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SUMMARY

Individuals born without one hand (congenital one-
handers) provide a unique model for understanding
the relationship between focal reorganization in
the sensorimotor cortex and everyday behavior. We
previously reported that the missing hand’s territory
of one-handers becomes utilized by its cortical
neighbor (residual arm representation), depending
on residual arm usage in daily life to substitute for
the missing hand’s function [1, 2]. However, the
repertoire of compensatory behaviors may involve
utilization of other body parts that do not cortically
neighbor the hand territory. Accordingly, the pattern
of brain reorganization may be more extensive [3].
Here we studied unconstrained compensatory stra-
tegies under ecological conditions in one-handers,
as well as changes in activation, connectivity, and
neurochemical profile in their missing hand’s cortical
territory. We found that compensatory behaviors in
one-handers involved multiple body parts (residual
arm, lips, and feet). This diversified compensatory
profile was associated with large-scale cortical
reorganization, regardless of cortical proximity to
the hand territory. Representations of those body
parts used to substitute hand function all mapped
onto the cortical territory of the missing hand, as
evidenced by task-based and resting-state fMRI.
The missing-hand territory also exhibited reduced
GABA levels, suggesting a reduction in connec-
tional selectivity to enable the expression of diverse
cortical inputs. Because the same body parts used
for compensatory purposes are those showing
increased representation in the missing hand’s terri-
tory, we suggest that the typical hand territory may
not necessarily represent the hand per se, but rather
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any other body part that shares the functionality of
the missing hand [4].

RESULTS

Compensatory Behavior in One-Handers Involves
Multiple Body Parts

We first characterized compensatory behavioral strategies in
congenital one-handers while they performed tasks simulating
everyday situations (Figure 1). One-handers mostly relied on
their intact hand and residual arm to perform everyday tasks.
As expected, they relied on their residual arm less in comparison
to controls’ entire nondominant upper limb (hand and arm) (p <
0.001). When compared to controls, one-handers were also
more likely to use their lower face (p = 0.02), lower limbs (p <
0.001), and objects in their environment (p < 0.001) to substitute
their missing hand’s function, but not their intact hand (see Sup-
plemental Experimental Procedures).

Increased Activation during Movements of Multiple

Body Parts in the Missing-Hand Territory

We next examined activation during movements of those
body parts employed for compensatory usage. One-handers’
arm was compared to the controls’ nondominant arm.
Whole-brain group contrast maps for movements of the
nondominant/residual arm, lips, and feet each showed
increased activation centered in the missing-hand territory of
one-handers, compared to controls (Figure 2, left panel;
Table S1; Figure S1 depicts one-handers and controls’
group maps). This activation expanded beyond the hand
area but did not engage the relevant body-part territories,
as confirmed in an region of interest (ROI) analysis of the lip
and foot areas (Table S2A; see Supplemental Experimental
Procedures).

An independent ROI analysis confirmed increased activation
in the (putative) missing-hand territory of one-handers during
movements of the residual arm (tss) = 4.93; p < 0.001), lips
(tse) = 3.9; p < 0.001), and feet (tz6) = 2.12; p = 0.04), relative
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Figure 1. Compensatory Behavior in One-Handers Involves Multiple
Body Parts

(A) Examples of one-handers opening a bottle during the ecological task.

(B) Group comparison of behavioral scores for each body part across tasks.
A greater proportion of one-handers (white dots) used their lips, legs, and
environment to execute the tasks compared to controls (gray dots). Dots
represent individual participants; red lines represent group means. CTR,
control participants; 1H, one-handers.

to controls (Figure 2, right panel). When comparing activation
in the hand territories across hemispheres and groups, the
residual arm (F(1,35 = 17.65, p < 0.001) and lips (Fp1,36 =
11.18, p = 0.002), but not the feet (F1 3¢ = 1.48, p = 0.23),
showed a significant interaction, indicating that increased
activation in one-handers is specific to the missing-hand re-
gion (Table S2B details activation in the intact-hand region).
Movements of the intact hand, which was not overused
by one-handers (Figure 1B [2]), did not produce increased
activation in one-handers’ missing-hand territory compared
to controls (tge = 1.47; p = 0.15; Figure 2). A repeated-mea-
sures ANOVA with factors group (one-handers, controls),
hemisphere (missing, intact), and body part (arm, lips, feet,
intact hand) confirmed that reorganization in the missing-
hand territory was selective to those body parts used for
compensatory purposes (three-way interaction Fp 34) = 5.24,
p = 0.01).
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Figure 2. Movements of Body Parts Used for Compensatory
Behavior Activate One-Handers’ Missing-Hand Territory

Left: group-contrast maps during residual/nondominant arm (one-handers/
controls), lips, feet, and intact/dominant hand movements, projected onto an
inflated surface of a template brain. In each of the arm, lips, and feet (but not
intact hand) conditions, one-handers showed increased activation compared
to controls, centered in the missing-hand territory. Green and blue shadings
indicate the hand and lip ROls, respectively.

Right: ROl analysis, comparing group activation in the bilateral hand territories.
Activation levels in one-handers’ missing-hand territory (white bars) were
greater than activations in controls’ nondominant-hand territory (gray bars) in
all but the intact-hand condition. 1H, one-handers; CTR, controls; intact/
dominant, hemisphere contralateral to the intact/dominant hand; deprived/
nondominant, hemisphere contralateral to missing/nondominant hand. Error
bars depict SEMs.

See also Figures S1 and S3 and Tables S1 and S2.

Increased Resting-State Coupling between the Missing-
Hand Territory and the Lip and Foot Territories

Habitual behaviors have been suggested to be imprinted into
resting-state functional connections [1, 5-9]. We therefore exam-
ined whether reorganization in one-handers would also be
evident in the functional coupling between the sensorimotor
missing/nondominant hand and the lips (contralateral to the
missing/nondominant hand), bilateral foot, and intact/dominant
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Figure 3. Reorganization Observed in One-Handers’ Resting-State
Functional Connectivity

ROls of the foot (red), hand (green), and lip (blue) are projected onto an inflated
surface of a template brain, representing the deprived/nondominant hemi-
sphere from a dorsal view. Functional connectivity was increased between the
missing-hand territory and the foot (left) and lip (right) ROls in one-handers
(white bars) compared to controls’ nondominant-hand territory (gray bars).
Error bars depict SEM. FC, functional connectivity. Other annotations are as in
Figure 2.

See also Figure S2.

hand ROls using resting-state partial correlations. Compared to
controls, one-handers showed increased coupling between the
missing-hand ROI and both the lip (tss) = 2.61; p = 0.01) and
foot (tzg)=2.22; p = 0.03) ROIs (Figure 3; Figures S2A-S2C depict
whole-brain functional connectivity results). We also found signif-
icant decoupling between one-handers’ bilateral sensorimotor
hand territories compared to controls (3 = —3.6; p < 0.001),
as previously reported [1]. Repeated-measures ANOVA with fac-
tors group (one-hander, controls) and connectivity with the
missing-hand territory for ROls (lips, feet, intact hand) revealed
a significant interaction (F2,37 = 8.28, p = 0.001), confirming
dissociated connectivity between body-part territories that are
used or unused for compensatory purposes and the missing-
hand territory.

