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In this article, we examine phantom limb syndrome to gain insights into how the brain functions as the
mind and how consciousness arises. We further explore our previously proposed consciousness model in
which consciousness and body schema arise when information from throughout the body is processed by
corticothalamic feedback loops and integrated by the thalamus. The parietal lobe spatially maps visual
and non-visual information and the thalamus integrates and recreates this processed sensory information
within a three-dimensional space termed the ‘‘3D default space.’’ We propose that phantom limb syn-
drome and phantom limb pain arise when the afferent signaling from the amputated limb is lost but
the neural circuits remain intact. In addition, integration of conflicting sensory information within the
default 3D space and the loss of inhibitory afferent feedback to efferent motor activity from the ampu-
tated limb may underlie phantom limb pain.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

A significant portion of current neuroscientific research is ded-
icated to examining how consciousness arises and how the brain
works as the mind. Sensory perception and body schema, a repre-
sentation of the position and shape of limbs within space [26],
make up a significant portion of conscious experience and there-
fore are an important area to examine when studying conscious-
ness. In our previous article, we examined studies on
contralateral neglect syndrome to gain insights into consciousness
and we proposed a model of consciousness which integrates and
reconciles many previously proposed consciousness models. In this
article, we examine studies on phantom limb sensations and phan-
tom limb pain to gain further insights into our previously proposed
consciousness model.
Sensory processing within the somatosensory cortex

Among all sensory systems, the tactile sensory system develops
first. Somatosensory responses can be measured as early as
8 weeks in utero [34]. The somatosensory cortex, in the parietal
lobe, is comprised of four regions known as Brodmann’s areas 3a,
3b, 1, and 2 [52]. These areas all process tactile sensory
information; however areas 3b and 1 contain mirrored somatic
maps [52] and experiments with non-human primates have shown
that these areas respond primarily to sensations from the skin,
while 3a responds to proprioception, and area 2 responds to both
kinds of stimuli [38]. In addition, area 3b responds to stimulation
of specific areas while areas 1 and 2 respond to more general stim-
ulation. For example, 3b responds to stimulation of a single finger
while areas 1 and 2 respond to stimulation of multiple fingers [38].
These areas provide overlapping coverage of sensory processing,
with area 3b responding to stimulation of a specific area of the
body and areas 1 and 2 responding to stimulation of a general area
of the body [38]. The size of the area devoted to a body part, in the
somatosensory cortices, does not correlate with the actual size of
the body part but rather with the density of receptors in that body
part [38]. For example, human lips and hands have a much larger
representation within the somatosensory cortex than other areas
of the body [38]. Somatosensory homunculi, cortical representa-
tions of the human body, are located in the primary somatosensory
cortex, ventral posterior thalamus (VPN), periaqueductal and
periventricular gray matter [36], and primary motor cortex [54].
Phantom limb syndrome and phantom pain

The term ‘‘phantom limb’’ was coined by Silas Weir Mitchell, a
civil war surgeon, back in 1872. Mitchell described how some
patients experienced an amputated limb as still present and some
even experienced pain or discomfort in the phantom limb [33].
ypoth-

http://dx.doi.org/10.1016/j.mehy.2015.04.025
mailto:rj605r@aol.com
http://dx.doi.org/10.1016/j.mehy.2015.04.025
http://www.sciencedirect.com/science/journal/03069877
http://www.elsevier.com/locate/mehy
http://dx.doi.org/10.1016/j.mehy.2015.04.025


2 R. Jerath et al. / Medical Hypotheses xxx (2015) xxx–xxx
However, phantom sensations are not limited to amputated limbs.
Phantom sensations and phantom pain have been reported from
removed teeth, breasts, eyes, and many other body parts [14] but
phantom limbs are the most commonly reported phantom body
experience [44]. Some patients feel that they can make voluntary
movements with their phantom limb [29]; however, over time
many patients claim the phantom limb has become paralyzed.
The eventual loss of the ability to ‘‘move’’ the phantom limb could
be due to lack of confirmation of these movements by visual and
proprioceptive senses [41]. This emphasizes the significant role
of vision in body schema and how conflicting sensory information
may lead to neuronal changes. A scientific survey among veterans
found that 60–80% of individuals with amputations experienced
phantom limb sensations, with the majority of those sensations
being painful [56]. Some sources have found that as high as 95–
100% of amputees experience the sensation of a phantom limb
after the loss of an arm or leg [31]. Phantom limb pain (PLP) and
phantom limb sensations are very common experience that affects
the majority of amputee patients. Current treatments include
many pharmacological approaches, mirror therapy, mental ima-
gery training, and even surgery in severe cases [57].
Understanding the underlying mechanism of PLP would help to
develop further successful treatments and would give us important
insights into consciousness, sensory processing, and other chronic
pain disorders.
Previously proposed mechanisms of phantom limb and
treatments

