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Abstract Supernumerary phantom limb (SPL) designates
the experience of an illusory additional limb occurring
after brain damage. Functional neuroimaging during SPL
movements documented increased response in the ipsile-
sional supplementary motor area (SMA), premotor cortex
(PMC), thalamus and caudate. This suggested that motor
circuits are important for bodily related cognition, but ana-
tomical evidence is sparse. Here, we tested this hypothesis
by studying an extremely rare patient with chronic SPL,
still present 3 years after a vascular stroke affecting cortical
and subcortical right-hemisphere structures. Anatomical
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analysis included an advanced in vivo reconstruction of
white matter tracts using diffusion-based spherical decon-
volution. This reconstruction demonstrated a massive
and relatively selective disconnection between anatomi-
cally preserved SMA/PMC and the thalamus. Our results
provide strong anatomical support for the hypothesis that
cortico—thalamic loops involving motor-related circuits are
crucial to integrate sensorimotor processing with bodily
self-awareness.

Keywords Supernumerary phantom limb - Thalamus -
Supplementary motor area - Premotor cortex

Introduction

Phantom limb is a neurological syndrome frequently
observed in amputees, defined by phantom sensations and
pain coming from the amputated limb. A similar percep-
tual distortion can occur in unilateral brain damage, with
patients experiencing the vivid illusion of an additional
limb that duplicates the real plegic limb. This phenomenon
has been referred to as supernumerary phantom limb (SPL)
(Brugger 2006) or phantom third limb (Fredericks 1963;
Melzack 1990). Importantly, SPL patients are fully aware
of the illusory nature of their perception, which is self-crit-
icized (Halligan et al. 1993; Hari et al. 1998). Therefore,
SPL is distinct and double dissociates from other disorders
of motor awareness, such as anosognosia for hemiplegia, or
from disorders of body awareness, such as somatoparaphre-
nia (Sellal et al. 1996; Bakheit 2000; Bakheit and Roun-
dhill 2005; Staub et al. 2006; Feinberg et al. 2010). While
anosognosia for hemiplegia or somatotoparaphrenia are
well described in acute stroke patients, only a handful of
cases of SPL have been reported in the literature (Table 1).
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Of these, only a single report described a case of persistent
SPL in the chronic post-stroke phase (Staub et al. 2006).

SPL patients may experience unpleasant burning or
freezing sensations (Tanaka et al. 2008), or illusory sen-
sations of objects or body parts (Bakheit 2000; Bakheit
and Roundhill 2005; Khateb et al. 2009). Nonetheless,
motor manifestations are usually prominent, with patients
reporting experiences of SPL illusory movements (Staub
et al. 2006; Tanaka et al. 2008; Khateb et al. 2009; Cip-
riani et al. 2011). Some patients reported uncontrollable
(Cipriani et al. 2011) or purposeless (Grossi et al. 2002)
movements, whereas others described voluntary, control-
lable SPL. movements, mirroring the movements of the
ipsilateral, real limb (Bakheit 2000). SPL manifestations
are mostly related to the duplication of a plegic limb, which
typically recovers in parallel with motor impairment (Hal-
ligan et al. 1993; Hari et al. 1998).

Although occasionally associated to left hemisphere
damage (Miyazawa et al. 2004) or to bilateral damage (Vuil-
leumier et al. 1997), SPL mainly occurs after lesions in
the right hemisphere, perhaps reflecting its crucial role in
controlling and updating multiple sensory inputs integra-
tion (tactile, vestibular, visual, proprioceptive) and in main-
taining and monitoring internal representation of the body
state (Bartolomeo 2014). However, little is known about
the lesion locations within the right hemisphere. SPL has
been associated with damage to frontal regions (Hari et al.
1998; McGonigle et al. 2002), to parietal regions (Vuil-
leumier et al. 1997) or to the basal ganglia and thalamus
(Halligan and Marshall 1995; Mazzoni et al. 1997; Canav-
ero et al. 1999; Miyazawa et al. 2004; Bakheit and Roun-
dhill 2005; Staub et al. 2006; Srivastava et al. 2008) (see
Table 1). Damage to long-range white matter fascicles has
received less attention, although an important role of dys-
functional thalamo—cortical circuits has been hypothesized
in the pathophysiology of SPL (McGonigle et al. 2002;
Staub et al. 2006). Functional MRI studies of SPL illusory
movements documented activity in the right supplementary
motor area (SMA) (McGonigle et al. 2002), premotor cortex
(PMC) (Khateb et al. 2009), or in the thalamus and caudate

