
Limb loss experience evoked by electric
cortical stimulation
Guiliang Hao, Xueyuan Wang, Hao Yan, Liu He, Duanyu Ni, Liang Qiao, Xiaohua Zhang,
Kaijia Yu, Tao Yu

Beijing Institute of Functional
Neurosurgery, Xuanwu Hospital of
Capital Medical University, 100053,
Beijing, China

Received February 23, 2021;
Accepted June 19, 2021

ABSTRACT
Objective. Limb loss experience is a type of body illusion characterized by the
sensation of a missing limb or body part. We aimed to investigate the brain areas
involved in this unusual somatosensory experience evoked by electric cortical
stimulation with stereo-electroencephalography electrodes.
Methods. We retrospectively reviewed the data of patients with medical
intractable epilepsy, from October 2015 to December 2020, who underwent
stereo-electroencephalography implantation and electric cortical stimulation in
order to locate the epileptogenic zone and obtain a functionalmap.We included
patients who reported experiences of limb loss during the process of electric
cortical stimulation for functional mapping.
Results. Threepatients reportedexperiencesof limb loss in theprocess of electric
cortical stimulation. Limb loss experience (including the right hand, right upper
limbandrightsideofthebody)occurredwhenthecortexoftheleftposteriorinsula,
posterior dorsal cingulate and parietal operculum were stimulated.
Significance. Limb loss experience can be evoked by electric cortical stimulation
of the posterior insula, parietal operculum, and posterior cingulate cortex, and
provides additional evidence that these cortices play a role in the integration of
body sensory perception.
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Our perceived relationship with our
environment is based on multisensory
information and its integration within a
specific context [1]. Body representation
has various components including spa-
tial localization, posture, and the size of
body parts and how they form thewhole
body [2, 3].
The neural pathway involved in sensory
perception (including the spinal cord,
medulla, pons, thalamus, and parietal
lobe) has been elucidated through
studies on normal anatomy and patho-
logical states using experimental
approaches such as functional magnetic
resonance imaging (MRI), electroen-

cephalography (EEG), electric cortical
stimulation (ECS), and animal models [4-
7]. ECS can evoke neural perception and
has been used to localize epileptic foci
[8-10], and can potentially be used to
examine the contribution of specific
brain areas to sensory perception.
Body illusion is an unusual type of
somatosensory experience that involves
an altered perception of body experi-
ences (e.g., position, weight, and move-
ment) [11], and can be classified as body
part transformation, body part displace-
ment, or disconnection of a body part
from the rest of the body [1, 11]. Limb
loss experience (LLE) is a type of body
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illusion characterized by the sensation of a missing
limb or body part. There have been few reports of
LLE, and the underlying neural mechanisms are not
known. To address this issue, in this study, we aimed to
identify brain regions that elicit LLE during ECS.

Patients and methods

Patients

We retrospectively reviewed the clinical data of 376
patients with medical intractable epilepsy who under-
went stereo-electroencephalography (SEEG) implanta-
tion for localization of the epileptogenic zone (EZ) at
Beijing Institute of Functional Neurosurgery (Beijing,
China) between October 2015 and December 2020. We
included patients who reported experiences of limb
loss in theprocess of ECS for brainmapping.We further
used the following exclusion criteria: (i) patients with
cognitive and psychiatric comorbidities; (ii) contacts
located in the EZ and white matter; (iii) contacts on
which ECS elicited ictal symptoms and after-discharge;
and (iv) the result of ECS was unrepeatable.

Presurgical evaluation

All patients underwent high-resolution MRI, which
was performedwith a 3.0 TMR scanner (GEHealthcare,
Little Chalfont, UK) and consisted of spin-echo T1-
weighted, T2-weighted, and fluid-attenuated inversion
recovery sequences, as well as 3-dimensional anatom-
ic T1-weighted axial, sagittal, and coronal sequences
covering the whole brain volume with a 1-mm section
thickness. Each patient underwent interictal/ictal scalp
EEG recording using a video-EEG monitoring system
(Micromed, Treviso, Italy) with electrodes placed
according to the international 10-20 system. Addition-
ally, magnetoencephalography (Neuromag, Helsinki,
Finland) and positron emission tomography–comput-
ed tomography (PET-CT) or positron emission tomog-
raphy–magnetoencephalography (PET-MRI) scanning
were performed to localize EZs. Seizure onset and
propagation characteristics were independently ana-
lysed by two EEG experts who were aware of the
clinical and neuroimaging data.

