
Functional mapping of the pelvic floor and sphincter muscles 
from high-density surface EMG recordings

Yun Peng1, Jinbao He2, Rose Khavari3, Timothy B. Boone3, and Yingchun Zhang1

1Department of Biomedical Engineering, Cullen College of Engineering, University of Houston, 
Houston, Texas, USA 77204

2School of Electronic and Information Engineering, Ningbo University of Technology, Ningbo, 
China

3Department of Urology, Houston Methodist Hospital and Research Institute, Houston, Texas USA 
77030

Abstract

Introduction and Hypothesis—Knowledge of the innervation of pelvic floor and sphincter 

muscles is of great importance to understanding the pathophysiology of female pelvic floor 

dysfunctions. This study aims to present our high-density intravaginal and intrarectal 

electromyography (EMG) probes and a comprehensive innervation zone (IZ) imaging technique 

based on high-density EMG readings to characterize the IZ distribution.

Methods—Both intravaginal and intrarectal probes are covered with a high-density surface 

electromyography electrode grid (8 X 8). Surface EMG signals were acquired in 10 healthy female 

subjects during maximum voluntary contractions of their pelvic floor. EMG decomposition was 

performed to separate the motor unit action potentials (MUAPs) and then localize their IZs.

Results—High-density surface EMG signals were successfully acquired over the vaginal and 

rectal surfaces. The propagation patterns of muscle activity were clearly visualized for multiple 
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muscle groups of the pelvic floor and anal sphincter. During each contraction, up to 218 and 456 

repetitions of motor units were detected by the vaginal probe and the rectal probe, respectively. 

MUAPs were separated with their IZs identified at various orientations and depths.

Conclusions—The proposed probes are capable of providing a comprehensive mapping of the 

innervation zones of the pelvic floor and sphincter muscles. They can be employed as diagnostic 

and preventative tools in clinical practices.
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INTRODUCTION

Pelvic floor muscles (PFMs) are intimately involved in normal pelvic floor functions. 

Neuromuscular injury to PFMs may cause pelvic floor dysfunctions such as incontinence or 

prolapse. Electromyography (EMG) has been widely used to assess the neuromuscular 

function of PFMs in clinical and research environments [1]. Needle EMG is known for its 

high selectivity and has been used to investigate the neural control of the external anal 

sphincter (EAS) in patients with incontinence [2]. However, this technique is not only 

invasive but also lacks the ability to provide global information of the muscle activation. 

Perineal EMG, in which the electrode is attached to the perineal skin surface, is not selective 

because of high risk of crosstalk [3]. Consequently, efforts have been made to develop 

intravaginal probes and intrarectal probes with mounted electrodes as a minimally-invasive 

alternative [1,3].

In order to provide a comprehensive functional map of PFMs through EMG, an ideal EMG 

probe should have two characteristics: 1) sufficient electrodes longitudinally to detect and 

differentiate superficial and deep muscles [4], and 2) sufficient electrodes circumferentially 

aligned parallel to the muscle fiber to perform motor unit action potential (MUAP) detection 

and to study the muscle innervation [5,6]. These two characteristics require that an ideal 

probe has high-density electrodes in both longitudinal and circumferential dimensions. A 

recent state-of-art review showed that current commercially available intravaginal probes are 

limited by their probe geometry, large detection surfaces and inappropriate electrode 

configurations [3]. The lack of a sufficient number of channels also prevented them from 

being used for MUAP detection. Recently, a high-density anal EMG probe (three 

circumferential arrays with 48 electrodes) has shed new light on the investigation of the 

innervation of EAS muscles [5–7]. The distribution of the innervation zones (IZs) of the 

EAS and the effect of childbirth on the EAS innervation were systematically investigated. 

However, its application is limited in assessing deep PFMs, such as the pubococcygeus 

muscle because of insufficient longitudinal electrodes. In another recently reported study, a 

multiple-electrode probe (with a measurement range of 50mm longitudinally) demonstrated 

the capability of differentiating deep and superficial muscles [4], but the low spatial 

circumferential resolution made it inappropriate for MUAP detections. A recent study 

showed the possibility of mounting EMG electrodes on a urethral catheter surface to 

measure the activity of urethral sphincter muscles [8]. However, compared with the urethra, 
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the vaginal and rectal spaces have greater volumes and are more distensible. These 

characteristics challenge the intravaginal or intrarectal catheter probe designs because high-

density electrodes require accommodation on highly-stretchable probe surfaces. Although a 

few attempts have been made to design compressible electrodes [9], published results are 

scarce in the existing literature.