nucleus (Staub et al. 2006). These results suggest that in
these patients a preserved sense of agency provided by intact
premotor processes is not properly integrated with bod-
ily self consciousness mechanisms. However, this hypoth-
esis requires more direct anatomical confirmation. Here, we
describe a rare case of chronic SPL. We aimed at testing the
hypothesis of a direct implication of thalamo—cortical cir-
cuits involving motor-related cortical regions in the patho-
physiology of SPL. To this end, we had the opportunity to
use spherical deconvolution, an advanced method of white
matter tractography, to track the thalamic projections in this
patient, as well as the connections between the thalamus and
the anatomically preserved SMA/PMC.

Patient description

VS, a right-handed woman with no previous neurological
or psychiatric history, was 58-year-old at the time of our
first observation. She was admitted to the hospital upon the
sudden occurrence of a left-sided hemiplegia and hypoes-
thesia (deep and superficial), both predominant in the upper
limb. She was fully aware of her deficits and never showed
any signs of anosognosia or anosodiaphoria. There were
no signs of mental confusion, or of impaired judgment or
reasoning. MMSE (Folstein et al. 1975) was 29/30. There
were mild signs of left visual neglect without visual field
defects, and mild dysexecutive deficits (Table 2). VS pro-
vided written informed consent for publication of her case,
and the Salpétriere Hospital ethical committee (Paris,
France) approved the study.

MRI showed a fronto-temporal haemorrhagic stroke in
the right hemisphere, with substantial involvement of the
subcortical white matter (Fig. 1). Since the disease onset,
VS experienced the intermittent feeling of having “a third
hand”, which she described as being in close proximity to
her hemiplegic left upper limb (Fig. 2).

She reported that she could execute movements or
actions with her left “other hand”. For example, she had
the feeling that she could open a cupboard with it. In

Table 2 Neuropsychological assessment of VS 1 and 18 months after onset

Time after onset Bisection of 200-  Letter cancellation Reading task Landscape Hayling test N-back-2 (/10) Plus/
mm lines (mm of  (left/right hits, (left/right hits, drawing score  (category A errors/ minus
rightward devia- max = 30/30) max = 61/55) (/6) category B errors, (/30)
tion) max = 15/15)

1 month 10%* 26*/29 60*/55 6 0/15* 1* 30

18 months 5 30/30 61/55 5.5% 0/5 4% 30

Normative data: Letter cancellation (Mesulam 1985); Line bisection and reading task (Azouvi et al. 2006); Landscape drawing (Gainotti et al.
1986); Hayling test (Burgess and Shallice 1997); N-back test from TAP, Test of Attentional Performance (Zimmermann and Fimm 1994); Plus/

minus task (Miyake et al. 2000)

Asterisks denote pathological performance
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Fig. 1 Axial T1 images showing the sequelae of the lesion in the right hemisphere

=R

Fig.2 A drawing made by the patient, representing her own body
with the location of the SPL (arrow)

addition to this movement illusion, she reported phantom
sensations of touching tissues, of warmth and heaviness.
As she said in conversation with the examiner:

Examiner: How many hands do you have?

VS: I feel I have three hands. I know that’s not pos-
sible because I have my right healthy hand and my left
paralyzed hand, which makes two. But sometimes I have
the vivid sensation to have a third hand that helps me in
the daily life.

Examiner: Can you see it?

VS: No. But I feel its presence as if it existed. I seem to
touch tissues (with it); it’s very hot like when I touch a hot
plate, and I also have a feeling of heaviness.

SPL feelings occurred several times a day, for a few sec-
onds or minutes. Importantly, even if she could not directly
control her phantom movements, VS did not perceive them as
being controlled by an external force (such as in cases of alien/
anarchic hand, Marchetti and Della Sala 1998); instead, SPL
movements seemed to be triggered by an intention of action.
She was fully aware of the illusory nature of her feeling.

