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Abstract:    A lack of myoelectric sources after limb amputation is a critical challenge in the control of multifunctional motorized 
prostheses. To reconstruct myoelectric sources physiologically related to lost limbs, a newly proposed neural-function construc-
tion method, targeted muscle reinnervation (TMR), appears promising. Recent advances in the TMR technique suggest that TMR 
could provide additional motor command information for the control of multifunctional myoelectric prostheses. However, little is 
known about the nature of the physiological functional recovery of the reinnervated muscles. More understanding of the under-
lying mechanism of TMR could help us fine tune the technique to maximize its capability to achieve a much higher performance in 
the control of multifunctional prostheses. In this study, rats were used as an animal model for TMR surgery involving transferring 
a median nerve into the pectoralis major, which served as the target muscle. Intramuscular myoelectric signals reconstructed 
following TMR were recorded by implanted wire electrodes and analyzed to explore the nature of the neural-function recon-
struction achieved by reinnervation of targeted muscles. Our results showed that the active myoelectric signal reconstructed in the 
targeted muscle was acquired one week after TMR surgery, and its amplitude gradually became stronger over time. These pre-
liminary results from rats may serve as a basis for exploring the mechanism of neural-function reconstruction by the TMR tech-
nique in human subjects. 
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1  Introduction 
 

Limb amputees expect to have a reliable and 
easy-to-use motorized prosthesis for doing various 
tasks in their daily lives. Much has been done to im-

prove continuously the performance of multifunc-
tional myoelectric prostheses (Parker and Scott, 1986; 
Hudgins et al., 1993; Ajiboye and Weir, 2005; Huang 
et al., 2005). However, the control of multifunctional 
prostheses is still limited due to a lack of myoelectric 
sources after limb amputations. This issue is more 
critical for high-level limb amputees since little or no 
muscle may remain on their residual limbs to provide 
enough electromyography (EMG) signals for the 
proper control of multifunctional prostheses. Recently, 
a new neural-machine interface called targeted mus-
cle reinnervation (TMR) has been proposed in an 
attempt to reconstruct EMG sources lost in limb 
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amputations (Kuiken et al., 2007; 2009; Miller et al., 
2008; Li et al., 2010). TMR is a surgery technique 
that transfers the remaining limb nerves to available 
skeletal muscles of a limb amputee. These reinner-
vated muscles are called targeted muscles and may no 
longer be physiologically functional after limb am-
putations. After TMR surgery, the residual nerves 
reinnervate the targeted muscles over time, and then 
the reinnervated muscles provide myoelectric signals 
which are biologically associated with the original 
movements in the missing limbs of the amputees. 

Recent advances in the technique suggest that 
TMR could provide additional motor command in-
formation for the control of multifunctional myoe-
lectric prostheses (Zhou et al., 2007). While these 
studies have shown that TMR has the ability to im-
prove significantly the control performance of myo-
electric artificial arms, investigations exploring the 
nature of neural-function reconstruction by TMR 
would be valuable. With more understanding of the 
underlying mechanism of TMR, we could fine tune 
the TMR technique to maximize its capability to 
achieve a much higher performance in the control of 
multifunctional prostheses. Although TMR has been 
proposed and investigated for around a decade, the 
nature of the physiological functional recovery of the 
reinnervated muscles is largely unknown. Only two 
relevant studies have been conducted in an attempt to 
explore the underlying mechanism of TMR. Stub-
blefield et al. (2009) found that a tiny twitch could be 
first felt and observed with a TMR interface from 10 
to 15 weeks after TMR. Our previous pilot study on a 
rat TMR model showed that a reinnervated nerve had 
re-grown into the targeted muscle, and that intra-
muscular myoelectric signals could be captured with 
implanted wire electrodes from the reinnervated 
muscle about one week after TMR (Zhou et al., 2013). 
However, it is still unclear how myoelectric activities 
are changed during the reinnervation process after 
TMR. A previous study showed that the regeneration 
of injured nerves may not depict muscle function 
recovery properly (Sabatier et al., 2011). Thus, for the 
TMR technique, there is still a lack of detailed myo-
electric information regarding this recovery process. 
Obviously, it is inappropriate to conduct these kinds 
of investigations on human subjects who have had 
TMR surgery. Therefore, using a fast and reliable 

evaluation method to assess the nature of the muscle 
functional recovery process after TMR surgery is 
necessary, and will provide a basis for further im-
provement of the TMR technique and its application 
in clinical treatments.  