There are many proposed mechanisms for phantom limb pain,
involving the central or peripheral nervous systems or a combina-
tion of both [61]. In the past, the most widely accepted theory
underlying phantom limbs was attributed to irritation and nerve
discharges in the severed and swollen nerve endings, known as
neuromas [60]. However, treatments based on this hypothesis
have had little success. For example, in extreme cases where a sec-
ond amputation was performed in order to shorten the stump and
remove neuromas, pain increased for most patients and in some
cases lead to sensations of a second phantom stump with addi-
tional pain [43].

It has also been proposed that phantom limb sensations may be
the result of afferent sensory feedback no longer dampening effer-
ent motor cortical activity and commands and PLP is likely caused
by the resulting conflicting sensory information [16]. Harris com-
pares how conflicting sensory and motor information may lead
to pathological pain to how conflicting sensory information from
visual and vestibular systems results in motion sickness [16].
Harris’s hypothesis may be supported by studies that have found
that non-amputee patients commonly experience a phantom limb
after anesthetic block. For example, 95% of patients that receive an
anesthetic block of the brachial plexus for surgery experience a
vivid phantom limb [30]. Interestingly, when the eyes are closed
the position of the phantom limb was different from the position
of the real arm; however, the phantom limb ‘jumped’ to the posi-
tion of the real arm when the patient opened their eyes and saw
the actual location of their arm. This emphasizes the significant
role of vision in the formation of body schema and illustrates
how vision can overpower other senses. In addition, spinal anes-
thetic block of the lower body produces the experience of phantom
legs in most patients [5]. These studies, in which there is loss of
afferent signaling via anesthetic blockade, support the hypothesis
that phantom limbs and PLP may be the result of afferent feedback
no longer dampening efferent motor activity.

Today the most current widely accepted mechanism of PLP
involves cortical reorganization. Many studies have shown
Please cite this article in press as: Jerath R et al. Etiology of phantom limb synd
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neuroplastic changes within somatosensory and motor cortices
after limb amputation. For example, Pons found that the
somatosensory cortex reorganizes after the loss of sensory input
[37] and some researchers have found that the somatosensory
and motor cortex areas representing the amputated limb are taken
over by nearby representational areas [10,44]. In addition, after the
amputation of an arm, some patients experience sensations on the
ipsilateral side of the face that feel as if they are arising from the
phantom limb [44]. In fact, these sensations arise from a topo-
graphically organized map of the hand on the face that includes
separate digits. The somatotopic map of the face and hand are adja-
cent in the somatosensory cortex therefore the sensory input of the
facial area likely invades the hand area of the somatosensory cor-
tex, resulting in stimuli on the face activating the hand region of
the cortex [44]. In addition, in some patients, a topographical sen-
sory map of the hand can also be found on the upper arm of the
amputated limb [44]. This phenomenon is likely due to
cross-activation of the hand area of the cortex by invasion of affer-
ents from the upper arm [62]. This remapping phenomenon has
been extensively studied in both animals and humans. For exam-
ple, when Merzenich performed middle finger amputations on
monkeys, he found that within 2 months the area of the cortex cor-
responding to the middle finger responded when adjacent fingers
were touched [32]. He also found that when a digit was used exces-
sively, the area of the cortex corresponding to that finger
expanded, utilizing areas previously dedicated to adjacent fingers
[32]. It wasn’t until later, that this remapping phenomenon was
applied to phantom limb. Although remapping and cortical reorga-
nization likely underlies a significant portion of phantom limb sen-
sations, it cannot explain all aspects of phantom limb [44].