Examiner: How does your third hand work? Does it work
well?

VS: Yes. It can massage my head when I feel pain. It’s
really strange.

Examiner (presenting a pen to the patient): Can you close
your eyes and catch this pen with your right hand?

VS (does it): Yes, done.

Examiner: Now open your eyes. Can you write your
name?

VS (writes her name on a paper sheet): Yes

Examiner: Now, can you do the same with your third
hand?

VS (does nothing): Yes, now I've the pen in my hand

Examiner: Can you write your name?

VS: No, because it’s not my right hand. I know it’s not
possible because my third hand doesn’t work, although I have
the feeling it does.

At follow-up examination 18 months post-stroke, the
motor deficit remained unchanged. There was some improve-
ment in somatosensory deficits. Signs of left visual neglect
and dysexecutive deficits had also improved (see Table 2).
However, feelings of SPL were still present, if less vivid and
less frequent. Specifically, VS reported the persistence of sen-
sations of movement, warmth and heaviness.

Lesion analysis

Imaging data

The patient underwent an MRI scan during the chronic
post-stroke phase (20 months post onset), when the brain

lesion was likely to be stable and the edema reabsorbed. A
control group of five healthy controls, with no history of

@ Springer



Exp Brain Res

neurological or psychiatric disease and matched for age,
gender and education were also recruited.

MRI scans were obtained on a Siemens 3-Tesla
VERIO TIM MRI scanner. The acquisition sequence
included a three-dimensional (3D) structural 7',-weighted
MRI (TR = 2300 ms, TE = 2.98 ms; acquisition matrix:
240 x 256 x 176; voxel resolution: 1 X 1 X 1 mm3), as
well as a diffusion sequence using echo-planar imag-
ing (b value = 1500 s/mm?, TR = 690 ms, TE = 85 ms,
acquisition matrix: 110 X 110 x 140, voxel resolu-
tion = 2 x 2 X 2 mm®). Using a 32-channel array coil and
a maximum gradient of 28 mT/m, diffusion weighting iso-
tropically distributed along 60 directions and 6 non diffu-
sion-weighted volumes were acquired.

Grey matter analysis

We followed a previously described procedure (Lunven
et al. 2015) to reconstruct the lesion. We first manually
drawn the lesion extent onto the original 3D T1 MRI, using
the MRIcro software (Rorden and Brett 2000) (http:/www.
mricro.com). Then, the 3D brain scans and lesion volumes
were normalized to the standard Montreal Neurologi-
cal Institute (MNI) brain template in Statistical Paramet-
ric Mapping-5 (http://www.fil.ion.ucl.ac.uk/spm) running
under Matlab 7.5 (http://www.mathworks.com). To reduce
lesion-induced registration errors, spatial normalization
was performed using a mask that excluded the damaged
areas of the brains, thereby preventing these areas from
biasing the transformation (Brett et al. 2001). The anatomi-
cal distribution of the lesion was assessed using the Auto-
mated Anatomical Labeling map (template AAL; Tzou-
rio-Mazoyer et al. 2002) implemented in MRIcron (http://
www.mccauslandcenter.sc.edu/mricro/mricron).

White matter analysis

Following a previously described procedure (Thiebaut de
Schotten et al. 2014), we performed an advanced in vivo
reconstruction of white matter tracts using diffusion-based
spherical deconvolution. The reversed phase-encoding
image was used to estimate the susceptibility-induced oft-
resonance field using a method similar to that described in
Andersson et al. (2003) as implemented in FSL (http://www.
fsl.fmrib.ox.ac.uk/fs; Smith et al. 2004). Eddy currents and
head movements were then simultaneously corrected using
eddy tool in FSL. A spherical deconvolution approach based
on the damped version of the Richardson Lucy algorithm
(Dell’Acqua et al. 2010) was employed to estimate fiber ori-
entation distribution (FOD) in each white matter voxel. A
first absolute threshold was used to exclude small spurious

