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A B S T R A C T

Phantom limb pain (PLP) following amputation, which is experienced by the vast majority of amputees, has been
reported to be relieved with daily sessions of mirror therapy. During each session, a mirror is used to view the
reflected image of the intact limb moving, providing visual feedback consistent with the movement of the
missing/phantom limb. To investigate potential neural correlates of the treatment effect, we measured brain
responses in volunteers with unilateral leg amputation using functional magnetic resonance imaging (fMRI)
during a four-week course of mirror therapy. Mirror therapy commenced immediately following baseline scans,
which were repeated after approximately two and four week intervals. We focused on responses in the region of
sensorimotor cortex corresponding to primary somatosensory and motor representations of the missing leg. At
baseline, prior to starting therapy, we found a strong and unexpected response in sensorimotor cortex of am-
putees to visually presented images of limbs. This response was stronger for images of feet compared to hands
and there was no such response in matched controls. Further, this response to visually presented limbs was no
longer present at the end of the four week mirror therapy treatment, when perceived phantom limb pain was also
reduced. A similar pattern of results was also observed in extrastriate and parietal regions typically responsive to
viewing hand actions, but not in regions corresponding to secondary somatosensory cortex. Finally, there was a
significant correlation between initial visual responsiveness in sensorimotor cortex and reduction in PLP sug-
gesting a potential marker for predicting efficacy of mirror therapy. Thus, enhanced visual responsiveness in
sensorimotor cortex is associated with PLP and modulated over the course of mirror therapy.

1. Introduction

Over 90% of amputees experience vivid pain in the missing limb,
frequently referred to as phantom limb pain (PLP), which can be ex-
perienced within 24 h following amputation (Borsook et al., 1998). For
example, some upper limb amputees have reported that the finger nails
of their phantom limb were digging into their palm, while others re-
ported that their phantom hands were stuck in an awkward, immobile
position and were hurting (Ramachandran and Blakeslee, 1998). Mul-
tiple mechanisms have been hypothesized to account for such pain

including a mismatch between visual feedback and proprioceptive re-
presentations of the limb (Ramachandran and Rogers-Ramachandran,
1996; Ramachandran and Altschuler, 2009), neuroplasticity (Flor et al.,
1995, 2006; Karl et al., 2001; Lotze et al., 2001; but see Borsook et al.,
1998), proprioceptive memory (Ramachandran and Rogers-
Ramachandran, 1996; Ramachandran and Altschuler, 2009; Anderson-
Barnes et al., 2009), or the maintenance of sensorimotor representa-
tions of the missing limb (Makin et al., 2013; Kikkert et al., 2016).
Importantly, providing visual feedback consistent with the movement
of the phantom limb using mirror therapy has been found to
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dramatically reduce PLP (Ramachandran et al., 1995; MacLachlan
et al., 2004; Chan et al., 2007; Sumitani et al., 2008; Mercier and Sirigu,
2009). These ameliorative effects of mirror therapy appear to be spe-
cific to the visual feedback, since reductions in pain are not observed
when the mirror is covered or the amputees engage in mental visuali-
zation of movements only (Chan et al., 2007). To elucidate why mirror
therapy reduces PLP and identify potential neural correlates, we con-
ducted an exploratory longitudinal functional magnetic resonance
imaging (fMRI) study in 9 lower leg amputees prior to, during, and
following four weeks of mirror therapy treatment (Fig. 1).

Prior fMRI studies have reported shifts in somatosensory maps in
upper extremity amputees with, for example, movement of the lips
producing responses extending into the putative hand representation
(Pascual-Leone et al., 1996; Grusser et al., 2001; Lotze et al., 2001; Foell
et al., 2014). These extended responses were found to be specific to
amputees with PLP compared to those without (Lotze et al., 2001) and
have been interpreted as evidence for maladaptive cortical re-
organization in the sensorimotor cortex. However, more recent work
(Makin et al., 2015a) has reported only a small shift in cortical

representations of the lip and no clear relationship between the extent
of apparent reorganization and phantom sensations or pain. In contrast
to these prior studies, and given the importance of visual feedback for
the potential beneficial effect of mirror therapy, we focused primarily
on responses to visually presented images of hands and feet rather than
motor-related responses. Immediately following a baseline fMRI scan,
amputees started 15-min daily sessions of mirror therapy following our
previous protocol (Chan et al., 2007). Specifically, during each session,
amputees placed a mirror between their intact and missing/phantom
leg, and moved both of their legs simultaneously. While looking at the
mirror, the reflection of the intact leg moving in the mirror produces
visual feedback consistent with the movement of the missing leg. The
second and third fMRI sessions were conducted after approximately
two-week intervals (Fig. 1). A group of matched control participants
without limb amputation underwent the same series of fMRI scans but
did not receive mirror therapy. We found strong responses to visually
presented limbs in the sensorimotor cortex of amputees that was no
longer present by the end of the mirror therapy treatment. Such re-
sponses to visually presented limbs were not observed in matched

Fig. 1. Experimental design. a) Immediately fol-
lowing a baseline fMRI scan, amputee participants
started approximately four weeks of mirror therapy.
The second and third scan sessions were conducted at
approximately two-week intervals. Age- and gender-
matched control participants underwent the same
series of scans at the same time intervals. b) During
each scan session, participants viewed images of
hands and feet from the left or right side of the body
in a block design. Within each block, limb and side of
body were fixed and images from each side were
presented in the congruent screen location (e.g., left
foot on left side of screen). Only one image was
presented at a time, and participants were asked to
fixate at the center of the screen throughout each
scan.
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control participants indicating that loss of sensorimotor input such as
major limb amputation can modify sensorimotor representations.