To test whether the increased connectivity with the missing-
hand territory was limited to the sensorimotor cortex, we studied
the global signal, defined as the averaged resting-state time
course across all gray-matter voxels [10]. One-handers’ missing-
hand territory showed greater correlation with the global signal
relative to controls (tzg = 2.86; p = 0.007; Figure 4A), even after
regressing out the temporal component representing the
sensorimotor network from the global signal (tgg = 5.73;
p < 0.001; see Figure S2D and Supplemental Experimental Pro-
cedures). Increased global signal connectivity was specific
to the missing-hand territory, as indicated by a significant group
by hemisphere interaction (F1,3g = 12.85, p = 0.001 and F(4 3g) =
8.42, p = 0.006, before and after regression of the sensorimotor
component from the global signal, respectively). This analysis
suggests a weak, albeit widespread, increased coupling be-
tween one-handers’ missing-hand territory and the rest of the
brain.

Decreased GABA Concentration in One-Handers’
Missing-Hand Territory

The increased connectivity observed in one-handers’ missing-
hand territory may be triggered by reduced inhibitory connec-
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Figure 4. Large-Scale Reorganization in One-Handers, Potential
Mechanism

(A) Top: resting-state global signal was defined as the averaged time course of
gray-matter voxels (red) across the entire brain (illustrated in one participant).
Bottom: one-handers’ missing-hand territory (white bars) showed increased
coupling with the global signal compared to controls’ nondominant-hand
territory (gray bars).

(B) Top: illustration of two voxels (red) placed over the bilateral hand knobs,
used to extract absolute GABA concentrations using MR spectroscopy.
Bottom: one-handers’ missing-hand territory showed reduced GABA con-
centrations compared to controls’ nondominant-hand territory, suggesting
reduced inhibition in the missing-hand territory. FC, functional connectivity.
Other annotations are as in Figure 2. Error bars depict SEMs.

See also Figure S2.

tions in this region due to a congenital input loss. Decreased
connectional selectivity could unmask normally silenced inputs,
allowing for increased representation of cortically displaced in-
puts from other body parts in the missing-hand territory. Indeed,
magnetic resonance spectroscopy analysis revealed lower ab-
solute GABA levels in one-handers’ missing-hand territory
compared to controls’ nondominant-hand territory (tze) = 3;
p = 0.005; Figure 4B) and a significant group by hemisphere
interaction (F(1 36 = 4.83, p = 0.03), supporting our prediction.

Brain and Behavior Correlations

No significant correlations were found between reorganization
measurements and performance on behavioral tasks (see Sup-
plemental Experimental Procedures).

DISCUSSION

Early studies in congenital one-handers found no lip remapping
into the missing-hand territory using passive tactile stimuli
[11, 12]. Later studies, using sensorimotor tasks as described
here, reported feet remapping into the hand territory in individ-
uals with congenital or early bilateral hand absence, with
exceptional abilities to manipulate objects with their feet
[13, 14]. Here, we show that multiplex compensatory strategies
of typically behaving one-handers is associated with large-
scale brain remapping of body representation. Reorganization
in the missing-hand territory was observed simultaneously for
arm, foot, and lip representations, regardless of cortical dis-
tance from the hand territory [15]. Our findings indicate that
representations in the missing-hand territory can be flexibly
distributed to body parts that share the same functional
utility as the absent hand, as will be discussed below. The



discrepancy with earlier studies, which used passive tasks and
small sample sizes, likely originates from increased activation
during active tasks due to expression of multiple inputs into
the sensory cortex.

The missing-hand territory showed increased coupling with
the global signal, which may provide insight into the process
by which this region becomes activated by displaced inputs
from the residual arm, lips, and feet. During brain development,
the putative hand territory is deprived of peripheral inputs that
normally shape its function. Instead, this region may become
weakly activated by other, nonspecific inputs [16], as reflected
in increased coupling with the global signal. This interpretation
is supported by observed GABA reduction in the missing-hand
territory, hinting at the unmasking of normally silenced inputs.
Consolidation of displaced representations in the missing-hand
territory likely depends on Hebbian-like co-activations with de-
scending inputs involved in the canonical function of a hand
(e.g., coordination with the other hand). According to the con-
nectivity bias theory [4], the inherent function of a region, and
therefore opportunities for its reorganization, will be rooted in
its connectivity patterns (as well as sensitivity to task-distinctive
features [17]). As compensatory strategies unfold during early
childhood, inputs evoked by substituting the missing hand’s
function (by the residual arm, lips, and feet) may consolidate
more efficiently than non-behaviorally related inputs in the
missing-hand territory. Furthermore, other body parts unused
for compensatory purposes (the intact hand; see [1, 2, 18]) will
not benefit from the missing hand’s resources, regardless of
connectional biases (see Supplemental Experimental Proced-
ures for further details). Our findings suggest that the typical
hand territory may not necessarily represent the hand per se,
but rather any other body part that can mimic the missing hand’s
functionality. Together with related findings from visual cortex
reorganization in congenitally blind individuals [19], our results
suggest that reorganization may be functionally, rather than to-
pologically, restricted. This is in contrast to prominent theories
that limit reorganization in the primary somatosensory cortex
to cortical neighbors [20-22].

Lip remapping into the missing-hand territory (as observed
using both passive [23] and active [e.g., 24-26] lip-stimulation
paradigms) is considered a major driver of phantom limb pain
in amputees [23, 27]. Because congenital one-handers show
lip remapping but do not experience phantom pain, our results
provide a counter-example to the maladaptive plasticity
theory of phantom pain. This and other recent evidence
showing typical somatotopy in amputees [15, 28, 29] suggest
that the maladaptive plasticity theory should be reconsidered,
as well as therapeutic approaches derived from it (e.g., mirror
therapy [30]).

Finally, although the same body parts used for compensatory
behavior also showed increased activation in the missing-hand
territory, no correlations were found between behavior and reor-
ganization. This could be attributed to experimental constraints
in capturing variability in compensatory behavior or ecologically
valid brain activation. Alternatively, since behavior is likely to alter
throughout the course of life, brain reorganization may not reflect
compensatory strategies in adulthood, but rather during earlier
developmental stages. It is also possible that behavior and brain
reorganization are not directly related. For example, the unmask-

ing of otherwise-silenced connections may not necessarily be
harnessed to guide behavior [31]. Further research is needed
to characterize the relation between brain and behavior
throughout the course of life.

EXPERIMENTAL PROCEDURES

Full experimental procedures are available in the Supplemental Experimental
Procedures.

Participants

Seventeen individuals with congenital unilateral upper-limb deficit (Table S3)
and 24 matched two-handed controls were recruited for our study. One
one-hander and two controls did not complete the scanning session.
Recruitment was carried out with assistance from Opcare (prosthetics
providers for National Health Services, UK) in accordance with Oxford Univer-
sity’s Medical Sciences inter-divisional research ethics committee (Ref: MSD-
IDREC-C2-2014-003). Informed consent and consent to publish was obtained
in accordance with ethical standards of the Declaration of Helsinki (1964).

