely been investigated. The 

one study in which changes at remote body-parts were examined found that expert Braille 

readers (i.e. long-term trained) had enhanced tactile perception compared with controls at the 

fingertips, but not at the lips (Wong et al., 2011). Thus, together with our results showing - in 
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agreement with the RSS literature (Godde et al., 2000; Pleger et al., 2001, 2003; Dinse et al., 

2006) - the absence of transfer of learning to the homologous and adjacent fingers, and with the 

disengagement from attentional processes and repetitive training, the RSS-induced training-

independent learning seems to dissociate from training-dependent processes and might involve 

different mechanisms. Disentangling between training-independent (i.e., RSS-like) and training-

dependent learning processes was further ensured by the control group in the first study that 

enabled us to isolate the RSS-induced effects from any effects possibly due to familiarization by 

repeated exposure to the 2PDT task, and additionally controlled for daily fluctuations in tactile 

discrimination.  

Perceptual learning specificity, and conversely generalization, is widely regarded as an 

indication of the neurological site of the learning process. This translates into the following 

reasoning: the more perceptual learning transfers (i.e., to other body-parts), the less 

topographically organized and the more integrative are the brain areas involved in learning 

processes. Alternatively, learning involving topographically organized somatosensory areas, or 

higher order (non-primary) areas that are not necessarily topographically organized but receive 

direct inputs from somatotopic areas, should either not transfer at all, or transfer but following a 

“gradient-like” topographic pattern. Given that electrophysiological studies show a gradual 

increase in RF complexity from BA3b to BA2, with RFs spanning over a single finger within 

BA3b, adjacent fingers within BA3b and BA1, or adjacent and homologous fingers within BA2 

(Hyvärinen and Poranen, 1978; Iwamura et al., 1980, 1993, 1994), the pattern of transfer of 

training-dependent learning (Sathian and Zangaladze, 1998; Harris et al., 2001; Kaas et al., 

2013a; Harrar et al., 2014) suggests that plastic changes within BA1 and BA2 may underlie such 

learning. In contrast, different patterns of transfer are reported with training-independent 

learning, such as RSS. The present work contributes to investigating their limits, and extends 

these patterns to more distant body-parts. In the following section, the pattern of 

specificity/generalization of RSS-induced learning will be discussed in light of our 

neuroimaging results and of the possible mechanisms subserving them. 
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IV. Underlying mechanisms: 

a. RSS-induced local plasticity 

RSS has been repeatedly used as a means to alter input statistics in order to study the plastic 

mechanisms underlying somatosensory training-independent learning. RSS consists of an 

ecological stimulation directly adapted from classical Hebbian protocols and relies on 

mechanisms including spike-timing-dependent plasticity such as LTP & LTD of synaptic 

transmission (see Chapter 3 of the Introduction, page 125). Among the arguments supporting 

this notion is the short time-scale over which the RSS-induced changes occur, which excludes 

any structural changes. Rather, together with the fact that RSS-induced changes were found to 

be dependent on NMDA receptor activation (Dinse et al., 2003) - known to be involved in 

synaptic plasticity (Bliss and Collingridge, 1993; Nicoll and Malenka, 1995) - and were 

associated with an increased cortical excitability that is considered a typical signature of 

effective LTP induction (Höffken et al., 2007), RSS is more likely to induce changes in synaptic 

efficiency. This hypothesis is further supported by a recent modelling study showing that RSS-

like consecutive repetitions of temporally structured stimuli induce Hebbian-like long-term 

modifications of synaptic weights (Phoka et al., 2012). Thus, the RSS-induced expansion of the 

cortical representation of the stimulated finger, previously reported in SI (Pleger et al., 2001, 

2003; Godde et al., 2003; Hodzic et al., 2004) and that we presently report in BA3b and BA1 

(study 2), is likely to arise from recruitment of latent connections and/or from fast modulations 

of local synaptic efficiency. The tendency for an increased dipole strength observed for the 

stimulated finger (study 3) is also in line with this possibility. Such a recruitment of processing 

resources is the likely substrate for the improved discrimination observed at the stimulated 

fingertip, even if we did not replicate the previously reported correlation (Pleger et al., 2001, 

2003). In addition to refining our knowledge about these local plastic changes, the present work 

provides new evidence for a pattern of specificity and generalization of RSS-induced learning 

that differs from classical training-dependent learning procedures. 

b. Specificity/generalization of the RSS-induced learning 

First, and in agreement with the RSS literature (Godde et al., 2000; Pleger et al., 2001, 