2. Material and methods

2.1. Overview

In this study, amputee and control participants participated in three
MRI sessions. In each MRI session, we measured the cortical responses
to visual presentations of the feet and hands. In particular, we focused
on sensorimotor cortex, corresponding to the somatomotor re-
presentations of the lower limb. This region of sensorimotor cortex was
defined in the control participants using a combination of functional
and anatomical markers. Immediately following the first MRI session,
amputee participants started on daily sessions of mirror therapy and
reported their level of subjective PLP using standard questionnaires.
There were three main questions of interest: i) What is the impact of
amputation on visual responsiveness in cortex? ii) What is the impact of
mirror therapy on visual responsiveness? iii) How does visual respon-
siveness compare with any reduction in PLP?

2.2. Participants

Nine right-handed unilateral lower limb amputees (5 male, 4 fe-
male, 3 left lower limb, 6 right lower limb, mean age=50) were re-
cruited from Walter Reed National Military Medical Center, Bethesda,
MD, National Rehabilitation Hospital, Washington, DC, or the me-
tropolitan Washington, DC area. Diabetes, traumatic brain injury, and
dysvascular cause of amputation were exclusion factors. All amputees
reported taking medications (including opioids, voltage-gated calcium
channel modulators and selective serotonin reuptake inhibitors, or
norepinephrine reuptake inhibitors). Nonetheless, all reported that pain
medication(s) were not effective in treating PLP and all reported on-
going vivid PLP. Participants were asked to maintain a constant med-
ication regime throughout the study. Nine healthy control participants
without limb amputation (mean age=44) were recruited through the
National Institutes of Health. We attempted to match for the age and
gender of amputees within these control participants to avoid any large
demographic differences between groups. All comparisons between
amputees and control participants were made at the group level and
analyzed in an unpaired manner. See Table 1 for participants' demo-
graphics. All participants had normal or corrected-to-normal vision and
gave written informed consent. The study was approved by both the
National Institutes of Health and Walter Reed National Military Medical
Center Institutional Review Boards.

In MRI sessions before and after starting mirror therapy (Fig. 1),
each participant completed both functional and structural scans.
Functional scans included the viewing of visually presented limbs,
bodies, or common objects, as well as a motor localizer run to locate the
relevant sensorimotor regions.

2.3. Visual representations for hands and feet

A block design experiment containing single-images of hands and
feet in an egocentric view was used (Fig. 1). Each stimulus (5 degrees),
left hand/ft in the left visual field and right hand/ft in the right visual
field, was centered 3 degrees from fixation. Each block lasted 16 s and
comprised 20 trials (0.8 s total duration; 0.5 s stimulus plus 0.3 s blank).
Within each run a total of 16 stimulus blocks were presented plus a 16 s
fixation period every four stimulus blocks as well as at the beginning
and end of the run. The total for each run amounted to 5 mins 32 s.
Participants were required to maintain fixation throughout the run.

2.4. Localizing the sensorimotor regions

Sensorimotor regions for the foot were defined by a combination of
anatomical and functional markers. Although, prior work with ampu-
tees has sometimes used the response to movement of the phantom to
define regions-of-interest (ROIs), we defined our ROIs using data only
from control participants to ensure equivalent ROIs in the two groups.
While phantom limb movements can elicit muscle activity similar to
controls and engage sensorimotor cortex (Raffin et al., 2012; Reilly
et al., 2006), it is not clear that movement of the phantom produces
equivalent cortical responses to executed movement from an intact
limb. For example, differences in the difficulty of moving the phantom
have been associated with the strength of PLP and differing levels of
activity in motor cortex (Kikkert et al., 2017, 2018). Further, any
changes in somatosensory or motor representations as a result of am-
putation might be reflected in the activity observed with phantom
movement in amputees. Here, we are principally interested in changes
in visual responses in the cortical region that would have represented
the amputated limb prior to amputation and want to compare equiva-
lent regions in the two groups of subjects. Finally, some of the amputees
had difficulty moving the phantom in isolation and would sometimes
move other associated body parts, which would lead to different acti-
vation across sensorimotor cortex compared to controls.

