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Since the pioneering work of Penfield and his colleagues in the 1930s, the somatosensory cortex,
which is located on the postcentral gyrus, has been known for its central role in processing sensory
information from various parts of the body. More recently, a converging body of literature has shown
that the somatosensory cortex also plays an important role in each stage of emotional processing,
including identification of emotional significance in a stimulus, generation of emotional states, and
regulation of emotion. Importantly, studies conducted in individuals suffering from mental disorders
associated with abnormal emotional regulation, such as major depression, bipolar disorder, schizo-
phrenia, post-traumatic stress disorder, anxiety and panic disorders, specific phobia, obesity, and
obsessive-compulsive disorder, have found structural and functional changes in the somatosensory
cortex. Common observations in the somatosensory cortices of individuals with mood disorders
include alterations in gray matter volume, cortical thickness, abnormal functional connectivity with
other brain regions, and changes in metabolic rates. These findings support the hypothesis that the
somatosensory cortex may be a treatment target for certain mental disorders. In this review, we
discuss the anatomy, connectivity, and functions of the somatosensory cortex, with a focus on its role

in emotional regulation.
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Anatomy

The somatosensory cortex is divided into two regions: the
primary somatosensory cortex (Sl) and the secondary
somatosensory cortex (SlI)."

Sl is located on the postcentral gyrus, running paral-
lel to the central sulcus.? This region corresponds to
Brodmann areas 3, 2, and 1, with area 3 being further
divided into areas 3a and 3b®* (Figure 1). The gray
matter thickness of the postcentral gyrus, as determined
by cortical morphometry, is approximately 1.8 mm, which
varies sharply in contrast to the neighboring precentral
gyrus (premotor cortex), which has an average thickness
of approximately 2.7 mm.®> The location and borders
of Sl and the regions within it can be identified by
analyzing the histological changes that occur from one
area to the next.® An in vitro quantitative receptor autora-
diography analysis of various neurotransmitter binding
sites across Sl, such as muscarinic (m1 and m2) receptors,
a4-adrenoceptors, serotonin receptors (5-HT1a, 5-HTqp,
5-HT4g, and 5-HT,,), L-glutamate receptors and gamma-
amino butyric acid (GABA) receptors (specifically GABAA
receptors) revealed that most receptor densities are loca-
ted lower in deeper cortical layers and exhibit changes
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in density patterns at the borders defined by the
cytoarchitecture.”

Area 3a is located on the region of the postcentral
gyrus immediately posterior to the central sulcus, and
borders on the caudal edge of the primary motor cortex
(M1; Brodmann area 4).*” In contrast with M1, the tissue
in area 3a does not contain giant pyramidal cells, and
cells in 3a are present at a higher density in cortical layers
[I-VI than in M1.” Further, granular cells in area 3a are
present at lower densities than other areas of Sl, with
cellular density in this region reaching its lowest levels
in cortical layer V.%7 In 3a, layer V contains numerous
pyramidal cells of varying sizes, some of which are very
large.”® In areas 3a and 3b, there appears to be a high
density of m1, m2, 5-HT,a, and GABA, receptors and a
moderate density of L-glutamate receptors. Area 3b is
located along the postcentral gyrus dorsal to 3a,® and it is
composed of a dense cluster of small, granular cells from
layer IV of the cortex, as well as a high density of layer VI
cells.®® Area 1 is located posterior to 3b.% Layers II-VI of
the cortex in area 1 are less dense than that of area 3b.%”
A hallmark feature of area 1 are the extended pyramidal
cells present in cortical layer Ill, which decrease in size
in more caudal areas of the postcentral gyrus.®” In this
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Figure 1 Anatomical subregions of the somatosensory cortex (Montreal Neurological Institute [MNI] coordinates: x = -42,
y = -28, z = 47).Yellow = Brodmann area 1; red = Brodmann area 2; blue = Brodmann area 3a; green = Brodmann area 3b.

area, there is a lower density of m1, m2, GABA,, and
5-HT,a receptors than in area 3, while L-glutamate recep-
tors are present at a higher density.”

Area 2 occupies the remaining portion of the post-
central gyrus, posterior to area 1,% and contains a dense
network of cells from layer IV of the cortex.®® Similar to
area 1, there is a low density of m2 receptors in area 2,
and a high density of L-glutamate receptors.” Area 2
contains higher densities of GABAA, m1, and 5-HToa
receptors than area 1.7 It is important to note that the
exact locations and sizes of each area of Sl vary within
individuals, and borders between each region are often
described as “wide transition zones” rather than definite
borders,®® allowing for inter-individual anatomical (and
possibly functional) variability.

