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Introduction: Muscle activity patterns in the residual arm are systematically present 
during phantom hand movements (PHM) in transhumeral amputees. However, their 
characteristics have not been directly investigated yet, leaving their neurophysiological 
origin poorly understood. This study pioneers a neurophysiological perspective in 
examining PHM-related muscle activity patterns by characterizing and comparing 
them with those in the arm, forearm, and hand muscles of control participants 
executing intact hand movements (IHM) of similar types.

Methods: To enable rigorous comparison, we developed meta-variables 
independent of electrode placement, quantifying the phasic profile of recorded 
surface EMG signals and the specificity of their patterns across electrode sites 
and movement types.

Results: Similar to the forearm and hand muscles during IHM, each signal recorded 
from the residual upper arm during PHM displays a phasic profile, synchronized with 
the onset and offset of each movement repetition. Furthermore, the PHM-related 
patterns of phasic muscle activity are specific not only to the type of movement 
but also to the electrode site, even within the same upper arm muscle, while these 
muscles exhibit homogeneous activities in intact arms.

Discussion: Our results suggest the existence of peripheral reorganization, 
eventually leading to the emergence of independently controlled muscular 
sub-volumes. This reorganization potentially occurs through the sprouting of 
severed axons and the recapture of muscle fibers in the residual limb. Further 
research is imperative to comprehend this mechanism and its relationship 
with PHM, holding significant implications for the rehabilitation process and 
myoelectric prosthesis control.
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1 Introduction

Phantom mobility has been described as the ability to move the phantom limb after 
amputation. It has been reported by 76% of upper limb amputees and persists over many years 
after surgery (Touillet et al., 2018). Despite common clinical assumptions, there is no inherent 
link between phantom mobility and phantom pain. Moreover, engaging in phantom 
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movement training can even effectively alleviate phantom pain 
(Brunelli et al., 2015; Ortiz-Catalan et al., 2013, 2014). In a recent 
review, Scaliti et al. (2020) conceptualized phantom movements as 
“real movements of a dematerialized [limb].” Indeed, contrary to 
motor imagery, phantom mobility is systematically associated with 
muscle contractions in the residual limb (Raffin et al., 2012), even 
visually apparent on the surface of the residual limb. Furthermore, 
similarly to what is known about intact movements, when an 
ischaemic block is applied on the residual limb to suppress 
somatosensory feedback, the sensation of movement disappears while 
muscle contractions can remain (Reilly et al., 2006). Finally, muscle 
activity patterns in the residual limb are specific to the type of 
phantom movement performed (Reilly et  al., 2006) and can 
be  classified (Jarrassé et  al., 2018), even for individual finger 
movements in transhumeral amputees (Jarrassé et al., 2017a,b). Thus, 
phantom mobility is a robust phenomenon, and, yet the underlying 
neurophysiological mechanisms are still poorly understood.

Previous studies on phantom mobility did not provide insights 
into the neurophysiological origin of the associated muscle activities 
on the residual upper arm during PHM. In some studies, muscle 
activities were recorded with a single pair of electrodes on one head 
of the residual biceps and triceps muscles (Gagné et al., 2009; Reilly 
et al., 2006). Despite this limited spatial resolution, they showed that 
muscle activity patterns varied across hand, wrist, and elbow phantom 
movements, but the origin of these activities could not be investigated. 
The more recent studies that used a much higher spatial resolution 
allowing to classify EMG patterns for up to 8 different types of 
phantom hand movements (Jarrassé et al., 2017a,b) demonstrated that 
signals from pairs of electrodes placed on the same upper arm muscle 
could provide relevant information about de type of executed 
phantom movement. Yet, the underlying neurophysiological origin is 
poorly understood given the ambiguity surrounding information on 
which classifiers base their classification. Therefore, by adopting a 
neurophysiological perspective in the analysis of muscle activity 
patterns associated with phantom mobility in transhumeral amputees, 
the aim of this study was to characterize their nature.

It was proposed that muscle activities in the residual upper limb 
during PHM could be new emerging activity due to reorganization of 
the nervous system at different levels after amputation (Gagné et al., 
2011). Yet, it is also possible that such muscle contractions only reflect 
persisting synergistic activity originally associated with contractions 
of the -now missing- limb muscles. For example, synergistic activity 
are reported in the deltoid and in bi-articular biceps and triceps 
muscle groups for stabilizing the upper limb at the shoulder and elbow 
joints during intact hand movements (IHM) (McKiernan et al., 1998). 
If such synergistic activity indeed persists after amputation, muscle 
activity in the residual upper arm during PHM should be similar to 
the one observed during IHM in the intact upper arm, which would 
give information about the origin of these muscle activities. Therefore, 
to better characterize the nature of the muscle activity patterns 
associated with PHM, we compared those occurring during PHM 
with those occurring during IHM. We chose not to analyze IHM of 
the amputees’ contralateral intact arm because the compensatory use 
of the residual limb in daily life might influence intact arm muscle 
control (Garbarini et al., 2018; Makin et al., 2013). Instead, we used a 
control group of non-amputated participants and verified with one 
amputee that muscle activities in the intact upper arm during IHM 
were similar to those recorded in the control participants.

2 Materials and methods

2.1 Participants

Six participants (one female, five males) with a traumatic 
unilateral transhumeral amputation (P1–P6, 24–75 years old) and 
seven controls (C1–C7, aged 24–55 years) were included in the study. 
To be included, amputees had to be able to mimic their PHM with 
their intact hand in real time. Amputees who experienced phantom 
limb pain while performing PHM were excluded as this has been 
shown to limit their ability to move the phantom limb (Gagné et al., 
2009). The delay since amputation varied from 2 to 48 years. Five of 
the six amputees used a myoelectric prosthesis daily. Their control 
relies on the generation of muscle activity in the residual triceps and/
or biceps, allowing the EMG signal recorded by the two electrodes 
placed inside the prosthetic cuff to detect when a certain threshold is 
reached. The contraction of one muscle is needed to initiate a 
movement in one direction or the other, while the co-contraction of 
both muscles is required to switch the mode from hand closure/
opening to wrist rotation, and vice versa. P5 was the only one to own 
a poly-digital prosthesis but its control was similarly sequential: 
modifications of finger movement configurations were obtained by 
successive co-contractions of the two muscles. Demographic data of 
the amputees are summarized in Table 1.

All amputees were recruited at IRR (Nancy, France). The control 
participants were recruited from the research institute (Marseille, 
France). The experiments were carried out in accordance with the 
Declaration of Helsinki of the World medical association. Written 
informed consent was obtained from all participants and the study 
received approval from a Research Ethics Committee (CERES No. 
2016-57). Participants also provided informed consent for the 
publication of photos of their body parts in Figure 1 while maintaining 
their anonymity.

2.2 Protocol

To determine the self-evaluated difficulty in executing each 
type of PHM, the recording session began with a short questioning 
based on a detailed semi-directed interview that had been 
conducted previously for each participant. Amputees were 
instructed to execute a series of 10 repetitions of a complete cycle 
of phantom movement (i.e., flexion/extension or closing/opening) 
at a self-chosen comfortable speed. They were also instructed to 
simultaneously mimic, symmetrically, and as accurately as 
possible, the movement amplitude and velocity with their intact 
contralateral hand equipped with a Cyberglove® II1 that recorded 
the kinematic data. This technique is widely used in the literature 
(De Graaf et al., 2016; Gagné et al., 2009; Reilly et al., 2006; Touillet 
et al., 2018). Movement execution began after the experimenter 
provided instructions on the type of movement to perform. Due 
to tremor or blocking [reported in the literature as an “impossibility 
to move despite strong effort” (De Graaf et al., 2016)] related to 
fatigue, for some phantom movements, the participants had to take 

1 https://www.cyberglovesystems.com/cyberglove-ii
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breaks and temporally perform a different type of phantom 
movement before returning to the original one in order to 
complete the required number of 10 repetitions. Table  1 
summarizes the different types of PHM each participant executed. 
We paid careful attention to preserve participants from fatigue by 
adjusting the duration of resting periods between series of 
movements to their needs. In addition, each recording session was 
videotaped for more accurate offline visual monitoring of tremor 
during phantom movement execution. If this occurred, the 
corresponding cycle of movement was rejected from analysis. The 
whole recording session lasted for about 90 min and took place in 
the presence of a medical doctor.