Behavioral Task

To characterize habitual compensatory behavior, participants completed
five tasks, designed to simulate everyday situations (e.g., wrapping a
present, handling money, handling cafeteria food). Task performance was
video recorded and analyzed offline (see Table S4 for task completion
times). Behavior was characterized based on usage of one (or more) of
the following body parts during the task: intact/dominant hand and intact/
dominant arm (in one-handers and controls, respectively); residual arm
and prosthesis (or nondominant hand and arm in controls); mouth and
chin; legs and torso; utilization of objects in the environment (see examples
in Movie S1.) Performance was assessed based on dependency and fre-
quency of use of each body part for task completion. Two independent
raters analyzed the videos offline. An inter-rater reliability assessment using
the nonparametric “limits of agreement” [32] established reliability for three
of five tasks. Upper-limb scores across one-handers were further validated
against questionnaire scores for residual arm usage in daily tasks [2]
(Spearman’s rho = —0.81, p < 0.001), confirming the validity of the behav-
ioral results. Behavioral scores were compared between groups using per-
mutation tests.

Assessment of Brain Reorganization

Each participant underwent one scanning session, involving structural mag-
netic resonance imaging (MRI), MR spectroscopy, resting-state functional
MRI (fMRI), visual task-based fMRI (not reported here), and motor task-
based fMRI (see Supplemental Experimental Procedures for acquisition
details). Data collected for individuals missing a right hand (n = 4) and for
left-handed controls (task: n = 7; rest: n = 8) were horizontally flipped prior
to all functional analyses. The proportion of flipped data did not differ be-
tween groups (task: x4y = 0.21, p = 0.85; rest: %%, = 0.32, p = 0.57; see
Supplemental Experimental Procedures and Figure S3 for validation of
this procedure).

fMRI Scans

In the motor task, participants were visually instructed to move their hands
(finger flexion/extension), arms (elbow flexion/extension), lips, or feet (bilateral
toe movements), as previously detailed [2].

All fMRI data were preprocessed and analyzed using FSL’s FEAT (ver-
sions 5.0 and 6.0, respectively). Task-based statistical parametric maps
were computed for each condition versus resting baseline. Activation
maps were thresholded using clusters determined by Z > 2.3 and were fam-
ily-wise-error corrected using a cluster significance threshold of p < 0.05
with FLAME.

An ROl for the sensorimotor hand territory was defined by averaging the low-
level contrasts of intact/dominant hand movements versus rest across the two
groups (see Supplemental Experimental Procedures). The putative missing-
hand ROI was defined by mirror-flipping the intact/dominant-hand ROI on
the x axis [1, 2] (see Supplemental Experimental Procedures for validation of
this ROI). ROls of the arm and lip (in the deprived/nondominant hemisphere)
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and foot (bilaterally) were defined using a similar procedure. Condition-specific
activations within the two hand ROIs were compared between groups using a
repeated-measures ANOVA.

In the fMRI resting-state task, participants were instructed to focus on a fix-
ation-cross and let their minds wander. For each participant, the time course of
the missing/nondominant-hand ROI was correlated with the time course of
each of the lip, foot, and intact-hand ROls, while partialing out the time courses
of the remaining ROIs using MATLAB. Resulting coefficients were compared
between groups using repeated-measures ANOVA. In addition, the correla-
tions of the global signal [10] with the hand ROls for each participant were sub-
mitted to a repeated-measures ANOVA.

MR Spectroscopy

Data were acquired and preprocessed as described in [33]. Absolute neuro-
chemical concentrations of GABA were extracted from the spectra of each
sensorimotor hand region while correcting for voxel tissue content and were
compared between groups using repeated-measures ANOVA.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, four tables, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2017.03.053.
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Figure S1. Thresholded group-wise brain activations during execution of simple
movements. Related to Figure 2. Group maps of controls (left) and one-handers (right)
during the execution of nondominant/residual arm (top row), lips (middle row) and feet
(bottom row) movements, against baseline. All activation foci were projected onto the
inflated surface of a template brain. Map thresholds were chosen to show distinct peaks along
the sensorimotor homunculus and thus visualise qualitative differences between groups (see
Fig. 2 for direct group-contrasts using a quantitative approach). In both groups, lip
movements activate the lip territory (turquoise contours) and feet movements activate the foot
territory (dark blue contours). In addition, all movement conditions activate the missing hand
territory in one-handers, but not the nondominant hand region in controls (green contours).
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Figure S2. Resting-state analyses maps. Related to Figures 3 and 4. (A) and (B)
Thresholded functional connectivity group maps of controls (A) and one-handers (B) based
on the nondominant/missing-hand territory seed (green contours), while partialling out the
signal from the dominant/intact hand territory. Map thresholds were chosen to highlight those
areas showing strong connectivity with the missing-hand territory, rather than all correlated
regions. Note that the missing-hand territory shows strong functional connectivity with the lip
(turquoise contours) and foot (dark blue contours) territories in one-handers. (C) Between-
group contrast of functional connectivity based on the nondominant/missing hand territory
seed. Note the global nature of increased functional connectivity in one-handers compared to
controls, encompassing also the lip and foot territories. (D) Resting-state independent
component of the sensorimotor network. This network was defined using an Independent
Component Analysis, ran across all study participants. Intact/dominant; hemisphere
contralateral to the intact/dominant hand; deprived/nondominant; hemisphere contralateral to
missing/nondominant hand. All connectivity foci were projected onto the inflated surface of a
template brain.
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Figure S3. Movements of body parts used for compensatory behaviour activate the right
(missing) hand territory of one-handers that are missing their left hand. Related to
Figure 2. To avoid the flipping procedure, only individuals with a missing left hand (n=12)
and right-handed controls (n=15) were included. Left panel: group contrast maps during
movement of the residual/nondominant left arm (one-handers/controls), lips and feet. The
green and blue shadings underlying the activation maps indicate the hand and lip ROls,
respectively. In each of these conditions, one-handers showed increased activation compared
to controls, centred in the missing-hand territory. All activation foci were projected onto the
inflated surface of a template brain. Right panel: ROl analysis, comparing the level of
activation (percent signal change) in the bilateral hand territories across groups. Activation
levels in one-handers’ right-hemisphere (missing-hand) territory (white bars) were greater
than activations in controls’ right-hemisphere (nondominant-hand) territory (grey bars). 1H,
one-handers; CTR, controls; * p<0.05; ** p<0.005, *** p<0.001; left, hemisphere
contralateral to the intact/dominant hand; right, hemisphere contralateral to
missing/nondominant hand. Error bars depict SEMs.



# of voxels Max value Centre of gravity

X)Y,2)
Missing/nondominant 388 - 25,52,64
hand ROI
Residual/nondominant 1031 6.81 22,53,63
arm movements
Lip movements 1095 5 23,54,64
Feet movements 700 4,58 23,53,66

Table S1. Cluster statistics for group-contrast statistical maps (one-handers vs.
controls). Related to Figure 2. Columns present the cluster size (# of voxels), the value of
the maximum ‘intensity’ within the cluster (Max value), the centre of gravity of each cluster

given as X/Y/Z values in MNI coordinates. All centres of gravity fell within the region of the
missing hand.