SlI corresponds to Brodmann areas 40 and 43.* This
region is located in the parietal operculum and can be
divided into four regions; OP1, OP2, OP3, and OP4."°
Each of these regions is separated from neighboring
regions by changes in cytoarchitecture, which appear to
be consistent across both hemispheres of the brain.'
The most caudal area of Sll is OP1, which is included in
the inferior parietal locations of Brodmann area 40.'° OP1
is located in the superficial region of the parietal oper-
culum, immediately ventral to the inferior parietal cortex.
In OP1, cortical layer Il contains granular cells that spread
into upper layer lll. The size of pyramidal cells in layer IlI
increases in deeper regions. Layer IV of OP1 is char-
acterized by a layer of granular cells that are distinct from
the low density of medium-sized pyramids in layer V.
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Layer VI contains pyramidal cells that are larger in size
and density than the cells in layer V of OP1."°

OP2 is also included in the inferior part of Brodmann
area 40 and is located deep within the Sylvian fissure.'®
OP2 borders on the ventral edge of OP1 and on the
dorsal edge of the granular insular cortex (Ig). Along with
OP1, OP2 extends into the retroinsular area of the Sylvian
fissure, but does not extend as far as its caudal end. As
in OP1, the granular cells in layer |l of OP2 spread into
cortical layer Ill. However, unlike OP1, the pyramidal cells
in layer 11l of OP2 are mostly small in size, with a uniform
density throughout the layer. Layer IV of OP2 contains a
very high density of cells, which separates it from layers Il|
and V. Layer V of OP2 is mostly composed of small
pyramidal cells.™

OP3 is contained within Brodmann area 43 and, like
OP2, is located within the Sylvian fissure, although its
area spreads over the majority of the parietal opercu-
lum."® It is located rostral to OP2, with its ventral end
bordering on the Ig and its dorsal side bordering on both
OP1 and OP4. Similar to OP1 and OP2, cells of layer I
extend into layer I, which is composed of a small number
of large pyramidal cells. The granular cells of layer IV are
sparse, similar to layer V, in which small pyramidal cells
are present at low densities.'®

The most rostral area of Sll is OP4, which is also
included in Brodmann area 43.'° OP4 is present imme-
diately rostral to OP1 on the superficial area of the parietal
operculum. There are some individual differences with
respect to the borders of OP4, as it appears to border with



Brodmann areas 3a, 3b, 2, and 1 inconsistently across
different brains, although in most brains OP4 borders
on area 1. In OP4, the superficial portion of layer Il is
composed of many small pyramidal cells. Cell density
increases from layer IV to layer V. Medium pyramids at a
high density make up the superficial portion of layer V,
and cells in layer VI extend into the white matter.™

Connectivity

The somatosensory cortex has numerous connections
between its sub-regions, as well as with other areas of
the brain.® Within SI, axons from area 3a are mainly
connected with area 2, while axons from area 3b are
highly connected with areas 1 and 2.2 Some of the fibers
within Sl travel to the spinal cord, where they continue to
descend through the white matter via the lateral corti-
cospinal tract.! Before entering the spinal cord, this tract
traverses the pons and decussates to the contralateral
side in the medulla oblongata.'’ Sl also projects to adja-
cent brain areas through U-shaped fibers."! For example,
area 2 is connected with Brodmann areas 5 and 7, and
axons from these areas eventually end up in the motor and
premotor cortices (Brodmann areas 4 and 6, respectively)
in the frontal lobe.®>* Additionally, each of areas 3a, 3b, 1,
and 2 connect with SII.3 From SlII, some of these fibers
make up the trigeminal nerve, which travels through the
pons via the sensory root." Some fibers of the trigeminal
system, such as A-fibers, decussate more rostrally and
terminate in the principal sensory nucleus of the trigeminal
nerve. Some of the axons continue descending and
decussate more caudally, where they synapse in the
spinal trigeminal nucleus. Other axons from Sl decus-
sate even more caudally and terminate in the cuneate
nucleus of the medulla oblongata.’