SEEG electrode implantation

The intracerebral multiple-contact SEEG electrodes (8–
16 contacts, length: 2 mm, diameter: 0.8 mm, inter-
electrode distance: 1.5 mm) were placed using a
Cosman-Roberts-Wells human body stereotaxic frame
and Sinovation robotic arm-assisted system. The
number of electrodes and their anatomical targeting
were determined based on information obtained in

the non-invasive presurgical evaluation and on ana-
tomical hypotheses. The open source software and
toolboxes, SPM12 [12], Freesurfer [13], Brainnetome
Atlas [14], and 3D slicer [15], were used for image
processing and visualization. High-resolution MRI was
obtained preoperatively. The cortex surface was
reconstructed by Freesurfer and Brainnetome Atlas
was used to map individual cortex parcellation. After
electrode implantation, high-resolution CT was per-
formed, and the CT images were registered with the
preoperativeMRI images. The electrode contacts were
reconstructed according to the CT images.

Intracranial video-EEG monitoring

Intracranial electroencephalography (iEEG) monitoring
wasperformed to further lateralize and localize EZs. The
iEEGsampling ratewas set at 1024 Hz to recorddetails of
seizure propagation. The duration of video-EEG moni-
toring ranged from 3 to 14 days, and at least three
habitual seizures were recorded for each patient. Most
of the seizure onset zones were visually identified on
iEEG traces during long-term iEEG monitoring.

ECS

ECS was performed (SD LTM STIM; Micromed) after
long-term video monitoring. Bipolar stimulation with a
biphasic wave was applied. The stimulation parameters
were as follows: pulse width=0.2 ms, frequency=50 Hz,
and duration=3 seconds, with current intensity starting
at 0.5 mA and increasing by 0.1 mA or 0.2 mA each time
up to 6 mA. Electrical stimulation was stopped when
symptoms appeared, even if the current intensity was
less than 6 mA. In this way, we elicited the clinical effect
at the minimum intensity. When a response was
evoked, the stimulation was repeated one or two times
and sham stimulation was performed to control for
psychogenic effects. Symptoms were induced at least
twice without after-discharge or induced seizures were
analysed. At the same time, the patient was unaware of
when ESC was being performed and the electrode
contact sites. During this process, the brain areas
involved in language, somatosensory processing, and
motor function were identified. We selected LLE
symptoms induced by ECS via the electrode contact
sites located in the cerebral cortex.

Results

Patient characteristics and EZs

Of the 376 patients who underwent SEEG implantation,
three patients (0.80%; mean age: 32.33?0.80 years)
reported LLE during ECS and were included in the
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analysis. All three patients were right-handed. The
EZs were located in the left base of the occipital
cortex and anterior temporal lobe (the secondary EZ
of the occipital lesion) in Patient 1, in the right upper
postcentral gyrus and paracentral lobule in Patient 2,
and in the left anterior insular and posterior part of
the inferior frontal gyrus in Patient 3. Additionally,
Patient 3 exhibited epileptic aura of LLE and
described the sensation of loss of the right upper
limb or right side of the body at the beginning of
most seizures (table 1). Electrodes implanted to
explore the deep brain structures and the EZs are
shown in figure 1.

Anatomical localization of LLE

LLE was evoked by stimulation at eight electrode
contact points in the three patients. In addition, the LLE
was not accompanied by other symptoms. Patient 1
reported loss of the right hand during stimulation at a
contact point in the left posterior short gyrus of the
insula at a current intensity of 3 mA. Patient 2 reported
right hand loss during stimulation at two contact
points in the left posterior dorsal cingulate at a current
intensity of 4 mA. Patient 3 reported right hand loss
during stimulation at two contact points in the left
posterior part of the anterior long gyrus of the insula at
a current intensity of 1 mA, loss of the right upper limb

during stimulation at two contact points in the left
parietal operculum at a current intensity of 2 mA; and a
sensation of loss of the right side of the body during
stimulation at one contact point in the left parietal
operculum at a current intensity of 1.5 mA (table 2).
According to the iEEG, the electrode contact sites for
LLE were located at different sites to that of the EZ
within the cortex of these three patients. For example,
in Patient 3, the electrode contact sites for LLE were
located in the left posterior part of anterior long gyrus
of insula and parietal operculum, while the EZs were in
the left anterior insular and posterior part of the
inferior frontal gyrus. Therefore, we regarded the
symptoms of electrical stimulation as physiological
data.