2003; Dinse et al., 2003), no change in tactile discrimination was observed at the homologous 

finger (i.e., left-D2; study 1, 2 and 3). Together with the absence of an effect on left-D5, which 

has never been tested in previous reports, these results demonstrate that RSS-induced learning 

does not transfer to the homologous hand. Given that we found most of the RSS-induced BOLD 
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signal changes within BA3b and BA1 (study 2), the lack of interhemispheric transfer of learning 

is consistent with the fact that no or few bilateral RFs have been reported in these sub-regions 

for the fingers (Iwamura et al., 1993, 2001; Iwamura, 2000). In addition, an increased ipsilateral 

response was found for the stimulated finger (likely NBR), as well as a decreased contralateral 

PBR for the homologous finger. These changes are likely to reflect interhemispheric 

inhibition processes mediated by transcallosal reciprocal connections between homotopic 

cortical areas (Schnitzler et al., 1995). This is further supported by the fact that BOLD changes 

for the homologous finger were observed within BA1 where more transcallosal connections 

have been reported than in BA3b (Killackey et al., 1983). These interhemispheric projections 

make excitatory contacts onto pyramidal cells and interneurons, and thus give rise to both 

excitation through the former cells, and inhibition through the inhibitory interneurons (Carr and 

Sesack, 1998). In humans, the behavioural effects of this interhemispheric inhibition have been 

revealed by the fact that anaesthesia of one hand improves tactile acuity in the homologous hand 

(Werhahn et al., 2002; Björkman et al., 2004b).  

Within the “stimulated” hand, our behavioural findings suggest that RSS does not affect the 

other fingers, or at least the adjacent finger right-D3 (study 2) and the most distant right-D5 

(study 3). While the former result corroborates the previous observation made on a small sample 

of participants (Godde et al., 2000), we further report a decrease in the contralateral PBR (i.e., 

representation) for the adjacent finger after RSS (study 2). This response decrease was located in 

BA3b, where an increased response was instead observed for the RSS-stimulated finger. 

Altogether, these results suggest the involvement of lateral inhibition processes mediated by 

intracortical horizontal connections (Jones and Powell, 1970) through GABAergic activity (Li et 

al., 2002). Functionally, such processes are considered to subserve the suppressive interaction 

over the brain response observed when, for instance, two fingers are simultaneously stimulated. 

This suppressive interaction has been repeatedly observed both in non-human (e.g. Friedman et 

al., 2008; Lipton et al., 2010), and human primates (Gandevia et al., 1983; Hoechstetter et al., 

2001; Simões et al., 2001; Tanosaki et al., 2002; Ruben et al., 2006; Severens et al., 2010), and 

exhibits the feature of decreasing with distance (i.e., the more distant are the simultaneously 

stimulated fingers, the less “interference”). However, this kind of suppressive interaction has 

also been found between body-parts located farther from each other. For instance, simultaneous 

tactile stimulation of the forearm and finger significantly reduces the finger’s evoked response 

(Tanosaki et al., 2004). Similarly, anaesthesia of a limited portion of the right forearm by means 

of a local anaesthetic cream results in tactile improvement on the right hand (Björkman et al., 

2004a). Interestingly, the existence of similar connections between hand and face 
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representations has also been demonstrated in BA3b, with stimulation of the face (forehead) 

resulting in a significant attenuation of the SEFs evoked by concurrent stimulation of the thumb 

(Tanosaki et al., 2003). Interestingly, this attenuation was observed only for the earliest 

component (N20m), reflecting BA3b activity (Kakigi et al., 1996; Tanosaki et al., 2002). In 

contrast, the next component (P30m) whose origin is less clear, was significantly enhanced by 

concurrent tactile stimulation to the face, whereas it was systematically attenuated by tactile 

stimulation to other digits (Tanosaki et al., 2002). This difference in the suppressive interaction 

observed within the hand, and between the hand and the face, suggests the involvement of 

different mechanisms subserving their interaction, and is consistent with the complex pattern of 

PBR/NBR observed in our fMRI results (study 2). But before discussing this, I would like to 

emphasize that the hypothesis that RSS-induced changes lateral inhibition processes is further 

supported by recent studies showing that RSS modulates intracortical inhibition (Wilimzig et al., 

2012) and paired-pulse inhibition (Höffken et al., 2007). 

Finally, one of the main results of the present work is that RSS at a fingertip results in an 

improved discrimination at the face. This remote effect was found for both sides of the upper-lip 

(study 1, 2, 3), and for the right-cheek (study 1). While this pattern may appear surprising at the 

first glance, its origin may arise from some features of the SI face representation. Indeed, an 

increasing number of studies (including our study 2) suggest that the tactile information arising 

from the face and in particular the lips, is represented in both hemispheres (Nagamatsu et al., 

2000; Disbrow et al., 2003a; Nevalainen et al., 2006; Blatow et al., 2007; Nash et al., 2010). 

