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The purpose of this study was to better understand changes in motor unit
electrophysiological properties in people with chronic stroke based on concentric
needle electromyography (EMG) and single fiber EMG recordings. The first dorsal
interosseous (FDI) muscle was studied bilaterally in eleven hemiparetic stroke subjects.
A significant increase in mean fiber density (FD) was found in the paretic muscle
compared with the contralateral side based on single fiber EMG (1.6± 0.2 vs. 1.3± 0.1,
respectively, P = 0.003). There was no statistically significant difference between the
paretic and contralateral sides in most concentric needle motor unit action potential
(MUAP) parameters, such as amplitude (768.7 ± 441.7 vs. 855.0 ± 289.9 µV), duration
(8.9 ± 1.8 vs. 8.68 ± 0.9 ms) and size index (1.2 ± 0.5 vs. 1.1 ± 0.3) (P > 0.18),
nor was there a significant difference in single fiber EMG recorded jitter (37.0 ± 9.6
vs. 39.9 ± 10.6 µs, P = 0.45). The increase in FD suggests motor units of the
paretic FDI have enlarged due to collateral reinnervation. However, sprouting might be
insufficient to result in a statistically significant change in the concentric needle MUAP
parameters. Single fiber EMG appears more sensitive than concentric needle EMG to
reflect electrophysiological changes in motor units after stroke. Both single fiber and
concentric needle EMG recordings may be necessary to better understand muscle
changes after stroke, which is important for development of appropriate rehabilitation
strategies. The results provide further evidence that motor units are remodeled after
stroke, possibly in response to a loss of motoneurons.
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INTRODUCTION

Hemiparesis, the reduction in movement capability and strength in the limb opposite the brain
lesion (i.e., paretic limb), is a lasting outcome in people who have suffered a cerebrovascular
stroke (Colebatch and Gandevia, 1989; Jorgensen et al., 1995a,b; Li, 2017). The loss of hand
function is particularly devastating because everyday tasks such as dressing or carrying parcels
may be disrupted (Ward, 2011; Kamper et al., 2014; Li et al., 2014a; Lu et al., 2017). The extent of
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hemiparesis varies from patient to patient, often presumed to
reflect the severity and location of the lesion. However, it
may also be related to secondary changes in the peripheral
motor apparatus, both adaptive and maladaptive (Colebatch and
Gandevia, 1989; Klein et al., 2010; Zhou et al., 2013).

Motor units are remodeled following a cerebrovascular lesion.
During the initial weeks to months following stroke, there is
electrophysiological evidence of motor unit loss in upper and
lower muscles of the paretic limb (McComas et al., 1971; Hara
et al., 2004). At the same time, there is on-going denervation
based on the presence of positive sharp waves and fibrillation
potentials recorded by concentric needle EMG (Spaans and Wilts,
1982; Benecke et al., 1983; Brown and Snow, 1990; Dattola et al.,
1993; Kouzi et al., 2014). However, some of the denervated
fibers are likely reinnervated by collateral sprouting from intact
motor units, a demonstration of motor unit remodeling. Hence,
muscle fiber density recorded by single fiber EMG is larger
in the paretic limb compared to the contralateral limb (Cruz
Martinez et al., 1982; Lukács et al., 2009). In some instances,
muscle biopsies taken from paretic muscles reveal grouped
atrophy and fiber-type grouping, further evidence of on-going
denervation and reinnervation processes (Segura and Sahgal,
1981).

The first dorsal interosseous (FDI) is a commonly used model
for in vivo study of neuromuscular function (Galganski et al.,
1993; Kalmar and Cafarelli, 2004; Zhou et al., 2012; Prak et al.,
2015; Li et al., 2016). It is the only muscle that abducts the
index finger and its nerve supply is easily accessible for clinical
EMG testing and assessment of motor unit properties (Young
and Mayer, 1982). Because of its importance for hand function,
a few have studied FDI properties following stroke (Young and
Mayer, 1982; Li et al., 2011, 2013, 2014a,b, 2015, 2016; Zhou
et al., 2013; Suresh et al., 2015; Hu et al., 2016). In chronic
stroke subjects, there are fewer FDI motor units in the paretic
limb compared to the contralateral limb (Li et al., 2011, 2016).
In addition, electrical and mechanical properties of remaining
intact units are altered. In chronic stroke, the paretic FDI
was found to contain more motor units that are both slower
contracting and fatigable, possibly indicative of disuse (Young
and Mayer, 1982). Others found the motor unit population
to contain relatively more very large and small amplitude
motor unit action potentials (MUAPs) based on surface EMG
recordings (Li et al., 2011, 2016). The explanation for this more
heterogeneous mix of different sized MUAP is uncertain, but may
reflect varying degrees of denervation, reinnervation, and fiber
atrophy.