Controls

(mean+SEM)

One-handers
(mean+SEM)

Statistics

Activation in lip ROI
during lip movements

Activation in foot
ROI during foot
movements

During
residual/nondominant
arm movements

During lip movements

During foot
movements

During intact hand
movements

A. Activation in lip and foot ROIs

1.65 (0.03)

1.58 (0.04)

B. Activation in the intact/dominant hand ROI

-0.41 (0.08)

0.08 (0.06)

-0.2 (0.07)

1.63 (0.11)

1.74 (0.03)

1 (0.06)

-0.32 (0.08)

0.16 (0.1)

-0.18 (0.12)

1.34 (0.07)

t(36)= -0.48, p>005

5= 2.03, p=0.05

t(35)=-0.46, p>005

t(35)=-0.46; p>005

t36=-0.81; p>0.05

t(gs)zl.gg; p>0.05

Table S2. Group comparison of activation levels in the lip, foot and intact/dominant
hand ROIs. Related to Figure 2. (A) Group comparison of activation levels in lip and foot
ROIs during lip and feet movements. Note that although a trend for group difference exists in
the feet condition, this difference stems from reduction, rather than increase, in activation in
one-handers compared to controls. (B) Group comparison of activation levels in the
intact/dominant hand ROI of one-handers/controls, respectively, during movement of
different body parts. All activation values were calculated as percent signal change.



Participant Age Gender Affected Levelof Cosmetic Functional Myo. Residual Phantom

limb limb Pros. Pros. Pros. arm sensation
deficiency  Usage Usage Usage  usage

PAO1 50 F L Below 4 0 0 0.52 0
Elbow

PAOQ2 53 F R Below 5 1 0 0.43 0
Elbow

PAO3 53 M L Wrist 0 3 0 0.76 0

PAO4 26 F Wrist 0 0 0 0.57 0

PAO5 50 M L Above 1 4 0 0.28 0
Elbow

PAO6 29 F Wrist 0 0 0 1 0

PAQ7 39 M Below 5 0 0 0.46 0
Elbow

PAOS 28 F L Below 5 0 0 0.54 0
Elbow

PAQ9 61 M L Wrist 2 0 0 0.3 0

PA10 35 F R Below 5 0 0 0.46 0
Elbow

PA11 37 F R Below 5 0 0 0.59 0
Elbow

PA12 42 F L Below 0 0 5 0.54 0
Elbow

PA13 62 F Wrist 5 0 0 0.57 0

PA14 26 M Below 1 0 5 0.69 0
Elbow

PA15 35 M Wrist 0 0 3 0.44 0

PA16 39 M Below 0 2 1 0.78 0
Elbow

PA17 50 F L Wrist 1 0 0 0.59 0




Table S3. Demographic details of one-handed individuals. Related to Experimental Procedures. Gender: F=female, M=male; Affected limb: L=left,
R=right; Pros. Usage = Prosthetic limb usage (frequency): 0 = never, 1 = rarely, 2 = occasionally, 3 = daily, 4 = more than 4 hours a day, 5 = more than 8
hours a day; Myo.=myoelectric prosthesis; Residual arm usage: based on the Motor Activity Log, ranging between O (residual arm never used in everyday
tasks) and 1 (residual arm always used in everyday tasks); Phantom sensation: the vividness of sensation, ranging from 0 (no sensation) to 100 (vivid
sensation). Participant PA11 did not undergo the ecological behavioural tests, and participant PA13 did not undergo the scanning session.



Time Wrap a present Remove money from Cafeteria task

a wallet

PAO1 01:53 00:31 00:20
PA02 02:32 00:40 00:25
PAO3 01:31 00:50 00:20
PAO4 02:35 00:38 00:19
PAO05 03:07 01:11 00:47
PAO06 NA 00:27 00:18
PAO7 02:27 00:37 00:21
PAO8 01:58 00:25 00:18
PA09 01:25 01:05 00:28
PA10 01:11 00:35 00:19
PA11 NA NA NA

PA12 02:06 00:30 00:24
PA13 02:03 00:31 00:27
PA14 02:35 00:36 00:20
PA15 01:43 00:37 00:13
PA16 02:45 00:41 00:23
PAL17 01:45 00:33 00:30

Table S4. Timing for completion of each validated ecological task per participant
(minutes:seconds). Related to Experimental Procedures.



Supplemental Experimental Procedures

Participants

One-handed participants (with either congenital or acquired limb-loss; data from the latter is
not reported here) and two-handed controls were invited to take part in a single experimental
session, involving questionnaires, behavioural tasks and a magnetic resonance imaging (MRI)
scan. Results from a behavioural task using the same group of participants is reported in [S1].
Seventeen individuals with a congenital unilateral upper limb deficit (10 females,
age=42.06+11.76, 4 with absent right hand, see Table S3) and 24 two-handed controls (12
females, age=42.67+13.05, 8 left hand dominant) participated in the study. All one-handers
suffered from complete or substantial absence of a hand due to interrupted limb formation
early in embryonic development (amelia), presented as rudimentary (undeveloped) fingers. In
all cases amelia was isolated to a single upper limb, based on volunteers” medical history
report. The causes of amelia were not investigated for the purposes of the study. Out of the 17
one-handed participants tested in the current study, 12 had also been tested some 4-5 years
earlier in a previous study using a similar paradigm [S2].

Recruitment was carried out with assistance from Opcare (prosthetics providers for National
Health Services, UK) in accordance with Oxford University’s Medical Sciences inter-
divisional research ethics committee (Ref: MSD-IDREC-C2-2014-003). Informed consent
and consent to publish was obtained in accordance with ethical standards of the Declaration
of Helsinki (1964). One individual from the one-handed group did not participate in the
scanning session due to claustrophobia, and an additional one-hander did not participate in the
ecological tests. Two control participants did not participate in the scanner motor task due to
time constraints, and two additional control participants were excluded from the magnetic
resonance (MR) spectroscopy analyses due to technical issues during data acquisition. In
addition, data from one one-handed participant with a trans-humeral residual-arm ending
(missing elbow) were excluded from the motor-task arm movement analysis.

Questionnaires

Questionnaires were used to collect demographic and clinical details, and assess phantom
sensations and pain [as described in S3]. Use of residual arm and prosthesis in one-handers
was also assessed with a revised version of the Motor Activity Log [S4], as described
previously [S2, S5]. In short, participants with limb absence were requested to rate how
frequently they incorporate their residual arm (either directly, or during prosthesis use) in an
inventory of typically bimanual daily activities that required varying degrees of motor control.
This questionnaire indexing bimanual usage was previously validated using limb acceleration
data, collected in ecological settings [S5].

Assessment of compensatory behaviours

To characterise habitual behaviour, all participants were instructed to complete five task
sequences designed to simulate every-day situations. Participants were provided with
accessories, and instructed regarding specific task-steps that comprised successful completion
of each task (see details below). One-handers were encouraged to keep their prosthesis on if
they typically carried out these tasks with a prosthesis. Participants started each task seated,
but they could stand up if they wished once the task began. The experimenter provided
prompts regarding each of the upcoming task-steps to ensure that each task was carried out to
completion. Participants were requested to complete the tasks as quickly as possible. No
further restrictions were imposed. Task performance was timed and video recorded for offline
analyses (see table S4 for completion time details). The entire procedure took approximately



20 minutes. Below we detail the full procedures of the tasks, although note that scoring for
only three tasks, as detailed below, met our test-retest reliability criteria.