A block design experiment comprising three conditions was used to
identify cortical regions with selective activation during motor move-
ment. Participants were prompted by simple instructions in the center
of a viewing screen (simple phrases, e.g. left foot, right foot), which
were flashed at a rate of one Hz. Participants were required to either
gently perform flexion and extension movement with their left or right
foot or contract gluteal muscles for 10 s at one Hz. The gluteal move-
ment condition was included to potentially allow isolation of the cor-
tical representation of the body map adjacent to the lower limb re-
presentation. However, participants (especially amputees) had a lot of
difficulty making these movements without also simultaneously moving
their legs and therefore we focused only on the lower limb region.

There were 18 blocks within each run, and each condition appeared
six times in a counterbalanced order. Each block lasted for 10 s followed
by fixation (rest period 6 or 16 s). In addition a 16 s fixation block was
added to the beginning and the end of the scan. In total each run lasted

Table 1
Demographics of amputees and matched control participants.

Lower limb Site Cause Years Since Gender Amputee's Matched-Control's

Amputee of Amputation of Amputation Amputation Age When Scanned Age When Scanned
LAl Left Above knee Infection 2 M 52 58
LA2 Right below knee Trauma 21 M 47 42
LA3 Right Above knee Trauma 5 F 75 55
LA4 Left Above knee Cancer 0.25 F 36 37
LAS Right above knee Trauma 15 M 60 58
LA6 Right Below Knee Trauma 1 F 45 54
LA7 Right Above knee Trauma 0.5 M 39 38
LA8 Right Below knee Trauma 0 M 34 36
LA9 Right at knee Trauma 1 M 30 24
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for 4min 42 s. Participants were instructed to maintain fixation and
keep their body still during the rest period.

Functionally, we contrasted Right Foot Movement vs Left Foot
Movement at a threshold of p < 10−4 (random effect) from 14 control
participants (including the 9 participants who were matched to the
amputees) across all three scan sessions (N=42). Anatomically, we
defined a region using the Freesurfer parcellation for the central sulcus,
pre-central gyrus and the paracentral gyrus. Individual foot sensor-
imotor ROIs were created by extracting the intersection of these func-
tionally and anatomically defined regions. The ROIs are shown in
Supplementary Fig. 1 and correspond very well to the recently reported
7 T mapping data of the lower limb (Akselrod et al., 2017). These ROIs
were then used to extract visual responses from both the control and
PLP groups.

2.5. Control ROIs: limb-related regions in ventral and dorsal visual
pathways

A block design localizer containing images of limbs and common
objects was used to identify cortical regions that are selective to visual
presentation of limbs, namely the extrastriate body area (EBA), to serve
as a control ROI for the sensorimotor regions. Images were photos of
limbs or objects taken from various angles. All stimuli were presented in
the center of the screen. Twelve alternating blocks of limbs and object
images subtending 5 degrees were presented in the center of the screen.
In addition, a fixation block was presented at the beginning and end of
the scan. Each block lasted for 16 s, and each localizer run lasted a total
of 3min 44 s. Participants were required to maintain fixation
throughout the scan. In addition, limb-related superior and inferior
parietal regions along the dorsal pathway were defined using previously
identified ROIs (Chan and Baker, 2015). These ROIs (N=40) were
defined by contrasting responses during blocks of a movie clip of a hand
being brushed by a paint brush versus blocks of a movie clip of the
background (no hand) being brushed with the same motion.

2.6. Imaging acquisition

All participants were scanned on a General Electric 3-Tesla Signa
scanner located in the Clinical Research Center at the National
Institutes of Health, Bethesda, MD. Whole brain volumes were acquired
using an 8-channel head coil (30 slices, 64×64 matrix,
FoV=200×200mm, in-plane resolution 3.125×3.125mm, slice
thickness 4mm, 0.4 mm inter-slice gap, TR=2 s, TE=30msec). For
each participant, a high-resolution anatomical scan was also acquired.
All functional localizer and event-related runs were interleaved.

2.7. fMRI preprocessing

Data were analyzed with the AFNI software package (http://afni.
nimh.nih.gov/). Prior to statistical analysis, the first and last eight vo-
lumes of each run were removed, and all images were motion-corrected
to the eighth volume of the first run. Following motion correction,
images from the localizer runs were smoothed with a 5mm FWHM
Gaussian kernel. Cortical surfaces were created using FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/) and functional data were then
displayed on cortical surfaces using SUMA (http://afni.nimh.nih.gov/
afni/suma).

2.8. fMRI statistical analysis

Using independent functional localizers, ROIs were generated using
the random effect group analysis from control participants across all
three scan sessions. Specifically, ROIs in the sensorimotor regions
(primary and secondary) in each hemisphere were created from the
motor localizers with the contrast of “Left vs Right Foot Movement”
(p < 10−4). Since motor movement from the missing limb could not be

reliably produced, this group sensorimotor and SII ROIs from the
Controls were served as localizers for the PLP group as well. Further,
EBA ROIs from the visual localizer were defined by contrasting limbs
versus common objects (p < 10−4). All ROIs were generated from
these maps by taking the contiguous clusters of voxels that exceeded
threshold and occupied the approximate anatomical location based on
prior reports. Using a standard GLM procedure in the experimental runs
we examined the magnitude of response (beta values) within each ROI
to all conditions. The responses in each experimental condition were
then extracted from each ROI and compared using statistical tests, such
as ANOVAs and paired t-tests.