In this study, we used rats as an animal model to 
develop TMR surgery by transferring a median nerve 
into the pectoralis major, which served as the targeted 
muscle. Then, intramuscular myoelectric signals were 
recorded with wire electrodes implanted into the 
reinnervated muscle and the underlying mechanism 
of the functional recovery of the reinnervated muscle 
was explored by analysis of the myoelectric signals. A 
Morlet-wavelet-based EMG intensity analysis algo-
rithm was adopted (Mummidisetty, 2009) to detect 
the start and end of myoelectric activity. The active 
myoelectric signals could then be extracted from the 
signal recordings for further analysis. This pilot study 
on rats provides some valuable information which can 
be used to explore the mechanism of neural-function 
reconstruction by the TMR technique in human  
subjects. 

 
 
2  Materials and methods 

2.1  General animal procedures  

Twelve Sprague-Dawley rats (specific pathogen- 
free level, provided by the Guangdong Medical La-
boratory Animal Center) with a weight range of 
200–250 g were used. All the rats were housed in a 
temperature and humidity controlled room with a 
12-h day/night cycle and access to food and water ad 
libitum. The rats were randomly assigned to two 
groups: a targeted muscle reinnervation (TMR) group 
(n=6) and a denervation group (n=6). For the rats in 
the TMR group, the pectoralis major muscle on the 
right side of the chest was selected as the reinnervated 
muscle. For the rats in the denervation group, the 
original innervated nerves of the pectoralis major 
muscle on the right side were transected by surgery, 
but had no nerve transfer. The pectoralis major mus-
cle on the left side in rats of the two groups remained 
intact for comparison. All the animal experimental 
procedures were approved by the Ethics Committee 
for Animal Research, Shenzhen Institutes of Ad-
vanced Technology, Chinese Academy of Sciences. 
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2.2  Rat models with TMR 

TMR surgery was performed on the right side of 
the pectoralis major muscle of each of the six rats in 
the TMR group. The procedure was similar to that 
described in a previous study (Zhou et al., 2013). 
Briefly, before the surgery, an anesthetic procedure 
was conducted on the rats using 10% chloral hydrate 
(0.3/100 g) through intraperitoneal injection. A de-
pilatory cream was used after shaving the right ante-
rior thorax, shoulder girdle, and entire right forelimb 
of each rat. Then, povidoneiodine and 75% alcohol 
were used to sterilize the surgical region of the skin. 
Each rat was incised over a continuous ‘┐’ shaped 
region starting from the right forelimb cubital fossa 
and along the axillary fold to the chest. The dissection 
was performed carefully to identify and expose the 
median nerve and ulnar nerve (medial side) structures, 
as they exited the brachial plexus. The median nerve 
was detached and cut inside the cubital fossa. De-
nervation of the right side pectoralis muscle was 
achieved by transecting the original innervating 
nerves (Kuiken et al., 2004; Hijjawi et al., 2006). 
Note that this denervation procedure was also used for 
the six rats in the denervation group. For nerve rein-
nervation, 10-0 nylon sutures were used to transfer 
the remnant median nerve into the pectoralis major 
muscle. After completing the surgical process, 4-0 
sutures were used to close the skin incision, layer by 
layer. 

2.3 Implantation of intramuscular myoelectric 
electrodes 

Intramuscular myoelectric signals were recorded 
with five stainless steel wires that were connected to 
the targeted muscle of the rats via a connector on the 
head (Figs. 1 and 2). The wire electrodes and head 
connector were implanted following the protocols of 
Roy et al. (1991), Tysseling et al. (2013), and Zhou et 
al. (2013). In brief, a 5-pin connector (Omnetic, 
Minneapolis, MN, USA) was secured to the skull, and 
Teflon-coated stainless wires (Cat No. 793500, A-M 
System Inc.) were passed subcutaneously to the back 
or the pectoralis muscle. Teflon insulation on the 
2-mm long tip of the stainless wire was removed to 
form the recording electrode. Fig. 1a illustrates the 
settlement of the head connector. After the Omnetic 
connector had been properly cemented to the skull 
and screws, sutures were used to close the incisions 

between the dental cement and the skull skin  
(Fig. 1b). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 

 
 
 
A picture of the implanted wire electrodes and 

the transferred nerve in one TMR rat is shown in  
Fig. 1c. A micro-focus X-ray image was used to ver-
ify further the position of the electrode within the rats 
after its implantation (Fig. 2). The implanted wire 
electrodes are shown properly positioned in the pec-
toralis major muscle on both sides, while the ground 
electrode is located under the skin near the neck. 