The control group performed series of 10 repetitions of the 
following cyclic movements with their dominant hand: flexion/

extension of each of three individual fingers (thumb, index, and 
middle finger), and closing/opening of hand and pinch. In an attempt 
to closely match these IHM with the PHM of the amputated 
participants, the protocol included three distinctive features. First, 
the IHM were executed while keeping the upper arm and forearm in 
a relaxed vertical position (aligned with the trunk) to match the 
relaxed position of the residual upper arm of the amputees. Second, 
control participants were asked to perform movements at a slow 
speed to match the average speed of the PHM performed by the 
amputee group (6 s per cycle). This was trained beforehand, and the 
experimenters visually verified that the speed was maintained along 
the session. Finally, to rule out any potential influence of intact hand 
mimicking on the results of the comparison between controls and 
amputees, the control group was also asked to accurately mimic the 

TABLE 1 Demographic data concerning the six amputated participants.

Sex Age 
(years)

Delay since 
amputation (years)

Amputated 
side

Pain 
treatment

Myoelectric 
prosthesis

Mobilization capacity

P1 F 75 14 Right No Yes F1, F2, F345, Hand, Pinch

P2 M 42 5 Right Yes Yes F1, Hand, Pinch

P3 M 73 48 Left No Yes Hand

P4 M 49 3 Left Yes No F1, F345, F2, Hand

P5 M 24 2 Left Yes Yes
F1, F5, Pinch,

Hand

P6 M 32 4 Right Yes Yes F5, Hand, F2, F1, F3, Pinch

M, male; F, female; Fn, finger flexion/extension with n going from 1 (thumb) to 5 (little finger); F345, simultaneous flexion/extension of F3, F4, and F5; Pinch, thumb/index opposition 
opening/closure; Hand, whole hand opening/closure. The different types of PHM are indicated in the order of execution during the recording session. This order was defined according to the 
self-reported difficulty of movement execution, starting with the easiest.

FIGURE 1

EMG electrode placements on the residual upper arm for the six amputees (PI to P6) and one control participant (right side). Only the electrodes 
placed on the biceps and triceps were selected for further analyses. Note the non-conventional placement of four pairs of electrodes on the biceps 
muscle of the control participant. The same was done on the triceps (not visible here). Participants provided their informed consent to the publication 
of these images.
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amplitude and speed of the IHM with their contralateral hand in real 
time. Kinematics was also recorded via the Cyberglove® II the 
mimicking contralateral hand was equipped with. Thus, measurement 
procedures were identical for both groups: EMG activity was 
recorded on one upper arm while kinematics was measured on the 
mimicking contralateral hand.

2.3 Recordings

Pairs of surface EMG electrodes were placed at various sites on the 
residual limb, with the placement individualized for each amputee based 
on the detection of muscle contractions through palpation during various 
types of PHM. Electrodes were placed at each location where palpation 
could detect a contraction for at least one type of movement, within the 
constraints of available electrodes. Figure 1 shows photos with different 
views of the electrode locations. The present analysis focused on surface 
EMG signals recorded from 8 to 15 pairs of electrodes (depending on 
the length of the residual limb) placed distal to the deltoid muscles, i.e., 
only on the biceps and triceps brachialis muscles. For one amputee 
participant (P6), eight pairs of electrodes were also placed on similar 
locations on the biceps and triceps brachialis muscles of the contralateral 
intact arm.

For the control group, a total of 11 pairs of EMG electrodes were 
used for the analyses. It was not possible to precisely match the 
location of the electrodes on the right arm of controls to the one on 
the residual arm of amputees, primarily because the amputation has 
changed the anatomy of the upper arm muscles. Yet, we  chose 
recording sites closely resembling those on the residual muscles of 
amputees (see the right side of Figure  1). Thus, for each control 
participant, four pairs of electrodes were placed on the biceps 
brachialis (BB) and four on the triceps brachialis (TB) of the right 
arm. For each of these muscle groups, one pair of electrodes was 
placed following the SENIAM recommendations (Hermens et al., 
2000), a second pair was placed distal to the first one. Finally, the two 
other pairs were placed laterally to the previous two pairs but still on 
the same muscle. The three remaining pairs of electrodes were placed, 
respectively, on the superficial extensor and flexor muscles of the 
fingers (on the forearm) and on one intrinsic hand muscle (opponens 
pollicis, OP) following the SENIAM recommendations.

An ANT-Neuro® eego-sports system with shielded cables was 
used to record EMG activity at a sample frequency of 1 kHz 
continuously throughout the experimental session. A Cyberglove® II 
recorded the angular positions of the five fingers of the contralateral 
hand during real-time mimicking at a sample frequency of 100 Hz. 
Details about the calibration of the Cyberglove®II have been reported 
in the literature (De Graaf et al., 2016; Jarrassé et al., 2017b). Kinematic 
data and EMG data could be synchronized thanks to a dedicated push 
button which sent a marker to both recording systems at the start of 
each sequence of movement cycles.

Upon request, the raw data supporting the conclusions of this 
article will be made available by the authors, without undue reservation.

2.4 Analyses

Before going into details, two methodological issues must 
be mentioned. First, we did not assess PHM kinematics as such (i.e., 

amplitude, velocity), which has already been investigated in the 
literature (De Graaf et al., 2016). PHM kinematics were recorded only 
for the purpose of analyzing muscle activity patterns of each individual 
type of half-cycle (i.e., type of movement). Since in intact hand 
movements, agonist and antagonist muscle activities evidently differ 
in opposite movements (i.e., flexion versus extension of individual 
fingers, opening versus closing of pinch and hand), PHM needed to 
be analyzed in this way as well. Secondly, as the precise placement of 
EMG electrodes could not be standardized across participants (both 
within and between groups), we devised meaningful meta-variables 
that were independent of the exact electrode locations. This 
independence was essential for enabling group comparisons, allowing 
data averaging across participants within each group before comparing 
the two groups.

2.4.1 Pre-processing
Data collected with the Cyberglove® II was filtered with a 4th 

order Butterworth low-pass filter (cut-off frequency 2.5 Hz) and 
resampled at 1 kHz to match the EMG signal (see the upper trace in 
Figure  2A). The EMG signal was filtered using a 4th order 
Butterworth band-pass filter (10–400 Hz) and series of cyclic 
movements were separated. EMG amplitude envelopes were 
calculated via the root mean square of the EMG signal over a sliding 
time window of 0.5 s with 0.01 increments (Jarrassé et  al., 2018, 
2017b). Next, for each series of cyclic movements, we extracted the 
timing of phase changes from the kinematics, which were then 
utilized to cut the EMG activity into half cycles. Given the highly 
variable duration of each half cycle across different types of PHM and 
among participants, each half cycle repetition was normalized to a 
time-base representing 50% of the entire corresponding cycle. This 
step was necessary to later average the EMG envelopes over all 
repetitions for each given type of half cycle, which we will be referred 
to as “movement type” (e.g., thumb flexion, thumb extension, whole 
hand opening). The EMG envelopes are shown in Figure 2B. All 
kinematic and EMG analyses were done with the help of a custom-
made MATLAB (version 2018b) script.