2.9. Visual mirror therapy

Amputee participants were asked to complete 4 weeks of visual
mirror therapy, 15min per day, 5 days/week. Participants were in-
structed to place a mirror between their lower limbs and to perform
movements with their intact and phantom limbs simultaneously while
looking at the reflection of the intact limb moving in the mirror. All
amputees reported that they could feel their missing leg and were able
to control the movement of the missing/phantom limb. The movements
were 5min of foot flexion and extension, 5min of inward ankle rota-
tion, and 5min of outward ankle rotation. Participants reported
average PLP daily using a 10-cm Visual Analogue Scale (VAS), with one
end labeled “no pain” and the other end labeled “most severe pain.”

3. Results

To illustrate the pattern of results we observed, we first present
whole-brain data from one representative amputee before presenting
data analyses at the group level. LA1 was a 57-year old male at the time
of the study, with an amputation below the left knee 2 years previously
due to infection. Consistent with prior reports (Ramachandran et al.,
1995; Chan et al., 2007), his perceived pain level, as measured using a
10-cm VAS, diminished over the course of mirror therapy (Fig. 2a).
During the baseline fMRI scan we observed an unexpected response to
visual presentation of left foot images (corresponding to the amputated
foot) in sensorimotor cortex, close to the putative foot representation at
the dorsal end of the central sulcus, likely corresponding to primary
somatosensory and motor cortex (Fig. 3b). The initial measured re-
sponses appeared to be specific both to the type of limb (with stronger
responses to a foot than a hand) and to the side of the body (with
stronger responses to a foot corresponding to the amputated side than
to an intact foot from the other side of the body). Further, such re-
sponses were not observed in the matched control participant, as ex-
pected for static presentation of pictures of limbs (Chan et al., 2005;
Chan et al., 2010). This visual response to images corresponding to the
amputated limb declined over the course of mirror therapy, and by the
third fMRI session, visual responses in sensorimotor cortex were no
longer observed.

This general pattern of visual responsiveness in sensorimotor cortex
at baseline that was much reduced by the end of mirror therapy was
seen in most amputees, although the effect of type of limb (hand versus
foot) and side of body (amputated versus intact) was not consistent
across amputees. PLP reduction over the course of mirror therapy was
observed in all except one of the amputees. Overall, VAS scores on the
day of each fMRI session showed an average of 46% reduction from
Session 1 to Session 3 (Fig. 2b). A repeated-measures one-way ANOVA
confirmed the reduction in subjective pain over the course of mirror
therapy, F(2,14)= 12.237, p < .001.

To examine the effects of amputation and mirror therapy on cortical
responses across the group of amputees, we identified the putative
cortical foot representations in and around the central sulcus using a
combination of anatomical and functional constraints (see Methods).
This region includes both primary somatosensory and motor areas.
Using this ROI we extracted responses to the visual presentation of
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hands and feet in both amputees and their matched controls. As with
the representative amputee presented above, on average across the
group we found responses to visually presented limbs in sensorimotor
cortex at baseline that were no longer present by the end of mirror
therapy (Fig. 4).

To examine the fMRI responses, we conducted statistical analysis
across sessions, comparing both PLP and control groups. However, one
of our PLP participants was only scanned in Sessions 1 and 3. Given our
already limited sample size, we therefore focused on Sessions 1 and 3
only to maximize power (Fig. 5). However, the pattern of results does

Fig. 2. Improvement in pain symptoms. a) Change in
Visual Analogue Scale (VAS) score over the course of
the mirror therapy in a single participant (LA1). b)
Group averaged VAS scores for the days corre-
sponding to the scan sessions, demonstrating a sig-
nificant reduction in PLP from scan 1 to scans 2 and
3. ** p < .001 indicates significant difference in VAS
level between scans. Error bars show the standard
error of the mean.

Fig. 3. Responses to visually presented limbs for a single amputee participant (LA1) and the matched control (C1). a) Baseline scan for the matched control
participant showing no significant activation near the sensorimotor foot representation at the dorsal end of the central sulcus (white boundaries). Results were similar
for the second and third scan sessions. b) During the baseline scan for the amputee participant, significant activation was observed in and around the central sulcus,
corresponding to the typical location of the foot representation in sensorimotor cortex defined in the control group (light blue boundaries). This activation was
observed for the visual presentation of a foot, but not hand, from the side of the body corresponding to the amputation (left foot). These responses diminished over
the course of the three scan sessions, concomitant with the reduction in pain scores, and there was no significant activation in or around the central sulcus in the third
session. Activations are projected onto the inflated brain surface reconstructed from each participant's own brain volume.
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not change when including only those participants scanned in all 3
Sessions (Supplementary Fig. 2) and details of the statistical analysis
across all three Sessions are provided in supplementary material.