This has been linked with the fact that body midline regions are represented in SI of both 

hemispheres in cats (Manzoni et al., 1980), macaque monkeys (Taoka et al., 1998; Iwamura et 

al., 2001) and humans (Fabri et al., 2005). In agreement with this, the cheek, which is located 

farther from the body midline, was found to be more unilaterally represented than the lip 

(Nevalainen et al., 2006). Notably, our study 2 also provides the first evidence of (i) NBRs 

evoked by tactile stimulation of the upper-lips, which are (ii) co-localized with the classical (i.e. 

PBR-based) hand representation, and (iii) expand in the contralateral BA3b sub-region 

following RSS at the index finger. While the exact nature and distribution of these NBRs has to 

be further investigated, the “special” pattern of hand-face suppressive interaction reported by 

Tanosaki and colleagues (1993), together with the RSS-induced modulation of intracortical 

inhibition (Höffken et al., 2007; Wilimzig et al., 2012), bring us to suggest that these Lip NBRs 

may reflect processes resembling surround inhibition. Given the co-localization of these 

responses with the hand representation and the overlaps observed at the SI hand-face junction, 

the increased Lip NBRs may reflect an increased inhibition of the hand-face junction. This could 
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explain the increased distance observed between Lip and D2 dipole sources (study 3). The 

absence of a decrease in the Lip PBR (which would be expected in the case of true inhibition), 

further suggests a complex relationship between PBRs and NBRs, but also underlines the fact 

that we still lack some potentially critical bridges between BOLD responses and 

neurophysiological activity. 

While this needs further investigation, it is worth emphasizing that similar complex patterns 

of intermingled up-regulation and down-regulation of excitatory and inhibitory factors (i.e., 

glutamatergic and GABAergic) have been reported following intracortical microstimulation 

(ICMS) of the SI hindpaw representation in rats (Benali et al., 2008), a protocol conceptually 

close to RSS. Interestingly, the authors found a large increase in excitation in a zone 

corresponding to the reorganized cortical area, which was limited in space by an increased 

“long-range” inhibition spanning over the forepaw representation and motor cortex. Similar 

lateral inhibition, notably expressed by NBRs, was also reported using ultra-high field fMRI in 

the barrel cortex of rodents (De Celis Alonso et al., 2008; Kennerley et al., 2012), the NBRs 

being associated with reduced multi-unit activity in deep layers (Kennerley et al., 2012; see 

Figure 48 upper panel). Interestingly, another electrophysiological study found that horizontal 

projections result in a layer-specific ratio between two opposing conductances competing for 

cortical space (Adesnik and Scanziani, 2010; see Figure 48 lower panel). Thus, the co-

localization that we observed between lip NBRs and finger PBRs may also reflect processes 

occurring in two distinct cortical layers, likely interacting. But the nature of this interaction 

remains to be elucidated.  
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Figure 48. Upper panel [from Kennerley et al., 2012]: Spatial predictions of BOLD 
from underlying hemodynamics for a representative animal. Spatial maps of changes in 
HbT and Hbr are input into a Monte Carlo simulation of MR signal attenuation to 
predict the BOLD signal. The resulting BOLD prediction is subsampled so it can be 
directly compared to the concurrent fMRI data. Lower panel [from Adesnik and 
Scanziani, 2010]: schematic of the spatial overlap between excitation (left) and 
inhibition (centre) across and within layers. The resulting lateral suppression within 
layer 2/3 and feed-forward excitation of layer 5 leads to the lateral expansion of a 
cortical domain at the expense of its neighbours (right). 

 

It is worth noting that these results obtained for the face are quite surprising when 

considering the finger specificity of RSS-induced effects previously described. However, it is 

worth emphasizing that the effects of D2-RSS have not been systematically investigated on the 

adjacent thumb. Only one study reported the absence of shift of the thumb’s dipole source 

(Pleger et al., 2001). In contrast, we observed an enhanced NBR for the thumb in BA1 (study 2), 

similar to that observed for the lips in BA3b. While the presence of this effect within BA1 is 

consistent with the higher complexity (i.e., responding to multiple fingers) of RFs in BA1 

compared to BA3b (Hyvarinen and Poranen, 1978; Iwamura et al., 1980, 1993; Sur, 1980), the 

increased NBR suggests the involvement of a process similar for D1 and the Lips. Thus RSS-

induced perceptual changes at this finger are possible, and this possibility is currently being 

investigated. 
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Before finishing this section, I would like to underline the similarity between some of our 

results and those reported by Jenkins and colleagues in 1990. Indeed, monkeys trained to 

maintain contact with a rotating disk stimulating their fingertips exhibited an expansion of the 

cortical representations of these stimulated digits similar to the one we found for right-D2 in 

study 2. In addition, the borders between the representations of individual digits and digit 

segments shifted in parallel. This resembles the unspecific and non monodirectional shifts of 

fingers and lip dipole sources observed in study 3, and CoGs in study 2. Interestingly, Jenkins 

and colleagues also recorded a significant lateral translocation of the borders between the 

representations of the hand and the face, similar to the increased Lip-D2 distance observed in 

study 3. Finally, the rostral border of BA3b was also shifted towards BA3a, which is normally 

activated by deep (proprioceptive) receptors, suggesting a potentiation of cutaneous over deep 

receptor activation, which is consistent with the increase in activity observed for right-D2 in 

study 2. 