A successful treatment for PLP has been the use of mirror ther-
apy [46]. Mirror therapy consists of using a mirror to reflect the
intact limb to appear in the position of the amputated limb and
the patient is told to move and relax the limb [10]. This illusion
makes it appear that the missing limb is moving. It is not well
understood how this therapy works but a recent study found that
mirror therapy reversed the dysfunctional reorganization that
occurs in the somatosensory cortex [10]. The study also found that
pain reduction was associated with decreased activity in the infe-
rior parietal cortex [10]. The success of mirror therapy suggests
that visual feedback can outcompete other sensory systems and
can actually elicit sensory experiences from other sensory systems
[24]. A study using mental imagery training in order to imagine
moving and relaxing the phantom limb also found a significant
reduction in PLP [27], along with elimination of cortical
reorganization.

In addition to cortical reorganization, mirror neurons may also
underlie the effectiveness of mirror therapy. Mirror neurons are
neurons that fire both when an animal performs an action and
when watching an action being performed [48]. These mirror neu-
rons have been found in both monkeys [48] and humans [50]. In
addition, during mirror therapy touching of the intact limb in the
mirror elicits tactile sensations in the phantom limb [47].
Ramachandran proposes that non-amputee patients would not feel
touch sensations on their intact limb during this type of exercise
because signals from non-mirror touch neurons may block the mir-
ror neuron signals and tell the brain that they are not being
touched while in patients with phantom limb pain the mirror neu-
rons are not blocked by signaling from these non-mirror touch
neurons [47]. However, experiments in which subjects, without
amputations, watch a rubber hand being stroked by a paintbrush
report feeling the sensations on their hand that is hidden from
view [4], suggesting that these mirror neurons are not in fact
blocked by non-mirror neurons in healthy patients. In addition,
in a study on healthy individuals the subjects 5th digit was stimu-
lated while watching a video of the 1st digit being stimulated
rome: Insights from a 3D default space consciousness model. Med Hypoth-
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within the peripersonal space where the hand would be [53]. This
induced conflicting sensory input similar to that experienced dur-
ing phantom limb sensations. When the actual stimulus was in
phase with the video stimulus, the subjects felt the stimulus on
the 1st digit rather than the 5th digit that was actually receiving
the stimulus. Neuromagnetic source imaging of the primary
somatosensory cortex topographical revealed that the cortical rep-
resentation of the 5th digit expanded during the illusion, suggest-
ing the somatosensory cortex can be rapidly modulated [53].
Another experiment created a rubber hand illusion with a finger
cut off to simulate phantom limb sensations. 93% of participants
reported vivid sensations of the finger that was missing, 25% of
those who reported feeling the finger also reported experiencing
tingling or numbness, and 50% experienced a change in the per-
ceived size of the finger which they attributed to the way the
experimenter mimed stroking [25]. Another proposed underlying
hypothesis behind mirror therapy is that it reduces pain by remov-
ing conflicting sensory information that leads to the sensation of
pain [22].

Other proposed theories underlying phantom limb involve the
concept of body schema. Some researchers have proposed that
body schema is fixed and does not change [5]; however many
researchers and extensive research challenges this hypothesis.
Body schema is likely modified by nerve impulses from sensory
systems so it is not fixed and can be modified. For example, body
schema has been shown to modify during tool use [17,55], extend-
ing the schema of the hand to include the tool being used. In addi-
tion, McGeoch and Ramachandran report an interesting case study
involving a woman born with a malformed right hand consisting of
three fingers and a rudimentary thumb. After a car crash, the
patient’s malformed hand had to be amputated and the patient
experienced a phantom limb consisting of all five fingers, though
some were shortened. McGeoch and Ramachandran propose that
this suggests that the brain may have an innate template of a fully
formed hand [28]. Interestingly, after the mirror box therapy she
felt that the fingers on her phantom hand were of normal length
[28], suggesting that the false visual feedback during the mirror
therapy influenced other non-visual sensory systems and may
have been involved in neuroplastic changes in the brain. The
researchers propose that the hardwired representation of a full
hand was inhibited by the sensory information from the afferents
received from the malformed hand and that the subsequent ampu-
tation led to disinhibition of that full representation [28]. These
studies suggest that body schema is not fixed but that there may
be an innate framework for body schema within the brain that aids
in formatting and mapping sensory information from throughout
the body. We propose that the mechanisms underlying phantom
limb sensations and PLP are a combination of both cortical reorga-
nization and the formation of body schema.
Hypothesis