Task details

Task 1 - Wrap a present: A pair of scissors, scotch tape in a dispenser, a thick roll of wrapping
paper, and an empty tea box were placed within reach on a table in front of the participant.
Participants were instructed to cover all faces of the box with wrapping paper such that it
could be lifted up without unwrapping. This task’s rating was validated and used in the final
analysis.

Task 2 - Remove money from a wallet: A wallet filled with paper money and plastic cards, an
agenda, and a paper clip were placed within reach on a table in front of the participant.
Participants were instructed to remove a pre-determined bill (amongst other bills) from the
wallet and then attach it to a pre-determined date page in the agenda (corresponding to the
participant’s birthday) using the paper clip. This task's rating was validated and used in the
final analysis.

Task 3 - Write a letter: A pencil (partially sharpened), a small pencil sharpener, a sheet of
legal size paper with a bounding box (approximately 3x2 in.) outlined in its centre, and a
legal-size envelope were placed within reach on a table in front of the participant. Participants
were instructed to sharpen the pencil (3 revolutions), write “brain science is fun” within the
bounding box, fold the paper twice along its width to fit in the envelope, and seal the
envelope. This task's rating was found unreliable and was therefore excluded from our final
analysis.

Task 4 - Fold laundry: A laundry basket containing (from top to bottom) an unfolded (throw)
blanket, a large zipped-up rain jacket, and a neuroscience textbook (to weigh down the
basket) was placed on the ground to the participants’ right. Participants were instructed to
stand, pick up the basket, walk around the chair they were seated in, and place the basket on
top of the table. They were asked to first fold the blanket (3 folds); then to unzip the rain
jacket, put it on, and zip it up. This task's rating was found unreliable and was therefore
excluded from our final analysis.

Task 5 — Cafeteria task: A lunch tray supporting a small bag of crisps and a 500-mL bottle of
water were placed on the table within reach in front of the participant. Participants were
instructed to stand up, carry the tray around their chair (taking care not to drop the food
items), place the tray on the table, open the bag of crisps, and open the bottle of water. This
task’s rating was validated and used in the final analysis.

Rating procedure

Each of the tasks was divided into 3-5 steps required to complete the task. For example, in the
cafeteria task, the relevant steps were handling the tray, opening the bag of crisps, and
opening the bottle of water. In addition, the means used to execute each step were
characterized according to whether the participant accomplished the task using one (or more)
of eight body parts (intact/dominant hand, intact/dominant arm, residual arm /nondominant
hand and arm, prosthesis, mouth, chin, legs, torso) and/or features or objects within the
environment (for example, placing the scotch tape such that it stabilised the wrapping paper
while cutting the paper with scissors). For each task-step, an independent rater, who was
blinded to the group attribution of each one-handed participant (congenital one-
handers/acquired amputees) distributed 10 points across the available 9 means of execution
(i.e., the 8 different body parts + the “environment™) based on the degree to which each body
part or the environment was involved in the completion of the task. This rating was based on
the level of dependence and frequency of use of each body part/environment, and not on the



level of sophistication or skill involving the compensatory behaviour. To increase the
reliability of ratings, the following means of execution were later grouped by averaging their
ratings: intact/dominant hand and intact/dominant arm; residual arm and prosthesis; mouth
and chin; legs and torso. Examples of the tasks and body parts used are provided in Movie S1.
All ecological data statistical analyses were carried out using in-house Matlab code.

Inter-rater validation

An additional independent observer rated the task performance of ten randomly chosen
participants, using the same methodology described above. It is important to note that many
means of execution for each participant were given a rating of zero, as many body parts were
not used to complete each task. Thus, a simple correlation as a means to assess inter-rater
reliability may result in biased estimations of reliability. For this reason, reliability was
established using a more conservative methodology. Specifically, the inter-rater bias
(difference between raters on each combination of body part and task across participants) was
calculated. Since the resulting distribution of differences was found to significantly deviate
from normality (Kolmogorov-Smirnov test, p<0.001), we employed a nonparametric method
to assess inter-rater reliability: the mean bias for each combination of body part and task was
tested to evaluate whether it fell within the nonparametric 'limits of agreement’, stringently
defined as the range between the 10" and 90" percentile of the differences distribution [S6].

This test revealed that the intact/dominant limb ratings of task 3 as well as the
residual/nondominant limb ratings of task 4 were unreliable. Since the ratings across body-
parts were interdependent (10 points were distributed across all body-parts), the unreliability
of a single body-part rating makes the entire task-rating invalid, and thus, only tasks 1, 2 and
5 were submitted to further statistical analyses.

The convergent validity of the upper limb ratings across these three tasks was further
validated by assessing the relation of these ratings to previously validated questionnaire
scores, which assess the degree of residual arm usage in daily bimanual tasks (hence
measuring the level of symmetrical upper limb movement, see Questionnaires section).
Laterality in ecological task ratings was calculated as the ratio
[(intact—residual)/(intact+residual)], which, as expected, was found to be significantly higher
in one-handers compared to controls (p<0.001, permutation test, see below). These laterality
scores were also highly correlated with the questionnaire scores of residual arm usage
(representing behavioural symmetry) across the congenital one-handed participants
(Spearman's rho=-0.81, p<0.001), further establishing the validity of the ecological task
ratings.

The final ratings of each body-part in each participant were submitted to a group-wise
permutation test. Participants' labels (one-handers or controls) were shuffled, creating two
random experimental groups, and the difference between the group averages was calculated.
This procedure was repeated 10,000 times, forming the null distribution. The position of the
test's statistic (the difference between the unshuffled group averages) in relation to this
distribution was used to calculate the two-tailed p-value. Here and in all further reported
statistical analyses, the residual arm/intact hands of one-handers were compared to the
nondominant/dominant upper limbs in controls, respectively (note that the proportion of left-
handed controls was equivalent to the proportion of left-hand one-handers, as described
below). This same permutation procedure was used in all MRI analyses which required
permutation testing.



fMRI motor task

To study brain activation evoked by movements of different body parts, we followed the same
procedures as previously detailed by Makin et al. [S5]. Participants were visually instructed to
move each of their hands (finger flexion/extension), arms (elbow flexion/extension), their feet
(bilateral toe movements), or lips, as paced by a visual cue. The usage of an active
somatosensory paradigm (e.g. lip movements) was designed to activate both Sl and M1. It
was previously used to probe consistency in organisation [S3, S7, and see also S8], as well as
reorganisation [e.g. S9, S10, S11] in acquired amputees. As such, it is suitable for assessing
reorganisation.

One-handers were asked to imagine performing the hand movements with their missing limb
(note that none of the one-handers experienced phantom sensations, Table S3). This condition
was not submitted to statistical analyses, and was only included to match the experimental
design across groups. The protocol consisted of alternating 12-s periods of movement and
rest. Each of the six conditions was repeated four times in a semi-counterbalanced order,
since due to the number of repetitions and conditions, full counter balancing across conditions
could not be achieved [S12]. Participants were trained before the scan on the degree and form
of the movements. To confirm that appropriate movements were made at the instructed times,
task performance was visually monitored online, and video recordings were made for off-line
evaluation.