Discussion

Brain regions related to body illusion

LLE is a rare type of body illusion and has seldom been
reported; as such, its neurophysiological substrates
are unknown. ECS is a traditional way to learn about
brain regions and related function. A previous report
showed that stimulation of the right middle cingulate
gyrus in a right-handed female patient with epilepsy
caused a lower left limb deficit sensation [1]. Some

~Table 1. Demographic and clinical profiles of study subjects.

Patient Sex Age,
years

History,
years

Aura Semiology MRI Seizure
onset
zone

Surgical
resection

Surgical
outcome

Pathology

1 Female 39 10 Visual
hallucination

Absence and
oropharyngeal
automatisms

Negative Left
ATL
and
bOcc

Left ATL
and bOcc

Engel III FCD Ia

2 Female 34 20 Strange
feeling in
right knee

Right limb
automatisms

Negative Right
upper
post-
central
gyrus

Right upper
post-central
gyrus and
paracentral
lobule

Engel I FCD I

3 Female 24 10 LLE or
numbness in
right upper
limb or right
side of body;
palpitation;
chest
tightness

Right upper
limb clonus

Negative Left
aIns

Left aIns
and
posterior
part of IFG

Engel I FCD Ib

ATL: anterior temporal lobe; bOcc: base of occipital cortex; FCD: focal cortical dysplasia; LLE: limb loss experience; aIns: anterior insula; IFG: inferior frontal
gyrus; INS: insula; IOC: insulo-opercular cortex.

Limb loss experience and cortical stimulation
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& Figure 1. Reconstruction of depth electrodes and the epileptogenic zones (EZs) that were resected. (A)
Reconstruction of depth electrodes in the bilateral hemispheres of Patient 1. (B) Reconstruction of depth
electrodes in the bilateral hemispheres of Patient 2. (C) Reconstruction of depth electrodes in the left
hemisphere of Patient 3. (D) The EZs of Patient 1 in the left anterior temporal lobe and base of the occipital
cortex. (E) The EZs of Patient 2 in the left right upper post-central and paracentral lobule. (F) The EZs of
Patient 3 in the left anterior insular and posterior part of the inferior frontal gyrus.

~Table 2. Site of electrical stimulation in each patient, stimulation parameters, and body part affected by LLE.

Patient Dominant
hemisphere

Electrodes/total
contacts

Implantation
side

Contact
site

Current intensity,
mA

LLE

1 Left 8/124 Bilateral Left
PSGins

3 Right hand

2 Left 7/108 Bilateral Left PCC 4 Right hand

Left PCC 4 Right hand

3 Left 8/124 Left Left
ALGins

1 Right hand

Left
ALGins

1 Right hand

Left POC 2 Right upper
limb

Left POC 2 Right upper
limb

Left POC 1.5 Right part of
body

ALGins: anterior long gyrus of insula; LLE: limb loss experience; PCC: posterior dorsal cingulate; POC: parietal operculum; PSGins: posterior short gyrus of
insula.
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stimulation studies have found that the appearance of
changes in body perception was related to the
posterior cingulate, but have not described the
changes in body perception in detail [16, 17]. In this
study, we found that LLE of the right hand, right upper
limb and right side of the body was evoked by ECS of
the left posterior insular cortex (including the posteri-
or short gyrus and posterior part of the anterior long
gyrus of the insula), posterior dorsal cingulate and
parietal operculum respectively (figure 2). Based on
these observations, we speculate that LLE is evoked by
contralateral stimulation, especially of the insular
cortex, middle or posterior dorsal cingulate and
parietal operculum. A voxel-based lesion–symptom
mapping study in human subjects showed that the
parietal operculum, insular cortex, putamen, and
subcortical projections to the prefrontal cortex were
involved in the perception of touch [7]. In addition,
some reports showed that the insular cortex also
integrates cognitive and sensory perceptions of

cutaneous stimuli [7], and that the intraparietal sulcus
is an interface for sensorimotor integration in visually
guided actions [18], with the angular and supramaginal
gyrus together with the temporo-parieto-occipital
(TPO) junction participating in spatial cognition [19].
Therefore, these brain regions may play an important
role in body illusion.

