An Illusory Hand Changes Amputees’ Brain Activity
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Abstract
Persons with upper-limb amputations can experience pain and other bothersome
sensations that seem to emanate from their missing limb, a phenomenon known as, the
‘phantom limb’ (PL). To better understand the origin and possible regulation of the PL,
we compared brain activities of amputees and controls during tasks involving moving
their hands, both with and without the presentation of illusory limbs. We recorded
functional Magnetic Resonance Images (fMRI) of the brains of four persons with
traumatic right trans-radial amputation, during tasks in which they experienced an
illusory hand and compared these with images from eleven controls.
Trials with
amputees involved moving their sound (left) hand, while watching a mirrored image of it
superimposed on their residuum; control subjects experienced analogous illusions by
observing their left hand and its mirror image simultaneously moving, while keeping their
right hand stationary. Both amputee and control subjects thereby visualized an illusory
hand opposing their left hand during hand motions. Results with BOLD (Blood Oxygen
Level Dependency) signals revealed the following primary results: (1) during natural
motions of their real hands, controls and amputees exhibited similar brain activities
primarily within the primary motor cortices, (2) amputee subjects exhibited prominent
activity bilaterally in the insula regions of the brain during volitions for moving their
missing right hand, and, (3) the insula activity was not present when the amputee
subjects perceived a restored hand moving from their right limb, as represented by their
own reflected left hand. Thus, incongruence between single-limb volition and perception
activated the insula bilaterally, and this activation was quieted by illusory restoration of
the hand. These results suggest possible strategies for improving prosthetic control and
relieving phantom limb pain via real-time feedback of brain signals .
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1. Introduction
Requirements for restoring lost mobility to upper-limb (UL) amputees are: (1) a device to
register user commands for manual actions and (2) a machine to faithfully execute these
commands (Craelius 2002). The first requirement is known as the human-machine
interface (HMI), since the user’s commands, expressed somewhere in his/her residual
anatomy, must be translated into language the machine understands. While most
amputees have some ability to express their motor volitions through nervous and/or
muscular activity at either their residual limbs or at alternate sites on their body, these
signals do not contain sufficient resolution for true dexterity (Phillips and Craelius 2005;
Yang, Gu et al. 2014) . Thus the main challenge for limb restoration is the HMI, since the
second requirement can be met by many available dexterous robotic arms and hands
(Cipriani, Controzzi et al. 2011; Castellini, Artemiadis et al. 2014).
While the HMI is generally a limiting factor for humans’ interaction with machines, it is
particularly troublesome for amputees, whose sensorimotor control system does not

readily adapt to limb absence. Specifically, amputees often experience cognitive and
sensory dissonance when perceiving an absent limb; these phenomena are actively
expressed in the brain, and are likely associated with phantom limb (PL) pain (Kooijman,
Dijkstra et al. 2000; Willoch, Rosen et al. 2000). The nature and possible neural origins
of PL pain have been intensively researched (Ramachandran, Rogersramachandran et al.
1995) and are associated with brain regions that respond to incongruence between
volition and perceived action (Fink, Marshall et al. 1999) (Bengson, Kelley et al. 2015).
The anterior insula in particular is a brain region that activates during motor-sensory
conflicts, which are associated with error agency, i.e. a loss of body ownership or
“selfness” (Koban, Corradi-Dell'Acqua et al. 2013); (Ronchi, Bello-Ruiz et al. 2015);
(Allen, Fardo et al. 2016). Insula activity has also been associated with pain (Segerdahl,
Mezue et al. 2015). While error agency is reflected in the insula, a positive sense of agency
correlates with activity in the parietal and prefrontal cortical areas illustrated by a rise in
oxyhemoglobin levels, in response to a real-time virtual tool experiment (Wakata and
Morioka 2014). Further evidence of parietal cortex involvement with agency was provided
by a study on amputees in which the size of their posterior parietal cortex correlated
inversely with their amount of prosthetic usage and also with the intensity of PL pain they
experienced (Preissler, Dietrich et al. 2013). These results underscore the role of agency
in PL sensations and its localization to particular brain regions.
Strategies to mitigate PL pain by exploiting the brain’s response to agency have included
mirror imagery (Casale, Damiani et al. 2009); (Ramachandran and Altschuler 2009);
(Diers and Flor 2013); (Wosnitzka, Papenhoff et al. 2014), and sensory feedback from
surrogate and virtual limbs (Alphonso, Monson et al. 2012); (D'Alonzo, Clemente et al.
2015); (Hellman, Chang et al. 2015);(Dietrich, Walter-Walsh et al. 2012);(Ortiz-Catalan,
Sander et al. 2014). A contrasting result was reported in a recent study wherein PL pain
intensified when amputee subjects used their brain-signals to control an advanced
prosthetic hand; surprisingly, pain was reduced when subjects used a brain-machine
interface to dissociate their use of a prosthetic hand from their PL (Yanagisawa, Fukuma
et al. 2016). Thus, manipulating perception can profoundly influence clients’ neural
activity, which may or may not be desirable.
Brain scanning with fMRI has provided insight on the role of agency in persons both
with and without intact upper limbs. One study examined brain activities of subjects with
intact limbs while they performed repetitive grasping by their right hand in three
conditions: (1) eyes closed, (2) watching their moving hand, and (3) watching a virtual
prosthetic hand which they controlled from myoelectrical signals from their arm
(Maruishi, Tanaka et al. 2004). Results showed that activity in the right posterior parietal
cortex was seen in both conditions 1 and 2, but condition 3 shifted the activity laterally
from that of condition 1 and also produced unique activity in the right ventral premotor
cortex. These patterns may represent a perceptual assimilation of the virtual hand into
the body schema. Another study of amputees who simply viewed a moving virtual limb,