2.4.2 Relative phasic muscle activity
Figure 2A shows typical examples of rectified EMG recordings. 

These recordings were obtained from two sites, one on the residual 
and one on the intact upper arm of participant P6 during flexion/
extension of the phantom and intact little finger, respectively. During 
the PHM, clear phasic muscle activity was recorded from the biceps 
and triceps brachialis of the residual upper arm, whereas during the 
IHM, the intact upper arm showed mainly tonic muscle activity. 
Since the required task was to perform cyclic hand and finger 
movements and not to maintain postures, we developed a method 
to better distinguish phasic from tonic EMG activity. This was also 
used to normalize the amplitude of the recorded EMG signals 
instead of using the classical normalization to the maximal voluntary 
contraction, which was not applicable. Thus, in this cyclic action, the 
relative phasic muscle activity was quantified as follows: for each half 
cycle and recording site, the difference between the maximum and 
minimum values of the averaged envelope was divided by its mean 
value EMG EMG

mean EMG
max min−

( )










. For each participant, each pair of 

electrodes and each type of phantom or intact hand movement, the 
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mean relative phasic activity over the 10 repetitions was quantified. 
The obtained value was higher in case of purely phasic activity and 
lower when the bursts were superimposed on a tonic background 
(see Figure 2B for an illustration). For each participant, this value 
was averaged across all movement types and electrode sites to make 
inter- and intra-group comparisons of the relative phasic muscle 
activity between (i) the residual and intact upper arm, (ii) the 
residual upper arm and intact forearm, (iii) the intact upper arm 
and forearm.

2.4.3 Movement-type and electrode-site 
specificities

In order to study the specificities of activity patterns in the 
residual upper arm muscles during PHM and compare these to 
muscle activity patterns in the intact upper arm during IHM, 
we  developed two meta-variables: movement-type specificity and 
electrode-site specificity. First, the variation in relative phasic muscle 
activity across different movement types for a given pair of electrodes 
indicates whether this site is specifically activated for certain types of 
movements. We will refer to this as “movement-type specificity” and 
quantify it for each electrode site as the standard deviation of the 
relative phasic muscle activity values across different movement types 
(SDm). A high SDm value indicates that this site is movement specific 
(see Figures 3A,C at each electrode site). Conversely, a low SDm value 
indicates that the relative phasic muscle activity is similar across 
different types of movements at that site, indicating a lack of 
movement specificity (see Figure 3B at each electrode site). Secondly, 
the variation in relative phasic muscle activity across different 
electrode sites for a given type of movement reflects the specific 
involvement of certain muscle volumes located under these electrodes 
for this type of movement. We  will refer to this as “electrode-site 

specificity” and quantify it for each type of movement as the standard 
deviation of the relative phasic muscle activity values across electrode 
sites (SDe, low in Figure  3A vs. high in Figures  3B,C). For each 
participant and arm segment (either forearm or upper arm), the 
“global movement-type specificity” (SDM) was calculated by averaging 
the SDm values across all electrode sites. For a given participant, a high 
SDM value indicates a high movement-type specificity at many 
electrode sites (as in Figures 3A,C). Yet, this quantification does not 
exclude that all electrodes may record the same relative phasic activity 
for a given type of movement (as in Figure 3A). Therefore, we also 
determined the “global electrode-site specificity” (SDE) by averaging the 
SDe values over all movement types. To perform inter-group 
comparisons, values of global movement-type and electrode-site 
specificities (i.e., SDM and SDE) of all participants were grouped and 
compared between PHM and IHM.

2.4.4 Statistics
Because of the non-normal distribution of data, probably due to 

the restricted sample size related to the restricted population of 
transhumeral amputees, two-tailed comparisons between PHM and 
IHM were statistically tested using the non-parametric Wilcoxon 
Rank Sum test (independent samples, n = 6 for the amputees; n = 7 for 
the control group). The Wilcoxon Signed Rank test was used for the 
two-tailed paired comparison of relative phasic activity between the 
forearm and upper arm in control participants (n = 7). Statistical 
testing was performed in R-4.3.2 with the significance threshold set at 
0.05, except for the two comparisons concerning the Relative phasic 
activity of the residual arm where it was rectified at 0.025. The values 
of test statistics, the p-values and the confidence intervals of the 
estimator (i.e., the pseudo-median, see Hollander et al., 2014) were all 
given by R.

FIGURE 2

Illustration of EMG signal processing resulting in relative phasic muscle activity values. (A) The top trace shows the angular evolution of 3.5  cycles of 
flexion/extension of the little finger executed over 11  s. The four lower traces represent the corresponding rectified EMG activity normalized, for each 
electrode site, by the maximum value, recorded from the biceps (BB) and triceps (TB) brachialis muscles of the residual arm and intact upper arm, 
respectively. (B) Mean kinematic traces and EMG envelopes for each half cycle. The duration of each movement half-cycle is normalized to 50% of the 
total cycle time. The values indicate the relative phasic muscle activity calculated from the signals shown in panel (A) (see text). Note the higher values 
found for the residual upper arm compared to the intact upper arm.
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3 Results

PHM was associated with reproducible phasic muscle activity that 
varied with movement type and electrode site. Figure 4A displays 
typical examples of EMG signals from participant P6 for three 
consecutive repetitions of various types of PHM, recorded from four 
pairs of electrodes on the residual upper arm. First, it can be observed 
that EMG activity is phasic and for a given type of PHM, it is 
repeatable. These phasic activities are coherent with the kinematics of 
movement: the EMG bursts show an increasing amplitude at the start 
of a movement and decreasing amplitude at the end, irrespective of 
the half-cycle duration (see Figure 2A for illustration). As expected 
from a muscle directly involved in IHM, similar observations are 
noted regarding the signals recorded from the forearm superficial 

finger flexor muscle. Second, for each electrode site, the EMG activity 
varies according to the type of PHM. Distally on the lateral head of TB 
(3rd trace), activity was higher for isolated extensions of the thumb 
and index finger (F1Ext and F2Ext) than for their flexions (F1Flex and 
F2Flex) but inversely lower when involved in hand opening and 
closing. Such intra-individual variability has also been observed for 
the other amputated participants. Finally, as expected from a fusiform 
muscle such as TB, EMG recordings on a proximal and a more distal 
site (two top traces for Figure  4A) present similar movement-
dependant activity. In Figure 4B, signals were recorded from the intact 
upper arm muscles and the superficial finger flexor muscle of a control 
participant executing different types of IHM. As expected from a 
forearm muscle directly involved in hand movement, the superficial 
finger flexor muscle exhibited EMG bursts (i.e., phasic activity) for the 

FIGURE 3

Three examples of schematic movement type (SDm), electrode site (SDe) and global (SDE and SDM) specificities (A–C). ↑ and ↓ reflect, respectively, “high 
“and “low” specificities. (A) Low SDE and high SDM, (B) high SDE and low SDM, (C) high SDM and high SDE.