A 5-way ANOVA with Group (Control, PLP), Hemisphere
(Contralateral, Ipsilateral to missing limb), Session (Scan 1, 3), Side
(Missing, Intact), and Limb (Foot, Hand) as factors revealed a sig-
nificant three-way interaction between Session, Limb and Group (F
(1,16)= 7.07, p < .017). No other main effects or interactions were
observed (all F < 3.626, p > .074). There were no effects involving
Hemisphere, with similar results in both hemispheres (contra- and ip-
silateral to the amputation).

To better understand the nature of this three-way interaction, we
conducted follow-up analyses focusing separately on each Group and
each Session. First, two-way ANOVAs within each Group with Session
and Limb as factors (collapsing across Side and Hemisphere) revealed a
significant main effect of Session in the PLP group (F(1,8)= 5.51,
p < .047) but not the Control group (F(1,8)= 0.053, p < .82),

confirming the reduction in visual responses for the amputees over the
course of mirror therapy. However, the interaction between Session and
Limb did not reach significance in the PLP group (1,8)= 4.08,
p < .078).

Second, separate analyses for each Session, revealed a significant
interaction of Limb and Group within Session 1 (F(1,8)= 5.47,
p < .048), reflecting stronger responses to the foot than the hand in the
amputees but not the controls. However, in Session 3 there were no
significant differences between the two groups and no interactions (all
F < 0.96, p > .20).

Follow-up paired t-tests directly compared responses to each limb
between groups for each Session (see Fig. 5), revealing stronger re-
sponses in the PLP compared to Control group for seeing the foot in
Session 1 (t(1,8)= 2.59, p 0.032, two-tailed), but not Session 3 (t
(1,8)= 0.73, p < .49, two-tailed). Furthermore, there were no sig-
nificant differences between groups for seeing the hand in either Ses-
sion 1 or Session 3 (all p > .12, two-tailed).

Fig. 4. Group average changes in visual responsiveness in the sensorimotor foot representation. a) Across the group of amputees there was an elevated response to
visually presented limbs in the sensorimotor representation of the foot (identified using foot movements in the matched control participants) during the baseline scan
session. These responses were greater for the foot than the hand and were no longer present in Session 3. b) There was no significant response to visually presented
limbs in the control participants in any session.* indicates significant difference from zero (p < .05).
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The reduction in visual responsiveness from Session 1 to Session 3
was highly consistent across participants (Fig. 6) and was observed in
all but one of the amputees.

Thus, our results demonstrate an initial enhanced visual respon-
siveness in the sensorimotor cortex in the PLP group compared to the
Control group, which is specific for the amputated (foot) compared to
the unaffected limbs (either hand, intact foot) in Session 1. Further, this
visual responsiveness was reduced following visual feedback through
mirror therapy, suggesting that prolonged visual experience corre-
sponding to the missing limb modulates these atypical visual responses.

To investigate the specificity of our results to the primary sensor-
imotor regions, we examined.

responses in other sensorimotor regions, in particular the secondary
somatosensory area (SII). Our localizer for the sensorimotor foot re-
presentation also revealed a region close to the parietal operculum,
which likely corresponds to SII. We extracted responses from this region
and performed the same analyses as for the primary sensorimotor re-
gion described above. The 5-way ANOVA with Group (Control, PLP),
Hemisphere (Contralateral, Ipsilateral to missing limb), Session (Scan 1,
3), Side (Missing, Intact), and Limb (Foot, Hand) as factors revealed no
significant main effects or interactions. Furthermore, responses to the

visual presentation of feet and hands in the PLP group were not sig-
nificantly elevated over baseline (all t < 0.20, p > .23, two-tailed).
Thus, we found no evidence of visual responsiveness in SII in either the
PLP or the Control groups (Fig. 7). A 6-way ANOVA with ROI (Sen-
sorimotor, SII), Group (Control, PLP), Hemisphere (Contralateral, Ipsi-
lateral to missing limb), Session (Scan 1, 3), Side (Missing, Intact), and
Limb (Foot, Hand) as factors showed no significant interaction of ROI x
Session x Limb x Group (F(1,16)= 3.380, p < .085). No other main
effects or interactions were found.

