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Background. Electrodiagnosis can reveal the nerve and muscle changes following surgical
placement of an extracellular matrix (ECM) bioscaffold for treatment of volumetric muscle loss
(VML).

Objective. The purpose of this study was to characterize nerve conduction study (NCS)
and electromyography (EMG) changes following ECM bioscaffold placement in individuals
with VML. The ability of presurgical NCS and EMG to be used as a tool to help identify
candidates who are likely to display improvements postsurgically also was explored.

Design. A longitudinal case series design was used.

Methods. The study was conducted at the McGowan Institute for Regenerative Medicine
at the University of Pittsburgh. Eight individuals with a history of chronic VML participated.
The intervention was surgical placement of an ECM bioscaffold at the site of VML. The strength
of the affected region was measured using a handheld dynamometer, and electrophysiologic
evaluation was conducted on the affected limb with standard method of NCS and EMG. All
measurements were obtained the day before surgery and repeated 6 months after surgery.

Results. Seven of the 8 participants had a preoperative electrodiagnosis of incomplete
mononeuropathy within the site of VML. After ECM treatment, 5 of the 8 participants showed
improvements in NCS amplitude or needle EMG parameters. The presence of electrical activity
within the scaffold remodeling site was concomitant with clinical improvement in muscle
strength.

Limitations. This study had a small sample size, and participants served as their own
controls. The electromyographers and physical therapists performing the evaluation were not
blinded.

Conclusions. Electrodiagnostic data provide objective evidence of physiological improve-
ments in muscle function following ECM placement at sites of VML. Future studies are
warranted to further investigate the potential of needle EMG as a predictor of successful
outcomes following ECM treatment for VML.
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Volumetric muscle loss (VML) may
be defined as an injury that results
in a loss of more than 25% of mus-

cle mass, often resulting in significant
functional deficits.1 It is generally caused
by trauma (including battlefield inju-
ries2–4), degenerative disease, or tissue
resection for removal of neoplasms.5 Vol-
umetric muscle loss is associated with
the deposition of scar tissue and dener-
vation of the muscle distal to the defect.6

Unfortunately, treatment options for
VML are limited and typically include
scar tissue debridement, autologous tis-
sue transfer, muscle transposition, free
muscle flap creation, and, in the most
severe cases, amputation. In addition,
the outcome scores following these pro-
cedures are often low and reflect persis-
tent functional impairment and the pres-
ence of abnormal sensation in a high
percentage of individuals.7 The unfavor-
able outcomes, as well as the potential
for donor site morbidity,7–9 underscore
the need for the development of novel,
more effective interventions to promote
functional recovery after severe injuries.

Recently, the use of biologic scaffolds
composed of extracellular matrix (ECM)
has been evaluated as a treatment option
for VML. The ECM is formed by the
secreted products of resident cells in
every tissue and organ. The ECM pro-
vides both a mechanical framework for
structural support and an inductive
substrate for modulating cellular re-
sponses.10 Preclinical studies have
shown that ECM bioscaffolds facili-
tate constructive, site-appropriate tissue
remodeling in musculotendinous,11,12

abdominal wall,13–15 urinary bladder,16

esophageal,17–19 and cardiac tissue20–22

applications.

A recent report described positive out-
comes in 5 patients treated with an ECM
scaffold for VML.1 In that study, actively
regenerating myofibers were observed at
the scaffold placement site at 6 months
following surgery. In addition, there was
an average improvement of 25% in mus-
cle strength and 220% improvement in
functional outcome measures. However,
there was variability in the functional
improvements among the 5 patients.
Although some patients demonstrated
marked improvements in both their

strength and function, others showed no
improvement in either measure. A better
understanding of the relationship among
people’s baseline characteristics may aid
in the identification of the most suitable
candidates for this approach.