FIGURE 4

Three consecutive repetitions per type of movement are displayed, distinguished by color for selected pairs of electrodes recorded in parallel on the 
residual arm of participant P6 (A) and the intact arm of a control participant (B). Both PHM-related and IHM-related EMG Signals were concatenated 
over different types of movements. The different types of movements are flexion (Flex) and extension (Ext) of thumb (F1), index (F2), middle finger (F3) 
and little finger (F5), closing (CIS) and opening (Opn) of hand and pinch. For each pair of electrodes, the signal is normalized by the maximum peak 
EMG amplitude found over all movement types and expressed in percentage. (A) Upper trace: proximal location on the medial head of triceps 
brachialis (TB); second trace: distal location on the medial head of TB; third trace: distal location on the lateral head of TB; lowest trace: distal location 
on BB. (B) Upper trace: proximal location on the medial head of biceps brachialis (BB); second trace: distal location on the medial head of BB; third 
trace: distal location on the lateral head of BB; lowest trace: superficial finger flexor muscle. Note that the lack of phasic activity in the intact arm 
muscles resulted in high normalized values, misleadingly suggesting high EMG levels.
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different types of movements. Interestingly, this activity seemed very 
similar to the phasic EMG activity measured on the residual upper 
arm during such movements. In contrast, all sites on TB and BB 
exhibited mainly tonic activity.

PHM was associated with relative phasic muscle activity on the 
residual arm, which was stronger than that associated with IHM in the 
upper arm and similar to that associated with IHM in the forearm. As 
could be  expected given the EMG traces shown in Figure  4 for 
individual participants, ‘relative phasic muscle activity’ associated with 
PHM recorded on the residual limb was found to be significantly 
higher than that associated with IHM recorded on the intact upper 
arm (W = 42, p ≈ 0.003, Table  2a; Figure  5). Furthermore, relative 
phasic muscle activity associated with IHM measured on the intact 
forearm muscles was significantly greater than that measured in 
parallel on the intact upper arm (V = 28, p ≈ 0.02, Table 2b). The low 
values for the intact upper arm muscles are typical of the tonic EMG 
activity depicted in Figure 2A and Figure 4. We found no significant 
difference between PHM-related relative phasic muscle activity and 
IHM-related relative phasic muscle activity measured on the forearm 
of control participants (W = 35, p ≈ 0.051, Table  2c). Finally, in 
participant P6 of the amputee group, EMG signals were not only 
recorded from the residual upper arm but also simultaneously from 
the intact upper arm during PHM. In Figure 5, results corresponding 
to P6 are represented by the two circles connected by a line. The 
difference in relative phasic muscle activity between the residual upper 
arm during PHM and the intact upper arm during the IHM 
mimicking the PHM, is consistent with findings from the 
group comparison.

The relative phasic muscle activity on the upper arm varies more 
with both the type of movement and the recorded site when associated 
with PHM than when associated with IHM. We compared movement-
type and electrode-site specificities between PHM and IHM in the 
signals recorded from the upper arm muscles (Figure 6). Both for 
movement type (W = 42, p ≈ 0.003, Table  2d) and electrode site 

(W = 39.5, p ≈ 0.01, Table  2e), the results show that EMG patterns 
associated to PHM and measured on the residual arm were more 
specific than EMG patterns associated to IHM and measured on the 
intact upper arm of control participants. This demonstrates that any 
muscle activity on the residual upper arm during PHM is more 
directly related to the type of movement and the precise position of 
the electrode, even within a given muscle, than is the case for the 
intact upper arm during IHM.

4 Discussion

By adopting a neurophysiological perspective in the analysis of 
activity patterns in the residual upper arm associated with phantom 
mobility in transhumeral amputees, the first aim of this study was to 
characterize their nature. For this, we compared the muscle activity 
patterns on the residual arm during PHM with those during similar 
IHM on the intact arm of controls. The meta-variables were chosen in 
order not to base the analyses on comparisons of specific electrode 
sites between controls and amputees. Instead, we  computed the 
relative phasic muscle activity and its variability across movement 
types and electrode sites for each participant, that we then compared 
between groups of participants. This permitted to overcome the 
unavoidable variability in electrode placements across participants 
induced by heterogeneity factors such as the anatomy of the upper 
arm muscles that changes after amputation and as a function of the 
length of the residual limb.

Our results show significant differences in upper arm muscle 
activities between IHM and PHM. Muscle activity in the intact upper 
arm during IHM was characterized by highly tonic signals and 
uniform patterns depicted through low movement-type and low 
electrode-site specificities, which could be expected since upper arm 
muscles do not control hand movements in intact limbs. On the other 
hand, during PHM, the residual upper arm muscle activity appeared 

TABLE 2 Statistical analyses to compare muscle activity patterns during IHM and PHM using the relative phasic activity and its variability across 
movement-type and electrode-site.

Comparison Data structure Type of test Power

a

Non normal
Wilcoxon Rank Sum test (unpaired 

samples)

W = 42

Relative phasic activity residual vs. intact upper 

arm

p ≈ 0.003

95% CI: [0.19; 0.84]

b

Non normal

Wilcoxon V = 28

Relative phasic activity intact forearm vs. intact 

upper arm

Signed Rank test (paired samples) p ≈ 0.02

95% CI: [0.66; 1.25]

c

Non normal
Wilcoxon Rank Sum test (unpaired 

samples)

W = 35

Relative phasic activity intact forearm vs. residual 

upper arm

p ≈ 0.051

95% CI: [−0.03; 0.75]

d

Non normal
Wilcoxon Rank Sum test (unpaired 

samples)

W = 42

Movement-type specificity
p ≈ 0.003

95% CI: [0.13; 0.32]

e

Non normal
Wilcoxon Rank Sum test (unpaired 

samples)

W = 39.5

Electrode-site specificity
p ≈ 0.01

95% CI: [0.06; 0.23]

W, test statistic value for Wilcoxon Rank Sum test; V, test statistic value for Wilcoxon Signed Rank test.
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to be phasic and more precisely highly correlated with the kinematics 
of the movement, irrespective of the duration of the movement half-
cycle. When quantified, this PHM-related activity exhibits significantly 
higher relative phasic activity as well as both movement-type and 
electrode-site specificities. Moreover, the relative phasic activity values 
were comparable with those seen in the forearm and intrinsic hand 
muscles during IHM. In the intact upper arm, while the low electrode-
site specificity can be explained by the wide distribution of the muscle 
fibers of each individual motor unit throughout the entire muscle, 
allowing for homogeneous muscle contraction, the low movement-
type specificity is consistent with the expectation that separate 
movements of intact adjacent fingers are associated with tonic activity 
patterns in the upper arm, allowing to stabilize the more proximal 
joints. If the activity in the residual upper arm muscles during PHM 
had remained with the same tonic synergistic activity as the one before 
amputation during IHM, one should have found similar results. 
However, as this is not the case, our results do not support residual 
synergistic activity as being the sole reason for the existence of phasic 
muscle activities and localized muscle contractions in the residual 
upper arm during PHM, but rather suggest neural reorganization.