MR data acquisition and preprocessing

All data were acquired using a 3-Tesla Verio scanner (Siemens, Erlangen, Germany) with a
32-channel head coil. All imaging data (with the exception of MR spectroscopy) were
preprocessed using FMRIB’s Software Library (FSL; version 5.0).

Anatomy

Anatomical data were acquired using a T1-weighted magnetization prepared rapid acquisition
gradient echo sequence (MPRAGE) with the parameters: TR=2040 ms; TE=4.7 ms; flip
angle=8°, voxel size=1 mm isotropic resolution.

Motor task

Blood-oxygenation level dependent (BOLD) fMRI was acquired using a multiple gradient
echo-planar T2*-weighted pulse sequence, with the parameters: voxel size= 3 mm isotropic,
TR=2000 ms; TE=30 ms; flip angle=90°; imaging matrix=64x64; FOV=192 mm axial slices.
Forty-six slices with slice thickness of 3 mm and no gap were acquired in the oblique axial
plane, covering the whole cortex, with partial coverage of the cerebellum. 300 volumes were
collected in the motor task. Additional dummy volumes were acquired before the start of each
scan to allow for T1 equilibrium effects. To habituate the participants to the stimuli and thus
reduce arousal-related effects during the first experimental block, an additional condition of
no interest was acquired in the very beginning of the scan (additional repetition of the first
condition), which was collected but included in the GLM model as a nuisance variable.

The following preprocessing steps were applied to each participant’s task data: motion
correction using FMRIB’s Linear Image Registration Tool [MCFLIRT; S13], BO-unwarping,
brain extraction using BET [S14], high pass temporal filtering of 150 s, and spatial smoothing
using a Gaussian kernel with a FWHM of 5 mm. Functional images were aligned to structural
images initially using FMRIB’s Linear Image Registration Tool [S13, FLIRT; S15] and then
optimized using Boundary-Based Registration [BBR; S16]. Structural images were
transformed into MNI space using FMRIB’s Nonlinear Image Registration Tool (FNIRT).



Resting state

BOLD fMRI resting state was acquired using a multiband-6 sequence [S17] with the
parameters: voxel size=2 mm isotropic, TR=1300 ms; TE=40 ms; flip angle=66°. 72 slices
with 2 mm thickness and no slice gap were acquired in the oblique axial plane, covering the
whole cortex and most of the cerebellum. 230 volumes were acquired in the resting state run.
Additional dummy volumes were acquired before the start of each scan to allow for T1
equilibrium effects. The first dummy volume was saved and later used as a reference for
coregistration.

The preprocessing of the resting state fMRI followed the same pipeline as that of the motor
task, with high pass temporal filtering of 100 s. In addition, to account for non-neuronal noise
that might bias functional connectivity analyses, we regressed out the six motion parameters,
as well as the BOLD time series of white-matter and cerebrospinal fluid (CSF) of the
unsmoothed data. For this purpose, the T1-weighted structural images were segmented into
grey matter, white matter, and CSF, using FSL FAST [S18]. To avoid the inclusion of grey
matter voxels in the nuisance masks, these masks included only voxels identified as white-
matter/CSF with probability of 1, restricted by an anatomically-based bounding box (-
44<x<42, -84<y<42, -4<72<34 for white matter; -42<x<38, -64<y<38, -22<z<28 for CSF),
and eroded by a sphere of radius 5 and 2 mm for white-matter and CSF, respectively.

MR Spectroscopy

1H magnetic resonance spectroscopy (MRS) was performed using two (2 cm)® voxels,
symmetrically centred on the estimated anatomical location of the hand knob of each
hemisphere in each participant, acquired consecutively. Off-line evaluation of each of the
voxels placement was later conducted, and data from participants with misplaced voxels (two
control participants) were discarded from further analysis.

The application of field gradients during scanning deposits heat. As the magnetic properties
of the shim elements are temperature-dependent, this could potentially result in field drifts
during the imaging sessions. We have accounted for these drifts during acquisition by
updating the transmit frequency of the scanner every 32 scans. However, as a precaution and
to ensure minimal influence of the heating-induced drifts on the missing/non-dominant hand’s
spectroscopy readings, the voxel corresponding to the missing/nondominant hand knob in
one-handers/controls was acquired first, followed by the intact/dominant hand knob. To
further ensure such technical issues did not influence our results, we used post-hoc analyses
and found no significant differences in the signal-to-noise ratio between hemispheres, neither
in one-handers (t15=-0.76, p=0.48) nor in controls (t>1,=0.51, p=0.61) and no significant
group by hemisphere interaction (F 36=0.799, p=0.377). The spectral resolution (FWHM)
was also comparable across both hand ROIs (one-handers: t,5=0.81, p=0.43; controls: t1=-
1.77,p=0.25) with no significant group by hemisphere interaction found (F,36=1.17,
p=0.29).

B0 shimming was achieved using a GRESHIM. Spectra were measured with a semi-adiabatic
localization by adiabatic selective refocusing (semi-LASER) sequence (TE=30 ms; TR=4s;
64 averages) with variable power RF pulses with optimized relaxation delays (VAPOR),
water suppression and outer volume saturation [S19, S20]. Unsuppressed water spectra
acquired from the same volume of interest were used to remove residual eddy current effects
and to reconstruct the phased array spectra [S21]. Data were acquired in single shot mode, i.e.
each single acquisition was saved separately. Single shot spectra were frequency and phase
corrected prior to averaging over 64 scans.

MRS metabolites were quantified with LCmodel [S22] (version 6.3-1B) using a basis set of
simulated spectra generated based on previously reported chemical shifts and coupling



constants [S23] using VeSPA simulation library [Versatile Simulation, Pulses and Analysis
[S24]]. Simulations were performed with the same RF pulses and sequence timings as that on
the 3T system in use. Eight LCModel-simulated macromolecule resonances were included in
the analysis at the following positions: 0.91, 1.21, 1.43, 1.67, 1.95, 2.08, 2.25 and 3 ppm
[S25]. Absolute neurochemical concentrations of y-amino-butyric acid (GABA) were
extracted from the spectra using water signal as an internal concentration reference. The

T2 relaxation of tissue water content [80 ms, S20] was taken into account during the
LCmodel fitting, with signal loss due to T2 relaxation of metabolites assumed negligible as
the metabolites have long T2 relaxation times compared to the used TE of 28 ms [S20].

To remove the potential impact of the CSF on the metabolites concentration estimate, CSF
correction was performed on each voxel. A binary mask of the voxel location was constructed
in the same imaging matrix as the structural image and applied to a SPM segmentation to
calculate the voxel grey matter, white matter and CSF fractions. Metabolites concentrations
were then corrected for the CSF fraction (FCSF) by multiplying the measured values by
[1/(1-FCSF)]. This approach assumed CSF containing only negligible amounts of
metabolites, as demonstrated with proton spectroscopy on clinical field strength scanners
[S26].

To ensure that any differences in metabolite concentrations were not due to differences in the
voxel tissue content, metabolite concentrations were calculated relative to an unsuppressed
water spectrum acquired from the same voxel, assuming a water content of 72% for white
matter, 82% for gray matter and 100% for CSF [S27, S28]. The following equation was then
used to correct the water signal individually for each participant:

Water correction = (FGM * GMwater (0.819)) + (FWM * WMwater (0.72)) + (FCSF *
CSFwater (1))

Statistical analysis

Statistical analyses of the motor-task data and resting-state whole-brain functional
connectivity were performed using FMRIB’s Expert Analysis Tool (FEAT; version 6.0). In
house Matlab code (Mathworks, Natick, MA, USA) was used to calculate and test the resting-
state partial correlations and global signal connectivity.