We primarily focused on the sensorimotor cortex given prior results
suggesting reorganization in this region in upper limb amputees. To test
whether the impact of mirror therapy on the visual responses to limbs
in the PLP group was observed only in sensorimotor cortex, we also
analyzed the responses in other regions associated with representations
of the body. Specifically, we examined the Extrastriate Body Area (EBA;
Downing et al., 2001, 2006; Chan et al., 2005; Chan et al., 2010), which
is selectively responsive to the sight of body parts, as well as two re-
gions in posterior parietal cortex that are responsive to the sight of the
body being touched/brushed, but not to static limb images (Chan and
Baker, 2015). Given our prior results which showed no effect of
hemisphere or side, for each region (Fig. 8) we conducted a 3-way

Fig. 5. Summary of the data entered into the main statistical
analysis in sensorimotor cortex, collapsed across hemisphere
and side. The 5-way ANOVA revealed an interaction between
Group, Limb, and Session. Follow-up paired t-tests directly
compared responses for Limb across Group within each
Session separately. For Foot, there was a significant differ-
ence in Session 1 (t(1,8)= 2.59, p < .032, two-tailed) but
not Session 3 (t(1,8)= 0.73, p < .49, two-tailed). For Hand,
there was no significant difference in either Session (all
p < .12, two-tailed). * indicates significant difference be-
tween conditions or significant difference from zero, while
n.s. indicates non-significant difference between pairs of
conditions.

Fig. 6. Individual participants' responses from sensorimotor foot region, illustrating changes in responses across Sessions 1 and 3 in controls and amputees (n=9).
All amputees (except one) showed much sharper reduction in responses from Session 1 to Session 3, relative to controls.
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ANOVA with Group (PLP, Control), Session (1, 3), and Limb (Hands,
Feet) as factors. In each region there was a significant interaction of
Session and Group (EBA: F(1,16)= 6.327, p < .023; superior parietal:
F(1,16)= 6.000, p < .026; inferior parietal: F(1,16)= 5.883,
p < .027), reflecting reduced visual responsiveness to images of both
hands and feet from Session 1 to Session 3 in the PLP but not the control
group. However, in contrast to the sensorimotor cortex, the pattern of
results in all three regions was similar for both hands and feet. In the
superior and inferior parietal regions, as in sensorimotor cortex, the
visual responsiveness observed in Session 1 of amputees was absent in
control participants. In EBA, which is normally responsive to images of
static body parts, the initial response was not statistically different
between the PLP and the control groups. Thus, the enhanced respon-
siveness to visually presented limbs is also observed in posterior par-
ietal cortex and a change in visual responsiveness over the course of
mirror therapy is also found in posterior parietal cortex and EBA, al-
though the specificity to the type of limb (foot versus hand) was only
observed in sensorimotor cortex.

Mirror therapy is not efficacious for all amputees (Chan et al., 2007;
Weeks and Tsao, 2010; Foell et al., 2014). If the visual responsiveness
of sensorimotor cortex is related to the experience of PLP, it might
provide a useful marker for the potential efficacy of mirror therapy.
Thus, in an exploratory analysis we investigated whether activation of
the sensorimotor ROIs (averaged across the sensorimotor foot ROIs in
both hemispheres) in Session 1 for the presentation of an image of the
hand or foot (corresponding to the amputated side or intact side) cor-
related with treatment response, as measured by reduction in PLP (VAS
S1 to S3). We found a significant correlation between seeing an image
of the foot corresponding to the amputated side and a reduction in PLP
(Spearman's r=0.703, p < .035, two-tailed), suggesting that ampu-
tees who have stronger initial responses for viewing the foot image
corresponding to their amputated foot have a greater reduction in PLP
following four weeks of mirror therapy (Fig. 9). However, there was no
correlation between responses for viewing the intact foot and reduction
in PLP, despite the lack of an effect of side on fMRI responses (Spear-
man's r=0.167, p < .667, two-tailed). We conducted a further ex-
ploratory follow-up analysis excluding those amputees who had their
amputation surgery>10 years ago (LA 2 and 5) and the correlation
between reduction in PLP and visual responsiveness in the sensorimotor
region remained significant (Spearman's r=0.786, p < .036, two-

tailed). We did not find any significant correlation between responses in
EBA and reduction in PLP (Spearman's r < 0.569, all p > .11, two-
tailed).

4. Discussion

Collectively, our findings provide insight into the impact of ampu-
tation and the previously reported beneficial effect of mirror therapy.
First, consistent with prior reports, we found that mirror therapy re-
duced perceived PLP, where we have previously found that mirror
therapy was more effective than imagined movement or movement of
the phantom limb in the absence of the mirror component (Chan et al.,
2007). Second, we demonstrate an atypical responsiveness to visually
presented limbs in sensorimotor cortical regions corresponding to the
somatosensory and motor representations of the foot. Third, visual re-
sponsiveness was also enhanced in posterior parietal cortex but we
found no evidence for visual activation in SII. Fourth, the visual re-
sponsiveness decreased by the end of the treatment when PLP was also
reduced. Finally, the extent of visual responsiveness at baseline corre-
lated with the reduction in PLP, suggesting that it could potentially be a
marker for the likely efficacy of mirror therapy.

