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Abstract

Aims: The innervation zone asymmetry of the external anal sphincter (EAS) has been
investigated as a risk factor for the development of fecal incontinence (FI). This study aims to
utilize an intra-rectal high-density surface electromyogram (HD-SEMG) recording and advanced
HD-sEMG decomposition technique to characterize the effects of aging on the asymmetry of EAS
functional innervation.

Methods: HD-SEMG signals were recorded intra-rectally from six healthy young and seven
healthy elderly women during voluntary contractions of the EAS. EMG signals were decomposed
into constituent motor unit action potentials (MUAPS) and the innervation zone of each
decomposed motor unit was identified. Asymmetry index (Al) was defined and calculated for

all subjects. The maximum squeezing pressures of the EAS were also measured for all subjects as
a comparison.

Results: The HD-sEMG decomposition and Al calculation were successfully performed from
EMG data acquired from all the subjects. The Al values were 28.7 + 17.0% for the young group
and 55.6 + 18.8% for the elderly group. The Al and EAS contraction strength were found to be
negatively correlated (P < 0.05). A two-tailed student’s #test demonstrated a significant increase
in Al with age by comparison between two groups (£ < 0.05).

Conclusions: Our work demonstrates, for the first time, that EAS functional innervation tends
to become increasingly asymmetrical with advancing age, and this increase is associated with

a compromised anorectal function. Results suggest that the intra-rectal HD-sEMG will serve as
an advanced tool for assessing and monitoring the anorectal neuromuscular function minimally
invasively under different pathophysiological conditions.
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1| INTRODUCTION

Fecal incontinence (FI) is a common anorectal disorder that affects 7-15% of the population
aged 65 years and older.12 Accumulated evidence has shown that aging is associated

with compromised anorectal strength and innervation. Studies in elderly asymptomatic
women indicated that these changes are unrelated to sphincter injury nor other aging-related
neurogenic disorders.3 Despite the unclear mechanism and variate etiology of aging-related
FI1, incontinence can be largely attributed to the neuromuscular alterations that occur with
increased age.* Therefore, the utilization of neurophysiological biomarkers for the diagnosis
and prediction of FI in the elderly population holds significant importance.

Functional asymmetry of EAS innervation has long been studied in healthy subjects®

and later for its potential role in the prediction of FI.% Surgical studies have revealed an
asymmetrical distribution of pudendal afferent fibers with respect to side in most reported
cases.” Women with increased functional asymmetry are at an increased risk for FI after
sphincter trauma, and the severity of asymmetry has been proposed to predict a patient’s
risk for F1.8:9 Reduced EAS innervation symmetry, especially in patients with injuries to
the pudendal nerve, contributes to compromised muscle closure strength, and consequently
higher risks of exposure to F1.310 Early studies on EAS functional asymmetry explored

the use of vectormanometry, root mean squared (RMS) amplitude, evoked anorectal

EMG, and intramuscular EMG as potential tools to assess EAS innervation symmetry.
Vectormanometry has been widely used in research to detect asymmetric pressure zones

in the EAS, however, manometry techniques have wide ranges for normal values and are
poorly reproducible.1! Furthermore, vectormanometry can only identify the presence of
EAS pressure zone asymmetry, and cannot reveal the underlying neuromuscular changes
that cause the asymmetry. In addition to manometric techniques, the innervation of the
EAS can also be assessed with traditional neurophysiological tools. Evoked muscle action
potentials recorded via intramuscular EMG have been used to explore the symmetry of

the neuromuscular innervation of the EAS.> However, pudendal nerve stimulation is a
specialized test, and intramuscular EMG suffers from low spatial coverage and is painful to
the subject. A correlation between incontinence symptoms and EAS innervation asymmetry
using conventional surface EMG has also been reported in post-partum women suffering
from FI, suggesting functional EAS asymmetry as a potential risk factor for FI.2 However,
the poor spatiotemporal resolution of conventional surface EMG electrodes limits signal
analysis to basic global features, such as amplitude and mean frequency, and does not allow
for the study of individual motor unit action potentials (MUAPS).