In this study, we present our newly developed high-density, two-dimensional intravaginal 

and intrarectal surface EMG probes to feature the desired characteristics [10]. The probes 

are equipped with an 8X8 high-density electrode grid which allows the MUAP detection and 

innervation zone mapping from the entire vaginal and anorectal canal surface. It is expected 

that our new probes will provide a comprehensive functional mapping of the female 

PFM/EAS and meet the imperative need for neurogenic PFM/EAS disorder characterization 

[11].

MATERIALS AND METHODS

Subjects

Ten healthy young female subjects (age [mean ± S.D.]: 29.1 ± 7.1 years) participated in the 

study. Enrollment was limited to normal, healthy female volunteers with no history of pelvic 

injuries or neuromuscular diseases. The EMG studies were carried out at the Houston 

Methodist Hospital with the protocol approved by both the University of Houston and 

Houston Methodist Hospital Institutional Review Boards. All participants gave informed 

consents.

Probe Design

The intravaginal and intrarectal probes were designed at the University of Houston and 

manufactured by the Twente Medical Systems International (Enschede, The Netherlands). 

Both probes are cylindrical in shape with a total length of 175 mm. A high-density electrode 

grid (8 X 8) is coated on the surface of each probe (see Figure 1a). The intravaginal probe is 

22.7 mm in diameter. The electrode surface is circular with a diameter of 4.0 mm. The inter-

electrode spacing (center to center) is 8.8 mm both longitudinally and circumferentially. The 

intrarectal probe is 14.4 mm in diameter. The electrode surface is rectangular with a length 

of 4.0 mm and a width of 2.4 mm. The inter-electrode spacing (center to center) is 8.0 mm 

longitudinally and 5.7 mm circumferentially. The top of both probes is spherical. The 

application of a proper amount of gel is advised for ease of insertion.

For a convenient reference to the electrode locations on the probe surface, we adopted a row 

and column numbering convention (see Figure 1a). Hereinafter, the circumferential rows are 

numbered from 1 (superficial) to 8 (deep). The longitudinal columns are numbered in a 

counter-clockwise way in the caudal view and divided into four quadrants: ventral (8, 1), 

right (2, 3), dorsal (4, 5) and left (6, 7).

Experimental Protocol

All tests were performed at the Houston Methodist Hospital guided by an experienced 

urologist (R.K). All subjects were instructed by the urologist to contract their pelvic floor 
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muscles prior to the insertion of the probes. The individuals were re-examined for 

appropriate pelvic floor contractions following the insertion of the probes. The subjects were 

tested in the lithotomy position leaning their backs on a tilted exam table (about 30° from 

horizontal). The probes were inserted with the help of the urologist to maintain the correct 

orientation and depth, as shown in Figure 1b. A correct insertion was described as having the 

trademarks faced anteriorly and the edge of the electrode grid aligned with the urogenital 

orifices. After probe placement, a few trial PFM contractions were attempted while the 

signals were visually inspected in real time for quality check.

Subjects were involved in two test sessions. Ten short contractions were performed in 

session one to give as hard as possible contraction forces, and ten sustained long 

contractions were performed in session two. The subjects were allowed sufficient resting 

time between two continuous contractions and rested fully to relax their PFMs between two 

sessions. The ground electrode was placed at the wrist of the subject connecting to a fully-

soaked wristband in accordance to the manufacturer’s recommendation. The wrist area was 

slightly abraded and cleaned using alcohol patches to lower the surface impedance.

Data Collection and Processing

Myoelectric signals were acquired with a 136 channel Refa amplifier (Twente Medical 

Systems International, The Netherlands) at a sample rate of 2048 Hz and stored in a personal 

computer. During offline process, the signals were digitally filtered in MATLAB R2015 

(Mathworks Inc., Natick, MA) with a 4th-order band-pass Butterworth filter (15–400 Hz 

band) without phase distortions. The root mean squares (RMS) of the EMG recordings from 

a window of 0.1s (205 samples) were calculated for three muscles (the external anal 

sphincter, the puborectalis muscle and the pubococcygeus muscle) from the rectal recordings 

for each contraction of each subject [4]. To test the reliability of the probes, the intraclass 

correlations between two sessions (ICCs) for these three muscles were calculated to 

determine different sources of EMG measurement variation (between subjects and within 

subject) and the coefficients of variance (CV) were reported following the method 

previously used in assessing an intravaginal probe [12].