demonstrated activations in their contralateral (appropriate) motor cortex (Collins,
Guterstam et al. 2017). In a study of amputees with and without PL pain, it was found
that subjects with PL pain broadly activated their contralateral M1 cortex when
controlling a prosthetic hand via myoelectric signals, in contrast to those without PL pain,
who showed no such contralateral activation (Maruishi, Nishikawa et al. 2000).
The above studies from individuals during real and simulated hand movements have
highlighted the rapid adaptability of the brain to perceptual changes, which have
motivated the present study. Here we tested the hypothesis that illusory restoration of
a moving limb would normalize the brain’s responses to volitions. Results show that
abnormal brain activity arising from the absence of a hand can be abolished by presenting
an illusory natural hand onto the residuum.

2. Material and Methods
2.1 Human Subjects
Four persons with traumatic trans-radial amputation of their right arm, occurring at least
3 years previously, and eleven persons with sound limbs were recruited. Ages of subjects
ranged from 21-31, and all were of approximately average body build and weight. Subjects
reported feeling sensations from the phantom limb, but no quantitative measures of these
were made. All subjects read and signed an informed consent approved by the Rutgers
University Internal Review Board, and all subjects completed the entire protocol. Brain
imaging was acquired during experiments that manipulated their visual feedback from
their limbs.
2.2 Subject Testing Protocol
To set up the trials, subjects situated themselves comfortably supine in the coil and
positioned both arms on their torso, so that both their hands (or in the case of amputee
subjects, their left hand and residuum) were facing each other and were visible to them
in the overhead coil mirror. Each subject was asked to raise his/her hand(s) a few times
by extending their wrists such that their hand (or residuum) movements were visible in
the head coil mirror. Next, a small mirror was placed on the lap at waist level of the
subject, adjusted at an angle, approximately 45° to the body axis, such that for control
subjects, the lap mirror obscured the subject’s view of his right hand and reflected the
mirror image of his left hand, at the position where the obscured right hand would be.
The visual effect was an illusion of the left hand connected to the right wrist. A similar
procedure was done for the amputees. Movement of the left hand could thus represent
the illusion of a right hand moving, simulating bilateral motion, in the absence of right
hand motion.
After the preliminaries described above, formal trials began according to the sequence

depicted in Figure 1. Each subject performed trials of simple hand movements both with
and without a mirror present. Subjects were asked to repetitively open and close their
hand(s) at a rate of 1 to 2 per second. Control subjects moved their right hand first then
their left hand and then both hands. The amputee subjects were first asked to imagine
moving their phantom hand and then their left hand, while watching in the
mirror. Controls performed 9 trials each, and amputees performed 10 trials. Each trial
was divided into five-30 second epochs of alternating rest (hands stationary) and activity
beginning with a 30 second rest.