The single fiber EMG technique identifies the activity
of a single muscle fiber and thus the activity of a single
motor unit (Ekstedt, 1964; Stalberg, 1966). Two measurements
in particular, fiber density (FD) and jitter, are invaluable
for enhancing understanding of motor unit (muscle fiber)
remodeling. Fiber density reflects the local organization of muscle
fibers within the motor unit, and jitter provides an indication
of the stability of neuromuscular transmission (Sanders and
Stalberg, 1996). Both measures are sensitive indicators of
denervation and reinnervation processes associated with disease
or injury.

A few investigators have used single fiber EMG to examine
FD and jitter post-stroke. In one report, FD of the extensor
digitorum communis muscle was determined in 20 persons
with hemiplegia lasting from 2 months to 8 years, 16 of whom
suffered a stroke (Cruz Martinez et al., 1982). They found that
the mean FD was significantly larger in the paretic compared
to the contralateral limb (1.97 vs. 1.55), but FD was unrelated
to disease duration. Lukács et al. (2009) reported significantly
larger FD in the abductor digiti minimi muscle of the paretic
limb compared to the contralateral limb in subjects with stroke
lasting from 2 weeks to 4 years. They also reported that the
paretic to contralateral limb FD ratio increased significantly with
disease duration between 2 weeks and 10 months, with no further
change beyond 10 months. Chang (1998) reported significantly
larger jitter in the extensor digitorum communis and tibialis
anterior muscles of 28 stroke subjects compared to 13 healthy
control subjects, based on electrical stimulation single fiber EMG.
Although motor unit population and control properties of the
paretic FDI muscle have been investigated, no one has studied
post-stroke FDI motor unit properties using single fiber EMG.

The purpose of this study was to characterize the differences
in motor unit and single fiber properties between the paretic
and contralateral FDI in a group of chronic stroke subjects.
Concentric needle EMG recordings for quantitative MUAP
analysis were made together with single fiber EMG measures
of FD and jitter to better understand motor unit remodeling
following stroke.

MATERIALS AND METHODS

Subjects
Eleven hemiparetic stroke survivors (seven females and four
males) aged from 45–79 years (mean: 61.7 ± 10.8 years)
volunteered to participate in the study. The inclusion criteria
included: (i) an interval of at least 6 months after stroke; (ii)
hemiplegia secondary to an ischemic or hemorrhagic stroke; (iii)
ability to follow commands and move their index finger; and (iv)
ability to sign an informed consent form. All subjects provided
written informed consent, which was conducted in accordance
with the Declaration of Helsinki and approved by the Committee
for the Protection of Human Subjects at the University of
Texas Health Science Center at Houston (UTHealth) and TIRR
Memorial Hermann Hospital (Houston, United States).

Upper limb motor function of each stroke subject was
evaluated using the Fugl-Meyer test and Chedoke-McMaster
test (Fugl-Meyer et al., 1975; Gowland et al., 1993). The
Fugl-Meyer assessment is a cumulative numerical scoring
system encompassing measures of motor function, balance,
sensation, and joint range of motion for patients with post-
stroke hemiplegia. The Chedoke-McMaster test is an assessment
used to determine the severity of physical impairment for
clients with stroke and other neurological disorders (only hand
function among its 6 dimensions was assessed in this study).
Maximal pinch and grip forces were measured bilaterally.
A summary of the subjects’ information is presented in
Table 1.
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Voluntary Muscle Activation Protocol
Subjects were comfortably seated with the forearm of the tested
arm pronated and placed on a height-adjustable table. Prior
to electrode placement, the skin of the examined regions was
cleaned using an alcohol pad. A surface reference electrode
was placed over the ulna styloid. Subjects generated voluntary
activation of the FDI by abducting their index finger to push a
5-kg weight in a horizontal direction on the table for at least
30 s. Verbal encouragement was provided by the examiner.
To avoid muscle fatigue, subjects had sufficient rest after each
recording.