The restoration of nerves and the forma-
tion of new motor endplates within the
ECM bioscaffold placement site are likely
crucial to the success of this approach
for skeletal muscle applications23–26

and may explain the variability among
patients following ECM treatment for
VML. Indeed, immunolabeling findings
have demonstrated the presence of
reinnervating tissue in ECM-treated
patients in multiple body systems.1,27,28

However, it is not yet clear in humans
whether any new nerve tissue is func-
tional and how this finding may relate to
functional outcomes.

Electrophysiologic evaluation is widely
used to evaluate the function of the
motor units29 by recording nerve action
potentials and motor unit action poten-
tials (MUAPs) using either surface or
intramuscular techniques.30,31 Such tech-
niques are commonly used to evaluate
muscle activity in healthy people,32–34

patients with muscle dysfunction,31,35

and patients with muscle injuries.36–38

Recently, 2 preclinical studies have used
electrophysiologic evaluation to evaluate
reinnervation and muscle activation in
murine and dog models of ECM treat-
ment for VML. Six months after surgery,
remodeling at the ECM placement site
showed more rapid recruitment and a
profile similar to the muscle activation
observed in uninjured muscle in mice.1

In addition, when compared with
untreated VML defects, recruited muscle
fibers were faster and had greater peak-
to-peak voltages.1 In the dog model, elec-
trical response and twitches were
observed in the ECM-treated site in one
animal 3 months after surgery, suggest-
ing the formation of contractile
myofibers.6

Given that nerve conduction study (NCS)
and needle electromyography (EMG) are
recognized standards for diagnosis of
neurophysiologic abnormalities,30 a com-
bination of NCS and EMG was used for
the electrophysiologic evaluation of VML
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sites treated with ECM. In addition, we
performed a descriptive analysis to
explore the potential of presurgical NCS
and EMG to serve as a predictor of post-
surgical outcomes. This study tested our
hypotheses that NCS and EMG improve-
ments would be observed following
ECM implantation and that baseline
NCS and EMG findings would be con-
comitant with changes of strength
postoperatively.

Method
Setting and Participants
A total of 8 participants (including 5
individuals who were included in a pre-
vious report1) were included. Participant
recruitment, inclusion and exclusion cri-
teria, and the study protocol have been
previously described.1 This study was
conducted with informed patient con-
sent and approvals from the Institutional
Review Board of the University of Pitts-
burgh and the US Department of
Defense Human Research Protection
Office (ClinicalTrials.gov identifier:
NCT01292876).

Three participants had muscle loss and
functional deficit of the anterior tibial
compartment of the leg, 4 had VML of
the quadriceps muscle compartment,
and 1 had sustained VML of the biceps
brachii muscle. The extent of muscle
loss was determined by magnetic resolu-
tion image or computed tomography.
Strength of target muscles was assessed
by a licensed physical therapist using a
handheld dynamometer on the day
immediately prior to surgery and again 6
months postoperatively. The strength
was recorded as the average of 3 trials.
Successful improvement in strength was
operationally defined a priori as an
increase of �20% compared with maxi-
mum preoperative values.

All participants were entered into a phys-
ical therapy program preoperatively.
They participated in physical therapy
until they reached a plateau in strength
and functional capacity, defined as an
improvement of �2% in the primary out-
come variables over the course of 2
weeks. Following plateau, participants
were then surgically implanted with an
ECM bioscaffold.

Surgical Procedure
Through an open incision, debridement
of scar tissue with selective tenolysis was
performed, as previously described.1 For
the reconstruction of injured muscle
compartment, the ECM scaffold was
implanted within the VML injury site. At
times, the implanted scaffold spanned
multiple muscles, such as in the case of
quadriceps injuries (participants 4–7).
The ECM device (MatriStem, ACell Inc,
Columbia, Maryland; Biodesign, Cook
Medical, Bloomington, Indiana) con-
sisted of specific layers of decellularized
porcine urinary bladder or small intesti-
nal submucosa. Within 48 hours postop-
eratively, a physical therapy program
was initiated. The program was based on
the preoperative physical therapy pro-
gram and progressed according to partic-
ipants’ pain limitations. Strength was
measured on the day immediately prior
to surgery and again 6 months
postoperatively.