We propose that our consciousness model may explain the
mechanism underlying phantom limb and PLP. Although we agree
that corticothalamic processing and feedback loops are essential
for consciousness, we propose that consciousness does not arise
from functional hubs throughout the cortex, as some models have
proposed. Instead, the thalamus is the central hub that integrates
and creates an internal representation within a default 3D space
in order for this information to rise to conscious awareness. We
also propose that processed information from the sensory, motor,
parietal, and other cortices is integrated by the thalamus and rep-
resented in this space, which forms body schema and
self-awareness. This is a dynamic space and the internal represen-
tation within this space changes moment to moment as a result of
Please cite this article in press as: Jerath R et al. Etiology of phantom limb synd
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constant, changing feedback and sensory information. This neural
component of the 3D default space is likely formed by the peri-
aqueductal gray, brainstem, and default mode network while the
connected cells, throughout the body, form the rest of the 3D
default space. The perception of this filled-in 3D default space
occurs within the thalamus. The thalamus projects the internal
space that extends throughout the entire body and the external
space surrounding the body. Input from cells throughout the body
and sensory organs are unconsciously processed and rise to con-
scious awareness when the thalamus fills in this 3D default space
with the processed sensory information. The neural component of
this space is likely formed by oscillations from the default mode
network, other salient networks, and the ascending reticular acti-
vating system. This unconscious space and the intact somatosen-
sory areas supersede the cognitive awareness of a lost limb,
resulting in phantom limb syndrome and PLP. We have termed this
a 3D ‘‘default’’ space to denote the intrinsic nature of the space and
the possible involvement of the default mode network.

The default mode network and other salient mode networks,
which utilize 90% of the brain’s energy [39], may be involved in
the formation of this 3D default space; however, further research
is needed to support this hypothesis. The ascending reticular acti-
vating system (ARAS) is also involved in consciousness processes.
Most signaling from the ARAS is modulated and relayed by the tha-
lamus, in fact the thalamus can be considered to be part of the
ARAS [59]. The thalamic reticular nucleus is involved in ‘‘gating’’
information from the ARAS and communicating between the
brainstem and cortex [63]. The reticular activating system, along
with the default mode network, is likely involved in creating the
intrinsic baseline activity of the brain that forms the 3D default
space and the framework on which neural activity builds. For
example, the majority of the energy used by the brain is utilized
by default mode network activity [11] and as little as .5–1% of
the brain’s energy usage may be attributed to evoked activity
[39]. The energy used for intrinsic brain activity suggests the sig-
nificant role that baseline activity likely plays in supporting and
creating a framework for neuronal processes, consciousness, and
possibly a 3D default space.

Our proposed consciousness model is similar to the Global
Workspace Theory in which consciousness occurs in a global work-
space which is supported by unconscious processing.
Consciousness is a ‘‘momentarily active, subjectively experienced’’
event [2] that does not occur in any one single place in the mind
[3]. Baars proposes that the global workspace consists of functional
hubs where consciousness can arise throughout the brain when
multiple streams settle on a signal to bind and propagate [3].
Our model, involves a similar neural workspace but we propose
that consciousness arises via the thalamus. Tononi and Edelman
proposed a similar Dynamic Core Hypothesis in which conscious-
ness arises from clusters of thalamocortical feedback activity that
create a succession of unique but unified consciousness states that
form conscious experience [58]. This is a dynamic system in which
various neuronal groups join and leave processing clusters depend-
ing on signaling from external and internal stimuli [58]. Although
our model also emphasizes the importance of corticothalamic pro-
cessing and the dynamic nature of this processing, we emphasize
the role of the thalamus as the central hub that is involved in the
integration of highly processed information within the 3D default
space that allows for consciousness to arise. Our model incorpo-
rates important elements from these widely accepted conscious-
ness models into a more comprehensive mechanism involving
the entire body and the internal representation of external space.