Neural reorganization after amputation is a topic of ongoing 
debate. Reorganization at the cortical level has been supported by 
numerous reports where the deafferented area in M1 and S1 would 
be  invaded by the neighboring areas (i.e., residual limb and face) 
erasing the functional representation of the lost limb (Ojemann and 
Silbergeld, 1995; Lotze et  al., 2001; Navarro et  al., 2007). These 
intraoperative studies of cortical mapping were completed by more 
recent studies using transcranial magnetic stimulation (TMS). 
Applying TMS over the area of M1 that controlled the hand before 
amputation, resulted in muscle contractions in the residual upper arm 
(Gagné et al., 2011) while evoking a sensation of movement in the 
phantom hand (Mercier et al., 2006). However, Makin’s team recently 
showed that the apparent large-scale reorganization observed at the 
cortical level might in fact be the result of an artifact (Makin and 
Krakauer, 2023; Schone et al., 2023). Thus, the previous TMS results, 

as well as the observed muscle contractions on the residual limb 
associated with PHM might be the results of reorganization at other 
levels, in particular at the periphery. Moreover, exclusive central 
reorganization cannot explain the high electrode-site specificity of the 
patterns observed in our study. Instead, the present findings strongly 
suggest that specific sub-volumes within upper arm muscles are 
selectively activated during PHM. This hypothesis finds support in 
research on both human and non-human primates. First, during 
phantom hand movements, activity in the severed median and ulnar 
nerves has been measured in human amputees (Dhillon et al., 2004; 
Jia et  al., 2007). Second, surgical muscle reinnervation targeting 
specific nerve fascicles enables independent control of focal muscle 
compartments (Bergmeister et al., 2017; Woo et al., 2016). Finally, 
natural peripheral neuromuscular reorganization, observed in 
monkeys after transhumeral amputation, involved axonal sprouting 
of severed motoneurons that controlled hand muscles before 
amputation and recapture of surrounding denervated muscle fibers in 
the residual upper arm, thereby forming new neuromuscular junctions 
(Qi et al., 2004; Wu and Kaas, 2000). It is worth noting that due to 
relatively distal localization of motor endplates in the upper arm 
muscles (1/3 of the upper arm length above the elbow joint, Guzmán 
et al., 2011), many muscle fibers are likely left without innervation 
after transhumeral amputation, increasing the likelihood of their 
capturing by axotomized spinal motoneurons. Consequently, cortical 
motoneurons initially controlling hand muscles would eventually 
govern muscle volumes in the residual limb, which could explain the 
similarity in phasic muscle activities between the residual upper arm 
during PHM and intact forearm during IHM. While the connection 
between natural sprouting- and recapture-mediated peripheral 
reorganization and phantom mobility has not been explicitly 
established, the present study, and precisely the specific and focal 
activity patterns observed in the residual upper arm muscles during 
phantom limb movement execution, aligns with such reorganization. 
However, further research is required to confirm this hypothesis.

Our study may contain potentially limiting methodological issues 
that should be discussed.

FIGURE 5

Relative phasic activity across movement types and electrode sites. A 
high value indicates a phasic profile while a low value indicated a 
rather tonic profile. In each condition, each circle represents one 
participant. White circles correspond to amputees while black filled 
circles correspond to controls. The gray circle added to the intact 
arm category corresponds to the results obtained for amputee P6 for 
whom we recorded the residual and intact upper arms in parallel. 
The dotted line links the data obtained for P6 in the two conditions. 
The gray horizontal lines represent median values. * indicates 
significant differences (p  <  0.05). See text for precise p-values.

FIGURE 6

Movement-type and electrode-site specificity of the phasic muscle 
activity. Each circle represents one participant. The signals were 
measured on the upper arm for phantom (PHM, amputees, empty 
circles) and intact (IHM, controls, filled circles) hand movements and 
expressed in SD of the relative phasic muscle activity. A high SD value 
reflects a high specificity. The gray horizontal lines represent median 
values. * indicates significant differences between the two groups 
(see results section for precise p-values).
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4.1 Mimicking with the intact hand

This method is often used in the literature since it is the only way 
to objectively determine the timing of phase changes in order to cut 
the EMG activity into half cycles. Yet, one might raise the question 
whether synchronous mimicking could have influenced the EMG 
patterns on the residual limb. This seems not to be the case, as shown, 
for instance, by Jarrassé et  al. (2017b) in their EMG-pattern 
classification study. In order to correctly identify phantom movement 
types, they used mimicking during the learning phase of the classifier 
but not during testing, and the high success rate of the classifier in 
correctly recognizing the executed movement types showed that 
mimicking with the intact hand did not influence the EMG patterns 
associated with phantom hand movements.

4.2 Suitability of the electrode sites

Electrode placement can affect the content and quality of EMG 
signals. It is precisely for this reason that we  used an ‘unusual’ 
electrode placement on the intact arm to record adjacent volumes on 
the same muscle, resembling the electrode sites on the residual arm of 
amputees. Yet, we did not observe identical results, particularly with 
regard to the electrode specificity of the EMG patterns. The poorly 
specific EMG profiles found on the intact arm were expected in the 
biceps and triceps muscles due to their tonic type activities during 
finger and hand movements. Despite the similar placements of 
electrodes on the residual arm, EMG variability across recording sites 
is much higher. One might still raise the question whether we may 
have missed information, in particular because we did not cover the 
entire surface of the residual limb. Yet, we used 8–15 pairs of electrodes 
(depending on the length of the residual limb), carefully placed using 
palpation. Jarrassé et al. (2018), using the same method, showed that 
this was sufficient to classify 8 different phantom movements with a 
success rate of over 85%. Therefore, we believe that in the present 
study, most relevant information was captured.

4.3 Choice of the control condition

In the introduction section, we  mentioned the potential risks 
associated with selecting the contralateral arm of amputated 
participants as the control condition. In order to avoid biases in our 
results, comparison between PHM and an intact residual limb 
movement involving the biceps and triceps would have been optimal. 
However, residual limb movements concern the shoulder articulation 
(ante/retropulsion and adduction) for which the deltoid muscle alone 
usually is sufficient, especially after transhumeral amputation. Finally, 
while comparing muscle activity patterns during PHM to those during 
phantom elbow movements may seem plausible, it is also not ideal for 
two reasons. First, phantom segments and joints as well as their 
mobility are mostly present at the most distal segments of the upper 
limb (Touillet et al., 2018, study on 76 amputees). Thus, most amputees 
cannot perform phantom elbow movements for the simple reason that 
they either do not feel the phantom elbow or cannot move it. Among 
our six participants, only two perceived their phantom elbow (P4 and 
P5) and only 1 of them could execute elbow flexions and extensions 
(P5). When an amputee is asked to perform a phantom movement at 

a joint that they do not feel or cannot move, either there is no EMG 
signal (Reilly et al., 2006) or this leads to major coactivation of the 
residual limb muscles as the participant attempts to perform this 
impossible task. Second, even when the phantom elbow is present and 
can be moved, the residual limb muscles acting on the elbow joint are 
not activated in the same way as before amputation, as transhumeral 
amputation severed these muscles and expectedly removed many of 
their motor endplates. Therefore, capturing of denervated muscle 
fibers by severed spinal motoneuron sprouting (whether originally 
projecting on hand, forearm or the same upper arm muscles) can 
be expected. All these reasons make the use of phantom elbow flexions 
as a control condition very doubtful. We therefore believe IHM of 
control participants to be the most reasonable control condition for 
comparing patterns of muscle activity on upper arms.