Recent advances in high-density surface electromyography (HD-sEMG) provide a non-
invasive method to acquire neuromuscular signals from a target muscle, including broad
spatial information related to neuromuscular innervation. These characteristics of HD-SEMG
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enable the repeated and long-term assessment of neuromuscular function while providing

a wealth of information regarding the health of the muscle. However, limited effort has
been made to apply HD-SEMG to pelvic muscles, possibly because of the complexity

of pelvic anatomy.12-15 A 64-electrode intra-rectal HD-sSEMG probe was developed in

our lab to provide a direct contact and complete coverage of the EAS, while minimizing
physical discomfort. Moreover, the ample circumferential spatial information recorded with
our HD-sEMG probe enables an accurate and reliable extraction of MUAPS, by integrating
an advanced HD-SEMG decomposition technique.1®

A similar HD-sEMG approach has been applied to the EAS to assess changes in the
innervation of the EAS after childbirth and/or episiotomy.16 However, no studies have
examined the effect of aging on the innervation zone distribution of the EAS. In this
study, we employed our non-invasive intra-rectal HD-sEMG probe and advanced EMG
decomposition techniques to study the effect of aging on EAS innervation symmetry in
healthy women. The clinical significance of innervation asymmetry was also evaluated
by correlating it with conventional anorectal manometry pressure recordings. Finally, the
innervation asymmetry and manometry results were compared between the young and
elderly groups.

MATERIALS AND METHODS

Continent (for both urine and feces) parous females, with no history of pelvic trauma,
pelvic organ prolapse, or neuromuscular disorders, were recruited for this study. Subject
fecal continence status was assessed by the Wexner continence grading scale. Subjects that
presented with any incontinence symptoms, or reported the loss of liquid or solid stool

were excluded. A pelvic floor examination was performed prior to the experiment, and
subjects that were discovered to have pelvic organ prolapse and signs of pelvic surgery were
further excluded from the study. Subjects between 18 and 40 years were recruited for the
young group and subjects over 60 years for the elderly group. Subjects with identifiable
perianal scarring or EAS tears presented on transperineal ultrasound were further excluded
from participation. All ultrasound, manometry, and HD-SEMG tests were performed by an
experienced physician with an approved study protocol reviewed by the Institutional Review
Board. All subjects gave informed consent.

The basal and squeezing pressures of the EAS were assessed with a Triton anorectal
manometry system (LABORIE Corp., Toronto, Canada) via the rapid-pull through
technique. Basal anorectal pressures were subtracted from maximum squeezing pressures
to remove the effects of the internal anal sphincter on the analysis. Subjects were then
positioned in the lithotomy position and pre-coached to ensure correct contraction of the
EAS, while minimizing potential signal interference due to co-contraction of abdominal

or leg muscles.1” Surface EMG from the EAS was recorded during voluntary contractions
using a 64-channel (8 x 8) intra-rectal probe, as shown in Figures 1A and 1B. The subject’s
wrist was cleaned with an alcohol wipe, and a wet ground electrode was affixed to the
subject’s wrist with a Velcro strap. A single reference electrode was affixed to the subject’s
thigh. Consistent probe insertion was achieved by orienting the company trademark in the
anterior direction. Care was taken by the physician to keep the probe in a fixed location, with
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no longitudinal movement or rotation of the probe during testing to maintain a fixed spatial
reference. Three contraction maneuvers were performed under moderate effort for each
subject. The subject was instructed to contract for 10 sec. Each contraction was followed by
a 5-min rest period to avoid muscle fatigue. Signals were amplified at a sampling rate of 5
kHz through a BrainAmp amplifier (Brain Products GmbH, Germany) and stored for offline
processing.

HD-sEMG signals were band-pass filtered with a 2nd-order Butterworth filter at 10-500

Hz and notch filtered at 50 Hz using MATLAB R2016a (Mathworks Inc., Natick, MA).