NCS and EMG Recording
Nerve conduction study and EMG
recording were performed at the site of
injury at both baseline and 6 months
after ECM placement using a Synergy
EMG machine (Cardinal Health, Dublin,
Ohio). One of two electromyographers
completed all studies. Both electromyo-
graphers have more than 15 years of
experience and are certified by the
American Board of Electrodiagnostic
Medicine. Standardized NCSs were per-
formed with monitoring of limb temper-
ature. For motor studies, latencies were
measured at 5.5 cm from the distal stim-
ulation to recording site in the hand and
8 cm in the foot. For proximal motor
studies, standard distances were used
based on laboratory protocol. For needle
EMG, concentric needle electrodes were
used. The needle was placed in the stan-
dard muscle belly according to the ana-
tomical guide.39 Needle EMG was per-
formed repeatedly at the proximal and
distal sites of the injured muscle if the
standardized muscle belly site did not
show evidence of electrical activity.
After the conventional needle EMG,
motor unit potential traces were
obtained at the target muscle in one par-
ticipant to explore the characteristics of
new tissue, and a decomposition-based
quantitative EMG (DQEMG) algorithm

was applied to calculate jiggle, near fiber
dispersion, and maximal near fiber
interval.

Nerve conduction study improvement
was defined as an increase in motor
nerve conduction amplitude greater than
20%. For EMG analysis, positive change
was defined as either (1) evidence of an
increased firing in volitional recruitment
of target muscles or (2) a decrease in
abnormal spontaneous activity (ASA)
compared with prior surgery.

Data Analysis
Frequency counts were calculated and
summarized for nominal variables, and
measures of central tendency (means,
medians) and dispersion (standard
deviations, interquartile ranges) were
calculated for continuous variables
showing demographic information of
participants.

Role of the Funding Source
The US Department of Defense’s Limb
Salvage and Regenerative Medicine Initia-
tive and the Muscle Tendon Tissue Unit
Repair and Reinforcement Reconstruc-
tive Surgery Research study is collabora-
tively managed by the Office of the
Secretary of Defense. The Initiative is
focused on rapidly and safely transition-
ing advanced medical technology in
commercially viable capabilities to pro-
vide our wounded warriors the safest
and most advanced care possible today.
Dr Han was supported by a grant
(#20140100) from Inje University.

Results
Participant Demographics
The mean age of the 8 participants was
32 years. The average time between
injury to surgery was 5.5 years (SD�3.3),
and the average percentage of estimated
tissue loss (determined by magnetic res-
olution image or computed tomography
scan) was 66.1% (SD�18.8%) (Tab. 1).

Preoperative NCS and EMG
Seven of the 8 participants showed pat-
terns of mononeuropathies in their
involved limbs at baseline testing. Three
participants with anterior compartment
injuries in the lower leg showed deep
peroneal mononeuropathy. Three of 4
participants with quadriceps muscle
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injury showed femoral mononeuropathy,
whereas 1 individual with a quadriceps
muscle injury displayed no abnormal
finding. The individual with a biceps
brachii injury showed musculocutane-
ous mononeuropathy. The mononeu-
ropathies observed in 7 participants
were incomplete patterns. The distribu-
tions of abnormalities were limited to the
area of the muscle injury site and did not
extend distally along the nerve distribu-
tion as in typical nerve injury. A few
involved muscles were totally dener-
vated (ie, tibialis anterior [TA] muscle of
participants 1 and 2, vastus medialis
[VM] muscle of participants 4 and 5, and
vastus intermedius muscle of participant
5; Tab. 2). However, the majority of the
muscles were only partially denervated.
Some muscles were preserved at the
proximal portion, but the distal portion
showed no motor unit activity.