4.4 Limited number of participants

The limited sample size in terms of participants in research 
focusing on specific populations is a well-known problem, in particular 
the recruitment of participants satisfying our inclusion criteria and 
willing to give half a day of their time. Although a larger population 
would have been preferable, other articles concerned similar number 
of participants (Gagné et al., 2009; Jarrassé et al., 2018, 2017a; Reilly 
et al., 2006; Rossel et al., 2023; Touillet et al., 2018). If we had not found 
a significant result in the present study, this limited number of 
participants would have been a matter of great concern. However, 
despite differences across participants in delay since amputation, level 
of upper arm amputation, pain treatment, and age, all six participants 
showed much greater EMG variability across electrode localisations 
and movement types during phantom hand movement execution 
compared to intact hand movements in non-amputated control 
participants. Concerning pain treatment, although this might reduce 
the intensity of phantom sensations (or even sensations in general), it 
seems not to influence the capacity of producing phantom movements, 
as shown in the epidemiological study of Touillet et al. (2018). Finally, 
regarding the influence of age on neuromuscular mechanisms, two of 
our participants were older than 70 years which means that they might 
have been affected by the age-related phenomenon of denervation/
reinnervation. This phenomenon involves muscle fibers that were once 
part of fast motor units being reinnervated by the motoneuron of a 
slow motor unit, eventually leading to an increase in the size of the 
latter (Piasecki et al., 2016). This mechanism ultimately increases the 
mean size of motor units, which explains the decline in motor control 
precision with age. However, we observed the opposite in the present 
study: contrary to intact upper arm muscles, smaller muscular volumes 
contract differently for different types of phantom hand movements, 
which strongly suggests a reduction in the size of motor units. 
We therefore believe that the observed phenomenon in the present 
study is as robust as those previously published on phantom mobility.

4.5 Limited number of trials

The limited sample size (10 repetitions per type of movement) was 
a necessity. Indeed, untrained phantom movements are slow 
(performing a cycle of finger flexion/extension or hand opening/closing 
takes on average 6 s and can sometimes take more than 30 s). They are 
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reported to be exhausting (De Graaf et al., 2016), and the required 10 
repetitions are sometimes impossible to perform consecutively because 
they are too strenuous. On the other hand, in the absence of signs of 
fatigue, EMG patterns show remarkable reproducibility across 
movement cycles even when not performed consecutively and 10 
repetitions are sufficient to allow classification of these patterns and thus 
define the movement performed as distinct from the others (Jarrassé 
et al., 2017a,b). To maintain the reproducibility of the EMG patterns 
and thus limit the effects of fatigue on the recorded EMG patterns, if 
we observed any signs of visible fatigue such as slower movements, 
slight tremors or freezing (i.e., the hand feels as clamped in a vice and 
cannot be  moved), we  halted the recording and provided the 
participants with a short break. To limit fatigue even further after the 
break, we suggested that participants perform another type of phantom 
movement instead of directly resuming the original 10-cycle series. Due 
to the necessary precautions taken, the recording of all potential 
phantom movements required at least 1.5 h for each participant. 
Requesting additional recordings seemed likely to induce fatigue.

4.6 Randomization of trials

Our experimental design would be insufficient in a study on intact 
participants, but in the case of phantom movements in untrained 
amputees, similar randomization is more difficult to implement. 
Indeed, our participants needed intense concentration because none 
of them were used to producing phantom movements. Thus, if we had 
to randomize our 10 repetitions without increasing the number of 
trials, we would need additional periods of concentration between 
each movement execution, which would inevitably lengthen an 
already long experimental session and potentially induce fatigue that 
we were in fact trying to avoid. Jarrassé et al. (2017a,b) used EMG 
activity associated with phantom hand movements in transhumeral 
amputees and to test whether the observed muscle activity patterns on 
the residual upper arm were classifiable (and thus reproduceable) as a 
function of the executed type of movement. For this, during the 
learning phase of the classifier, they used either 2 cycles or 10 cycles 
executed in a row, and then tested the classifier with movements 
performed one at a time (i.e., without repetitions). The success rate of 
classification was about 80% when considering six different types of 
movement, which was similar to general classification rates in the 
literature of surface EMG activity in forearm amputees who still have 
residual hand muscles (Cipriani et al., 2011; Smith and Hargrove, 
2013). This shows that the patterns of EMG activities are similar and 
reproducible whether the phantom movements are executed in a row 
or randomly, one at a time. Thus, we believe that randomization would 
not have fundamentally changed the outcome of this study.

4.7 Use of prosthetic limbs

Some of our participants were using a prosthetic hand daily and 
it might be  argued that the specificity of EMG associated with 
phantom hand and finger movements is correlated to the ability of 
the amputee to use a myoelectric hand. But phantom mobility and 
the control of current conventional myoelectric prostheses do not 
influence each other (Touillet et al., 2018). This is particularly the 
case of transhumeral amputees. Indeed, the control of their 

prosthetic hand and wrist movements is based on the production 
of muscle activity in the residual upper arm muscles for which the 
recorded EMG signal should reach a certain threshold. The signals 
are typically recorded by only two pairs of electrodes placed on 
antagonistic muscles, i.e., the biceps and triceps in transhumeral 
amputees. Even for the amputees who use a complex poly-digital 
hand prosthesis (e.g., P5), the different finger movement 
configurations are controlled through simple succession of basic 
co-contractions of the two antagonistic muscles. This control does 
not allow the use of the poly-digital hand prosthesis to its full 
potential. On the other hand, the patterns we recorded during PHM 
through the use of multiple electrodes are sufficiently complex to 
be classified as distinct patterns that are systematically associated 
with specific individualized finger movements (Jarrassé et  al., 
2017a,b). Therefore, in no case can the distributed muscle activity 
we observed be a learned feature associated with the use of their 
myoelectric prosthesis. Moreover, transhumeral amputees can 
clearly distinguish between the action required to elicit prosthetic 
movements and the action that provoked the natural somatosensory 
feedback involved in voluntary movement of the phantom hand 
(Touillet et al., 2018). In the former, participants concentrate on 
producing a specific EMG intensity set by the system’s threshold, 
which is challenging and must be learned (de Graaf et al., 2004). It 
is the visual feedback of the prosthesis moving or the auditory 
feedback (the beep) of the system switching configuration that 
validates the action. In the latter case, the EMG pattern appears 
naturally inducing somatosensory feedback from the tissues in 
movement in the residual arm, thereby giving feedback on the 
generated movement without the need for a learning phase (De 
Graaf et al., 2016). Phantom mobility can still be  trained (as an 
intact movement can be), but even then Rossel et al. (2023) showed 
that daily training for 2 months did not fundamentally alter EMG 
patterns, although it did increase PHM velocity. All these findings 
highlight the primary advantages of PHM-based myoelectric 
prosthesis control over conventional methods, particularly for 
individuals with transhumeral amputations.

In conclusion, the present study strongly suggests that the muscle 
activity systematically associated with phantom hand mobility could, 
at least partly, originate from the sprouting of axotomized spinal 
motor neurons and the retargeting of residual muscle fibers. To 
advance prosthesis control, rehabilitation protocols should incorporate 
training for phantom mobility which increases the number of 
executable phantom movement types (Touillet et  al., 2018) and 
consequently enhance the capacity of control over the phantom hand. 
This approach holds promise for mitigating residual muscle atrophy 
and facilitating the rapid emergence of muscle sub-volumes by 
stimulating potential axonal sprouting and reinnervation of residual 
muscle fibers by severed motoneurons. Given that peripheral neural 
reorganization has been found to occur during a so-called “early” 
period, which may persist for up to 2 years following complete 
axotomy (Delmotte et al., 2009), addressing phantom limb mobility 
should start promptly after amputation.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

https://doi.org/10.3389/fnhum.2024.1443833
https://www.frontiersin.org/journals/human-neuroscience


Chateaux et al. 10.3389/fnhum.2024.1443833

Frontiers in Human Neuroscience 11 frontiersin.org

Ethics statement

The studies involving humans were approved by the Comité 
d’éthique pour la recherche (CERES No. 2016-57). The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

MC: Formal analysis, Writing – original draft, Writing – review & 
editing. OR: Formal analysis, Writing – review & editing. FV: Formal 
analysis, Methodology, Writing – review & editing. CN: Data curation, 
Methodology, Supervision, Writing – review & editing. AT: 
Conceptualization, Data curation, Methodology, Writing – review & 
editing. JP: Conceptualization, Project administration, Supervision, 
Writing – review & editing. NJ: Software, Supervision, Writing – 
review & editing. JG: Data curation, Funding acquisition, Project 
administration, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Region Provence-Alpes-Côte d’Azur; the French 
National Center of Scientific Research [Defisens, Auton]; and the 
French National Agency of Research [ANR-15-CE19-0008-01]. These 

funding sources were not involved in the study design, in the 
collection, analysis and interpretation of data, in the writing of the 
report, and in the decision to submit the article for publication.