The data was segmented into contraction periods based on the apparent amplitude increase
during contraction. EMG RMS was calculated as the square root of the mean of the squares
of all samples in a given contraction period. Surface interferential HD-SEMG recordings
were then decomposed into constitutive MUAP trains using our recently developed K-means
clustering convolution kernel compensation (KmCKC) algorithm.18 The KmCKC algorithm
employs k-means clustering to group firing instances to associating motor units (MUs),
yielding consecutive firing sequences of MUs. Then, convolution kernel compensation is
utilized to improve the accuracy of pulse train clustering and decomposition. Finally, HD-
SEMG recordings are temporally averaged with respect to the pulse trains of each MU to
produce a 64-channel MU profile.

An innervation zone (1Z), which indicates the location of neuromuscular junctions, was
located from the bipolar mapping of the temporally averaged MU profiles. An 1Z is readily
discernible in bipolar HD-sEMG recordings by recognizing a signal phase inversion in
neighboring channels along the muscle fiber direction.1> The location of each 1Z was
recorded and binned with respect to the electrode nearest to the 1Z location to calculate
|Zpist. The asymmetry index (Al) was further determined from identified 1Z locations for
each subject. Briefly, the 1Z distribution was compiled in a circular manner for each of the
eight circumferential channels. The distance of the barycenter from the center of the probe
normalized with respect to the radius of the probe was calculated and termed the Al.1° A
completely symmetric EAS innervation will have an Al of 0%; conversely, an Al of 100%
denotes a completely asymmetric 1Z distribution. Equation (1) defines Al,20

8 27n | 8 . 27 ?
Al = \/[Zn _ 1IZhist(n)cosT] + [Zn _ 1IZhist(n)smT (@)

3| RESULTS

Table 1 summarizes the demographics and calculated Al for both young group (7= 6, 31.5
+ 3.9 years) and elderly group (n=7, 66.6 + 4.8 years). The average parity of the elderly
group was higher than the average parity of the young group; however, this difference was
not significant (o > 0.08). The average RMS value during contraction was 20.7 £ 6.9 pV

for the young group, and 21.8 £+ 6.6 uV for the elderly group, as shown in Figure 2A,

which is consistent with published results.11 Coefficient of variance during three contraction
maneuvers was calculated as 18.9%, indicating good signal reproducibility.1> Anorectal
manometry showed a higher average change in anorectal squeezing pressure of 48.8 +
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14.7 mmHg for the young group, compared to an average change in squeezing pressure

of 33.8 £ 8.9 mmHg in the elderly, illustrated in Figure 2B, yet this difference was not
found to be significant by a two-tailed #test (P> 0.07). To test the applicability of EMG
RMS as a potential biomarker for EAS closure function, the relationship between RMS and
anorectal pressure was examined with a two-tailed student’s #test. No significant difference
in anorectal pressure and EMG RMS values was observed (P = 0.07).

MUAPs were successfully decomposed from HD-sEMG recordings in all thirteen subjects.
On average, decomposition yielded spike trains from 7.7 + 3.2 MUs in the young subjects,
and 7.7 = 1.0 MUs in the elderly. The signals were averaged with respect to spike

times determined from KmCKC, to generate a 64-channel MUAP map. Figure 3 shows

a representative bipolar MUAP profile, with its propagation patterns detected by one circular
row of SEMG sensors. 1Zs were identified for each detected MUAP in all subjects, and
were binned by electrode location onto a cylindrical surface that mimics the axial view

of the EAS. The Al values for the young group were 28.7 + 17.0% and 55.6 + 18.8%

for the elderly group. Figure 4 shows the 1Z barycenter locations for the young and aged
subjects overlaid on an axial representation of the rectal probe. In young subjects, the EAS
1Z distribution did not favor any location, and the resultant barycenter for each subject was
distributed near the center of the EAS. Conversely, in aged subjects, the 1Z distribution
tended to concentrate in specific regions, namely the dorsal left and dorsal right surfaces
of the EAS, indicating lessened innervation on the opposite side of the EAS. A significant
linear relationship was found between age and Al (P < 0.05), shown in Figure 5A. A
two-tailed student’s #test demonstrated a significant increase in Al with advancing age,
with P-value less than 0.05 and power over 0.8. The relationship between Al and anorectal
pressure was also tested, and a significant relationship was observed (P< 0.05, CC = 0.65).
This relationship is illustrated in Figure 5B.