In our previous paper, we discussed insights about conscious-
ness, body schema, and sensory processing by examining con-
tralateral neglect syndrome . In our consciousness model, sensory
information is processed by corticothalamic feedback loops and
rome: Insights from a 3D default space consciousness model. Med Hypoth-
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is integrated by the thalamus. An internal representation of this
processed sensory information is then created by the thalamus
within a 3D default space [18]. The most common cause of con-
tralateral neglect is damage to the right parietal lobe, resulting in
patients being unable to see objects on their left side and in many
cases not being unable to feel stimuli on their left side [21].
Although there has been no damage to the eyes or afferent nerves
though out the body, the sensory information from the left side
does not rise to conscious awareness. We proposed that sensory
information from the left side and left visual field is lost or dam-
aged when it is sent to the damaged right parietal lobe [18]. The
parietal lobe is involved in spatial mapping and spatial orientation
[15] so when sensory information is sent to the damaged parietal
lobe the information is not able to be located within space. The
thalamus is not able to integrate this damaged information with
other processed sensory information so it is not recreated within
3D default space and does not rise to conscious awareness [18].
For a detailed account of contralateral neglect syndrome and our
proposed underlying consciousness mechanism see Jerath and
Crawford [18]. The extensive processing of visual and non-visual
sensory information and the representation of the external and
internal worlds within the 3D default space of the mind can result
in inconsistencies between external reality and conscious percep-
tion. We propose that our consciousness model may explain the
mechanism underlying phantom limb sensations and PLP and the
underlying conflicting sensory information.

Extensive unconscious processing likely underlies the etiology
of phantom limb syndrome and PLP. After an amputation, visual
Fig. 1. Connections of the parietal and somatosensory cortex: visual fields and body sp
parietal cortex and the blue lines represent visual and non-visual information sent to
corresponding red body lines that illustrate the processed sensorimotor information that
parietal lobe and sensory motor cortex in a healthy individual receives and processes vi
body. The parietal lobe spatially maps this information so that the mind can spatially loca
syndrome, visual information of the missing limb is received by the left eye, processed w
included within the internal representation of visual space. Although there is no long
sensorimotor network and other networks in the brain remain intact. This leads to intrin
to an intact non-visual representation of the limb being combined with a visual represen
is likely due to the integration of this contradictory sensory information and subsequent
illustrate the filled-in information within the 3D default space. (For interpretation of the
this article.)
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sensory information and afferent sensory information from the
amputated limb are processed by corticothalamic feedback loops
and integrated by the thalamus. This sensory neural network
remains intact after amputation; however, the majority of the
afferent input, from the previous limb, no longer sends sensory
information to the brain (Fig. 1). Though some afferent sensory
information from the stump neuromas may be involved in sending
pain signals that result in PLP, it is likely not the cause of the
majority of the pain experienced during PLP. We propose that neu-
ral signaling leading to sensations of a phantom limb, combined
with the visual sensory information that a limb is gone, leads to
the integration of conflicting sensory information within the
default space. After an amputation there is no neural damage to
the somatosensory areas corresponding to the former limb and
these neural representations of the body within the brain are suf-
ficient to enable the experience of sensations from that limb in the
absence of the actual limb itself [12] therefore the phantom limb is
felt due to signaling within the brain rather than any afferent
input. As proposed by Harris, the experience of PLP is likely similar
to the mechanism of motion sickness, which results from the inte-
gration of conflicting visual and vestibular sensory information
[16]. After an amputation, the integration of conflicting visual
and non-visual sensory information, within the 3D default space,
results in pain. Some studies have also provided evidence that
there may be an intrinsic template for normal body schema within
the brain that may contribute to the phenomenon of PL. For exam-
ple, patients born without limbs can experience phantom limbs
[40,51] and in the previously discussed study, a woman born with
ace. The orange lines represent visual and non-visual information sent to the right
the left parietal cortex. The right sensorimotor cortex is depicted, along with the
is filled in within 3D default space by the thalamus. The figure depicts how the right
sual information from the left eye and sensory information from the left side of the
te stimuli. In a patient with a left forearm amputation and subsequent phantom limb
ithin the brain, and filled into the 3D default space so that the missing left arm is not
er sensorimotor information flowing from the amputated limb to the cortex, the
sically-generated sensations that are integrated within the 3D default space, leading
tation of the missing limb, resulting in phantom limb sensations. Phantom limb pain
representation within 3D default space. The solid lines extending through the body
references to color in this figure legend, the reader is referred to the web version of
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a malformed hand experienced a phantom limb with all five fin-
gers after amputation [28]. This may be due to the development
of neural networks and topographical sensory maps within the
brain for an intact limb but the actual limb develops abnormally,
resulting in phantom limb sensations that match an intact limb.