Acknowledgments

We warmly thank the participants for their willingness for 
participating in this study. We also thank the orthopedic department 
and in particular Nathalie Rodhain for the organization of the 
convocation of the patients. Finally, we thank Dr. Hadrien Ceyte for 
his insightful comments on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Bergmeister, K. D., Vujaklija, I., Muceli, S., Sturma, A., Hruby, L. A., Prahm, C., et al. 

(2017). Broadband prosthetic interfaces: combining nerve transfers and implantable 
multichannel EMG technology to decode spinal motor neuron activity. Front. Neurosci. 
11:421. doi: 10.3389/fnins.2017.00421

Brunelli, S., Morone, G., Iosa, M., Ciotti, C., De Giorgi, R., Foti, C., et al. (2015). 
Efficacy of progressive muscle relaxation, mental imagery, and phantom exercise 
training on phantom limb: a randomized controlled trial. Arch. Phys. Med. Rehabil. 96, 
181–187. doi: 10.1016/j.apmr.2014.09.035

Cipriani, C., Antfolk, C., Controzzi, M., Lundborg, G., Rosen, B., Carrozza, M. C., 
et al. (2011). Online myoelectric control of a dexterous hand prosthesis by transradial 
amputees. IEEE Trans. Neural Syst. Rehabil. Eng. 19, 260–270. doi: 10.1109/
TNSRE.2011.2108667

de Graaf, J. B., Galléa, C., Pailhous, J., Anton, J.-L., Roth, M., and Bonnard, M. (2004). 
Awareness of muscular force during movement production: an fMRI study. NeuroImage 
21, 1357–1367. doi: 10.1016/j.neuroimage.2003.11.009

De Graaf, J. B., Jarrassé, N., Nicol, C., Touillet, A., Coyle, T., Maynard, L., et al. (2016). 
Phantom hand and wrist movements in upper limb amputees are slow but naturally 
controlled movements. Neuroscience 312, 48–57. doi: 10.1016/j.neuroscience.2015.11.007

Delmotte, A., Rigoard, S., Buffenoir, K., Wager, M., Giot, J. P., Robert, R., et al. (2009). 
Physiologie Du Nerf Traumatisé. Neurochirurgie 55, S13–S21. doi: 10.1016/j.
neuchi.2008.03.010

Dhillon, G. S., Lawrence, S. M., Hutchinson, D. T., and Horch, K. W. (2004). Residual 
function in peripheral nerve stumps of amputees: implications for neural control of artificial 
limbs. J. Hand Surg. Am. 29, 605–615; discussion 616–618. doi: 10.1016/j.jhsa.2004.02.006

Gagné, M., Hétu, S., Reilly, K. T., and Mercier, C. (2011). The map is not the territory: 
motor system reorganization in upper limb amputees. Hum. Brain Mapp. 32, 509–519. 
doi: 10.1002/hbm.21038

Gagné, M., Reilly, K. T., Hétu, S., and Mercier, C. (2009). Motor control over the 
phantom limb in above-elbow amputees and its relationship with phantom limb pain. 
Neuroscience 162, 78–86. doi: 10.1016/j.neuroscience.2009.04.061

Garbarini, F., Bisio, A., Biggio, M., Pia, L., and Bove, M. (2018). Motor sequence 
learning and intermanual transfer with a phantom limb. Cortex 101, 181–191. doi: 
10.1016/j.cortex.2018.01.011

Guzmán, R. A., Silvestre, R. A., and Arriagada, D. A. (2011). Biceps Brachii muscle 
innervation zone location in healthy subjects using high-density surface 
electromyography. Int. J. Morphol. 29, 347–352. doi: 10.4067/
S0717-95022011000200007

Hermens, H. J., Freriks, B., Disselhorst-Klug, C., and Rau, G. (2000). Development of 
recommendations for SEMG sensors and sensor placement procedures. J. Electromyogr. 
Kinesiol. 10, 361–374. doi: 10.1016/S1050-6411(00)00027-4

Hollander, M., Wolfe, D. A., and Chicken, E. (2014). Nonparametric statistical 
methods. 3rd Edn. Hoboken, NJ: Wiley- Blackwell.

Jarrassé, N., Nicol, C., Touillet, A., Richer, F., Martinet, N., Paysant, J., et al. (2017a). 
Classification of phantom finger, hand, wrist, and elbow voluntary gestures in 
transhumeral amputees with sEMG. IEEE Trans. Neural Syst. Rehabil. Eng. 25, 68–77. 
doi: 10.1109/TNSRE.2016.2563222

Jarrassé, N., Nicol, C., Richer, F., Touillet, A., Martinet, N., Paysant, J., et al. (2017b). 
Voluntary phantom hand and finger movements in transhumeral amputees could 
be used to naturally control polydigital prostheses. IEEE Int. Conf. Rehabil. Robot. 2017, 
1239–1245. doi: 10.1109/ICORR.2017.8009419

Jarrassé, N., de Montalivet, E., Richer, F., Nicol, C., Touillet, A., Martinet, N., et al. 
(2018). Phantom-mobility-based prosthesis control in transhumeral amputees without 
surgical reinnervation: a preliminary study. Front. Bioeng. Biotechnol. 6, 1–14. doi: 
10.3389/fbioe.2018.00164

Jia, X., Koenig, M. A., Zhang, X., Zhang, J., Chen, T., and Chen, Z. (2007). Residual 
motor signal in long-term human severed peripheral nerves and feasibility of neural 
signal-controlled artificial limb. J. Hand Surg. Am. 32, 657–666. doi: 10.1016/j.
jhsa.2007.02.021

Lotze, M., Flor, H., Grodd, W., Larbig, W., and Birbaumer, N. (2001). Phantom 
movements and pain an fMRI study in upper limb amputees. Brain 124, 2268–2277. doi: 
10.1093/brain/124.11.2268

Makin, T. R., Cramer, A. O., Scholz, J., Hahamy, A., Slater, D. H., Tracey, I., et al. 
(2013). Deprivation-related and use-dependent plasticity go hand in hand. eLife 
2:e01273. doi: 10.7554/eLife.01273

Makin, T. R., and Krakauer, J. W. (2023). Against cortical reorganisation. eLife 
12:e84716. doi: 10.7554/eLife.84716

https://doi.org/10.3389/fnhum.2024.1443833
https://www.frontiersin.org/journals/human-neuroscience
https://doi.org/10.3389/fnins.2017.00421
https://doi.org/10.1016/j.apmr.2014.09.035
https://doi.org/10.1109/TNSRE.2011.2108667
https://doi.org/10.1109/TNSRE.2011.2108667
https://doi.org/10.1016/j.neuroimage.2003.11.009
https://doi.org/10.1016/j.neuroscience.2015.11.007
https://doi.org/10.1016/j.neuchi.2008.03.010
https://doi.org/10.1016/j.neuchi.2008.03.010
https://doi.org/10.1016/j.jhsa.2004.02.006
https://doi.org/10.1002/hbm.21038
https://doi.org/10.1016/j.neuroscience.2009.04.061
https://doi.org/10.1016/j.cortex.2018.01.011
https://doi.org/10.4067/S0717-95022011000200007
https://doi.org/10.4067/S0717-95022011000200007
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.1109/TNSRE.2016.2563222
https://doi.org/10.1109/ICORR.2017.8009419
https://doi.org/10.3389/fbioe.2018.00164
https://doi.org/10.1016/j.jhsa.2007.02.021
https://doi.org/10.1016/j.jhsa.2007.02.021
https://doi.org/10.1093/brain/124.11.2268
https://doi.org/10.7554/eLife.01273
https://doi.org/10.7554/eLife.84716