Sl and SII both project to, and receive projections
from, the ventral posterior nucleus of the thalamus." This
nucleus can be divided into medial and lateral nuclei,
both of which send efferent neurons to Sl, particularly to
area 3b.>"" The ventral posterior medial nucleus is con-
nected with SlI, as it receives neurons from the trigeminal
tract and contains the principal sensory nucleus of the
trigeminal nerve.""" Trigeminal neurons also travel back
to Sl from the ventral posterior medial nucleus.’

Areas Sl and Sl are also connected reciprocally with
the insula.'? Studies in non-human primates have demon-
strated that neurons from the ventral portion of SI synapse
in SIl and then arrive in the insula.'®'3 In particular,
projections from SlI terminate in the Ig and the dysgranular
insular area (Id)."'3 Neurons from Ig and Id then project
to the amygdala.'? Id projects more heavily to the amyg-
dala than Ig, with projections reaching the lateral, central
and basal nuclei of the amygdala.”® Meanwhile, most
projections from Ig to the amygdala terminate dorsally in
the lateral nucleus.'® Additionally, some neurons from SlI
connect directly to the amygdala, primarily to the lateral
nucleus of the amygdala.’ Some portions of Sl also
project to other areas of the limbic system, such as the
hippocampus.® It is interesting to note that there are many
more descending pathways from the somatosensory
cortex than ascending ones.® It is likely that these efferent
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neurons regulate the ascending afferent information before
it reaches the somatosensory cortex.®

Evidently, the brain is a highly interconnected structure,
with regions of the somatosensory cortex connecting
with numerous cortical and subcortical areas. It is these
numerous connections that allow the somatosensory
cortex to have various functions,® including the generation
of bodily representations and tactile attention, sensory motor
integration, the processing of painful stimuli, the generation
of empathy and emotion, and emotion regulation. Each of
these functions is described in greater detail below.

Functions
Representations of the body

The most well-known role of the somatosensory cortex is
the processing of sensory information from various parts
of the body. Results from functional mapping studies
suggest that the body is completely represented in both Sl
and SI1.2%'7 Each of areas 3a, 3b, 1, and 2 contain full
body representations, resulting in a total of four repre-
sentations in SI.2 Penfield & Boldrey'® were able to map
areas of the somatosensory cortex that were associa-
ted with sensory processing for different parts of the
body by using electrical stimulation. This representation is
known as the sensory homunculus. In general, the face is
represented most laterally in S, with the fingers, hands,
arms, torso, legs, feet, and toes represented in progres-
sively more medial locations.'3® Interestingly, the cortical
surface area of Sl dedicated to processing each part
of the body is proportional to the density of sensory
receptors in the given extremity.® Thus, areas with a
higher density of sensory receptors are processed by
larger cortical areas, and larger areas of the body do not
necessarily occupy more space in SI.® The variations in
the types of afferents received and efferents projected
from the various regions of Sl likely contribute to their
differential functions.®’” For example, information from
muscle spindle stimulation is sent to area 3a, which
mainly processes information regarding body position and
movement. The main information sent to area 3b comes
from cutaneous receptors, so the majority of cells in this
area are dedicated to processing and responding to
cutaneous stimuli. Action potentials from deep pressure
receptors are received in area 2, which is involved in pro-
cessing tactile and proprioceptive information.®’

Sll contains additional representations of the body.
Similar to Sl, topographic representations of lower extre-
mities, such as the foot and toes, are medial to upper
extremities, such as the hand and face.'® The map of the
body in Sl may be less precise than that of S, since
regions of activation for separate body parts overlapped
in functional magnetic resonance imaging (fMRI) map-
ping studies.’® ' It is interesting to note that unilateral
stimulation of most limbs resulted in activity in both the
contralateral and ipsilateral SIl hemispheres.'"” This sug-
gests that neurons in Sll have large, bilateral receptive
fields.’ As mentioned previously, Sl can be divided into
regions OP1, OP2, OP3, and OP4.'° Each of these
regions contain representations of the extremities and

16,17
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appear to have distinct functions.’® Of these regions,
OP1 is thought to be of particular importance for
bilateral processing of somatosensory information. This
region is likely important for the perception of somato-
sensory information and its integration with information
from other cortical areas. It has also been proposed that
OP1 may contribute to tactile discrimination and work-
ing memory.'®