We also propose that our consciousness model likely underlies
the neural mechanisms and subsequent cortical reorganization
that occurs due to mirror therapy and mental imagery therapy.
These two therapies likely work via a similar mechanism, with
mirror therapy using visual sensory information and mental ima-
gery therapy using imagined visual sensory information that inte-
grates with non-visual sensory information within the 3D default
space to form body schema. We propose that the surface of the skin
forms the outer boundary of the 3D default space via the afferent
signaling from the skin. When a person loses a limb, the neurons
that correspond to that limb still form the outer boundary of a
pre-existing space perceived by parietal neurons that are still
active, including neurons in the somatosensory and motor cortices.
All these cortical areas are involved in processing sensory informa-
tion that is then integrated by the thalamus and used to fill in
default space, resulting in our body schema and conscious experi-
ence. The initial amputation leads to conflicting sensory informa-
tion when sensory information from the intact neural networks
is integrated with visual information telling the brain the limb is
missing. Following the amputation, somatosensory neurons can
eventually reorganize and neurons from other somatosensory
Fig. 2. Phantom limb syndrome and cortical reorganization. The somatosensory homun
pathways. In a healthy patient, information from lower sensory and motor neurons reac
sensorimotor cortices. Sensory information is also relayed to the posterior parietal corte
the ventral part of the laterodorsal nucleus. This information is processed within cortic
default space. In a patient with phantom limb, signals are no longer sent from lower senso
remain intact and can intrinsically generate sensory and spatial information that is pr
Following amputation, neighboring somatosensory neurons, such as neurons correlatin
amputated limb. This reorganization results in phantom sensations of the hand on t
information and the subsequent representation of this information within 3D default sp
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areas can invade the somatosensory area for the amputated limb
leading to even further conflicting sensory information when, for
example, sensory information from the hand is felt on the face
(Fig. 2). This can lead to uncomfortable or unusual sensations
and chronic pain. This is illustrated by studies that show that the
extent of cortical reorganization correlates with the amount of pain
reported by the patient [8,20]. This type of reorganization has also
been shown to occur at the thalamic level [7]. Studies on
non-human primates have also shown reorganization of sensory
afferent terminations from the limb into the spinal cord and cune-
ate nucleus of the brainstem [9]. In addition, after mental imagery
therapy or mirror therapy the subsequent reduction in pain corre-
sponds to a reduction in cortical reorganization [27]. The reversal
of dysfunctional cortical reorganization and reduction in PLP after
these therapies likely involves both the activation of mirror neu-
rons [47], the input of visual sensory information consistent with
non-visual sensory information (via the mirror or mental imagery),
the ability to move and relax a tensed ‘‘phantom’’ limb, and match-
ing motor output with visual sensory feedback [42].

Studies on perception distortion can also give us insights into
phantom limb syndrome and PLP. One study on perceptual distor-
tion created illusory arm displacements by applying a vibrating
stimulus to the tendon of the limb [35]. The study found that limb
position can be distorted as easily as the perception of the location
of an external object. The study also found that the internal repre-
sentation of a limb’s placement within space is not enough to
culus is shown with corresponding corticothalamic feedback loops and processing
h the brain and are relayed by the ventral posterior nucleus of the thalamus to the
x by many thalamic nuclei such as the lateroporterior nucleus, rostral pulvinar, and
othalamic feedback loops, integrated by the thalamus, and represented within 3D
ry and motor neurons of the amputated limb. The sensorimotor and parietal cortices
ocessed via corticothalamic feedback loops and integrated into 3D default space.
g with the face and/or upper arm, invade the somatosensory area coding for the