Concentric-Needle EMG
Concentric needle EMG recordings were carried out using
a Natus UltraPro S100 electromyographic system (Natus
Neurology Inc., Middleton, WI, United States). The recordings
were performed using a conventional concentric needle electrode
with a diameter of 0.58 mm and a recording area of
0.07 mm2 (Alpine bioMed, Denmark). At least 25MUAPs
were recorded from each FDI, which required advancing the
needle to different depths at each of 3–4 skin incisions. The
filter settings ranged from 2–5,000 Hz using a 200 µV/cm
gain and a 3 ms/div sweep speed for the multi-MUAP
analysis.

Action potentials were automatically classified and analyzed
using a built-in multi-MUAP analysis program. The MUAP
parameters measured were the following (Stalberg et al., 1996):
duration, the time between the starting-point and end-point
of the slow component of the MUAP, defined as 20 µV
amplitude deviation from baseline; amplitude, the voltage
difference between the negative peak and the positive peak
within the duration; the number of turns, the number of peaks
in the MUAP waveform, based on at least a 100 µV change
in amplitude between successive turns; phases, the part of the
MUAP that falls between two baseline crossings, excluding
baseline crossings due to noise; area, the rectified MUAP
within the duration; area/amplitude ratio, expressing the overall

“thickness” of an MUAP; and size index, defined as 2 × log10
(amp) + area/amp, which reflects the number of muscle fibers
within the needle uptake area (Sonoo and Stalberg, 1993; Kouzi
et al., 2014).

Single Fiber EMG
Single fiber EMG recordings were carried out using a Natus
UltraPro S100 electromyographic system. The filter setting for FD
and jitter was 500–10,000 Hz.

Fiber Density
Recordings were obtained with a single fiber EMG electrode
(0.45 mm 26G× 40 mm, Natus). The electrode was inserted into
the FDI muscle and slowly advanced while the subject abducted
the index finger in an attempt to push the 5 kg weight. The
electrode was optimally positioned to maximize the amplitude
of a single fiber action potential. After optimization, the number
of associated single fiber action potentials time-locked to the
triggering potential was determined. The electrode was advanced
to a new position in the FDI muscle and the process of counting
potentials was repeated. Different depths, at each of 2–3 skin
insertions, were studied until at least 20 different recording sites
in the mid belly of the FDI muscle had been examined. The
fiber density was the mean number of potentials counted in 20
recording sites.

Jitter
The single fiber EMG electrode was inserted in the mid belly of
the FDI and was slowly advanced so as to record two (or more)
time-locked muscle fiber action potentials from the same motor
unit during a mild voluntary contraction. The located single
fiber action potentials had a brief rise time (< 300 µs) and an
amplitude greater than 200 µV, and at least 50 discharges from
the motor unit were recorded. The electrode was then advanced
to a new position to record 50 discharges from a different motor
unit. Different depths, at each of 2–3 skin insertions, were studied
until at least 20 different recording sites had been examined.
The jitter was calculated as the mean values of the consecutive

TABLE 1 | Stroke subjects’ information.

ID Age (years) Stroke duration
(years)

Paretic side Fugl-Meyer Chedoke Grip force (kg) Pinch force (kg)

Paretic Contra- Paretic Contra-

S1 79 14 R 21 3 2.7 26.8 0.3 4

S2 45 6 R 51 3 12.5 33.7 1 7

S3 71 6 R 21 1 8.7 39.0 1.7 10

S4 52 2 L 15 2 3.2 28.1 2 6

S5 64 15 L 24 3 8.3 29.6 3.5 6.2

S6 64 6 R 40 3 7.6 17.3 3.1 5.0

S7 63 1 L 24 2 3.0 33.0 1.7 8.3

S8 51 1 R 27 2 4.5 25.3 1.7 6.1

S9 68 9 R 40 3 5.0 23.6 1.9 4.3

S10 72 10 L 39 3 10.9 42.8 5.5 10.7

S11 50 7 L 24 3 19.3 44.7 4.3 11.2

Contra-, Contralateral; Stroke duration, the time after stroke onset.