Figure 1. Experimental Protocol. Control subjects performed 2 trials moving their right
hand (Control-Right, CR), then 2 trials moving their left hand (Control-Left, CL), then 1
trial moving both hands (Control-Both, CB). Next the mirror was placed nearby and they
did 2 trials moving first their right hand while projecting its mirror image (ControlIllusion-Right) , CIR), and then 2 trials moving their left hand (Control-Illusion-Left, CIL)
while projecting its mirror image onto their right hand. The amputee subjects (all righthand missing) performed analogous trials (AIB).
2.3 Imaging
Blood Oxygen Level Dependent (BOLD) analysis of fMRI scans was used to identify
regions of activity in the brain during experimental conditions. Images were taken using
the GE Signa 2000, 1.5 Tesla at the Laurie Imaging Center in NJ. High resolution images
were taken using the minimum echo time ( TE ) and repetition time ( TR) both of 400
ms. High resolution field of view (FOV) was 40 mm with slice thicknesses of 10 mm and
inter-slice spacing of 1 mm. Acquisition frequency was 512 Hz, the number of phase
encoding steps was 256 and the phase FOV was 1 mm. Functional images were acquired
using single shot echo planar image (EPI) with TE of 60 milliseconds and a flip angle of
90 degrees. The maximum frequency and phase steps during acquisition for functional
BOLD images was 128 . The number of excitations was one and the phase FOV was 1 mm.
Scan time was 158 seconds, during which time 52 volumes of 9 slices each were recorded.
Prior to analysis, the first 2 volumes were discarded from each run to allow the MR signal
to reach a steady state, following which the remaining 50 volumes were analyzed.

Statistical parametric maps were done off-line and based on the Z test using SPM97
software.
3. Results
3.1 Protocols CR and AR
Patterns of neural activation in the brain during the protocols of Figure 1, were recorded
with fMRI. The first trials involved right hand motions by controls (CR) and right hand
volitions by amputees (AR). As seen in Figure 2, controls showed activity in the left postcentral gyri , i.e., primary motor cortex (p < 1e-8), in the superior frontal gyri
( p<
-4
1e ) and small bilateral activity in the insula regions ( p< .001). When amputees
imagined moving their phantom (right) limb, there was activity in the left primary motor
cortex ( P < 1 e-8) , and prominent activity in the left and right insula areas ( p< 1e-4).

Controls (11): CR
Transverse

Sagittal

Superior
Left Hemi
Inferior

Right Hemi

Amputees (4): AR
Transverse

Superior
Inferior

Sagittal

Left Hemi
Right Hemi

Figure 2. Averaged neural activity in subjects moving right hands only. Controls
(N=11) show activity in the left primary motor cortex (p < 1e-8), and a small amount
of activity in the bilateral insula areas (p < 1e-4). Amputees (N=4), who imagined
moving their right hands, show activity in the left primary cortex (p < 1e-8) and also
in the medial superior frontal gyri (p < 1e-6) and a small amount of activity in the
right frontal lobe superior to the lateral sulcus (p < 1e-4).

3.2 Protocols CL and AL
3.1 Protocols CL and AL
Protocol CL shown in Figure 3, revealed activity in the right primary motor cortex of
controls, as expected, but also slightly in the left insula region (p< 1e-4). In protocol AL,
amputees similarly showed prominent activity in the right primary motor cortex and also
in the medial superior frontal gyri ( p, 1e-6). There was weak activity in the right frontal
lobe superior to the lateral sulcus ( p< 1e-4). No activity from amputees was registered in
the insula area, in contrast to that seen in protocol AR (Figure 2).
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Figure 3. Averaged neural activity in subjects moving left hands only. Controls
(N=11) show activity in the right primary motor cortex (p < 1e-8), and a small
amount of activity in the left insula area (p < 1e-4). Amputees (N=4) show activity in
the right primary cortex (p < 1e-8) and in the medial superior frontal gyri (p < 1e-6)
and a small amount of activity in the right frontal lobe superior to the lateral sulcus
(p < 1e-4).