Chateaux et al. 10.3389/fnhum.2024.1443833

Frontiers in Human Neuroscience 12 frontiersin.org

McKiernan, B. J., Marcario, J. K., Karrer, J. H., and Cheney, P. D. (1998). 
Corticomotoneuronal postspike effects in shoulder, elbow, wrist, digit, and intrinsic 
hand muscles during a reach and prehension task. J. Neurophysiol. 80, 1961–1980. doi: 
10.1152/jn.1998.80.4.1961

Mercier, C., Reilly, K. T., Vargas, C. D., Aballea, A., and Sirigu, A. (2006). Mapping 
phantom movement representations in the motor cortex of amputees. Brain 129, 
2202–2210. doi: 10.1093/brain/awl180

Navarro, X., Vivó, M., and Valero-Cabré, A. (2007). Neural plasticity after peripheral 
nerve injury and regeneration. Prog. Neurobiol. 82, 163–201. doi: 10.1016/j.
pneurobio.2007.06.005

Ojemann, J. G., and Silbergeld, D. L. (1995). Cortical stimulation mapping of phantom 
limb Rolandic cortex. Case report. J. Neurosurg. 82, 641–644. doi: 10.3171/
jns.1995.82.4.0641

Ortiz-Catalan, M., Marin-Millan, J., Delbeke, J., Håkansson, B., and 
Brånemark, R. (2013). Effect on signal-to-noise ratio of splitting the continuous 
contacts of cuff electrodes into smaller recording areas. J. Neuroeng. Rehabil. 10:22. 
doi: 10.1186/1743-0003-10-22

Piasecki, M., Ireland, A., Jones, D. A., and McPhee, J. S. (2016). Age-Dependent Motor 
Unit Remodelling in Human Limb Muscles. Biogerontology 17:485–96. doi: 10.1007/
s10522-015-9627-3

Ortiz-Catalan, M., Sander, N., Kristoffersen, M. B., Håkansson, B., and Brånemark, R. 
(2014). Treatment of phantom limb pain (PLP) based on augmented reality and gaming 
controlled by myoelectric pattern recognition: a case study of a chronic PLP patient. 
Front. Neurosci. 8:24. doi: 10.3389/fnins.2014.00024

Qi, H.-X., Stewart Phillips, W., and Kaas, J. H. (2004). Connections of neurons in the 
lumbar ventral horn of spinal cord are altered after long-standing limb loss in a macaque 
monkey. Somatosens. Mot. Res. 21, 229–239. doi: 10.1080/08990220400012588

Raffin, E., Giraux, P., and Reilly, K. T. (2012). The moving phantom: motor execution 
or motor imagery? Cortex 48, 746–757. doi: 10.1016/j.cortex.2011.02.003

Reilly, K. T., Mercier, C., Schieber, M. H., and Sirigu, A. (2006). Persistent hand 
motor commands in the amputees’ brain. Brain 129, 2211–2223. doi: 10.1093/brain/
awl154

Rossel, O., Chateaux, M., Jarrassé, N., Vérité, F., Touillet, A., Nicol, C., et al. (2023). 
Phantom movement training without classifier performance feedback improves 
mobilization ability while maintaining EMG pattern classification. IEEE Trans. Med. 
Robot. Bion. 5, 133–142. doi: 10.1109/TMRB.2023.3237918

Scaliti, E., Gruppioni, E., and Becchio, C. (2020). And yet it moves: what we currently know 
about phantom arm movements. Neuroscientist 26, 328–342. doi: 10.1177/1073858420904326

Schone, H. R., Maimon Mor, R. O., Kollamkulam, M., Gerrand, C., Woollard, A., 
Kang, N. V., et al. (2023). Stable cortical body maps before and after arm amputation. 
bioRxiv. doi: 10.1101/2023.12.13.571314

Smith, L. H., and Hargrove, L. J. (2013). Comparison of surface and intramuscular 
EMG pattern recognition for simultaneous wrist/hand motion classification. Annu. Int. 
Conf. IEEE Eng. Med. Biol. Soc. 2013, 4223–4226. doi: 10.1109/EMBC.2013.6610477

Touillet, A., Peultier-Celli, L., Nicol, C., Jarrassé, N., Loiret, I., Martinet, N., et al. 
(2018). Characteristics of phantom upper limb mobility encourage phantom-mobility-
based prosthesis control. Sci. Rep. 8:15459. doi: 10.1038/s41598-018-33643-0

Woo, S. L., Kung, T. A., Brown, D. L., Leonard, J. A., Kelly, B. M., and Cederna, P. S. 
(2016). Regenerative peripheral nerve interfaces for the treatment of postamputation 
neuroma pain: a pilot study. Plast. Reconstr. Surg. Glob. Open 4:e1038. doi: 10.1097/
GOX.0000000000001038

Wu, C. W., and Kaas, J. H. (2000). Spinal cord atrophy and reorganization of 
motoneuron connections following long-standing limb loss in primates. Neuron 28, 
967–978. doi: 10.1016/s0896-6273(00)00167-7

https://doi.org/10.3389/fnhum.2024.1443833
https://www.frontiersin.org/journals/human-neuroscience
https://doi.org/10.1152/jn.1998.80.4.1961
https://doi.org/10.1093/brain/awl180
https://doi.org/10.1016/j.pneurobio.2007.06.005
https://doi.org/10.1016/j.pneurobio.2007.06.005
https://doi.org/10.3171/jns.1995.82.4.0641
https://doi.org/10.3171/jns.1995.82.4.0641
https://doi.org/10.1186/1743-0003-10-22
https://doi.org/10.1007/s10522-015-9627-3
https://doi.org/10.1007/s10522-015-9627-3
https://doi.org/10.3389/fnins.2014.00024
https://doi.org/10.1080/08990220400012588
https://doi.org/10.1016/j.cortex.2011.02.003
https://doi.org/10.1093/brain/awl154
https://doi.org/10.1093/brain/awl154
https://doi.org/10.1109/TMRB.2023.3237918
https://doi.org/10.1177/1073858420904326
https://doi.org/10.1101/2023.12.13.571314
https://doi.org/10.1109/EMBC.2013.6610477
https://doi.org/10.1038/s41598-018-33643-0
https://doi.org/10.1097/GOX.0000000000001038
https://doi.org/10.1097/GOX.0000000000001038
https://doi.org/10.1016/s0896-6273(00)00167-7

	New insights into muscle activity associated with phantom hand movements in transhumeral amputees
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Protocol
	2.3 Recordings
	2.4 Analyses
	2.4.1 Pre-processing
	2.4.2 Relative phasic muscle activity
	2.4.3 Movement-type and electrode-site specificities
	2.4.4 Statistics

	3 Results
	4 Discussion
	4.1 Mimicking with the intact hand
	4.2 Suitability of the electrode sites
	4.3 Choice of the control condition
	4.4 Limited number of participants
	4.5 Limited number of trials
	4.6 Randomization of trials
	4.7 Use of prosthetic limbs


	References