he cheek and/or upper arm. The integration of conflicting non-visual and visual
ace may underlie phantom limb pain.
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provide correct sensory information without the use of vision [35].
This may support our consciousness model by illustrating how
easily perception can be distorted because it is constantly changing
within the 3D default space. The study may also support a 3D
default space that extends beyond the body because the perception
of an external object and limb can both be easily distorted, empha-
sizing the unified nature of both internal and external space within
the mind. The study also emphasizes the important role of vision in
forming body schema and the internal representation of external
and internal space. It is predictable that the visual input of a miss-
ing limb may lead to dysfunctional non-visual sensory processing.
Another study, using illusory limb displacement via vibration,
found that reaching and matching responses to the illusion dif-
fered, suggesting that separate body representations underlied
the different action responses [19]. This supports our model in
which body schema arises from constantly adjusting representa-
tions of internal and external space within the dynamic 3D default
space, which would account for the separate body representations
during the different experiments.

A patient who suffered a small infarct in the contralateral tha-
lamus experienced a stinging sensation on the left side of the ton-
gue, mouth, lips, cheeks, and the tips of the thumb and index finger
on the left side. This infarct occurred in the VPN of the thalamus,
which contains a somatosensory homunculus [6]. This case study
is similar to a case reported by Garcin and Lapresle in which a
lacune was found in the VPN of a patient who had experienced
numbness of the cheek, radial edge of the forearm, and three fin-
gers on the right side of their body [13]. In addition, a condition
known as Dejerine-Roussy syndrome, thalamic pain syndrome, or
central post-stroke pain can develop after a thalamic stroke [23].
This leads to a lack of sensation or tingling on the side of the body
contralateral to the site of the lesion and eventually develops into
severe and chronic pain [23]. Similar to PLP, this pain may be the
result of the thalamic posterior insular, which contains a somato-
topic pain map, responding to conflicting sensory input [45]. Cold
water vestibular caloric stimulation, which activates areas in the
contralateral hemisphere, has had some success in treating
anosognosia, somatoparaphrenia, and contralateral neglect and
may help treat thalamic pain syndrome [45] and this same treat-
ment has been found to treat PLP [1]. One study found that after
cold water vestibular stimulation, 12 out of 12 amputees that cur-
rently experienced painful phantom limbs, experienced the
replacement of that phantom limb with a normal non-painful
phantom limb [1]. The mechanism underlying this treatment is
not well understood but because all of these disorders, that show
improvement with this treatment, involve dysfunctions in bodily
sensations and body schema it seems likely that this treatment
works in ways other than simply causing an unconscious shift in
attention. This is supported by a study that found that no shifts
in attention were found in normal subjects during or after neck
proprioception and cold water vestibular stimulation [49].
Conclusion

We propose a consciousness model that may underlie the phe-
nomenon of phantom limb syndrome and phantom limb pain.
Visual and non-visual sensory information is processed by corti-
cothalamic feedback loops and integrated by the thalamus. This
sensory information only rises to conscious awareness when the
thalamus recreates internal and external space within the 3D
default space, using this highly processed and integrated informa-
tion. Studies on phantom limb syndrome and phantom limb pain
have given us significant insights into sensory processing, body
schema, neuroplasticity, and consciousness. We propose that in
phantom limb patients the central circuits of the brain, including
Please cite this article in press as: Jerath R et al. Etiology of phantom limb synd
eses (2015), http://dx.doi.org/10.1016/j.mehy.2015.04.025
the somatosensory cortex and corticothalamic feedback loops,
are intact while there is a loss of afferent signaling from the ampu-
tated arm, resulting in the sensation of a phantom limb. In addi-
tion, phantom limb pain likely arises from the integration of
inconsistent sensory information into the body schema framework
within the 3D default space which manifests as pain and discom-
fort. Studies have shown that visual information can overpower
non-visual sensory information so that visual information, telling
the brain a limb has been amputated limb, can eventually lead to
a loss in previous movement of a phantom limb. This can lead to
constant tension or uncomfortable positioning of the phantom
limb, which contributes to phantom pain. The integration of sen-
sory information from throughout the cortex by the thalamus,
within the 3D default space, may also underlie the dysfunctional
cortical reorganization that occurs after amputation and the corti-
cal reorganization following mirror therapy.
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