c. Site of action of RSS 

While RSS effects have been mainly investigated at the cortical level, the RSS-induced 

cortical reorganization could arise from plastic changes induced in the thalamus. But several 

lines of evidence suggest that this alternative is unlikely. First, a series of intracortical and 

intrathalamic microstimulation (ICMS/ITMS) experiments (see Dinse et al., 1997) showed that: 

(i) in contrast to the well-known extensive cortical reorganization following ICMS, using the 

analogous protocol in VPL (ITMS) induced only moderate changes in the reorganization of the 

somatosensory thalamic maps; and (ii) similar protocols, but designed to explore the capacities 

of transfer of plastic changes either retrogradly (from VPL to SI) or anterogradely (from SI to 

VPL), revealed an anterograde effect of ICMS over VPL RFs (enlarged), but no retrograde 

effect of ITMS over SI. Taken together, these results reveal a small but significant 

corticothalamic transfer of short-term plastic changes, but no substantial evidence for a 

thalamocortical transfer. Given that ICMS protocols rely on the same Hebbian rules as RSS, the 

thalamic contribution to the RSS-induced cortical reorganization is likely to be small. Second, 

the activity-dependent expansion of digit RFs induced by coincident stimulation of multiple 

adjacent fingers was reported in BA3b, but no apparent RF change was found in the thalamus of 

the same monkeys (Wang et al., 1995). Finally, even if in a different context, RF changes 

following sensory enrichment (after nerve cut and regeneration) were observed in monkeys at 

the cortical level, but not at the thalamic level (Florence et al., 2001). Thus, while our results do 

not preclude subcortical contributions, which remain to be investigated, these lines of evidence 
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suggest a rather small subcortical contribution to activity-dependent plastic changes observed at 

the cortical level.  

In contrast, given the consistent cortical reorganization reported following RSS here and in 

the literature (Pleger et al., 2001, 2003; Godde et al., 2003; Hodzic et al., 2004), we propose that 

the RSS-induced plastic changes arise predominantly from modulation of the activity within 

both the finger and face (at least lips and cheek) cortical representations. In SI, the border 

between these two representations, also called the hand/face junction, is characterized by the 

presence of neurons that receive input from both the contralateral hand and face (Dreyer et al., 

1975; see Figure 49). This overlap between the hand and face representations was confirmed 

and further associated with a strong interconnectivity between these representations through 

horizontal intracortical connections (Manger et al., 1997; Florence et al., 1998; Fang et al., 

2002; Steen et al., 2007), which were found to overlap (Manger et al., 1997). Although more 

limited in number in New World monkeys (Fang et al., 2002) than in macaque monkeys 

(Manger et al., 1997; Florence et al., 1998) or rats (Steen et al., 2007), these connections are 

likely to subserve the excitatory and inhibitory responses that can be evoked across the hand-

face border in rats (Hickmott and Merzenich, 1998; Burns and Hickmott, 2003). Interestingly, 

these cross-border connections can undergo Hebbian plasticity induced by tetanic (Paullus and 

Hickmott, 2011) or pairing protocols (Marik and Hickmott, 2009). Thus, we propose that the 

local changes induced in the finger representation by RSS transfer to the lip representation 

through these horizontal intracortical connections, whose strength might also be modulated. 

Moreover, this model is further supported by the fact that LTP of these connections was found 

to be dependent on NMDA receptors activation (Marik and Hickmott, 2009), as were the RSS-

induced cortical and perceptual changes (Dinse et al., 2003). Our results, and in particular the 

intermingled positive and negative BOLD responses (study 2) may represent the first evidence 

of cortical activity that could be assigned to such horizontal intracortical connections in humans, 

but also of their involvement and/or modulation in/by training-independent learning (i.e., RSS), 

which appears to result in adaptive perceptual changes at both sides of the hand-face border. 
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Figure 49 [modified from Dreyer et al., 1975]. Reconstruction of six microelectrode 
penetrations (A-F) arrayed from medial to lateral in SI. Left: Each penetration is 
represented as a vertical line and each neuron isolated as a horizontal line whose 
position along the vertical reflects its depth below the cortical surface. Right: Sequences 
of figurines which depict, in the order in which they were encountered, the size and 
location of the RF for each neuron isolated in the three first penetrations (A-C). Black 
symbols represent cutaneous RFs, while white symbols represent deep RFs (i.e., 
proprioceptive). Neurons presenting RFs on both the hand and the face are highlighted 
in red. 