Postoperative Findings
Strength. Among the total of 8 partic-
ipants, including 5 individuals for whom
data have been previously reported,1 6
participants showed some increase in
strength of the treated muscles between
preoperative and postoperative time
points. However, 2 of the 6 participants
demonstrated an increase in strength of
less than 0.91 kg (2 lb), within the range
of measurement error. Two participants
showed no change. The range of
strength gain was between 0% and
136.1%, and the average was a 41.2%
increase in strength.

NCS and EMG. Four participants
showed increased amplitudes of com-
pound muscle action potential (CMAP)
recorded in target muscles: 1 in the TA
(participant 2), 2 in the VM (participants
4 and 6), and 1 in the biceps brachii
muscle (participant 8). The remaining
participants showed either no change
(participants 1 and 3) or a decreased
amplitude (participants 5 and 7) in NCS
findings. For the needle EMG study,
improvements were detected in 2 cate-
gories. The first was the disappearance
of ASA after the surgery, as shown in the
TA and extensor digitorum longus (EDL)
muscle of participant 3 and the VM of
participant 6. Other participants showed
no remarkable change in ASA appear-
ance. The second improvement was an
enhanced recruitment pattern of the
involved muscle. The TA and EDL of par-
ticipant 3 showed an improved recruit-
ment pattern after surgery compared
with the baseline findings of greatly
decreased recruitment pattern and single
motor unit firing (Tab. 2). In contrast,
participant 4 presented decreased
recruitment pattern in the vastus lateralis
muscle, and other participants showed
no change in recruitment pattern of the
treated muscle.

Strength and electrodiagnostic altera-
tions for each subject are presented in
Table 2. Among nerves and muscles
examined during clinical NCS and EMG,
the target muscles and the most involved

nerves innervating target muscles are
included in the table.

The mean CMAP amplitude of baseline
NCS was 5.225 mV, and that of postop-
erative NCS was 4.425 mV. Five of 6
participants who showed EMG activity at
baseline showed successful improve-
ment in strength (20% or more improve-
ment) at an average of approximately 6
months after ECM implantation surgery
(Figure). These findings suggest that
muscles judged to have no electrical
activity at baseline are unlikely to display
improved strength following ECM
implantation.

Discussion
Extracellular matrix bioscaffolds have
been proposed as a viable treatment
option for VML. However, there is con-
siderable variability associated with the
individual impairment and downstream
functional responses to such an interven-
tion. The reason for this variability is still
unknown, but it is likely attributable, at
least in part, to differences in the degree
and type of initial injury. To our knowl-
edge, the change in physiologic tissue
function following ECM implantation has
never previously been measured in
humans using electrodiagnostic tools.
The present study characterized altera-
tions in motor activity in 8 individuals
with chronic VML who had failed all
attempts at traditional treatment ap-
proaches and who subsequently were

Table 1.
Participant Demographic Informationa

Participant
No. Sex

Age
(y) Injury Site (Side)

Cause of
Injury

Time Since
Injury (mo)

No. of
Previous

Surgeries
Tissue Deficit

(Estimate) Status

1 M 34 Anterior tibial compartment
(left)

Exercise-induced 13 5 58% Military

2 M 37 Anterior tibial compartment
(left)

Skiing accident 32 4 67% Civilian

3 M 32 Anterior/lateral tibial
compartment (left)

Skiing accident 85 8 90% Civilian

4 M 28 Quadriceps muscle (left) IED blast 18 14 68% Military

5 M 27 Quadriceps muscle (right) IED blast 89 50 83% Military

6 F 66 Quadriceps muscle (left) MVA 85 1 50% Civilian

7 M 35 Quadriceps muscle (right) MVA 120 6 80% Civilian

8 M 31 Biceps muscle (right) IED blast 86 8 33% Military

a M�male, F�female, IED�improvised explosive device, MVA�motor vehicle accident.
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Table 2.
Clinical NCS and EMG and Muscle Strength of Treated Musclesa

Participant
No. Evaluation Preoperative Postoperative

1 Muscle strength (ankle dorsiflexion, lb) 0 0

NCS (latency/amplitude) Peroneal motorb (ms/mV)
(contralateral, ms/mV)