Motor fMRI task

Statistical parametric maps were computed for each condition vs. resting baseline as
implemented in FSL's FEAT and FLAME, using a double-gamma hemodynamic response
function convolved with the experimental model. The six motion parameters were included as
regressors of no interest. Data collected for individuals with absent right hands (n=4) and left-
handed controls (task: n=7, rest: n=8) were mirror reversed across the mid-sagittal plane prior
to all functional analyses. The proportion of flipped data did not differ between groups (task:
X2(1)=0.21, p=0.65; rest: X2(1)=0.32, p=0.57).

To confirm that this procedure did not bias our main results, the results reported in Figure 2
were repeated while accounting for the flipping procedure. We first excluded the 7/22 left-
handed control participants and the 4/16 one-handers born without a right hand (resulting in a
test sample of 15 right-handed control participants and 12 right-handed one-handers). Thus,
no flipped data were included in this analysis. Despite the reduced sample size, a whole brain
analysis of activation replicated our main findings, showing significantly increased activation



in the missing hand territory during arm, lip and feet movements of one-handers compared to
controls (Figure S3). An ROI analysis of the missing hand cortex showed significantly
increased activations in one-handers, compared with controls during arm (t.,4=3.69,
p=0.0007), lips (te5=3.29, p=0.002) and feet movements (t.s=2.35, p=0.02). Furthermore,
this analysis showed no group differences in the intact hand ROI (arm: t,4=0.4, p=0. 7; lips:
t25=0.7, p=0.5; feet: t,5=0.18, p=0.85), resulting in significant hemisphere by group
interactions for arm (F24=12.88, p=0.001) and lips (F,25=11.39, p=0.002) (feet: F( »5=2.3,
p=0.14). These results confirm that our original findings were not caused by the flipping
procedure. To explore potential involvement of lateralised brain structures in the reported
results, we re-ran the group contrast while including all participants, but using the original
(non-flipped) activation maps. This analysis revealed no significant group differences in
activation.

Regions of interest analysis

A region of interest (ROI) for the sensorimotor representation of the hand was defined by
averaging the low-level contrast of intact/dominant hand vs. rest across the two groups (one-
handers and controls) (Z>8; centre of gravity in MNI coordinates: x=25, y=52, z=64, 388
functional voxels of (2 mm)?). To identify the putative missing hand ROI, the intact hand ROI
coordinates were mirror-flipped on the x-axis [S2, S5]. The condition-specific contrasts
across the two groups were used to define the ROIs for the sensorimotor representations of
the lips (contralateral to the nondominant/missing hand, z>8; centre of gravity: x=17, y=60,
z=55, 206 voxels) and feet (Z>7.5; centre of gravity: x=44, y=51, z=70, 327 voxels). Note
that limitations in both MRI acquisition and analysis resolution precluded reliable separation
between the two sensorimotor foot areas. For this reason, a bilateral ROl was defined for the
feet. For the same technical reason we were unable to dissociate the somatosensory and motor
primary cortices (Sl and M1, respectively). Therefore, all body part ROIs are labelled
‘sensorimotor’ cortex.

Mean percept-signal-change activation values were extracted from the single-subject
functional data for the intact and missing hand ROIs for all conditions using FSL's Featquery.
Planned group comparisons within the missing hand ROI were carried out using two-tailed t-
tests. A repeated-measures ANOVA with group as an independent factor and activation levels
within the two hand ROIs for each experimental condition as dependent variables was also
conducted to determine the specificity of these effects to the missing hand ROI. To confirm
that reorganisation was selective to those body-parts used for compensatory purposes in the
missing-hand territory, repeated measures ANOVA with factors group, hemisphere and body
parts (arm, lip, feet, intact hand) was employed. Activation levels within the lip and foot ROIs
during lip and feet movement conditions (respectively) were compared between groups using
two-tailed t-tests.

Validation of regions of interest

The putative missing hand ROl was defined by mirror-flipping the inter-group
intact/dominant-hand ROI on the x-axis, as practiced in our previous studies[S2, S5]. To
ensure that this flipping procedure adequately captured inter-individual differences in hand
activation, we tested non-dominant hand activation in the control group. For this purpose, we
created a new ROI for the non-dominant hand in controls (using the activation contrast of the
non-dominant hand vs. baseline). The contrast map was thresholded at Z=6.7 in order to
produce an ROI of a comparable size to the original ROI (comprising 386 voxels showing the
strongest activation during non-dominant hand movements). We next extracted the activation
level for non-dominant hand movement under both the original (flipped) inter-group ROI and
the controls intra-group nondominant-hand ROI. The correlation coefficient across control
participants between both ROIs was r(20)=0.91 (r(13)=0.88 for right-handed control



participants, r(5)=0.97 for left-handed control participants, no sub-group difference in
correlations: Z=-1.24, p=0.22, Fisher's test), suggesting that the original ROI captured the
inter-individual variance for the relevant representation. A paired t-test aimed to quantify any
possible difference in activation levels between ROIs found no significant differences
(t21)=0.84 p=0.41).

An additional ROI for the sensorimotor representation of the hand was defined by a group
conjunction of activity of the intact/dominant hand vs. rest (Z>6.5; centre of gravity in MNI
coordinates: x=25, y=52, z=64, 469 functional voxels of 2 mm?®; Note that these centre of
gravity coordinates are identical to those obtained from the original ROI). To identify the
putative missing hand ROI, the intact hand ROI coordinates were mirror-flipped on the x-axis
[S2, S5]. Activation was extracted from under these two ROIs for each participant and each
experimental condition. A repeated measures ANOVA with factors group (one-handers,
controls), hemisphere (missing, intact) and body part (arm, lip, feet, intact hand) confirmed
that reorganisation in the missing-hand territory was selective to those body parts used for
compensatory purposes (3-way interaction F34=10.73, p<0.001). Further analysis confirmed
increased activation in the missing-hand territory of one-handers during movements of the
residual arm (ts=4.76; p<0.001), lips (tss=4; p<0.001), and feet (tz5=2.53; p=0.01) relative
to controls.

To further confirm the validity of the group ROI, we also repeated our main analysis using
individual subject ROIs. For each participant, the 388 voxels showing the strongest activity
during the intact/dominant hand condition were chosen from the sensorimotor cortex. These
ROIs were then flipped to the missing hand hemisphere to comprise the missing hand ROIs.
Activation was extracted from under these two ROIs for each participant and each
experimental condition. This analysis revealed increased activation in the missing-hand
territory in one-handers during movements of the residual arm (ts=2.99; p=0.005), lips
(tz5=3.22; p=0.003), and feet (tz5=2.19; p=0.03) relative to controls. None of these
conditions yielded any difference between groups in the subject-based intact/dominant hand
territory (residual arm: t(35=0.98; p=0.33, lips: t35=1.29; p=0.2, feet: t(35=0.94; p=0.35). This
pattern of results echoes our main findings, though the statistical significance is weaker.