@ Springer

local maxima due to noise or isotropic voxels and a second
relative threshold of 5% of the maximum amplitude of the
FOD was applied to remove the remaining local maxima
with values greater than the absolute threshold. To assess the
potential implication of thalamo—cortical circuits in SPL, we
tracked the thalamic projections, as well as the connections
between the thalamus and the anatomically preserved SMA/
PMC. In addition, long-range caudo-rostral fasciculi were
tracked in each hemisphere. In particular, the trajectories of
the following tracts were reconstructed: the three subcompo-
nents of the parieto-frontal superior longitudinal fasciculus
(SLF I-III), the inferior fronto-occipital fasciculus (IFOF), in
each hemisphere, as well as the genu, body and splenium of
the corpus callosum. Following a previously described pro-
cedure (Rojkova et al. 2016), a multiple region of interests
(ROISs) approach was used to isolate the three components of
the superior longitudinal fasciculus (i.e. SLF I, SLF II and
SLF III). Four ROIs were defined around the superior, mid-
dle and inferior frontal gyri and posteriorly in the parietal
region. To exclude the fibers of the arcuate fasciculus pro-
jecting to the temporal lobe, we defined a “NOT” ROI in the
temporal white matter. Two ROIs were used to reconstruct
the IFOF. A coronal ROI was delineated around the white
matter of the external/extreme capsule, and another coronal
‘AND’ ROI in the occipital lobe. Finally, we used a one-ROI
approach to extract fibres traversing the genu, the body and
the splenium of the corpus callosum.

All these fasciculi were chosen on the basis of their
potential damage given the lesion localization, and because
of their implication in visual neglect (Bartolomeo et al.
2007; Doricchi et al. 2008; Urbanski et al. 2011; Ciaraffa
et al. 2012; Lunven et al. 2014, 2015). Tract reconstructions
were performed in VS and compared to healthy controls.

Regions of interest (ROI) of the thalamus and its main
nuclei (anterior, centro-median, pulvinar) were issued from a
three-dimensional histological atlas of the human basal ganglia
(Yelnik et al. 2007; Bardinet et al. 2009). Subsequently, these
ROIs were superimposed on the normalized anatomical T1 of
each subject, and then placed on the diffusion space. Using
spherical deconvolution (Dell’Acqua et al. 2013), we first
visualized left and right thalamic projections and of its main
nuclei using a one-ROI approach. Then, a two-ROI approach
was used to reconstruct the white matter connections for each
hemisphere between the thalamus and the SMA, and between
the thalamic and the PMC. Following a previously described
procedure (Lehericy et al. 2004), the SMA was anatomically
defined as a region extending from the brain vertex to the cin-
gulate sulcus in the superior—inferior direction, and from the
precentral sulcus caudally to a line intersecting the anterior
commissure. Mean hindrance modulated orientational anisot-
ropy (HMOA), was individually extracted for each fasciculus.


http://www.mricro.com
http://www.mricro.com
http://www.fil.ion.ucl.ac.uk/spm
http://www.mathworks.com
http://www.mccauslandcenter.sc.edu/mricro/mricron
http://www.mccauslandcenter.sc.edu/mricro/mricron
http://www.fsl.fmrib.ox.ac.uk/fs
http://www.fsl.fmrib.ox.ac.uk/fs
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Fig. 3 a Tractography dis-
sections: reconstruction of the
SLF I (red connections), SLF
II (yellow connections), SLF
III (blue connections), IFOF
(green connections) in the left
and in the right hemisphere.
b Reconstruction of the genu
(yellow), the body (red), and the
splenium (blue) of the corpus
callosum. L left

Left hemisphere

4.

A

s

Right hemisphere

:‘\g}?
&

s

Right hemisphere

HMOA is a new index employed as a surrogate for tract micro-
structural organization, because it produces a better estimate of
white matter bundle microstructure when crossing with other
fiber populations and is considered more sensitive to axonal
myelination, fiber diameter and axonal density than voxel-spe-
cific measures such as the Fractional Anisotropy (Dell’Acqua
et al. 2013). Statistical analysis of diffusion imaging output
values was conducted using significant two-tailed ¢ test com-
paring an individual case with small control samples (Craw-
ford and Garthwaite 2002; Migliaccio et al. 2011; see also
Bourgeois et al. 2012). A False Discovery Rate (FDR) of .015
was used to correct for multiple comparisons (Benjamini and
Hochberg 1995).