DISCUSSION

In this study, we have delivered the first effort to assess the aging-related alterations

on EAS innervation symmetry by employing intra-rectal HD-sEMG recording and EMG
decomposition techniques. HD-sEMG techniques can capture comparable neuromuscular
details compared to intramuscular EMG, while providing greater spatial coverage and
minimizing patient discomfort.1521 To control for the confounding effects of neuromuscular
diseases and apparent obstetric sphincter trauma, participants were limited to a healthy
population. Subject inclusion was rigorously confirmed by a pelvic health survey including
the Wexner Continence Grading Scale, medical history check, and transperineal ultrasound.
Anorectal manometry was included as a standard conventional test, to functionally

evaluate the consequence of compromised innervating symmetry. Al was determined from
electrophysiological measurements and employed as a biomarker to quantify the symmetry
of the EAS innervation.

Surface EMG decomposition was successfully performed in all subjects. Slow wave signals
from the internal anal sphincter were attenuated by selecting a band-pass filter with a lower
cutoff of 10 Hz. MU yield was comparable to similar studies,1>16 and the subsequent 1Z
identification protocol was successful in identifying an amount of 1Zs that was similar to
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past studies.1® The EAS Al values for the young group were calculated as 28.7 + 17.0%
(31.5 + 3.9 years), which is consistent with published results of 25.03 + 10.11% (35 + 11
years).20 Significantly higher Al values in the elderly group suggest that with increasing age,
the EAS in healthy women tends to be less symmetrically innervated. These results suggest
that aging may lead to a decrease in EAS innervation symmetry, which may further increase
one’s risk for FI.

The average RMS values during contraction across all subjects was consistent with
published studies.!® However, a comparison of RMS values alone may not be capable of
identifying the neuromuscular alterations as the amplitude of the acquired EMG signals was
not significantly correlated or sensitive to advanced age (P> 0.05). Anorectal manometry
revealed visible yet not significant differences between young and aged groups, which
differs from previous studies.?2 This potentially controversial result might be caused by
the relatively small study size, yet such a result does raise the question regarding the

high variability of manometry results in studying the effects of altered neuromuscular
innervation on the EAS function. Furthermore, the significant difference observed in Al
values suggested a higher sensitivity of the presented approach in detecting neuromuscular
alterations of EAS, compared with conventional manometry and simple surface EMG
amplitude analysis.

Several EMG and manometry techniques have also been implemented to study anorectal
innervation, including EMG decomposition,? intramuscular motor evoked potential, and
vectormanometry.23 These studies employed EMG and manometry approaches to quantify
EAS 1Z symmetry in healthy and in a variety of patient populations including incontinence,
childbirth trauma, and rectal prolapse sufferers.?24-26 |n our study, we have confirmed
previous observations that Al values are negatively correlated with anorectal squeezing
pressure (Figure 5B), suggesting the contractile capacity of the EAS is impaired in subjects
that exhibit increased Al. Asymmetrical innervation may result in unbalanced pressure
zones in the rectum, impairing closure efficiency, and patients’ continence.2’ Therefore,
asymmetrical EAS innervation may help explain the prevalence of FI in elderly than
younger populations. An increased Al was found also after unilateral episiotomy with
surface EMG recordings,6 indicating a disturbance to the innervation of the EAS during
unilateral episiotomy. In addition to women that undergo episiotomy, those who suffer a
level three or greater tear during childbirth are significantly more likely to have an elevated
Al and suffer from FI post-delivery.® Similarly, it has been reported that rectal prolapse
patients who suffer from FI also exhibit increased Al.24