2.6/3.7
(2.5/3.7)

2.5/2.5

EMG TA ASA – –

Recruitment No unit No unit

2 Muscle strength (ankle dorsiflexion, lb) 0 0

NCS (latency/amplitude) Peroneal motorb (ms/mV)
(contralateral, ms/mV)

2.8/2.5
(2.7/6.8)

3.3/4.5

EMG TA ASA – –

Recruitment No unit No unit

3 Muscle strength (ankle dorsiflexion, lb) 3.6 4.8

NCS (latency/amplitude) Peroneal motorb (ms/mV)
(contralateral, ms/mV)

2.3/1.7
(3.7/10.0)

2.1/1.5

EMG TA ASA �� –

Recruitment GD SD

EDL ASA �� –

Recruitment Single unit SD

4 Muscle strength (knee extension, lb) 6 7.2

NCS (latency/amplitude) Femoral motorc (ms/mV)
(contralateral, ms/mV)

2.7/3.9
(3.0/9.7)

3.6/4.8

EMG VM ASA ���� ���

Recruitment No unit No unit

VI ASA ���� ���

Recruitment MD GD

VL ASA ��� ���

Recruitment GD No unit

5 Muscle strength (knee extension, lb) 6.1 14.4

NCS (latency/amplitude) Femoral motorc (ms/mV)
(contralateral, ms/mV)

3.1/10.9
(NT/NT)

3.6/4.8

EMG VM ASA ��� ���

Recruitment No unit No unit

VI ASA �� –

Recruitment No unit No unit

VL ASA – �

Recruitment Normal Normal

6 Muscle strength (knee extension, lb) 10.3 16.9

NCS (latency/amplitude) Femoral motorc (ms/mV)
(contralateral, ms/mV)

1.2/3.8
(2.5/7.2)

2.9/5.0

EMG VM ASA � –

Recruitment Normal Normal

VI ASA – –

Recruitment Normal Normal

VL ASA – –

Recruitment Normal Normal

(Continued)
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treated by implantation of an ECM
bioscaffold.

Five of the 8 participants showed
improved electrophysiological function.
In participants 4 and 6, the amplitudes of
femoral CMAP increased more than 20%
between preoperative and postoperative

time points, even though the amplitude
remained relatively low compared with
that of the uninjured contralateral limbs.
Participant 8 also exhibited greater than
20% improvement of CMAP amplitude of
the musculocutaneous nerve, resulting
in an amplitude that is considered to be
“normal,” compared with the uninjured

contralateral side. The strength of these
3 individuals was improved concomi-
tantly with their CMAP improvement.
However, not all electrophysiological
improvements coincided with a detect-
able increase in strength. In participant
2, the amplitude of the deep peroneal
CMAP recorded in the TA increased by
80%, but the ankle dorsiflexor strength
showed no change. This finding suggests
that the primary defect in force-
producing capacity of this individual was
not solely attributed to decreased motor
activity. Participants 1 and 3 showed no
improvement of CMAP amplitude, even
though participant 3 showed a 33.3%
improvement in strength. Unexpectedly,
the CMAP of 2 participants (participants
5 and 7) decreased after ECM placement,
despite the fact that they both demon-
strated a dramatic increase in strength 6
months postoperatively. In these cases, it
is possible that the increased strength
was a result of a restoration of mechani-
cal integrity, rather than electrical con-
ductance, of the muscle after ECM

Figure.
Volitional motor unit action potential (MUAP) at baseline electromyography testing and
improvement of strength.