Finally, given the distributed network of cortical areas involved in the processing of tactile 

information (see section V. Chapter 1, page 63), we cannot exclude that RSS may also act on 

higher-order cortical areas. On the contrary, RSS has already been reported to induce an 

expanded activation within SII, similar to that observed in SI (Pleger et al., 2003; Hodzic et al., 

2004). Given that SII is less somatotopically organized (Del Gratta et al., 2000), one could 

wonder whether the hand and lip may share more common substrates in SII than in SI, thus 

resulting in a transferred behavioural effect across body parts. While the field of view of our 

fMRI study did not allow for analysis of SII, this alternative is worth investigating. Further 

analysis of our MEG data, and notably of components at longer latencies, might provide some 

answers. However, the reduced somatotopy in SII, and in particular the lack of behavioural 
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effect on the left cheek following RSS on right-D2 (Muret et al., 2014), do not seem to favour a 

critical involvement of SII in our effects. 

Interestingly, though unexpectedly, our second study also revealed RSS-induced changes in 

the anterior part of the primary motor cortex (BA4a) and in the posterior parietal cortex (PPC). 

While BA4a is primarily a motor area, its implication in tactile form discrimination has been 

reported (Bodegård et al., 2001), as well as in the processing of complex tactile stimuli 

(Terumitsu et al., 2009), and in haptic discrimination tasks (Geyer et al., 1996; Eickhoff et al., 

2005). In addition, even passive tactile stimulation engages the precentral gyrus (Francis et al., 

2000; Moore and Schady, 2000). However, the precise roles of motor areas in tactile perception 

remain to be clarified. Interestingly, the enhanced activity that we report in BA4a might also be 

the substrate for the improved sensorimotor performance reported after RSS (Kalisch et al., 

2008, 2010), and to be related to the RSS-induced changes in resting state connectivity (mu-

rhythm) observed within distributed sensorimotor cortical areas (Freyer et al., 2012). Lastly, the 

increased activity observed within PPC, a highly associative area, opens up a multitude of 

possible implications regarding the impact of RSS. Indeed, the wide range of functions 

subserved by PPC includes multisensory (Huang et al., 2012; Sereno and Huang, 2014) and 

sensorimotor integration, movement planning (Astafiev et al., 2003; Hanakawa et al., 2003; 

Diedrichsen et al., 2004), but also the integration of visuo-tactile inputs to promote and guide 

arm, hand but also face and lip movements and coordination (e.g., in reaching to grasp an 

object). More closely related to the context in which we report this increased activity, in addition 

to the apparent involvement of PPC in the perceptual changes induced by RSS (i.e., the 

correlation we report), PPC has been found to be activated in cases of complex and moving 

tactile stimulation (Fabri et al., 1999, 2001) similar to the brushing used in our fMRI mapping. 

Thus, the enhanced PPC activation following RSS could reflect changes in the perception of 

such complex tactile stimuli, an idea which has yet to be investigated. The emergence of an 

enhanced PPC activity after RSS might also reflect changes in tactile remapping in external 

space (Azañón et al., 2010), and more globally in higher-order body representation maps and in 

the conscious body image (see Longo et al., 2010 for a review). Altogether, these different lines 

of evidence suggest that RSS affects a rather widespread network of cortical areas, and thus 

underlines its potential impact over higher functions than simply two-point tactile 

discrimination, which might nevertheless improve performance on such a relatively simple 

discriminative task.   
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It is worth noting that the emergence of an enhanced PPC activity after RSS might also 

reflect tonically increased somatosensory attention (see Macaluso and Maravita, 2010). 

Attention interacting with sensory processing has been found to promote learning transfer 

(Ahissar and Hochstein, 1997; Weber et al., 2005). In addition, previous work demonstrated that 

attentional demands can induce transient representational changes within SI (Iguchi et al., 2001, 

2002; Braun et al., 2002). For instance, changes in the relative distance between finger ECDs 

quite similar to those reported in our third study, were found during somatosensory tasks 

involving global to local attentional demands (Braun et al., 2000a). This suggests that the 

topographic organization of SI is dynamically modulated to achieve the best state (see Freyer et 

al., 2013; Ritter et al., 2015) and distribution to perform a given somatosensory task. However, 

neither the mapping procedures nor RSS involved attentional tasks, but the fact that right-D2 

was the only body-site to be stimulated may have shifted the attention of participants towards 

this body-part. If true, such an attentional shift could account for some of the acuity 

improvement observed at this fingertip, but not for the improvement observed at the upper-lips. 