Tactile attention

Positron emission tomography (PET) studies indicate
that, in addition to processing somatosensory information,
the somatosensory cortex is involved in modulating tactile
attention.'® Both Sl and Sl areas appear to be involved in
tactile attention tasks, although SlI is thought to have a
larger role than Sl. This is evidenced by PET and fMRI
studies that observed increased blood flow in Sl and SlI
during tactile attention tasks, with greater increases seen
in SIl than SI. Results from Burton et al.® suggest that SI
only becomes active when the tactile information being
processed is of utmost importance. If another modality
(e.g., counting or verbalization) contributes more relevant
information, then activity in Sl will be suppressed. Based
on the same study, it appears as though Sll is involved in
directing tactile attention for many stimulus features, such
as duration and texture.'®

Sensorimotor integration

Another important function of the somatosensory cortex is
integration of somatosensory information with motor
information.?2° As mentioned previously, the somatosen-
sory cortex contributes axons to the corticospinal tract
and is heavily connected with the motor cortex, both of
which are primarily dedicated to motor processing."® The
connections between Sl and the primary motor cortex are
essential for motor function, since they are involved in
generating a conscious awareness of motion.%°

Sll is also involved in motor function.'® In particular,
OP4 is thought to be involved in perception of motor
information and in processes such as object manipulation
through its connections with Sl and the motor cortex.'®

Processing of painful stimuli

The somatosensory cortex not only contributes to
sensorimotor integration, but is also involved in proces-
sing pain.?' A study using magnetoencephalography
demonstrates that activity in the somatosensory cortex
increases with nociceptive stimulus intensity and sub-
jective pain ratings. Interestingly, SI and SII respond
differently to painful stimulation. Sl is likely to be involved
in perception of the intensity of pain, since its activity
increases exponentially as stimulus intensity increases.
Unlike Sl, activity in Sl is minimal when stimulus intensity
is low, but rapidly increases for higher intensity stimuli.
Based on this information, along with supporting informa-
tion from non-human primate studies, it is likely that the
role of SlI is related to identifying nociceptive stimuli and
directing attention towards the source of the pain.?’
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Empathy

The somatosensory cortex is involved in the emotional
reaction to pain by contributing to empathetic responses
that result from viewing pain inflicted on others.?* Using
somatosensory-evoked potentials recorded from subjects
who watched pain being inflicted on another individual,
Bufalari et al.?® showed that such observation elicits
activity in various regions of Sl, likely corresponding to
Brodmann areas 3b and either area 1 or 2. The activity
in Sl appears to increase as the intensity of the painful
stimulus observed increases, and decreases when non-
painful stimulation is observed. It is suggested that when
the actions of others are viewed, the sensations of the
actor are processed in the observer's somatosensory
system and may affect the observer's somatosensation.
While there are certainly other brain areas associated
with processing empathy, it is likely that Sl also plays an
important role.

Emotion

The role of the somatosensory cortex in processing
emotion is not limited to its contribution in the generation
of empathy.?®2* |t has been suggested that the somato-
sensory cortex makes numerous contributions to emo-
tional regulation. One such example is given in a lesion
study by Adolphs et al.,>®> which demonstrated that rec-
ognizing emotion is dependent on the right somatosen-
sory cortex. In this study, lesions in SlI resulted in impaired
ability to recognize emotion.?® Another example can be
found in a PET imaging study, which demonstrated that
activity in Sl contributes to the self-generation of emotions.?*
For example, activity increased in SIl when the subjects
reflected on positive situations that resulted in happiness.
Alternatively, thinking about situations that resulted in
sadness caused a decrease in Sl activity. The activa-
tion patterns of Sll in either hemisphere differ for each
emotion, since activity was seen only in the right hemi-
sphere for emotions like happiness and fear, and activity
decreased in both hemispheres for emotions like sadness
and anger. These results suggest that emotion generation
is partly dependent on somatotopic representations of the
body, which are generated in the somatosensory cortex.?*
In addition to emotion generation, an emerging body of
literature suggests that the somatosensory cortex may also
play a role in emotion regulation. This is supported by
research on both healthy subjects and individuals with
mood disorders, in whom emotional dysregulation is a
clinical hallmark.

Emotion regulation

The generation and regulation of emotion is a multi-
step process involving multiple brain areas; one of which
is the somatosensory cortex.?>2® According to the model
proposed by Phillips et al.,?® the first step of emotional
processing requires evaluation of a stimulus to determine
whether or not it contains emotional significance. The
next step is to generate the appropriate emotion, which
requires input from various systems throughout the body.