Table 2.
Continued

Participant
No. Evaluation Preoperative Postoperative

7 Muscle strength (knee extension, lb) 33.3 53.9

NCS (latency/amplitude) Femoral motorc (ms/mV)
(contralateral, ms/mV)

2.6/9.7
(NT/NT)

4.6/5.4

EMG VM ASA – –

Recruitment Normal Normal

VL ASA – –

Recruitment Normal Normal

RF ASA – –

Recruitment Normal Normal

8 Muscle strength (elbow flexion, lb) 39.4 45.0

NCS (latency/amplitude) Musculocutaneous motord (ms/mV)
(contralateral, ms/mV)

2.6/5.6
(2.1/8.4)

3.4/6.9

EMG Biceps muscle
(proximal)

ASA – –

Recruitment Normal Normal

Biceps muscle
(distal)

ASA NT ��

Recruitment NT Polyphasic

a NCS�nerve conduction study, EMG�electromyography, ASA�abnormal spontaneous activity, –�not observed, ��persistent single trains in at least 2
muscle regions,���moderate numbers in 3 or more muscle areas, ����many in all muscle regions, �����baseline obliterated with fibrillation
potentials in all areas of muscle examined, GD�greatly decreased, MD�moderately decreased, SD�slightly decreased, TA�tibialis anterior muscle,
EDL�extensor digitorum longus muscle, VM�vastus medialis muscle, VI�vastus intermedius muscle, VL�vastus lateralis muscle, RF�rectus femoris muscle,
NT�not tested.
b Stimulated at fibular head and recorded on TA.
c Stimulated above inguinal ligament and recorded on VM.
d Stimulated at axilla and recorded on biceps brachii muscle.
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implantation. The effect of ECM implan-
tation on the structural characteristics of
muscles with VML and how this effect
may contribute to muscle function
would be an interesting area for future
investigations. Taken together, the
changes in NCS observed in this study
did not show a linear correlation with
strength.

We cannot exclude the possibility that
muscle strength improvements may be
the result of other aspects of the surgical
procedure, such as fibrosis debridement
or tenolysis. However, the fact that many
of the participants had extensive past
medical histories of surgical procedures
that were likely to have included
debridement or tenolysis suggests that
the improvements observed postopera-
tively were likely a result of ECM implan-
tation and not solely other aspects of the
surgery.

The improvement of CMAP amplitude
observed in 4 of the 8 participants in this
study is encouraging, as changes in
CMAP amplitude are known to be the
result of changes intrinsic to muscle tis-
sue, as opposed to alterations in the con-
duction velocity or distal motor
latency.40 The amplitude of CMAP relies
on the amount of action potential
detected at the recording site. An
increased amplitude indicates that the
action potential generated by the muscle
fiber is increased, a result that may be
interpreted as an increased number of
muscle fibers at the location of the
recording area. These findings are con-
sistent with previous findings by Sicari et
al, which showed histologic evidence of
actively regenerating skeletal muscle
cells present at the site of remodeling
ECM bioscaffolds implanted for the treat-
ment of VML.1 Other studies dealing
with chronic muscle atrophy caused by
poliomyelitis or spinal cord injury
showed that chronic atrophied muscles
rarely experience hyperplasia.41,42 Con-
sidering the fact that the participants
were also in a state of chronic muscle
atrophy as a result of VML, the change of
CMAP amplitude observed in this study
was most likely associated with ECM-
induced effects.

Analysis of needle EMG findings showed
that 2 participants had some improve-
ments in target muscles. In participant 3,
the ASA observed in the EDL and TA was
resolved and recruitment patterns of
both muscles were improved. In partici-
pant 6, ASA disappeared and the recruit-
ment pattern was normalized without
polyphonic potentials in the vastus late-
ralis muscle. These 2 participants
showed increased motor strength of
treated muscle after surgery. Among the
4 remaining participants with a baseline
EMG deficit who did not show improve-
ment in needle EMG at follow-up, 2 (par-
ticipants 1 and 2) demonstrated no
improvement in strength following ECM
placement.