Frontiers in Physiology | www.frontiersin.org 3 December 2018 | Volume 9 | Article 1587

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01587 November 29, 2018 Time: 13:8 # 4

Yao et al. Motor Unit Alterations After Stroke

differences (MCD) of the successive inter-potential intervals,
according to the following formula:

MCD = (|IPI1 − IPI2| + |IPI2 − IPI3| + . . .+ |IPIn−1 − IPIn|)/

(n− 1)

where IPIi is the inter-potential interval between the two single
fiber potentials of the motor unit (Sanders and Stalberg, 1996).

Statistical Analysis
Statistical analysis was performed using SPSS (SPSS, Inc., 2007,
Chicago, IL, United States). The Shapiro-Wilk test was used
to test for possible deviations from normality and none was
found (P > 0.05). The Student’s paired t-test was used to
investigate side-to-side differences for the examined parameters.
Spearman’s correlation was applied to investigate correlations
between different EMG parameters and disease chronicity or
clinical scores. Differences were considered significant when
P < 0.05 and data are presented as mean ± standard deviation
(SD).

RESULTS

Clinical Scores and MVC
Most subjects had significant motor impairment in the upper
limb (Table 1). No subject had a Chedoke score above three,
which means that any active voluntary movement of the FDI
occurred as part of a synergy. Seven of the subjects had a Fugl-
Meyer score less than half of the maximum (66) score. The MVC
force (kg) of the paretic limb was less than half of the contralateral
limb during pinch (2.43 ± 1.53 kg vs. 7.17 ± 2.54 kg, P < 0.005)
and grip (7.78± 5.04 kg vs. 31.27± 8.39 kg; P < 0.005).

Concentric Needle EMG
Bilateral MUAP recordings were performed in all 11 stroke
subjects. Figure 1A shows a representative MUAP recorded from
the paretic FDI of one subject. The MUAP area/amplitude ratio
was significantly larger in the paretic side than the contralateral
side (P < 0.05, Table 2). Similarly, the MUAP size index was
larger in the paretic limb, but the difference was not statistically
significant (P = 0.18). Unexpectedly, the number of MUAP turns
and phases tended to be smaller in the paretic limb, although
differences were not significant (P = 0.15 and 0.06). The MUAP
amplitude and duration did not differ significantly between sides,
nor was there a trend for any difference. Disease chronicity
(which is expressed as the years post-stroke) was unrelated to
the paretic muscle MUAP amplitude (Spearman’s correlation:
r = 0.49, P = 0.12), area (r = 0.31, P = 0.35), duration (r = 0.22,
P = 0.51), phases (r = 0.10, P = 0.76), or turns (r = 0.12, P = 0.71).
Similarly, Fugl-Meyer and Chedoke scores were not significantly
correlated with MUAP amplitude (Fugl-Meyer: r = 0.09, P = 0.79;
Chedoke: r = 0.47, P = 0.15), area (Fugl-Meyer: r = 0.24, P = 0.49;
Chedoke: r = 0.42, P = 0.20), duration (Fugl-Meyer: r = 0.16,
P = 0.65; Chedoke: r = 0.19, P = 0.57), phases (Fugl-Meyer:

r = 0.02, P = 0.96; Chedoke: r = 0.19, P = 0.59), or turns
(Fugl-Meyer: r = 0.10, P = 0.78; Chedoke: r = 0.24, P = 0.47).

Singe Fiber EMG
Bilateral single fiber EMG recordings of FD and jitter were
successfully completed in 10 and 9 stroke subjects, respectively.
Figures 1B,C show representative recordings of FD and jitter
analysis. FD was larger in the paretic than the contralateral limb
in 9 of the 10 subjects, and the means were significantly different
between sides (1.6 ± 0.2 vs. 1.3 ± 0.1, respectively, P = 0.003).
However, jitter or MCD was not different between the paretic
and contralateral muscles (37.0 ± 9.6 µs vs. 39.9 ± 10.6 µs,
respectively, P = 0.45). Disease chronicity was unrelated to FD
(r = 0.31, P = 0.39) or MCD (r = −0.07, P = 0.86), nor
was Fugl-Meyer or Chedoke scores correlated to FD (Fugl-
Meyer: r = 0.51, P = 0.13; Chedoke: r = −0.14, P = 0.71) or
MCD (Fugl-Meyer: r = 0.33, P = 0.43; Chedoke: r = −0.10,
P = 0.83).