In addition, previous reports including a previous study from our group (Muret et al, 2014), 

reported no behavioural improvement in participants receiving either no stimulation (stimulator 

off), or single-point-like stimulation (Pleger et al., 2003; Ragert et al., 2008). Thus, the 

behavioural improvement as well as the cortical changes reported here cannot be explained by 

spatial tactile attention processes.  

Finally, RSS-induced plasticity could also start as early in the pathway as at the 

mechanoreceptor level. Indeed, Merkel cells were recently found to actively tune the touch-

dome afferents (SAI) and thus the mechanosensory responses, to facilitate high spatio-temporal 

acuity (Maksimovic et al., 2014). Given that Merkel cells make 'synapse-like' contacts with SAI 

afferents (see Halata et al., 2003; Nakatani et al., 2014 for review), a potentiation of these 

peripheral synapses may also happen and could be involved in Hebbian-like perceptual learning. 

However, while such peripheral changes may partially contribute to local effects (i.e., those 

induced on the RSS-stimulated site) their contribution can be readily ruled out in our studies for 

the RSS-induced remote perceptual changes on the lips and cheek.  
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V. The hand and the face: evidence for a singular “coupling”? 

In this section, I will shortly describe some evidence underlining that our hands and face 

share a peculiar link along our life and in several of our daily-life activities. I allow myself here 

a more speculative section to highlight what I personally consider to be a “singular relationship” 

between these two body parts. If we consider the few points I will raise as the “visible part of 

the iceberg”, one could speculate that the results found in the present work arise from the bottom 

part of that iceberg, i.e., a hand-face interaction at one of their lowest somatosensory levels. 

a. Foetal development, cortical magnification & sensitivity 

Touch is the first sense to develop in utero, Montagu (1978, p. 195) reporting tactile 

responses to a hair stroking the cheek of a foetus at around 8 weeks gestational age. Cutaneous 

sensitivity of the embryonic body then extends to the genital area by week 10, to the palms by 

week 11, the soles by week 12, the abdomen and buttocks by week 17, and by week 32 every 

part of the body is responsive to the gentle stroke of a single hair. This developmental hierarchy 

of tactile sensitivity is reflected by the fact that the earliest sites developing cutaneous sensitivity 

also possess the greatest number and variety of sensory receptors in adults. Consequently, they 

are also represented cortically with larger areas of primary somatosensory cortex. Among the 

different body-parts, the face and the hand are the two regions that exhibit the highest cortical 

magnification, and consequently the highest sensitivity and discrimination abilities (see Chapter 

1, page 48). In addition, while most of the tactile information arising from our body surface is 

represented following an order similar to the physical continuity of our skin, the hand and the 

face representations generate a major discontinuity by their direct cortical proximity. While the 

reason of such discontinuity remains unknown, one can assume that it should be functionally 

relevant. Among the different hypotheses, Farah ( 1998) proposed that the discontinuity occurs 

because “mechanisms of self-organization, in combination with the normal position of the foetus 

in the womb will incline the map towards just this organization.” In the womb, the foetus 

generally has its hands abutting its face, and its feet the genitalia, creating coactivations of the 

respective body parts. But is this discontinuity present only because of this developmental 

“coactivation”? Or is there other functions developing during adulthood that maintain a link 

between hands and face? In the following sections I will briefly provide an overview of two 

functions in which these two body parts are actively coupled: language and eating behaviour. 
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b. Language 

As visual guidance of facial movements is impossible, accurate movements for speech (and 

mastication) require an established body schema that is formed via the information from 

mechanoreceptors in the skin, mucosa, periodontium, and proprioceptors in the facial (and 

masticatory) muscles and in the jaw joints. In addition, language production and perception has 

been found not to rely on speech only, but also to body communicational postures and gestures 

(McNeil, 1992). Among the most important features of this latter way of communicating, the 

face obviously plays a major role with its wide range of expressions, but hands postures and 

movements also bring a non negligible amount of information, far more than body posture. Our 

hands usually complete what we cannot express with our words or facial expressions. This body 

and especially hand communication achieves its apogee in sign language, and is commonly 

stereotyped in Italians’ gestures (see Figure 50).  

 

 
modified from http://www.mymodernmet.com/profiles/blogs/ 

Figure 50. Sketches illustrating few common Italian gestures (small dedication to 

Alessandro and the Italian people from the lab ;-)). 