Results
Grey matter
VS presented a right hemispheric stroke involving cortical

and subcortical regions, including the putamen, the palli-
dum, the insula, the amygdala, the superior temporal gyrus,

the pre- and post-central gyri, the Heschl gyri, the Rolan-
dic operculum, and the inferior frontal operculum (Fig. 1).
With a volume of 36 mm?, the lesion was far from being
massive, but it was situated at a strategic crossroad of sev-
eral pathways connecting cortical and subcortical sites.

White matter

Tractography analysis of long-range of white matter tracts
indicated a complete disconnection of SLF II and III in the
patient’s right hemisphere (HMOA, 0). Signs of callosal dis-
connection were also observed in the genu (HMOA, 0.110,
p =.003) and in the splenium (HMOA, 0.149, p = .012).

The homologous tracts in the left hemisphere, as well as
all the other explored tracts, did not differ from controls’
(left SLF II, HMOA, 0.059; left SLF III, 0.057; right SLF
I, HMOA, 0.057; left SLF I, HMOA, 0.059; right IFOF,
HMOA, 0.093; left IFOF, HMOA, 0.095; callosal body,
HMOA, 0.150; all ps > 0.088) (Fig. 3).

Table 3 shows the HMOA values for intrathalamic
and thalamo—cortical connections. Analysis of intratha-
lamic connections in VS compared to healthy controls
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Table 3 Mean hindrance modulated orientational anisotropy
(HMOA) for thalamic tracts in VS and healthy controls
VS Controls

Thalamic nuclei

Thalamus R 0.078 (0.047)* 0.091 (0.003)
L 0.082(0.052) 0.088 (0.011)

Anterior thalamic nuclei R 0.075 (0.043) 0.054 (0.036)
L 0.081 (0.050) 0.070 (0.009)

Centro-median thalamic R 0.075 (0.041)* 0.094 (0.004)
nuclei L 0.091 (0.059) 0.086 (0.014)
Pulvinar R 0.080 (0.045)**  0.086 (0.007)
L 0.077 (0.046) 0.083 (0.013)

Thalamo—cortical connections

Thalamus-SMA R 0% 0.096 (0.010)
L 0.090 (0.054) 0.096 (0.016)

Thalamus-PMC R (QF** 0.0956 (0.007)
L 0.097 (0.056) 0.092 (0.006)

SD is reported in parentheses
R right, L left, SMA supplementary motor area, PMC premotor cortex

* p < .05; ** p < .01; #%* p < .001 (One-tailed ¢ tests, with a FDR of
.15 for multiple comparisons corrections)

demonstrated an overall disconnection of the right thala-
mus, of the pulvinar and of the centro-median thalamic
nuclei.! Importantly, there was a massive disconnection
between the right thalamus and the SMA, and between the
right thalamus and the PMC (Table 3; Fig. 4).

Discussion

We described a patient who experienced vivid SPL feelings
after a right hemispheric stroke, with a highly unusual per-
sistence over 1 year after onset. In our patient, SPL feelings
had motor components (illusion of unintended but purpose-
ful movements) and somesthesic components (illusions of
touching tissue, of warmth and heaviness). The anatomi-
cal study demonstrated a predominantly subcortical lesion,
with massive corticothalamic disconnection between the
right thalamus and anatomically preserved SMA and PMC.

Self-awareness is a complex construct, often considered
to encompass three distinct but related aspects: body aware-
ness, sense of agency and motor awareness (Tsakiris 2010).
The sense of ownership or self-identification is described
as the recognition of the body as one’s own. This aspect

! To assess the potential influence of cerebellar disconnection on
our results, we also reconstructed tracts between the right thala-
mus and the SMA, and between the right thalamus and the PMC,
while excluding the cerebellar tracts. The pattern of results did not
change (Right thalamus/SMA; HMOA in VS, 0; in controls, 0.094;
p < 0.05. Right thalamus/PMC; HMOA in VS, 0; in controls, 0.094,
p <0.001).