DISCUSSION

FD and Concentric Needle MUAP
A primary feature of this study was the combination of
single fiber EMG and concentric needle EMG recordings to
assess the characteristics of voluntarily recruited motor units
in chronic stroke subjects. We were able to record FD of
the FDI muscle bilaterally in 10 of the 11 stroke subjects,
and it was found to be significantly higher in the paretic
than the contralateral side, consistent with previous studies
of hand (abductor digiti minimi) (Lukács et al., 2009) and
forearm (extensor digitorum communis) muscles following
stroke (Cruz Martinez et al., 1982). These findings indicate
that motor units in muscles of the paretic limb contain
more dense groups of muscle fibers than the contralateral
limb.

There is evidence of changes in motor unit properties early
after stroke. This includes denervation and motor unit loss
and subsequent reinnervation of previously denervated fibers
(McComas et al., 1971; Hara et al., 2004). The reinnervation
likely arises from collateral sprouts from axons of intact
motor units, thus resulting in an increase in the number of
fibers per motor unit (increased FD). We found that the FD
in the paretic FDI was unrelated to stroke duration. This
is consistent with a previous stroke study of the abductor
digiti minimi, in which FD was not significantly correlated
with disease duration in a group of subjects who had stroke
for more than 10 months (Lukács et al., 2009). Hence,
the FD values in the current study likely reflect a stable
condition where motor unit remodeling has been essentially
completed.

In contrast to the augmented FD, there was no corresponding
increase in the average amplitude, duration, or complexity
(number of phases/turns) of concentric needle recorded MUAPs
in the paretic FDI. This is consistent with findings in the
abductor digiti minimi of acute and chronic stroke subjects,
in which there was little to no side-to-side difference in
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FIGURE 1 | Screenshot during the experiment (A) MUAP analysis recording; (B) Fiber density recording; and (C) Jitter recording.

concentric needle MUAP properties (Lukács, 2005; Kouzi
et al., 2014). However, the paretic abductor digiti minimi
did contain a larger number of outliers for MUAP amplitude
and MUAP duration, both of which were significantly related
to stroke duration and stroke severity (Lukács, 2005). It
is noteworthy that the average time after stroke onset was
5.3 months in the study by Lukács (2005) and 6.3 years in
the present study. Because the concentric needle electrode
records from a larger motor unit territory compared to single
fiber EMG, the recorded action potentials may be impacted
more by changes in the various motor unit components (i.e.,
motoneuron, neuromuscular junction, muscle fiber) that develop
chronically after stroke. Hence, the lack of MUAP changes
recorded by concentric needle EMG and other methods (i.e.,
F-wave) (Hara et al., 2004), could reflect greater muscle fiber
atrophy in paretic muscles of chronic patients (Scelsi et al.,
1984).

Motor unit remodeling is a normal part of the aging process
(Hepple and Rice, 2016). There is evidence of denervation
and motor unit loss and increased size of the surviving motor
units through collateral sprouting. Most of these changes
become pronounced beyond the eighth decade of age. It is
uncertain whether the larger mean FD in the paretic FDI
reported here was exacerbated by aging. Only three of the
subjects were in their eight decade of age (71, 72, and
79 years), having suffered a stroke 6, 10, and 14 years prior
to the study, respectively (Table 1). In a previous cross-
sectional study of 59 stroke subjects (37–78 years, mean
age 61 years), FD of the abductor digiti minimi increased
progressively with increased time since stroke during the first
10 months (n = 13), after which it was stable. It is uncertain
whether the age of the 13 subjects differed compared to the
other 46 subjects. The impact of aging on post-stroke motor
unit properties remains an important area for further study.

TABLE 2 | Concentric needle MUAP properties.