In addition, when communicating with each other, we have this trend (more or less 

developed according to someone’s personality) to constantly physically interact and touch each 

other. For example, when asking for more attention from our interlocutor, one may grasp his 

arm in addition to coming closer to that person. And obviously when trying to comfort someone, 

one is likely to end up hugging that person. All this touch-mediated communication is mostly 

mediated by the hands. Moreover, considering well-known mirror neuron system (Rizzolatti and 

Craighero, 2004; Rizzolatti and Fabbri-Destro, 2008), one can assume that in order to produce a 

consistent body communication but also to perceive it, we need to simultaneously integrate the 

hand and face expression and gesture, but also the proprioceptive and cutaneous sensation 

accompanying these movements. Mirror-neurons have been reported in area F5, the superior 

temporal gyrus, but also in BA7b and PF in the rostral part of IPL (see Rizzolatti and Craighero, 
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2004).  Obviously, the motor component is the most relevant when considering body 

communication, but one can wonder what can be the proprioceptive and cutaneous counterpart 

of such integration. 

c. Eating behaviour or the “bring-to-the-mouth neurons” 

Similar to the guidance of facial movements for speech, guidance of facial and hands 

movements for eating behaviour relies on both mechano and proprio-receptors embedded in the 

skin, muscles and joints of both the lower face surrounding the mouth, and the glabrous skin of 

the hand. For the hand, an additional proprioceptive input from the arm (shoulder/elbow/wrist) 

is necessary for the arm/hand to adjust their respective positions on their way to the mouth. But 

perception of mouth conformation (independent of jaw movement) is mostly based on 

information from cutaneous afferents because of the apparent lack of muscle spindles in facial 

muscles. During eating behaviour, mechanoreceptive inputs are particularly important for 

precision grip, for instance in order to grasp a fork and maintain it in the hand while moving the 

arm, to finally reach with precision the desired position, for instance the mouth. Then, once the 

food (or any other thing, like fork-glass-spoon or even a cigarette) has reached the mouth 

location, mechanoreceptive information from the lips is necessary to get the feedback that the 

fork and food reached the desired position. Overall, bringing something to the mouth requires a 

highly precise “synchronization” between hand and mouth-lips position and precision grip. This 

holds also for smoking behaviour during which the person has to maintain the cigarette in place 

and synchronize hand/arm and lips actions and grip. 

The posterior parietal (Stepniewska et al., 2009a, 2009b) and ventral premotor (Gentilucci 

et al., 2012) cortices are involved in generating such as hand-to-mouth movements. Intracortical 

microstimulation (ICMS) of the dorsal PPC of galagos monkeys (Stepniewska et al., 2009b), 

corresponding to BA7, evoked at least three main categories of complex forelimb movements in 

different portions of PPC: hand-to-mouth (or hand-to-body), defensive (either protective or 

avoidance), and reaching. Hand-to-mouth movements were usually evoked from more 

rostrolateral sites than defensive movements, while ventral PPC commonly represented 

defensive face movements. Injection of tracers in the hand-to-mouth zone of anterior PPC 

(defined by ICMS) revealed major connections with hand representations in somatosensory and 

motor fields but not with direct auditory and visual inputs (Stepniewska et al., 2009a). The most 

rostral portion of the hand-to-mouth zone maintained these connections, although projections 

from premotor cortex were not found. An injection at the caudal border, possibly also involving 

the defensive movement zone, labelled fewer neurons in area 3a, 3b and 1-2, and a few neurons 
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in visual area dorsal V3 (Stepniewska et al., 2009a). Thus, associative areas such as PPC are 

likely to affect lower relays of the somatosensory pathway, and may thus affect somatosensory 

perception. 

 

Figure 51 [modified from Stepniewska et al., 2009a]. Summary of corticocortical 

connections (indicated by black lines) of the hand-to-mouth zone (filled with black) of 

PPC in the galago monkey brain. Thick lines represent strong connections, and thin 

lines represent weak connections. The hand-to-mouth zone has major connections with 

somatosensory and motor fields, while being isolated from direct auditory and visual 

inputs. Sulci are marked with dark gray, and the entire region explored by ICMS is 

marked with light gray. A, aggressive; D, defensive forelimb or face; H-M, hand-to-

mouth; R, reach. 

Altogether, these few lines of evidence point toward the fact that the hand and the face 

interact together along the entire somatosensory pathway, correspondingly are both involved in 

both low and high level functions. 
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CONCLUSION & FOLLOW-UP 

To conclude, in contrast to the theoretical framework within which deprivation-induced 

plastic changes across the hand-face border have been interpreted as a sign of ‘competition’, we 

report a non-competitive and adaptive transfer of perceptual changes across the hand-face 

border, with repetitive stimulation of the hand resulting in enhanced tactile performance at the 

face. This finding suggests that cross-border plasticity mechanisms also include ‘facilitation-

based’ processes, revealed here through training-independent perceptual learning. We 

additionally found that these behavioural results were accompanied by substantial cortical 

changes involving a complex pattern of activation and deactivation potentially underlying 

changes in the balance between excitatory and inhibitory processes. Finally, we report that 

associative cortical areas may also be affected and involved in training-independent learning. 