@ Springer

may be impaired by perceptual illusions, such as the rubber
hand illusion (Botvinick and Cohen 1998; Tsakiris 2010),
or by right hemisphere damage, such as in asomatogno-
sia/somatoparaphrenia (Sellal et al. 1996; Bakheit 2000;
Bakheit and Roundhill 2005; Staub et al. 2006; Feinberg
et al. 2010; Bartolomeo 2014; Bartolomeo et al. 2017a).
Other right brain-damaged patients do recognize their left
had as belonging to them, but are also prone to claim that
another person’s left hand is their own (Garbarini et al.
2013). At variance with these conditions, our patient had
fully preserved awareness of the existence and ownership
of her left limbs, and full insight into the illusory charac-
ter of her SPL. The second aspect, sense of agency, may
be impaired in cases of anarchic (alien) hand, whereby
the patient is unable to experience complex, goal-directed
movements as originating from his/her will (Marchetti and
Della Sala 1998). Direct electrical stimulation of the SMA
during awake brain surgery can provoke an irrepressible
urge to move (Desmurget et al. 2009), a result which might
be related to our patient’s feeling of unintended but pur-
poseful movements of her SPL. However, our patient never
experienced the compulsive character of anarchic hand
movements.

The third aspect, motor awareness, is considered to be
impaired in anosognosia for hemiplegia (Berti et al. 2005),
and is often discussed in relation to the forward model
for action generation (Wolpert and Miall 1996). Accord-
ing to the internal models of motor system (Frith et al.
2000; Blakemore et al. 2002), motor control and aware-
ness originate from the comparison between the execu-
tion of an action and the representation of the predicted
consequences of the executed action (efference copy). It
relies on the integrity of predictors, which estimate the
sensory consequences of the motor command prior to the
execution of a movement, and of comparators, which pro-
vide the motor commands for movement and check for the
congruency between the awareness of the intended move-
ment and the actual state of the motor system. According
to this model, a perception of a movement is often based
on the predicted outcome rather than on its actual conse-
quences, which might lead to a sensation of a movement
even though the action is lost or compromised. Under nor-
mal circumstances, an update of the predictors should then
occur, to prevent illusory movements. SPL in our patient
was often associated to a feeling of goal-directed move-
ment, and occasionally triggered by the examiner’s instruc-
tion to make a movement with her supernumerary limb
(take a pen with your third hand). In our patient, spared
PMC or SMA activity in the right hemisphere might gen-
erate some experience of movement. However, because of
the cortico—thalamic disconnection, this activity would not
be integrated with multisensory signals (visual, kinesthetic,
somatosensory, proprioceptive), which normally contribute
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Left hemisphere

Fig. 4 a Thalamo—cortical connections in the right hemisphere (red
connections) and in the left hemisphere (blue connections). b Trac-
tography dissections: reconstruction of the anterior thalamic (yellow),
centro-median (red) and pulvinar nuclei (blue) in the right and in the

to a unitary percept of the body (Blanke 2012). The attri-
bution of sensorimotor activity to a SPL might result from
spared processes in our patient, such as successful compari-
son between intended and executed movements (Berti and
Pia 2006), or intact reality monitoring processes (Jenkinson
et al. 2009; Saj et al. 2014). Consistent with this hypoth-
esis, our patient always remained cognizant of the illusory
nature of her SPL. In this view, SPL might be conceived as
a compromise construct to ground on a phantom body part
sensorimotor experiences which could not be attributed to
the real left limb. This proposal is reminiscent of the pos-
sibility of perceptual completion resulting from residual
processing occurring in a damaged brain network (Fein-
berg and Roane 2003), or from the activity of the left hemi-
sphere when it does no longer receive integrated informa-
tion from its right counterpart (confabulatory completion;
Geschwind 1965; Bartolomeo et al. 2017a). In our patient,
the anterior callosal disconnection could have indeed jeop-
ardized the inter-hemispheric integration of SMA/PMC
activity.