Parameter Paretic side Contralateral side P-value

Mean ± SD Min–Max Mean Min–Max

Amplitude (µV) 768.7 ± 441.7 337.5–1936 855.0 ± 289.9 531.3–1462.3 0.49

Duration (ms) 8.9 ± 1.8 7.3–10.9 8.68 ± 0.9 7.7–10.7 0.67

Area (µVms) 1200.2 ± 729.4 307.2–2963.1 1130.3 ± 420.3 591.5–1766.3 0.71

Area/amplitude ratio 1.5 ± 0.3 0.98–1.86 1.4 ± 0.1 1.19–1.41 0.04

Number of turns 2.9 ± 0.3 2.4–3.4 3.0 ± 0.2 2.8–3.3 0.15

Number of phases 2.7 ± 0.3 2.2–3.1 2.9 ± 0.2 2.6–3 0.06

Size index 1.2 ± 0.5 0.6–2.1 1.1 ± 0.3 0.6–1.4 0.18
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Jitter
Jitter, which assesses the integrity of neuromuscular transmission
(Sanders and Stalberg, 1996) has received little study in stroke
(Cruz Martinez et al., 1982; Chang, 1998). We recorded jitter
in 9 subjects, the first such demonstration in the FDI muscle
after stroke. The MCD was found to be not significantly different
between the paretic and contralateral FDI muscles, consistent
with findings in the paretic extensor digitorum communis
recorded in a few patients (Cruz Martinez et al., 1982). In that
study, none of the potentials showed increased jitter in patients
with chronic stroke (>10 months), whereas some potentials
showed increased jitter and occasional intermittent impulse
blocking in patients with disease duration less than 9 months
(Cruz Martinez et al., 1982). However, these results conflict with
a study of stimulated single fiber EMG jitter in paretic muscles
of 28 stroke subjects, who had stroke between 2 months and
8 years, and muscles of 13 healthy controls (Chang, 1998). In
both the extensor digitorum communis and tibialis anterior, the
MCD was significantly larger in the paretic muscles, progressively
increased with stroke duration, and was larger in severely weak
compared to moderately weak muscles (Chang, 1998). This result
suggests that neuromuscular transmission in paretic muscles is
unstable, whereas the present result indicates no such change.
The explanation for this discrepancy is uncertain, but could be
related to differences in the method (stimulated vs. voluntary
induced singe fiber EMG) and/or the muscle studied.

Weakness and Motor Unit Remodeling
Maximal pinch and grip strength of the paretic limb was reduced
by more than one-half, and the FDI muscle was likely similarly
weak (Zhou et al., 2013). Muscle atrophy is unlikely to be a
major contributor to weakness given that the average atrophy in
the FDI in chronic stroke is modest (∼13%, Triandafilou and
Kamper, 2012). Conceivably, the reinnervation demonstrated
here prevented more severe muscle atrophy that would otherwise
occur from motor unit loss (Li et al., 2016). Still, much of
the weakness is likely due to reduced central nervous system
activation of muscle. Hence, some motor units may not have
been recruited, whereas other units likely fired at a lower rate,
despite maximum effort (Chou et al., 2013; McNulty et al., 2014;
Li et al., 2015; Hu et al., 2016). Further work is necessary to
better understand the relative contributions of impaired motor
unit activation and motor unit remodeling on hand weakness
after stroke.

We did not record motor unit properties from a group of
healthy controls, a limitation of the current study. Our reported
limb difference in FD could in theory be explained by a reduction
in the contralateral limb FD below normal rather than an actual
increase in FD of the paretic limb. However, this is unlikely the

case, as there is no obvious explanation as to how this would come
about. Furthermore, previous studies found that FD of the paretic
limb was significantly larger than the limb of healthy controls
(Lukács et al., 2009). Another limitation is the relatively small
sample size. It is possible that the limb differences in FD would
have been related to disease duration or clinical motor function
in a larger sample of stroke subjects (Lukács et al., 2009).

Conclusion
Single fiber EMG and concentric needle EMG were applied
to examine the FDI muscle bilaterally in eleven hemiparetic
stroke subjects. A significant increase in FD was found in the
paretic muscle compared with the contralateral side. However, no
statistically significant difference was found between the paretic
and unaffected sides in MUAP amplitude, duration, area, size
index, the number of MUAP phases and turns, and jitter. Some
of the present results are consistent with earlier findings (Cruz
Martinez et al., 1982; Lukács et al., 2009) and provide new
evidence of motor unit remodeling in the FDI in chronic stroke
subjects. Our findings suggest that single fiber EMG is more
sensitive than concentric needle EMG in reflecting changes in
motor unit size or FD in people with chronic stroke.
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