Functional and structural connectivity between brain
regions

Functional MRI studies have found that somatic
hallucinations are related to the activation of primary
sensory areas and the posterior parietal cortex, which
are involved in tactile perception [4, 20]; thus, somatic
hallucinations may be caused by activation of sensory
pathways. Besides, the cingulate is an important
transmission route for stimuli originating in the
contralateral limb [21, 22]. Our results are consistent
with previous work demonstrating that the posterior

right hand loss experience

right hand loss experience
contact in patient 1 contacts in patient 2

contacts in patient 3

right upper limb loss experience

right side of body loss experience

A B

C D

& Figure 2. Site of electrical stimulation in different brain areas evoking LLE. (A) Site of electrode contact in
the insula evoking loss of the right hand. (B) Site of electrode contact in the parietal operculum evoking loss
of the right side of the body and right upper limb. (C) Site of electrode contact in the posterior dorsal
cingulate evoking loss of the right hand. (D) Site of electrode contacts evoking LLE based on a composite
brain model of all patients.

Limb loss experience and cortical stimulation
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dorsal cingulate, insula (especially the posterior
part), and parietal operculum are hubs connecting
the sensory system with other brain regions
[1, 7, 23, 24]. The cortico-cortical evoked potential
(CCEP) studies provided more evidence that the
functional connectivity of posterior cingulate-parie-
tal-insular cortices play a role in somatic hallucina-
tions. For example, the posterior cingulate was
shown to be connected to visual areas and mesial
and lateral parietal and temporal cortex [16]. The
functional connection between the posterior part of
the insula and the parietal lobe was also verified [25].
In addition, it has been proven that the anterior
long gyrus of insula and the posterior short
gyrus of insula have a strong connection with the
parietal operculum [26]. Moreover, resting-state
connectivity between the cingulate and parietal
cortices was altered when illusory body perceptions
were elicited though decreased coupling between
the two regions [1].
Another clinical phenomenon, hemispatial neglect,
may provide further insight into the neural mecha-
nisms of LLE. Patients with non-dominant hemispheric
parietal stroke often exhibit symptoms of hemispatial
neglect such as not feeling the presence of the limb on
the side of the body contralateral to the lesion [27],
which may be caused by hyperactivation of functional
loops in the brain [21, 28-30].When the cingulate gyrus
was functionally intact, excess inhibition by transcra-
nial magnetic stimulation of the parietal lobe of the
activated dominant hemisphere alleviated the symp-
toms of hemispatial neglect, possibly through attenu-
ation of overactive brain areas [31-33]. In our study,
ECS may have transiently overactivated functional
connectivity in the focal cortex, resulting in a sense of
limb loss similar to focal hemispatial neglect. However,
additional studies in more patients are needed to test
this hypothesis.
In conclusion, we infer from our study that the
posterior cingulate cortex and insular and parietal
operculum are involved in the production of body
illusion, and the TPO junction and parietal and somatic
sensory cortex are also parts of the functional
connectivity involved in body hallucination.

Limitations

This study was a descriptive study, with very few LLE
symptoms. Although we have attempted to explain the
special structural and functional connectivity between
the related brain regions, we cannot provide more
evidence for the mechanism of these somatic hallu-
cinations. We plan to conduct further studies on more
samples, to further investigate the brain network
involved in body illusion.

Conclusion

LLE can be evoked by ECS of the posterior insula,
parietal operculum, and posterior cingulate cortex.
Our finding provides evidence that these brain areas
are involved in the multisensory integration of body
perception. &

Supplementary material.
Summary slides accompanying the manuscript are available at
www.epilepticdisorders.com.
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TEST YOURSELF

(1) What is limb loss experience?

(2) In this study, what method was used to explore limb loss experience?

(3) What parts of the brain are involved in the generation of limb loss experience?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com.
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