2.4 Acquisition of intramuscular myoelectric  
signals 

When the rats were walking on a treadmill, a 
biological signal acquisition system (MedLab- 

(a) (b) (c) 
1

2

Fig. 1  Head connector and intramuscular electrodes in a 
TMR rat 
(a) shows the head connector before cementation; in (b), the 
incision between the dental cement and the skull skin was 
closed with sutures; in (c), number 1 denotes the implanted 
intramuscular electrodes and number 2 the transferred median 
nerve 

Fig. 2  Micro-focus X-ray image of a rat with implanted 
intramuscular electrodes and a head connector 
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U8C502, Nanjing MedEase Science and Technology 
Co., Ltd., China) with a 1-m long cable was used to 
record intramuscular myoelectric signals that could 
induce contraction of the targeted muscle. After the 
surgery, treadmill mobility and myoelectric signal 
recording experiments were performed once per week 
over four weeks. For each rat, the experiment was 
composed of three trials, each with a 30-s running 
session and then a 30-s rest session. A belt speed of  
9 m/min with a 15° incline was set during the tread-
mill mobility experiments. The myoelectric signals 
were amplified with a gain of 1000 and then recorded 
at a sample rate of 2000 Hz. According to the power 
spectral analysis of the myoelectric signal recordings, 
components with a frequency of around 100 Hz and 
below were mainly noise and interference, so a high 
pass filter of 125 Hz was used in this study. 

2.5  Analysis of intramuscular myoelectric signals 

The signal recordings included myoelectric 
signals during active contractions of the reinnervated 
muscle and signals during muscle inactivity, such as 
interference, noise, and movement artifacts (Fig. 3). 
To evaluate muscle functional recovery, the active 
myoelectric signals from reinnervated muscle needed 
to be extracted from the recordings. The myoelectric 
intensity analysis methods proposed by von Tscharner 
(2000) and Mummidisetty (2009) were adopted to 
detect the onset and offset of the active myoelectric 
signals. Briefly, four steps were used to mark the 
active myoelectric onset and offset times. The first 
step was to create filter banks based on Morlet 
wavelets. Seventeen filter banks were used to  
cover the entire myoelectric frequency range of 0 to 
1000 Hz. In the second step, the developed filter 
banks were used to obtain 17 envelops of myoelectric 
signals, and then only those envelopes in intermediate 
frequencies were combined to detect the onset and 
offset times of myoelectric signals. According to 
Mummidisetty (2009), the intermediate frequency 
bands are more sensitive to myoelectric changes and 
better for avoiding multiple myoelectric peaks than 
other frequency bands. Thus, intermediate frequency 
bands were adopted to calculate onset and offset times. 
Thirdly, the peaks of the combined envelope were 
automatically annotated, and then those caused by 
artifact or noise were manually removed according to 
some raw myoelectric recordings. Each peak repre-

sented an active contraction of the targeted muscle. 
Finally, for each peak, the onset and offset of the 
active contraction was determined according to the 
energy distribution of an analysis window around the 
peak in the combined envelope. The analysis window 
was centered in the peak and had a total length of  
300 ms. The onset was defined as the time corre-
sponding to 10% of the total energy, and the off time 
was defined as the time corresponding to 90% of the 
total energy. 

In the analysis of myoelectric signals, a measure 
called the average rectified value (ARV) of the active 
myoelectric signals was used to characterize the ac-
tivity levels of the targeted muscle. The ARV was 
defined as 

 

0

1
( )d

T
X t t

T  , 

 

which is a time-windowed mean of the absolute value 
of an active myoelectric signal. Statistical analyses of 
ARV values were performed using SPSS 13.0 soft-
ware, in which a paired t-test analysis was applied to 
determine the statistical significance of differences 
between the same muscles at different times. The 
significance threshold was set at P<0.05. All statisti-
cal results were expressed as mean±S.E.M. 
 