3.3 Protocols CB and AB
Protocol CB showed activity in both primary motor cortices of controls
(p < 1 e-6),
as shown in Figure 4. A small amount of activity in controls was noted in both frontal
lobes (p<.01), as seen in the inferior slice. In protocol AB, when amputees moved their
left hand while imagining moving their the phantom hand, bilateral activity in the
primary motor cortex was seen (p< .001) , and prominent bilateral activity was present
in the in the insula area, as seen in the inferior slice (p< .001).
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Figure 4. Both hands moving; protocols CB and AB. Note controls (N=11) show
bilateral activity in motor cortex, and slight activity in Inferior frontal lobes (p<.001;
N=11). Amputees (N=4) show bilateral activity in the motor cortex, and prominent
activity bilaterally in the insula areas, seen in the inferior and hemispheric slices (p<
.001).

3.4 Comparing Protocols AB and AIB
When an illusory hand was superimposed on the residua of the amputees (Protocol AIB)
as shown in figure 5 , activity was seen in the primary motor region (p < .0001), but in
contrast to the AB protocol (same data as in Figure 4), the inferior slice exhibited no
activity. These results show that the insula response to phantom limb volitions can be

quieted by incorporating an illusory hand into the visual field.
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Figure 5. Conditions AB and AIB: Comparing
response of amputees (N=4) moving both sound and
missing hand (AB, same as Figure 5) with just moving
sound and illusory hand. Note the absence of insula
activity in the AIB condition.
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4. Discussion
4.1 Validity of Study

Average BOLD signals from four persons with right arm amputations were compared with
those from 11 matched controls, doing similar protocols. Imaging was done with a 1.5 T
MRI, similarly to other studies of sensorally-active regions in the brain (Hu, Olulade et
al. 2010), and the SPM statistical parametric mapping software package was used for
signal analysis, similarly to other studies of the insula and its real-time regulation (Caria,
Veit et al. 2007) .
Protocols were designed to test the hypothesis that perceptual dissonance, occurring
when volition for moving the hand is incongruent with action, can be modulated by an
illusory limb. Our overall results have proven this hypothesis by demonstrating the

strong positive relationship between insula activity and dissonance in amputees. The first
observation from Figure 2 is normal activation in left M1 region by both controls and
amputees, with the latter only imagining moving their right hand. Secondly, controls
exhibited a small amount of insula activity bilaterally, relative to the amputees, whose
average insula activity was quite prominent. The small signal noted in the controls could
be due to a certain incongruent feeling among any subject within the MRI while moving
his hand. Since there is no expectation that all subjects within each group responded
identically, it is possible that a few control subjects exhibited a large signal that skewed
the average signal; such skewing is less likely a factor in the large amputee average signal
from 4 subjects. While no firm conclusions can be drawn from the results of Figure 2, our
further results illustrate the distinct brain responses produced by amputees. Figure 3
shows a small insula response in controls moving their left hand, but no measurable
response by amputees. In Figure 4, a large bilateral insula response is seen with amputee
moving both the left hand and the right phantom, is contrasted by the controls moving
both hands, and exhibiting no insula activity. Finally Figure 5 shows that the large
bilateral activity seen when amputees move their left hand and imagine moving their
phantom hand, is absent when an illusory moving hand is present.
The hand restoration illusion consisted of reflecting the amputee’s left hand onto the end
of his residuum, by arranging a small mirror on the subject’s lap, to reflect the left hand.
The illusion was not anatomically perfect, since it was a double reflection of the left hand.
An analogous illusion for controls was made by obscuring his right hand with the lap
mirror which reflected his left hand near to his right arm. In this way, all subjects could
experience the illusion of right hand moving when only the left hand was moving.
The mirror hand illusion evokes responses similar to the well-known “rubber hand”
illusion, which has shown that humans in general and amputees in particular, can
experience bodily agency with the rubber hand illusion, and incorporate it into their own
body scheme (Schaefer, Noennig et al. 2006; Ehrsson, Rosen et al. 2008);(Slater, PerezMarcos et al. 2008); (Ramakonar, Franz et al. 2011); ( Filippetti and Tsakiris 2017).
Mirror therapy, using mirror box or similar apparatus, has been extensively used to treat
PL pain (Ramachandran and Altschuler 2009) (Maruishi, Nishikawa et al. 2000);
(Hernandez, Yokoi et al. 2006); (Fukui, Kimura et al. 2009); (Ortiz-Catalan, Sander et al.
2014); Wosnitzka, Papenhoff et al. 2014; Allen, Fardo et al. 2016). The simple mirror box
has been upgraded with a computerized display that enhances the visual experience using
a virtual display of the limb (Shibuya, Unenaka et al. 2017).
4.2 Agency and the role of the insula
The real-time plastic change in the insula region of amputees responding to an illusory
limb is a manifestation of agency: the feeling that a person is in control of his or her own