While further investigations are required to understand the exact nature of the pattern of cortical 

activity in which we report changes, and the implication of associative areas, our results imply 

that training-independent learning, appears to affect more cortical areas than previously thought 

and promotes perceptual and cortical changes not only locally, but also remotely, and in 

particular across the hand-face border. Such a pattern of transfer underlines the potentially 

interesting impact of training-independent procedures in promoting adaptive plastic changes in 

the context of rehabilitation. Indeed, if a passive stimulation of a given body part could help to 

recover sensitivity from another body part, it would be useful to optimize this protocol to find 

new therapeutic tools to help patients with somatosensory disorders, like stroke patients. 

Some promising results going in this direction have shown that RSS improves sensorimotor 

performance in stroke patients (Smith et al., 2009; Kattenstroth et al., 2012), but also 

compensates for age-related declines in sensitivity (Kalisch et al., 2008, 2010, 2012a, 2012b). In 

addition, given the passive feature of RSS, this protocol could be easily combined with other 

rehabilitation methods. In line with this, a recent study showed that repetitive motor training 

combined with RSS improves motor performance (Ladda et al., 2014). Thus, RSS appears to be 

a potentially interesting method to efficiently enhance haptic and sensorimotor abilities. 

Conversely, its potential impact on pain has not been investigated yet. The only hint regarding 

this aspect is not very encouraging, given that RSS was found to improve finger dexterity, but 

did not change pain thresholds (Kowalewski et al., 2012). However, the protocol of stimulation 

may need to be slightly adapted as a function of the to-be-achieved aim. For instance, some 

cases might require the implementation of asynchronous stimulation between body-parts instead 
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of synchronous. Some encouraging results going in this direction have been reported in 

amputees, whose phantom limb pain was reduced following an asynchronous stimulation of 

their residual limb and lip (Huse et al., 2001). Altogether, these lines of evidence point towards 

the need to further investigate the potential outcomes of RSS for functional rehabilitation, and to 

achieve a better understanding of the mechanisms subserving RSS training-independent 

learning.  

In this direction, it would be interesting to implement further analyses of our imaging data. 

Regarding the fMRI study, a first step would be to confirm our results with a more robust 

delineation of BAs based on cytoarchitectonic probabilistic maps. Then, it would be interesting 

to directly compare positive and negative BOLD responses by analyzing their relative overlap at 

the individual level. This would also allow confirmation of the co-localization of the lip negative 

response within the hand positive response. For the MEG study, the analysis of dipole 

orientation would provide some additional information regarding the contribution of the 

different sub-regions (BAs). Indeed, if RSS differentially alters activity in BA3b, BA1, but also 

BA2, the net extracellular current oriented tangentially to the scalp (i.e., detected by MEG 

sensors) might be slightly modulated, which could result in dipole orientation changes. Another 

direct follow-up would be to analyze the other SEF components, to investigate whether RSS 

alters earlier or more associative brain areas, but also to compute the distributed sources of the 

somatosensory evoked activity. This approach requires no apriori regarding the number of 

sources generating the external field and thus would provide a reliable way of estimating the 

sources involved and modulated by our procedure. Finally, a more exploratory analysis in the 

time-frequency domain might also reveal an impact of RSS over some frequency bands, such as 

the mu and beta bands involved in sensorimotor processing. For both fMRI and MEG data, the 

analysis of CoG displacement could also be optimized by implementing surface-based cortical 

mapping techniques. 

Other possible follow-up imaging studies include recording brain activity while participants 

are performing the two-point discrimination task, which would provide a complementary way of 

evaluating the cortical substrates involved in the RSS-induced changes in tactile acuity. It would 

be also interesting to investigate whether the functional but also resting state connectivity 

between hand and face representations is modulated by RSS. Finally, the use SEP recordings in 

the context of protocols of tactile interference would be interesting to further investigate the 

existence of lateral inhibition processes between the hand and the face suggested by the present 

work. 
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At the behavioural level, a direct follow-up would be to assess whether RSS at the index 

finger affects tactile perception at the thumb. This point is currently being investigated. Then, 

regarding the potential impact of RSS for somatosensory rehabilitation, it will be crucial to 

investigate whether the application of RSS on the face can affect finger tactile acuity. Given that 

the negative BOLD response obtained for the lip was co-localized with the positive response of 

all fingers, such a protocol is likely to result in a non-selective effect on all fingers. 
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