Needle EMG generally reveals 2 aspects
of electrophysiology related to muscle
fibers: (1) instability of muscle fibers,
expressed as ASA, and (2) recruitment
pattern, expressed as MUAPs. In 2 of 4
participants displaying ASA in baseline
EMG activity, ASA was decreased or
diminished at the follow-up study, and
the change was accompanied with an
improved recruitment. Similarly, al-
though the improvements of MUAPs
observed were generally associated with
increased strength, this was not the case
for all participants. This mismatch is con-
sistent with previous studies demonstrat-
ing that EMG does not correlate linearly
with strength.43 Indeed, the EMG signal
can be influenced by various factors
other than the muscle fibers, including
nerve conduction properties and neuro-
muscular junction activity. As such,
when considering functional outcomes,
clinical EMG should be considered to be
a complementary tool.

One remarkable finding was that poly-
phasic MUAPs and ASA were observed in
the site of matrix implantation. Abnor-
mal spontaneous activity is a marker of
membrane instability and is generally
considered to be an abnormal sign. It
typically decreases over the course of
reinnervation and disappears with com-
plete healing.44,45 Aside from successful
somatic reinnervation, ASA also can dis-
appear due to muscle atrophy.45 In the
case of participant 8, ASA was detected
at the distal site of the biceps muscle
postoperatively. Of note, for this individ-

ual, preoperative EMG was performed
only in the proximal biceps muscle
because the mid-to-distal belly of the
biceps muscle was deemed to consist
only of fibrotic tissue on musculoskeletal
ultrasonography. As such, the baseline
needle EMG finding at the proximal
biceps muscle was qualified as “normal.”
However, for the postoperative evalua-
tion, the needle EMG was performed at
the site of matrix placement (mid-to-
distal belly) in order to explore new tis-
sue. Although a direct comparison with
preoperative values is not possible, the
activities observed postoperatively sug-
gest that the area is in the process of
reinnervation. As the implanted matrix is
completely devoid of cells, the fact that
activity was detected in the distal biceps
muscle at 6 months after implantation
suggests that the recruitment of endoge-
nous cells at the ECM placement site
may be responsible for the observed in-
creased activity.

Polyphasic MUAPs are also well known
to result from newly reinnervated motor
fibers.46 To identify the character of nee-
dle EMG findings of the lesion in partic-
ipant 8, decomposition-based quantita-
tive EMG (DQEMG) was performed with
particular focus on the region of ECM
placement. There were many poly-
phonic potentials with decreased recruit-
ment and rapid firing rates at 20 to 25 Hz.
Using quantitative EMG, near fiber jiggle
was greatly elevated at 83.5%, compared
with 33.8% (SD�3.7%), which is the
reported normal value.47 Jiggle is used to
express the variability of the shape of the
MUAPs based on the consecutive ampli-
tude and shape difference, and it is the
result of highly immature neuromuscular
connections.48 Postoperatively, partici-
pant 8 displayed near fiber dispersion
and the maximal near fiber interval, as
calculated by DQEMG, of 11.0 and 5.6
milliseconds, respectively. Near fiber dis-
persion is the time interval between the
first and the last detected fibers’ contri-
bution to the near fiber motor unit
potential, and the normal value has been
reported to be 1.7 milliseconds
(SD�0.4).47 Maximal near fiber interval
is the maximum time between consecu-
tive detected near fiber distributions,
reflecting the length of axonal sprout,
and the value observed in the “normal”
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population is reported to be 1.0 millisec-
onds (SD�0.2).47 Therefore, the DQEMG
data observed in participant 8 are consis-
tent with immature, recent innervation.
This additional evaluation at the site of
ECM placement provides interesting
electrophysiologic evidence that sug-
gests ongoing motor unit regeneration.

In a previous study, EMG detected the
improvement of muscle activity after
ECM treatment in a murine model of
VML.1 The maximal EMG amplitude was
increased, and the recruitment rate also
was increased in ECM-treated animals.
Direct comparison with the current
study is not possible given that the elec-
trodes used in the mice were insulated
and because different parameters, such
as recruitment rate and peak-to-peak volt-
age of MUAP, were applied for the ani-
mal model. In addition, the present
results revealed considerable variability
in participants’ responses. For example,
3 participants (participants 4, 5, and 7)
showed no improvement in EMG or
NCS findings, despite the fact that an
improvement in muscle strength was
observed (Tab. 3).