Resting state fMRI task

The level of resting-state coupling (functional connectivity) between the
missing/nondominant hand ROI and each of the other ROIs - the lip (contralateral to the
missing/nondominant hand), bilateral foot and intact/dominant hand - was examined. This
was measured for each participant by correlating the time-course of the missing/nondominant
hand ROI with the time-course of each other ROI, while partialling out the time-courses of
the remaining ROIs (excluding the arm ROI, which largely overlaps the hand ROI [see S5]).
The resulting three sets of partial correlation coefficients (missing/nondominant-hand vs. lip,
missing/nondominant-hand vs. foot, missing/nondominant-hand vs. intact/dominant-hand
ROIs) were Fisher-transformed, and group comparisons were conducted using two-tailed t-
tests. Connectivity values were also submitted to repeated-measures ANOVA with factors
group (one-handers, controls) and connectivity with the missing hand cortex for ROIls (intact
hand, lips, feet).

Whole-brain functional connectivity analysis was performed on the preprocessed data using
FEAT, with the signal from the missing/nondominant hand region as a seed. The time-course
extracted from the missing-hand ROI is “contaminated” by other components from the
sensorimotor system (e.g. the intact hand) that may mask the true hand-specific connectivity.
For this reason, the signal from the intact/dominant-hand region was added as nuisance
regressor. Group maps were created and corrected as described for the motor task above.

To examine remapping outside the sensorimotor system, the resting-state global signal of
each participant was calculated by averaging the time-courses of all grey-matter voxels in



each individual brain [S29]. The global signal was then correlated with the time-courses
extracted from each of the two bilateral hand ROIls, and the resulting Fisher-transformed
correlation coefficients were submitted to repeated-measures ANOVA with factors group
(one-handers, controls) and hemisphere (missing, intact). See below details of regression of
the sensorimotor temporal component from the global signal.

Independent component analysis for resting state functional connectivity

To identify the sensorimotor network, data were analysed using MELODIC (Multivariate
Exploratory Linear Optimized Decomposition into Independent Components, part of FSL
http://www.fmrib.ox.ac.uk/fsl/melodic/). Individual resting-state scans were temporally
concatenated across both groups to create a single 4D dataset. To allow for comparable
analyses between previous and future studies, we restricted the dimensionality to 25
components [S7, as previously implemented by S30, S31]. This analysis produced an
independent component (IC) corresponding with the sensorimotor network, as confirmed by a
spatial correlation coefficient of 0.75 to a canonical mask of the sensorimotor network (Figure
S2D).

To compare this network across groups, we used the dual regression approach [S30]: The
main regressor of interest was the averaged time course underlying the sensorimotor IC, with
individual voxels weighted based on their contribution to the group IC. The weighted time-
courses of all other ICs were also calculated within each individual participant, using the
same procedure, and included as regressors of no interest in a voxel-wise first-level GLM.
The output values of this analysis are voxel-wise beta values, representing the strength of
connectivity of each voxel with the sensorimotor IC, after accounting for partial contribution
of all other ICs.

To identify any regions where connectivity with the sensorimotor network may differ in
strength across groups, whole-brain group comparisons were also performed, using
permutation tests (as applied in FSL's randomise) and threshold-free cluster estimates. Using
this approach we found no evidence for increased connectivity in one-handers compared with
controls. This analysis indicates that the sensorimotor IC as a whole was not different across
the two groups.

The sensorimotor IC was also used to test whether group-differences in the correlations
between the global signal and the signals from the hand ROIs were driven by the
sensorimotor network. For each participant, the temporal component of the sensorimotor
network was regressed out of the global signal, and the same group-comparison procedure as
described above was then repeated using the residual global signal.

MR spectroscopy

To study possible plasticity-related neurochemical alterations in one-handers, absolute GABA
levels from the intact- and missing-hand regions were assessed [S32, S33]. These values were
submitted to a repeated-measures ANOVA, with factors group (one-handers, controls) and
hemisphere (missing, intact).

Brain and Behaviour correlations

Exploratory Pearson correlations were computed between all the following measures: (1) the
ecological behaviour scores representing the extent to which one-handers used their lips and
feet, (2) the level of activation evoked by the movements of the lips and feet in the missing
hand region, measured as percent signal change (3) the level of resting-state partial



correlations between the missing-hand territory and the territories of the lips and feet, and (4)
the absolute GABA levels in the missing hand region. All correlations that involved
behavioural scores were tested using permutation tests. No significant correlations were
revealed.

Reliance on intact hand for compensatory behaviour

In our behavioural analysis we found no significant differences between utilisation of the
intact hand in one-handers and the dominant hand in controls during the ecological task
(p=0.09, permutation test). This result converges with our previous observation of reduced
reliance on the intact hand in congenital one-handers compared to one-handed amputees,
based on both subjective (questionnaires) and objective (accelerometry) measurements of
lateralised upper limb behavior in daily tasks [S5]. Indeed, the results obtained using the
ecological task strongly correlated with the subjective measurements of daily behaviour used
in our previous study (see Experimental Procedures section). Together, these findings suggest
that rather than relying on their intact hand, congenital one-handers tend to engage multiple
body parts (as well as objects in their environment) to substitute for their missing hand’s
function. This phenomenon may correspond with a recent observation of mild functional
deficits in motor control of one-hander’s intact hand [S34]. It has been hence suggested that
direct sensorimotor experience with both hands may be important for the typical development
or refinement of motor control of the hand (see Discussion for the connectivity bias theory
[S35, S36]). It is therefore possible that due to these mild motor deficits, one-handers prefer
relying on other body parts to fulfill the functionality of the missing hand, although further
research is needed in order to confirm this hypothesis.

It is also important to note that since the intact hand is not utilised to substitute the missing
hand's function, there should be no behavioural drive to induce over-representation of the
intact hand in the missing hand territory (unlike the lip and foot representation). As such, even
though in the typical brain the connectome of the missing hand territory might be ideally
placed for over-representing the intact hand [S37], this is not sufficient to drive
reorganisation. Furthermore, we have previously reported [S2], and replicate again here, that
the two hand territories show reduced connectivity in congenital one-handers. This finding
implies that the connectome of the missing hand territory in one-handers is less likely to
support remapping of the intact hand, consistent with our behavioural observations.

Over-activation for multiple body parts outside the missing hand area

While the over-activation in one-handers for the feet and lips conditions is centered on the
missing hand area (Table S1), significant activation was also observed inferiolateral to the
missing-hand region of interest. Currently, there is an ongoing debate regarding the body part
representation laterally neighbouring the hand. Classically, the immediate neighbour of the
hand area was considered to be the upper part of the face [S38]. This topography has been
subsequently confirmed in humans in multiple neuroimaging studies [S39, S40]. However,
recent evidence from new-world monkeys suggests that in Sl, the bordering neighbour is the
lips [S41]. It is possible that the conflicting evidence do not arise from inter-species
differences, but rather from different topographic maps in Sl and M1, as recently indicated by
Glasser et al. [S42]. Given this current controversy and limited existing evidence, it is
difficult to place our findings in a physiological framework, and future research should
consider changes in topographic mapping of one-handers outside the immediate border of the
hand area.
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