Finally, this emotional state and the resulting behavior
must be regulated.?® Studies involving cortical changes
in mood disorders have implied that the somatosensory
cortex plays a role in emotion regulation. More specifi-
cally, it has been shown that the somatosensory cortex
is involved in each stage of emotion processing, which
indicates a central role of the somatosensory cortex
in emotion regulation,?14:19:22-24.27-41 Eq¢ instance,
Adolphs et al.?® demonstrated that the somatosensory
cortex plays a role in emotion recognition. In this study,
participants with lesions in the right somatosensory cor-
tex had impaired ability to rate the intensity of emotions,
as well as to recognize, name and categorize emotions.
These results indicate that the somatosensory cortex is
involved in the first stage of emotion processing, since it
appears to be necessary for identifying emotions.?® One
potential mechanism through which the somatosensory
cortex may be involved in such identification is through
its connection to the amygdala,’® considering the well-
established role of the amygdala in emotion regulation
and the fact that the somatosensory cortex is connected
with the amygdala, both directly and indirectly through
the insula.'®'* Cunningham & Zelazo®” suggested that
emotional significance is determined by the re-evaluation
of stimuli through neural processing between the amyg-
dala and neighboring regions. In this context, early eval-
uations are conducted through amygdala interaction
between the thalamus and limbic regions; later evalua-
tions are then analyzed through connections between the
amygdala and somatosensory cortex.?” This highlights
the role of the somatosensory cortex in higher order
re-evaluation of stimuli to establish emotional salience.

In order to determine emotional salience, an appro-
priate affective state must first be generated.?®> Numerous
articles suggest that the somatosensory cortex is involved
in this stage of emotion processing.?4233% As previously
mentioned, Damasio et al.®* observed activity changes
in the somatosensory cortex while subjects reflected on
various experiences that resulted in different emotional
states. This suggests that the somatosensory cortex is
likely to be involved in generating emotional responses
such as sadness, happiness, and anger.?* The results of
Damasio et al. are supported by a functional imaging
study by Critchley et al.,?® which demonstrates somato-
sensory cortex activation in tasks requiring interoceptive
attention. This activity suggests that the somatosensory
cortex may be involved in awareness of the internal state
of the body,?® consistent with a generally accepted theory
that states that generation of emotional states requires
awareness of the state of the internal and external sys-
tems of the body. Since SI and SII contain somatotopic
representations of the body, and this study also implicates
them in interoceptive attention, it is reasonable to suggest
that activity in the somatosensory cortex also contributes
to emotional feeling states.?® Functional imaging by
Straube & Miltner®® indicates high levels of activation in
the somatosensory cortex when attention is focused on
emotional state, which provides further evidence for the
idea that the somatosensory cortex is involved in emotion
processing. Additionally, it has been shown that pain-
related activity in the somatosensory cortex interacts with
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emotional stimuli.3® In their recent functional imaging
study, Orenius et al.*® observed differential activation of
Sl in response to pain stimuli when exposed to positive
emotional stimuli vs. negative emotional stimuli. Sl was
active bilaterally in conditions involving pain and a positive
emotional stimulus, while SII was active in the left hemi-
sphere only in negative emotion and pain stimulus con-
ditions. These results could be interpreted to mean that
pain-related activity in Sll is modulated by emotional state,
or that activity in SlI contributes to the generation of emo-
tional states. Either way, it is evident that the somatosensory
cortex is involved in emotion processing in some way.*°

Further suggestions for the role of the somatosensory
cortex in the generation of emotional states comes from a
meta-analysis by Satpute et al.>' The authors found that
the somatosensory cortex was engaged during affective
experiences that were driven by inputs from visual,
gustatory, olfactory, auditory, and somatosensory sen-
sory modalities. This suggests that the somatosensory
cortex may not be involved in the generation of all types of
emotion. Rather, cortical activity may be dependent on
the sensory qualities of the emotional stimulus, suggest-
ing that the somatosensory cortex may be mainly involved
in somatosensory-related emotion generation.®! Evidently,
there is compelling evidence to suggest that the somato-
sensory cortex contributes to the production of emotions
related to somatosensory stimuli, and potentially to emo-
tions related to other sensory qualities as well.