 

3  Results 

3.1  General animal procedures  

Active myoelectric signals of the targeted mus-
cles were successfully acquired with the implanted 
wire electrodes from all 12 rats in the two groups.  
Fig. 3 shows some typical waveforms of intramus-
cular myoelectric activity from one rat in the rein-
nervation group and another in the denervation group 
when walking on the treadmill. For each rat, the 
myoelectric signals from both the post-operative and 
intact sides of the pectoralis major muscles are rep-
resented in Fig. 3. For the TMR rat, Fig. 3a (two upper 
rows) shows that its reinnervated muscle, which was 
the right side of the pectoralis, began producing some 
weak myoelectric signal one week post-surgery, when 
walking on the treadmill. In the fourth week after 
TMR surgery, the intramuscular myoelectric signal 
from its reinnervated muscle became much stronger 
with an amplitude comparable to that of its intact 
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pectoralis (left side). For the denervated rat, normal 
myoelectric activities were recorded from its intact 
pectoralis muscle, but were mostly absent from its 
denervated muscle, when walking on treadmill  
(Fig. 3b). Similar results were observed from all the 
rats in the TMR and denervation groups. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Extraction of active myoelectric signals 

Only myoelectric signals from the activities of 
the targeted muscles were required for statistical 
analysis. These signals were extracted using a Morlet- 
wavelet-based algorithm when the rats were walking 
on the treadmill. Table 1 shows the central frequen-
cies corresponding to Morlet wavelet indexes of  
from 0 to 17. When the Morlet wavelet index was 
greater than 16, the central frequency was greater than 
1000 Hz. 
 
 
 
 
 
 
 
 
 
  
 
 

With a sampling rate of 1000 Hz, only Morlet 
wavelet banks with an index of from 0 to 16 were 
calculated and included (Fig. 4). Envelopes in 
low-frequency bands included little useful infor-
mation and those in high-frequency bands presented a 
number of peaks in one active contraction of muscle. 
Thus, the four envelopes with an index range of 9 to 
12 were added together to obtain a new envelope of 
intermediate frequency bands, as suggested by 
Mummidisetty (2009). The envelope of intermediate 
frequency bands was then used to automatically mark 
the active myoelectric peaks. A representative figure 
showing the detection of active myoelectric peaks is 
illustrated in Fig. 5. All the peaks could be accurately 
annotated using the proposed method. Based on these 
annotated peaks, the onset and offset of the active 
contractions were successfully determined, and the 
active myoelectric signals between the onset and 
offset were extracted from signal recordings for sta-
tistical analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 1  The Morlet wavelet indexes and their corresponding central frequencies 

Wavelet index  Central frequency (Hz) Wavelet index Central frequency (Hz) Wavelet index  Central frequency (Hz)

0     6.9024 6 170.3856 12 542.0579 

1   19.2866 7 218.0675 13 623.8208 

2   37.7109 8 271.4874 14 711.1966 

3   62.0892 9 330.6188 15 804.1698 

4   92.3591 10 395.4383 16 902.7261 

5 128.4713 11 465.9245 17 1006.9000 

 

Fig. 3  Typical waveforms of intramuscular myoelectric 
signals from the targeted muscles of rats in the first and 
fourth weeks after surgery: (a) intramuscular myoelectric 
signal recordings from a TMR rat; (b) intramuscular 
myoelectric signal recordings from a denervated rat 

First week after surgery Fourth week after surgery

(a) 

(b) 

Fig. 4  Myoelectric envelopes computed by the Morlet 
wavelet at 17 central frequencies 
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3.3  Analysis of active myoelectric signals 

The analysis was conducted on the ARVs of the 
active myoelectric signals from all the rats. Fig. 6 
shows the ARVs of myoelectric activities averaged 
over all six TMR rats. The upper row shows that the 
ARVs from the reinnervated muscle were gradually 
increasing from the first to the fourth week after TMR 
surgery, and that the difference between the first week 
and the fourth week was significant (P=0.006).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For the intact pectoralis muscle, the ARVs of 
myoelectric activities averaged over the six rats also 
showed a slightly increasing trend, but did not show a 
significant difference between the first and the fourth 
weeks (P>0.05). For the rats in the denervation group, 
the ARVs of myoelectric activities averaged over the 
six rats showed a slight change over time for both the 
post-operative and intact pectoralis muscles (Fig. 7), 
but the difference between weeks was not significant. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