EMG decomposition based on the convolution kernel compensation (CKC) has been shown 

to be an effective tool for identifying the single MUAP from interferential surface EMG 

signals [13]. This technique has been validated extensively with both simulated and 

experimental signals [13,14]. Our newly developed K-means clustering and convolution 

kernel compensation (KmCKC) approach was utilized to decompose the high-density rectal 

and vaginal EMG signals into their constituent MUAP trains [15,16]. Briefly, the K-mean 

clustering method was first adopted to cluster firing times of the same motor unit (MU). The 

initial innervation pulse train can be estimated during this process by choosing an 

appropriate number of clustered groups and time instants so that the time instants fired by a 

single MU can be gathered into one group as completely as possible. Then an improved 

multi-step iterative CKC method was employed to update the estimated innervation pulse 

trains to improve the decomposition accuracy in a noisy environment.

The IZ is the region of a MU including the neuromuscular junction where the MUAPs are 

generated and propagate in two opposing directions along the muscle fibers [5]. The EMG 
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signals propagating in opposite directions appear with opposite phases in the bipolar MUAP 

maps [15]. Therefore, the position of the IZ of a particular MU can be localized from the 

bipolar map of the decomposed high-density MUAPs by checking the phases of the 

propagating signals. The number of identified IZs and their MUAP repetitions per 

contraction will be presented as mean ± standard deviation (SD).

RESULTS

Ten healthy female subjects were enrolled in this study. EMG recordings from two of them 

(1009 and 1010) were excluded because of large movement artifacts during contractions and 

bad electrode-mucosa contacts. Figure 2 shows an example of acquired EMG signals. The 

ICCs between two sessions were calculated (EAS 0.95, puborectalis 0.88 and 

pubococcygeus 0.90), demonstrating a good (0.80<ICC<0.89) to high (ICC>0.90) reliability 

[12]. The EMG measurements of the external anal sphincter muscle from the rectal probe for 

the remaining eight subjects are shown in Table 1. Mean RMS and CV values are 25.0 

± 14.6 μV and 18.0% ± 6.1% in session I and 22.1 ± 13.5 μV and 21.3% ± 6.5% in session 

II.

MUAPs were detected at different depths of the EMG grid. Figure 3 shows an example of 

MUAP propagation patterns obtained from circumferential electrodes. EMG decomposition 

was successfully performed. IZs were visually inspected for each MUAP of each subject. 

The propagations of each MUAP were estimated from the high-density surface EMG 

signals. Figure 4 shows an example of the identified IZs at different depths of the rectal 

probe. During each contraction, up to 10 (5.1 ± 3.0) motor units were detected by the vaginal 

probe with 107 ± 74 repetitions of the MUAPs and up to 15 (9.5 ± 2.4) motor units were 

detected by the rectal probe with 262 ± 104 repetitions of MUAPs. Figure 5 shows an 

example of the IZ distributions obtained from the vaginal and rectal EMG readings.

DISCUSSION

In this study, we report the development and testing of the minimally-invasive intravaginal 

and intrarectal probes for simultaneous EMG acquisition of the PFM/EAS in women. 

Compared with existing probes [5–7], our probes have more channels that are in favor of 

advanced EMG analysis techniques and a better longitudinal coverage that enables the 

access to deep PFMs. Our intravaginal probe is the first high-density intravaginal probe. 

EMG decomposition was performed using the KmCKC algorithm with MUAPs from 

different MUs separated and their IZs identified. A global IZ distribution map was provided 

for each probe of each subject.

Our EMG measurements of the external anal sphincter are consistent with those reported by 

Voorham-van der Zalm et al. [4]. The associated coefficients of variances were achieved 

mostly below 20%, indicating a good reproducibility. To the best of our knowledge, this 

study represents the first effort made to perform MUAP detection using EMG readings 

recorded with an high-density intravaginal EMG probe. The number of IZs identified from 

the rectal probe signals was qualitatively in agreement with number of IZs in reported 

studies [7,17]. We found that the IZ distributions obtained from both probes were not strictly 
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left-right symmetric (Figure 5). This may be due to the unique innervation that each side of 

each PFM/EAS receives and this asymmetric innervation may exist in healthy females [1,2].

We also found that the anorectal MUAPs encircled the lumen more extensively compared 

with vaginal MUAPs. This may be due to the fact that the vaginal canal is only bilaterally 

attached to the PFM, while the anorectum is more completely surrounded by the PFM/EAS 

musculature. This may also explain why a relatively smaller number of MUs were found 

from the vaginal probe signals than the rectal probe signals. These findings may provide 

valuable information for clinical practice. For example, the ideal incision site for the 

episiotomy surgery has been debated. In practice, the incision is usually performed on the 

right side of the vaginal wall because of the dominant hand of most operators [7]. The map 

of the IZ distribution and muscle fiber extensions may help surgeons objectively determine 

the incision location in order to minimize the obstetric trauma and the likelihood of 

postpartum pelvic floor disorders.