The involvement of the somatosensory cortex in pro-
cessing fear and generating fear memory has also been
studied, although not as extensively. Damasio et al.?*
found activity in the right SIl when subjects reflected on
fearful memories, suggesting that SIl may be involved in
fear processing. Further, Liddell et al.* observed activity in
the somatosensory- related cortices of the left hemisphere
in response to fearful stimuli that were not consciously
perceived. These results suggest a role for the somato-
sensory cortex in unconscious fear perception, which may
be involved in a rapid processing pathway that responds to
potential threats in the environment.®? Additionally, classical
fear conditioning experiments can be used to evaluate the
involvement of the somatosensory cortex in emotional
learning, specifically in the generation of fear memory.3%°
In an fMRI study, individuals with a history of psychopathy
did not demonstrate activation in the Sll area and had
difficulty associating noxious stimulation with fearful emo-
tions.®® Although the researchers in this study attributed the
somatosensory activation to pain processing, it is possible
that activity in the somatosensory cortex is also involved in
processing and/or generating fear.®® In fact, Wei et al.®*
provide evidence suggesting that the somatosensory cortex
is involved in such fear conditioning and memory. Spe-
cifically, they studied a transcription factor, cyclic adenosine
monophosphate-responsive element binding protein (CREB),
which contributes to long term fear memory upon upregula-
tion.>* This transcription factor is activated by phosphor-
ylation, and increased levels of phosphorylated CREB
(pCREB) were found in Sl and other cortical areas in
response to fear conditioning trials. When activators of
the CREB pathway were knocked out, mice did not show
activation in the somatosensory cortex and had decreased
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fear memory.®* These results suggest that the somato-
sensory cortex is involved in pPCREB-dependent fear condi-
tioning, leading to fear memory.®* However, Tang et al.®®
present somewhat opposing results, finding that stimula-
tion of Sl did not result in the production of fear memory in
mice, while stimulation of the anterior cingulate cortex
(ACC) did.*® In conciliating these seemingly contradictory
results, it is possible that the somatosensory cortex
contributes to fear processing and the production of
fear memory, but activity in this area alone is insufficient
to produce fear memory.3*3® Based on these studies,
it is plausible that the somatosensory cortex contributes
to processing and/or generation of fearful emotions,
although further research in this area is required to clarify
this hypothesis.

Once an emotional state is generated, it is then regu-
lated to ensure its appropriateness for the social context.?®
Strategies used to regulate emotions include attentional
deployment, situational selection, and controlled genera-
tion.%®37 Attentional deployment involves directing one’s
attention to a specific aspect of the emotion-provoking
stimulus or situation.®%3” Several lines of evidence suggest
that the somatosensory cortex is involved in this emotion
regulation strategy, since activation of this cortical area has
been observed in various studies of attention, '92225:31:36-40
For example, Burton et al.'® observed a role for the
somatosensory cortex in modulating tactile attention. As
previously mentioned, completion of tactile attention tasks
resulted in increased blood flow in the somatosensory
cortex, particularly in SII.'® Based on these results, it is
reasonable to suggest that increased activity in Sll con-
tributes to increased attention towards tactile stimuli, which
could be useful in in emotion regulation strategies."®®
In such strategies, the activation of Sll may result in
generation of somatosensory-related emotional states,
rather than emotional states that could have arisen from
other sensory qualities of the stimulus.®' Similarly, func-
tional imaging reveals SlI activity during selective attention
tasks.®® This study provides further support for the idea
that activation of the somatosensory cortex could con-
tribute to emotional regulation by directing attention towards
specific aspects of a situation.®® Additionally, results
from a magnetoencephalography study show that increas-
ing attention results in stronger responses in the somato-
sensory cortex, especially in SI1.3° The results of this study
led the researchers to hypothesize that representations in
SlI correspond only to what has been actively selected in
the environment, rather than an accurate somatotopic
representation of the body.>° Evidently, the somatosensory
cortex (SlI in particular) is involved in directing attention,
and it is reasonable to suggest that this cortical area
could contribute to emotional regulation involving atten-
tional strategies.

Situational selection is another emotion regulation
strategy.®® This process requires a person to decide
which situations they allow themselves to be a part of,
including where and with whom to spend time.*® It is
possible that the somatosensory cortex plays a role in
this regulation strategy through its connection with the
anterior insula.*® The anterior insula contributes to the
social emotions experienced upon interaction with others.*°
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These emotions are thought to depend upon the social
environment in which interactions occur, with the somato-
sensory cortex contributing to experiences of pain and
empathy.?>4% Therefore, it could be concluded that the
connections between the somatosensory cortex and the
anterior insula may contribute to awareness of social
context, allowing individuals to select people, places and
things to surround themselves with in order to regulate
their affective state.36:4°