body parts (Chambon, Sidarus et al. 2014); (de Vries, Byrne et al. 2015); Koban, CorradiDell'Acqua et al. 2013). A positive sense of agency contributes positively to the control of
limbs, whether they be original or artificial; error agency contributes negatively to limb
control, and is associated with regional brain activations, notably the anterior insula (van
Veen, Krug et al. 2009). The insula’s role in integrating bodily information with sensory
inputs with high-level efferent signals coming from the prefrontal and cingulate cortex is
well known (Sethi, Suzuki et al. 2012); Allen, Fardo et al. 2016). The insula, in particular
its dorsal posterior portion, plays a critical role in pain perception, as shown by brain
imaging of subjects reporting their own pain, (Budell, Kunz et al. 2015); (Segerdahl,
Mezue et al. 2015), and also in those who merely observed the pain of others (Koban,
Corradi-Dell'Acqua et al. 2013) . Right insular damage decreases heartbeat awareness
and alters cardio-visual effects on bodily self-consciousness (Ronchi, Bello-Ruiz et al.
2015). The insula has been specifically associated with error agency of the hand, since it
becomes active when subjects (non-disabled) view images of their hand motions which
are discordant with their volition (Farrer, Franck et al. 2003) . This study, using brain
positron emission tomography, found that the activation level of the inferior part of the
parietal lobe related to the degree of agency, as measured by the error between the
movement executed by the non-disabled subjects versus its representation on a prompter.
As noted in the Introduction, the volume of the posterior parietal cortex in amputees
depends on the degree of prosthetic usage, shrinking with more usage (Preissler, Dietrich
et al. 2013). Further evidence of parietal involvement in agency is provided by a study
of non-disabled subjects whose right inferior parietal lobule became activated when they
merely observed subjects with missing upper-limbs move their residual limb (Liew, Sheng
et al. 2013).

4.3 Implications for Amputees
Agency is a well- recognized factor in users’ overall satisfaction and performance with
their prostheses (Pirowska, Wloch et al. 2014); (Crawford 2015)Crawford 2015). The
present results show that restoring agency by itself profoundly reduces or abolishes the
activity associated with error agency in the insula of amputees. Agency, as indicated by
absence of insula activity, was immediately restored to the amputee subjects by
presentation of an illusory restoration of their hand. Since insula activity is associated
with phantom limb pain (Willoch, Rosen et al. 2000), and may interfere with motor
control circuits in the brain (Chand and Dhamala 2017), its removal can be a useful target
for reducing pain and improving the human-machine interface. (Maruishi, Tanaka et al.
2004; (Powell, Kaliki et al. 2014).
In combination with mirror and illusion therapy, neuroimaging could become a valuable
adjunct for prosthetic training. It is known that subjects can self-regulate their brain
activities in various regions, including their insula, using real-time biofeedback of their

BOLD signals (Weiskopf, Scharnowski et al. 2004) (Caria, Veit et al. 2007). Such
neurofeedback training could possibly be done with simpler modalities, such as EEG,
since it correlates with BOLD signals from the anterior insula (Yin, Liu et al. 2016;
Sitaram, Ros et al. 2017). Before real-time neurofeedback can become useful tool for
prosthetic training, however, a better understanding of the brain’s responses to restored
artificial limbs is needed. Specifically, we need to know how the perception of and
sensations fr0m particular limb restorations influence the brain, and which features of
the prosthesis, both structural and functional, are most important to agency. Such
information is needed to explain the peculiar finding that some prosthetic restorations
may augment rather than relieve phantom pain, thereby adversely affecting the human
machine interface (Yanagisawa, Fukuma et al. 2016).
5.

Conclusions

BOLD responses in fMRI were measured in four persons with right trans-radial
amputations and in eleven control persons while performing motions of their
hands. Prominent activity was seen in the insula regions of amputees brains while
they imagined moving their missing there missing right hand; this activity was
absent when an illusory hand was superimposed on their residuum.
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