Visual responses are not typically reported in sensorimotor cortex of
healthy individuals, especially to static images. There have been reports
of responses to the sight of touch in somatosensory areas (Keysers et al.,
2004; Schaefer et al., 2009, 2013; Kuehn et al., 2013, 2014, 2018), but
in an earlier study we found that the sight of a hand being brushed
elicited responses in regions of posterior parietal cortex that did not
overlap with the somatosensory representations of the hand (Chan and
Baker, 2015), with similar results recently reported in monkeys (Fiave
et al., 2018). There is also some evidence for decoding of visual objects
based on the pattern of responses in somatosensory regions (e.g., Meyer
et al., 2011; Smith and Goodale, 2013), but the univariate responses in
these studies are very weak. Consistent with this prior literature (Chan
and Baker, 2015; Kilintari et al., 2016; Fiave et al., 2018), we did not
observe any responses to the sight of static hands and feet in sensor-
imotor cortex of our control participants in any session. Thus, the strong
responsiveness to visually presented limbs (particularly the amputated
limb) appears to be a specific effect following major limb amputation.
This atypical visual responsiveness following amputation may reflect
unmasking of pre-existing connections between visual areas in parietal

Fig. 7. Responses to visually presented limbs in the
parietal operculum region (likely corresponding to
SII) between PLP and Control groups. In contrast to
primary sensorimotor cortex, there were no sig-
nificant responses to visually presented limbs in any
Session and no change over time. n.s. indicates non-
significant difference between pairs of conditions.
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cortex and sensorimotor cortices (Keysers et al., 2010), rather than
being due to functional re-purposing by other modalities (i.e., the
sensorimotor cortex now becoming a visual region). Such unmasking
has also been suggested to underlie changes in receptive field properties
in visual cortex following deprivation of visual input (Masuda et al.,
2008; Baker et al., 2005). Consistent with this view, visual perception
can be disrupted very rapidly following the onset of deprivation, too
quickly for any structural changes to arise in the cortex (Dilks et al.,
2009).

Our results suggest that visual responsiveness in sensorimotor
cortex may be a consequence of amputation. However, we do not think
there is a simple, one-to-one causal relationship between visual re-
sponsiveness and the level of PLP. For example, while we observed a
clear drop in PLP from Session 1 to Session 2, there was not an
equivalent drop in the visual responsiveness observed. However, the
increased responsiveness was largely specific to primary sensorimotor
regions and was not observed in the putative SII. Somewhat surpris-
ingly, we found no difference in sensorimotor cortex response between
the hemispheres, although it might have been expected that any effects
would be specific to the hemisphere contralateral to the amputation.
This lack of hemispheric specificity may reflect strong connectivity
between the sensorimotor cortices via the corpus callosum (Ragert
et al., 2011; Zarei et al., 2006; Clarey et al., 1996). We also observed
enhanced responsiveness to visually presented limbs in posterior par-
ietal cortex, but this effect was not specific to the limb, in contrast to
our results in primary sensorimotor regions. While our findings do not
provide a direct link between the atypical visual responsiveness in
sensorimotor cortex and PLP, this visual responsiveness was reduced
over the course of treatment, and by the end of treatment both visual
responsiveness and pain were reduced. Further, the magnitude of visual
responsiveness at baseline correlated with the amount of pain reduction

Fig. 8. Responses to visually presented limbs in (a) superior parietal, (b) in-
ferior parietal and (c) EBA regions-of-interest. In all three regions there was a
significant interaction between Group and Session, reflecting reduced responses
in Session 3 compared to Session 1 for the PLP group. However, in contrast to
sensorimotor cortex, the pattern of results was similar for both hands and feet. *
indicates significant difference between conditions or significant difference
from zero, while n.s. indicates non-significant difference between pairs of
conditions.

Fig. 9. Visual responsiveness in sensorimotor cortex predicts pain relief from
mirror therapy. Within each amputee, visual responses to the foot extracted
from sensorimotor cortex correlates with the reduction in PLP (normalized VAS
z-scores Session1 minus Session 3), demonstrating that the stronger the initial
visual responses in Session 1 for seeing the amputated foot, the better the
therapeutic outcome (Spearman's r=0.70, p < .035, two-tailed).
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following 4 weeks of mirror therapy. This reduction in visual respon-
siveness suggests that one impact of mirror therapy may be to modulate
visual influences on sensorimotor cortex, perhaps by altering in-
tracortical inhibition (Longo et al., 2011; Cardini et al., 2011).

It is important to consider alternative interpretations of our find-
ings. One possibility is that the presence of chronic pain associated with
the amputation has increased the salience of visually presented limbs
corresponding to the amputated limb, increased visual attention. The
fact that increased responses were observed in multiple regions in both
hemispheres with some decrease over the sessions could be taken to
support this view. However, we do not think that a change in salience
causing a gain in responses provides an easy explanation for our results.
First, it is important to note that there is no observable response to the
visual stimuli in the sensorimotor cortex of the control participants, so
no pre-existing response for saliency to enhance. Second, the effects we
observed were not uniform across all regions. In particular while re-
sponses were stronger for feet over hands in sensorimotor cortex, in
other regions there was no obvious difference between feet and hands.
Another possibility is that amputees may have been more likely to
mentally image a limb moving when viewing images of limbs producing
activation in sensorimotor cortex. However, we think this is unlikely.
First, the visual stimulation was of static limbs, which should have
minimized any tendency to imagine movement. Second, it's not clear to
us that any such tendency should have been greater in the amputees
compared to the controls. Finally, any tendency to imagine a limb
moving would, if anything, have increased over the course of the mirror
training as amputees were trained to move their phantom simultaneous
with visual stimulation. Nevertheless, future work will need to test
these potential hypotheses.