Despite such a wealth of research findings in patient populations, little effort has been

made to study aging-related changes in the innervation of the EAS. Our findings fill this
prior research gap by evidencing increased EAS innervating asymmetry with advancing age.
Prior studies employing needle?8 and single fiber EMG2° discovered aging-related muscular
changes whereby motorneurons are lost and a neuromuscular remodeling process consisting
of concurrent denervation and subsequent re-innervation occurs. Our findings suggest that
this remodeling may not occur symmetrically in the EAS, resulting in an asymmetrically
innervated muscle. Moreover, in subjects over 60 years tested, as shown in Figure 5A, we
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observed severely asymmetric EAS 1Z distributions. These results coincide with previous
findings that EAS denervation occurs past sixty years of age.30

It is important to note that the presence of asymmetrical innervation does not necessarily
indicate the presence of Fl. Correlation between EAS innervation asymmetry, Fl, and rectal
prolapse is controversial. Multiple pre-clinical research studies report significant correlation
between these factors, yet some studies also suggest asymmetry was not relevant to Fl
severity in nulliparous women.? Other studies report that the presence of Al in patient
groups with sphincter trauma is associated with a more severe symptom phenotype.12
Moreover, when one considers that the cause for FI can be multifactorial, the clinical
relevance of Al to the development of FI in the elderly population remains uncovered.

One explanation for this phenomenon is that unilateral trauma to the EAS on the dominant
side of innervation may result in anorectal dysfunction at higher rates than trauma to the less
innervated side.> Accordingly, an otherwise healthy person is at a higher risk for FI after
trauma if the damage occurs near the location of dominant innervation. This effect increases
as the severity of asymmetry increases, since trauma to the innervation zone location affects
a higher percentage of muscle fibers at the neuromuscular junction. Taking this theory into
consideration, our study may help explain why older women suffer from postpartum FI at
higher rates than younger counterparts.3!

Our study only included continent women. We chose to only include healthy women to
control for the many different etiologies of FI. This may be seen as a limitation of our study;
however, we wanted to focus solely on the effect of aging on the innervation symmetry of
the EAS. Future efforts can be made to compare Al of FI sufferers and healthy controls.
Subject recruitment was only limited to parous women to control for the possible neurogenic
damage due to childbirth. The inclusion of multiparous females should not be a concern.
Studies have examined the effect of vaginal deliveries on EAS anatomy, and did not find a
significant difference between parous and nulliparous women in subjects without childbirth-
related EAS trauma.32

CONCLUSIONS

Our work shows, for the first time, that EAS innervation is significantly associated with age
and the EAS innervation tends to become increasingly asymmetrical with advancing age.
Results demonstrate a negative correlation between the Al and closure strength of the EAS
under voluntary contraction. The non-invasive HD-SEMG probe was successful in detecting
high quality signals which provide an advanced phenotyping tool for clinical evaluation and
possible prediction of anorectal disorders.
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FIGURE 1.
A, The intra-rectal high density surface EMG probe. B, Illustration of the recording protocol
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electromyogram (EMG) signals. B, The relationship between ages and pressure changes
during external anal sphincter (EAS) squeezing

Neurourol Urodyn. Author manuscript; available in PMC 2022 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dias et al.

Page 12

Column Number
1 2 3.4089"7 8

5ms

FIGURE 3.
A representative bipolar mapping of the highlighted row of channels (marked by red

rectangle). The black traces mark the temporal propagation of motor unit action potential
(MUAP) pulses along the circumference of the probe
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The innervation zone (1Z) distribution barycenters for both young (red) and elderly (blue)

group. The distance from the center represents the asymmetry index (Al) value
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FIGURE 5.
A, The relationship between age and asymmetry index. B, The relationship between

asymmetry index and pressure change during external anal sphincter (EAS) squeezing
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