Our probes could be employed to estimate the EMG signal crosstalk, defined as undesirable 

EMG signals from other muscles arising from volume-propagation [18]. Crosstalk has been 

a persistent problem in the community and can severely misdirect the interpretation of 

results [19]. The complexity of the female pelvic floor musculature is a confounding factor. 

The MUAP propagation mapped on the high-density electrode grid surface, as shown in 

Figure 4, showed the possibility of quantifying the volume-propagation of one MU’s 

activity. The superficial muscle MU (Figure 4a, potentially from the EAS) and intermediate 

muscle MU (Figure 4b, likely from the puborectalis muscle) caused crosstalk only to the 

neighboring two rows, with about half of the original strength; however, the deep muscle 

MU (Figure 4c, likely from the pubococcygeus muscle) caused a more severe crosstalk, 

evidenced by the MUAPs seen in two rows away from the row in which the IZ was located 

with less attenuated magnitudes. Localizations and quantifications of these surface 

interference patterns would provide references for the crosstalk estimation and signal 

restoration.

The EMG probes can also help advance pelvic biomechanical modeling and muscle imaging 

research [20,21]. Many computational pelvic floor models have been developed recently to 

investigate the biomechanics of incontinence and prolapse [22]. Unfortunately, voluntary 

contraction of PFM/EAS has not been objectively considered in previously reported pelvic 

models because of the lack of appropriate techniques which can be used to quantitatively 

characterize pelvic muscle contractions. As a consequence, the performance of current 

pelvic modeling and biomechanical analysis approaches is limited. Incorporating the EMG 

measurements of different PFMs with the proposed probes in this study makes it possible to 

objectively quantify pelvic muscle contractions. This in turn will allow a more realistic 

characterization of the dynamic deformation of the female pelvic floor.

One difficulty in this study was establishing the electrode-mucosa contact, a common 

challenge in such studies [1,3,7]. The signal quality was affected by the subject’s 

cooperation with the task and by the operator’s experience and ability to use a proper 

amount of gel, relieve the subject’s anxiety through communication and maintain correct 

probe placement. From these preliminary studies, we are gaining more experience and 
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preparing for future tests in patients with incontinence. In this pilot study, the test-retest 

reliability of the decomposition results using our newly developed probes has not been 

evaluated [16,23–25]. Although many previous studies have validated surface EMG 

decomposition algorithms as an accurate and reliable technique, our immediate plan as the 

next step is to assess the reliability of this approach for its applications in clinical practices.

CONCLUSIONS

In this study, we describe and discuss minimally invasive intravaginal and intrarectal probes 

that were successfully developed and applied in MUAP detection and analysis. Preliminary 

results of a study of ten healthy female subjects are reported. The main findings of this study 

are that the muscle activity from different muscle groups can be simultaneously captured and 

that the distributions of the innervation zones of the pelvic floor muscle and extremal anal 

sphincters can be mapped with the high-density intravaginal and intrarectal surface EMG 

probes. The innervation zone distribution information obtained using our probes will be 

valuable in helping physicians better diagnose neuromuscular injuries that lead to alterations 

of the innervation zone distributions in PFM and EAS.
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Figure 1. 
shows (a) the proposed intravaginal and intrarectal probes, together with the description of 

the channel numbering convention. (b) Orientations and positions of the probes on insertion. 

(IVP – Intravaginal Probe, IRP – Intrarectal Probe)
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Figure 2. 
shows an example of (a) consecutive short contractions, (b) consecutive long contractions, 

(c) the zoomed-in view of one short contraction and (d) the zoomed-in view of one long 

contraction.
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Figure 3. 
shows an example of the MUAP propagation patterns obtained from the (a) 4th row of the 

vaginal probe readings and (b) 2nd row of the rectal probe readings of the same subject. 

Some channels were adjusted by offsetting the baseline for a better display.

Peng et al. Page 11

Int Urogynecol J. Author manuscript; available in PMC 2017 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
shows an example of the MUAP distributions among the entire grid surface of three MUs at 

the (a) superficial, (b) intermediate and (c) deep levels of the rectal probe. (MU – Motor 

Unit)
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Figure 5. 
shows an example of the mapped IZ distributions and MUAP propagations of one subject. 

Each arc represents one MU. The star represents the location of the IZ and the two arms 

extending from the IZ represent the propagation of the MUAP. Depth of MUAP and IZ is 

indicated by the arc color. The distance of each arc to the circle is only for displaying 

purpose and has no physical meaning.
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