Prior work has investigated whether PLP is related to plasticity of
somatosensory and motor maps (Lotze et al., 2001) with a shift in the
cortical representation of the lips toward the representation of the
missing hand. However, the extent of these effects has recently been
questioned (Makin et al., 2015b), and fine-scale topography of the hand
appears to be maintained in somatosensory and motor cortex following
hand amputation (Kikkert et al., 2016). Our findings, combined with
evidence for network-level reorganization with amputation (Makin
et al., 2015b), suggest there may be widespread changes following loss
of sensory input, but in the context of maintained cortical representa-
tion of the missing limb. The tendency for representation to be main-
tained has recently been linked to the severity of PLP (Makin et al.,
2013) and the visual responses we observed could potentially be one
driving force for the maintenance of this representation.

While our study provides some insight into the effects of amputation
on sensorimotor cortex and suggests potential neural correlates of pain
reduction through visual training (i.e. mirror therapy), there are a
number of limitations that should be taken into account. First, our
sample size (9 amputees for Sessions 1 and 3, 8 in all three Sessions) is
quite small and while we did observe significant and consistent visual
responsiveness in sensorimotor cortex of amputees in Session 1 and
reductions in visual responsiveness from Session 1 to Session 3 in all but
one amputee, there is also quite a lot of variability in the data. Thus, we
may not have had sufficient power to detect smaller effects in the data,
and the correlation we observed between visual responsiveness in
Session 1 and efficacy of mirror therapy remains preliminary. Further,
this small sample size means that we cannot meaningfully ask questions
about the effects of factors such as age and time since amputation on
our results. Second, in contrast to much of the prior published literature
examining changes in upper limb amputees, we focused on lower limb
amputees. Given the smaller cortical representation of the leg and foot
compared to the arm and hand, we may not have had sufficient sensi-
tivity to detect changes and it is difficult to directly relate our findings
to those in arm amputees. Third, we had no amputee control group
receiving other treatments. Thus we cannot rule out that the effects we
observed would also have occurred with those alternative treatments or
the effect of time. Nevertheless, our findings highlight the potential

importance of examining visual responses to the body in amputees and
future work will be needed to establish the robustness of our findings
and whether similar effects are observed in arm amputees.

While a number of studies and groups have independently demon-
strated a benefit from using mirror therapy in the treatment of phantom
limb pain (Ramachandran and Rogers-Ramachandran, 1996;
MacLachlan et al., 2004; Chan et al., 2007; Sumitani et al., 2008;
Mercier and Sirigu, 2009; Finn et al., 2017; Ol et al., 2018), other
groups have not reported similar successes (Brodie et al., 2007; Thieme
et al., 2016; Richardson and Kulkarni, 2017; Wareham and Sparkes,
2018). In this study we followed mirror therapy treatment protocols
that had previously been shown to be effective compared with limb
movements alone (mirror covered) or imagined movement in a ran-
domized, controlled, cross-over design (Chan et al., 2007). It is worth
noting that the impact of mirror therapy may not be entirely consistent
across amputees due to the heterogeneity of the population, and it is
known that some amputees do not benefit from mirror therapy even
after 4 weeks of treatment (Chan et al., 2007; Griffin et al., 2017). There
are wide variations in the location, timing, cause, and age at the time of
amputation. All of these may have influence on the effectiveness of
mirror therapy. It is also worth noting that those groups which did not
report PLP reduction employed only a single session of mirror therapy
(Brodie et al., 2007; Wareham and Sparkes, 2018), whereas the studies
demonstrating efficacy of the therapy had sustained treatment sessions
of a period of time. Recently, it was reported that amputee with greater
severity of PLP require a longer duration of treatment (more sessions)
before an effect can be seen, compared to fewer treatment sessions
required for pain reduction in amputees with less severe phantom pain
(Griffin et al., 2017), and this finding likely affects the negative con-
clusions drawn from analyses of prior studies (Thieme et al., 2016;
Richardson and Kulkarni, 2017). Future studies should also examine
why some amputees do not derive benefit from mirror therapy whereas
many others experience complete pain relief.

In conclusion, we report atypical responsiveness to visually pre-
sented limbs in sensorimotor cortex that reduces over the course of
4 weeks of mirror therapy seems to associate with a reduction in
phantom pain. Such visual responsiveness found in the PLP group could
potentially be a neural correlate or biomarker for quantifying the im-
pact of major limb amputation and the likely efficacy of visual mirror
therapy.
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