Finally, the controlled generation strategy suggests
that expectations can be used to modulate one’s neural
activity and their resulting affective state.®” It is plausible
that the somatosensory cortex could be involved in this
emotion regulation strategy, since it has been found that
representations within SI can be altered based on top-
down factors such as focus of attention and expecta-
tion.*! For example, it was found in one study of Sl that
the location of the representation of digit 2, as well as the
angle between this representation and that of other digits,
varied based on whether attention was focused on a local
or global scale. This suggests that the maps within Sl are
not static, and that they can be manipulated by attention
and other top-down processing strategies.*! It is, there-
fore, reasonable to suggest that the somatosensory cortex
may contribute to controlled generation by altering cortical
representations of a situation or stimulus, leading to a
different affective state.3”*!

Discussion

Analysis of the current literature suggests that the
somatosensory cortex may play a role in in each stage
of emotion processing, beginning with its involvement in
the recognition of emotions.?® Additionally, the somato-
sensory cortex is heavily connected to the amygdala and
insula, both of which have also been implicated in emotion
recognition.'® Current literature also suggests a role for
the somatosensory cortex in the generation of emotional
states, since SlI activity differs with reflection on various
types of emotional situations.?* The somatosensory cor-
tex has been shown to have a role in interoceptive
attention, which may contribute to the generation of
affective states, and activity increases when attention is
focused on an emotional state.?®?° It is also plausible that
activity in the somatosensory cortex contributes to the
generation of fear, although results in the literature are
somewhat contradictory in this area.?*32® Finally, the
somatosensory cortex is likely involved in regulation of
emotion through various strategies.’®*®*' The somato-
sensory cortex may contribute to attentional deployment
through its involvement in various types of attention, such
as tactile attention and selective attention.'®3%3° More-
over, this region likely contributes to situational selection
through its connection with the anterior insula, which
contributes to the control of social emotions experienced
upon interaction with others.*° Finally, the somatosensory
cortex may regulate emotions via controlled generation, in
which neural activity is modulated to regulate the resulting
affective state, since Sl representations have been shown
to vary based on factors such as attention and expecta-
tion.2>*! Notably, the role of the somatosensory cortex in



emotion processing may also be related to the numerous
neurotransmitter binding sites that are present throughout
this region.”*>*** As previously mentioned, the borders of
the sub-regions within Sl are marked by varying densities
of neurotransmitter receptors, such as muscarinic recep-
tors, a-adrenoceptors, serotonin receptors, L-glutamate
receptors, and GABA receptors.”

Clinical implications

Given the emerging role of the somatosensory cortex
in emotion regulation, perhaps it is not surprising that
alterations in the structure and function of this brain region
have also been found in numerous psychiatric ilinesses,
including anxiety disorders, major depressive disorder
(MDD), schizophrenia, bipolar disorder, posttraumatic
stress disorder (PTSD), specific phobia, obesity, and
obsessive-compulsive disorder (OCD).*%¢"

A common alteration seen in the somatosensory cortex
in mood disorders is changes in gray matter volume.*>4°
For example, one study found increased right SI gray
matter volume in patients with comorbid anxiety and
depressive disorders.*® Another study found greater gray
matter volume in the somatosensory cortices of schizo-
phrenia patients than MDD patients.*® Similarly, reduc-
tions in the overall surface area of the somatosensory
cortex have been observed in adolescents with MDD.*’
These observations are supported by measurements of
decreased cortical thickness in the postcentral gyri of
individuals with early onset MDD.*® Similar changes have
also been observed in bipolar disorder, where a reduction
in gray matter volume in the left somatosensory cortex
has been observed.*®

Numerous studies have also analyzed the functional
connectivity of the somatosensory cortex with other brain
areas in mood and anxiety disorders.*>®** For instance,
increased functional connectivity between the somato-
sensory cortex and both the thalamus and left dorsal
anterior cingulate cortex was observed in patients with
panic disorder.>° These results provide further evidence
for the idea that the somatosensory cortex may be involved
in interoceptive attention related to the generation and
regulation of emotional state, since the thalamus and
anterior cingulate cortex have been implicated in inter-
oceptive attention and self-awareness, respectively.?®%°
Increases in functional connectivity between the somato-
sensory cortex and thalamus have also been observed
in schizophrenia, as well as between the somatosensory
cortex and insular cortex in patients with bipolar disor-
der.**®" Women with comorbid bipolar and premenstrual
dysphoric disorder displayed decreased functional con-
nectivity between the left somatosensory cortex and left
hippocampus compared to women with premenstrual dys-
phoric disorder alone.>® Lower functional connectivity was
also observed between the left S| and areas such as the
left superior frontal gyrus, the right middle frontal gyrus,
and the left mid cingulum in individuals with MDD.%*