Neuroimaging evidence in healthy subjects has stressed
the role of PMC in the multisensory integration of bodily

Left hemisphere

left hemisphere. ¢ Tractography dissections: white matter connections
between the left/right thalamus, the SMA (blue connections) and the
PMC (yellow connections). Note the complete lack of visualization of
the right hemispheric connections. L left

signals giving rise to bodily conscious experience (Ehrsson
et al. 2004; Macaluso and Driver 2005). Our demonstra-
tion of a massive white matter disconnection between the
thalamus and SMA/PMC are consistent with this hypoth-
esis, as well as with fMRI results revealing SMA activa-
tion (McGonigle et al. 2002) or impaired functioning of the
thalamo—cortical system (Staub et al. 2006) in SPL patients.

Anatomically, premotor regions are densely connected
to the thalamus, especially the pulvinar and the centro-
median nucleus (Fang et al. 2006; Benarroch 2008; Cappe
et al. 2009). Thalamic nuclei constitute key nodes integrat-
ing multisensory processing by means of thalamo—corti-
cal feed forward connections (Fang et al. 2006; Benarroch
2008; Cappe et al. 2009). Indeed, although the pulvinar is
mainly associated with visual processes, electrophysiologi-
cal evidence demonstrated a key role of this structure in
multisensory and sensorimotor integration (Cappe et al.
2009; Tyll et al. 2011). In our patient, the cortico—thalamic
disconnection of the pulvinar nucleus and of the centro-
median nucleus might disrupt the coupling of SMA/PMC
activity with multisensory integration (Fang et al. 2006;
Benarroch 2008; Cappe et al. 2009).
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Thus, our findings indicate that disruption of a
thalamo—cortical network in the right hemisphere, crucial
to integrate motor programming with multisensory infor-
mation, can give rise to SPL.

To the best of our knowledge, there is only another
case report of chronic SPL, persisting 4 years after stroke
onset (Staub et al. 2006). In that study, fMRI suggested
the presence of an abnormal closed-loop functioning of
the thalamocortical system. The rarity of SPL cases only
permits single case reports, with their accompanying draw-
backs (Bartolomeo et al. 2017b). In particular, quantita-
tive anatomo-clinical correlations (e.g., between indexed
of thalamo—cortical disconnection and measures of SPL)
are precluded. On the other hand, our approach usefully
complements the existing fMRI data, which are neutral
with respect to directional causality. Taken together, fMRI
results (McGonigle et al. 2002; Staub et al. 2006; Khateb
et al. 2009) and our tractography findings suggest that the
interruption of thalamic afferents might induce the chronic
persistence of SPL by preventing any corrections of the
mismatch between expected and effective movement.

The insula, which was also damaged in VS, participates
to the integration of somatosensory and somesthesic infor-
mation (Berlucchi and Aglioti 2010) through its connections
with other brain regions, including SMA and PMC (Flynn
1999). Together with cortical damage to the post-central
gyrus, this may account for the illusory sensations of touch,
warmth or heaviness reported by VS. Note, moreover, that
the sensation or urge of movement (Penfield and Faulk 1955)
or even true movements could be elicited by electrical stim-
ulation of the insula in humans (Showers and Lauer 1961),
suggesting a role for this region in sensorimotor integration.

Importantly, long-range white matter tracts were largely
preserved in VS, except for the thalamo—cortical connec-
tions, for the ventral and intermediate branches of the right
SLF, and for callosal connections in the genu and splenium.
Fronto-parietal disconnections have been related to the
presence of signs of left visual neglect (Bartolomeo et al.
2007; Doricchi et al. 2008; Urbanski et al. 2011; Ciaraffa
et al. 2012). An additional splenial disconnection may
result in the chronic persistence of neglect (Lunven et al.
2015).

To conclude, we demonstrated a severe disconnection
between thalamic nuclei and motor processing-related
regions in the right hemisphere of a patient with chronic
supernumerary phantom limb, a rarely occurring neuro-
logical condition. Our results provide anatomical support to
the hypothesis that cortico—thalamic loops involving motor-
related regions are crucial for important aspects of bodily
self-consciousness.
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