4  Discussion 
 

This study presented a statistical analysis of the 
active myoelectric signals in rats of a TMR group and 
a denervation group within four weeks after surgery. 
The reinnervated muscle showed a gradual increase in 
myoelectric activity while the denervated muscle 
showed little change from the first to the fourth week. 
This increase in myoelectric activity of reinnervated 
muscle suggests that a functional recovery may occur 
after reinnervation. For the recorded raw myoelectric 
signal, it was hard to detect this recovery process in 
all the rats. By using the method of detecting onset 
and offset times of active myoelectric signals and 
extracting myoelectric information from the signals 
between the onset and offset, a notable increase in 
myoelectric activity was apparent only in the rein-
nervated muscle. Myoelectric activity in the control 
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Fig. 5  A representative myoelectric signal and its burst 
peaks: (a) myoelectric signal from a rat; (b) the developed 
power (square of envelopes) with the burst peaks being 
marked by triangle symbols 
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Fig. 6  ARVs of active myoelectric signals from both sides 
of the pectoralis averaged over the six TMR rats four 
weeks after surgery: (a) reinnervated muscle; (b) control 
side muscle 
** indicates a significant difference between the first and 
fourth weeks. A paired t-test was used in the computation 

(a) 

(b) 

(a)

(b)

Fig. 7  ARVs of active myoelectric signals from both sides 
of the pectoralis averaged over the six denervated rats 
four weeks after surgery: (a) reinnervated muscle; 
(b) control side muscle 
A paired t-test was used in the computation 
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muscles was stronger in the TMR group than in the 
denervation group (Fig. 3). The amplitude of the 
recorded myoelectric signal depended on the efforts 
of the rats in walking. When the denervated muscle 
became weak in the fourth week, the rats may have 
made less effort in their control muscles to keep their 
body balance during walking. This might explain why 
the myoelectric signals from the intact muscles were 
stronger in the TMR group than in the denervation 
group. The proposed method might have potential for 
reliable and quantitative evaluation of muscle func-
tional recovery for amputees after TMR surgery. 

An intensity analysis based on the onset and 
offset calculation method was adopted in this study. 
Filter banks were first developed with wavelets at 
different central frequencies, and then the myoelectric 
signals were analyzed at these specific frequency 
bands. Annotation of the myoelectric peaks in the 
intermediate frequency bands may provide sensitivity 
to the myoelectric changes and be capable of avoiding 
the detection of multiple peaks during one active 
period. There are numerous methods of myoelectric 
onset and offset time detection (Staude et al., 2001; Li 
et al., 2007; Solnik et al., 2008), which focus mainly 
on detecting myoelectric on and off times with accu-
racy. However, the intensity analysis based method 
used in this study focused on detecting the active 
myoelectric signal correctly, since there were many 
artifacts and noises between active myoelectric sig-
nals that may otherwise have been mistaken as active 
myoelectric signals.  

Previous studies have reported that EMG activ-
ity can provide insights into the functional recovery 
process (English et al., 2006; Hu et al., 2009; Sabatier 
et al., 2011). Further work will be done to associate 
the extracted active myoelectric information with 
other methods, such as H-flex, gait analysis, and BBB 
scores, to make the method used in this study reliable 
for assessing muscle function recovery. Implanted 
stainless wires were used for recording myoelectric 
signals in this study. The impedance between the 
electrode and the tissue might change after implanta-
tion over time. This change in impedance may in-
fluence the measured EMG amplitudes. Our statisti-
cal results showed a slightly increasing trend, but no 
statistically significant increase in myoelectric am-
plitude in control side muscles within four weeks. We 
will conduct further experiments to investigate the 

relationship between impedance changes and the 
myoelectric signal amplitude. 

 
 

5  Conclusions 
 

In this study, intramuscular myoelectric signals 
were recorded using wire electrodes implanted into 
the reinnervated muscle of rats, and the underlying 
nature of the functional recovery of reinnervated 
muscle was explored by analysis of the myoelectric 
signals. For the TMR rats, statistical analysis of ex-
tracted myoelectric information from active myoe-
lectric signals between the onset and offset showed a 
gradual improvement in myoelectric activity, and a 
statistically significant difference was found between 
the fourth and the first weeks in the reinnervated 
muscle. The results from rats might be helpful for 
exploring the mechanisms of neural-function recon-
struction by the TMR technique in human subjects. 
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