Functional imaging studies have also implicated the
somatosensory cortex in disorders such as PTSD, spe-
cific phobia, obesity, OCD, and schizophrenia.®*®" In a
task requiring reaction to auditory tones, Sl activity levels
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were higher in patients with PTSD than controls, whose
activity was primarily in the midbrain.®®> Higher activity
levels in the somatosensory cortex have also been noted
in study participants with specific phobia.®® In this study,
provoking subjects with phobic stimuli resulted in higher
regional blood flow in the somatosensory cortex com-
pared to their resting, control values.®® This suggests that
greater sensory processing in the somatosensory cortex
may contribute to the progression of PTSD and simple
phobias.>5-%¢

Abnormalities in the somatosensory cortex have also
been observed in obese individuals.®”*® In one study,
a higher rate of glucose metabolism was measured
bilaterally in Brodmann area 1 of obese subjects than lean
controls.>” These results are supported by a more recent
fMRI study that observed increased activity in the
somatosensory cortex in obese subjects when anticipat-
ing food consumption.®® They suggested that the increased
activity in the somatosensory cortex may be associated
with a heightened awareness of food palatability that
leads to increased appetite in obesity.>”°® Based on the
increased somatosensory activity in PTSD and simple
phobias, it is conceivable that heightened activity in the
somatosensory cortex may contribute to difficulties in
emotion regulation and/or lower self-control, leading to
the overeating that often accompanies obesity.®”-%®

An interesting opposite trend has been observed in
OCD studies, in which less activation of the somatosen-
sory cortex has been observed.®®®° In one study, most
individuals with OCD exhibited decreased regional cere-
bral blood flow in Brodmann areas 1, 2, 3 and 40 as
obsessive-compulsive symptoms increased.®® These
results are consistent with another study showing a
decrease in resting state cerebral glucose metabolic rates
in the sensorimotor areas of OCD subjects compared to
healthy controls.®® Together, these studies suggest that
activity in the somatosensory cortex may help suppress
OCD symptoms,®®€° given that a decrease in activity is
associated with worsening of obsessive compulsive
symptoms.59:69

Lower activity levels in the somatosensory cortex have
also been observed in individuals with schizophrenia,®’
with unmedicated subjects showing lower regional glu-
cose metabolism bilaterally in the somatosensory cortex
than those on medication. In the same study, glucose
metabolism in the left somatosensory cortex of individuals
with schizophrenia was lower than that of healthy controls
upon stimulation of the right forearm. Treatment with
neuroleptics increased activity levels in the somatosensory
cortices compared to those found in healthy controls.®
These results suggest that decreased activity in the
somatosensory cortex may also contribute to the patho-
genesis of schizophrenia.®’

Conclusion

In conclusion, the somatosensory cortex can be divided
into the primary and secondary somatosensory cortices
(Sl and SlI, respectively).! These regions can be further
subdivided into sub-regions based on differences in
cytoarchitecture and neurotransmitter binding sites.®”
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Each region is highly connected to other areas of the
brain, allowing the somatosensory cortex to have numer-
ous functions, including representation of the body, tactile
attention, sensorimotor integration, and the processing of
painful stimuli, empathy, and emotion.21%17:19-26 Gyrrent
literature suggests a role for the somatosensory cortex in
each stage of emotion processing, including identification
of the emotional significance of a stimulus, generating an
appropriate affective state in response to the stimulus, and
regulating the resulting emotional state.?'%"7:1926 Thijg
review highlights the importance of the somatosensory
cortex as a critical region in emotion regulation and
consequently the pathophysiology of several psychiatric
disorders, including anxiety and panic disorder, depres-
sion, schizophrenia, bipolar disorder, PTSD, simple pho-
bias, obesity, and OCD.**®! Importantly, these studies
suggest that the somatosensory cortex may be a specific
target for treatment. Further research using neuromodula-
tion, such as transcranial magnetic stimulation or deep
brain stimulation, in this particular brain region may
enhance our understanding and potentially reveal new
treatment options for conditions in which emotion dysre-
gulation is a central feature.
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