We also explored the potential utility of
preoperative EMG as a predictor of out-
come following surgery. For this investi-
gation, participants were dichotomized
according to whether they met our a
priori criterion for success (ie, �20%
improvement). Among parameters of
needle EMG, the presence of MUAPs in
preoperative evaluation appeared to be
associated with an increased likelihood
for strength improvement. Neither of the
electrically silent muscles at baseline
(participants 1 and 2) demonstrated
gains in electrical activity after ECM
implantation (Tab. 3). In contrast, some
muscles that had greatly decreased
motor unit activity, such as the EDL of
participant 3, presented greatly enriched
activity postoperatively. Participant 8
was the only individual who did display
electrical muscle activity preoperatively
but did not meet the criterion for suc-
cess. However, he did demonstrate
a 14% increase in strength post-
operatively. These findings suggest that
the absence of MUAP in target muscle
preoperatively may be indicative of an
unfavorable outcome after ECM treat-

ment for VML. Future studies with an
increased sample size are warranted.

The presence of ASA, especially fibrilla-
tion potentials, has been suggested to be
a key prognostic factor of successful
recovery after nerve repair surgery.45

Among key changes in prolonged dener-
vated muscles, fibrillation potentials
have the tendency to persist as long as
denervated muscles retain a blood sup-
ply.49 Likewise, resolution of fibrillation
potentials indicates total dystrophic
change of muscle.50 However, the ASA in
our study did not consistently relate to
the improvement in strength because the
absence of ASA also can be indicative
of electrical stability, especially when
accompanied by MUAPs with a normal
recruitment pattern.

The fact that this is a case series and the
small sample size are limitations of the
study. In addition, the inclusion of eval-
uation measures for chronic VML at lon-
ger time points may reveal important
information regarding the constructive
muscle remodeling following ECM im-
plantation. Finally, methods for standard-
ized electrodiagnostic evaluation at the
site of injury and ECM placement should
be developed. As presented in Table 3,
not all data changed from baseline to
postoperatively in a synchronized way.
Because of the massive loss of muscle
and surrounding tissue, traditional meth-
ods may not allow for sufficient informa-
tion at the site of active remodeling.
When the injury changes the muscle tis-

sue structure anatomically or volumetri-
cally, NCS and EMG examination should
be conducted at both a standard ana-
tomic location and at the modified loca-
tion according to the patient’s post-
operative anatomy. Finally, the
electromyographers and physical thera-
pists were not blinded to the treatment
time point, which may have affected
results.

In conclusion, this case series study pro-
vides preliminary findings that electrodi-
agnostic testing provides objective evi-
dence of physiological improvements in
muscle function following ECM place-
ment at sites of VML. These findings have
relevance to physical therapist practice,
as an improved understanding of physi-
ological changes following ECM implan-
tation into regions of severe muscle inju-
ries may help support the rational design
of regenerative rehabilitation protocols
following this tissue engineering
approach. Finally, the data provide
insight as to the importance of baseline
innervation status when selecting the
most suitable candidate for ECM implan-
tation in the treatment of VML.
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search design and writing. Dr Stearns-
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Dr Boninger, and Dr Ambrosio provided data
analysis. Dr Boninger, Dr Badylak, Dr Rubin,

Table 3.
Relationship of Muscle Strength Change (�20% Improvement From Baseline) and Clinical
NCS and EMG Dataa

Participant No.
Muscle Strength

Change
NCS

Change
EMG

Change
Presurgical Motor

Unit Activity

1 0 – 0 –

2 0 0 0 –

3 � 0 � �

4 � � – �

5 � – 0 �

6 � � � �

7 � – 0 �

8 0 � 0 �

a NCS�nerve conduction study, EMG�electromyography, 0�no change, –�absent activity or negative
change, ��present activity or positive change.
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