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ABSTRACT. Bowel and bladder function are at risk during tumor resection
of the conus, cauda equina, and nerve roots. This study demonstrates the ability to
acquire transcranial electrical motor evoked potentials (TCeMEPs) from the
urethral sphincter muscles (USMEPs) by utilizing a urethral catheter with an
embedded electrode. A retrospective analysis of intraoperative neurophysiological
monitoring (IONM) data from nine intradural tumors, four tethered cord releases,
and two spinal stenosis procedures was performed (n = 15). The cohort included
seven females and eight males (median age: 38.91 years). A catheter with
embedded urethral electrodes was used for recording TCeMEPs and spontaneous
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electromyograph (s-EMG) from the external urethral sphincter (EUS). USMEPs
were obtained in 14 patients (93%). The reliability of TCeMEP from the external
anal sphincter (EAS) was variable across all patients. In patient 7, the TCeMEP
recordings from the urethral sphincter were not present before incision; however,
following the resection of the tumor, the USMEP recordings were obtained and
remained stable for the remainder of the procedure. Patient 7 had subsequent
improvement in bladder function postoperatively. Patient 4 exhibited a 50%
increase in the amplitude of the USMEP following tumor resection and exhibited
improved bladder function as well postoperatively. In this small series, we were
able to acquire consistent and reliable MEPs when recorded from the urethral
sphincters. More study is needed to establish a better understanding of the value
added by this modality. USMEPs can be attempted in surgeries that put the function
of the pelvic floor at risk.
KEY WORDS. Cauda equina tumors, external urinary sphincters, motor
evoked potentials, tethered cord, urinary incontinence.

INTRODUCTION
Multimodality intraoperative neurophysiological monitoring (IONM) is routinely performed during spinal cord surgeries, resection for tumors of the conus, cauda equina, and
nerve roots (Siller et al. 2017). Bowel and bladder function may be at risk during these
procedures and are usually only monitored with electromyography (EMG) and transcranial
electrical motor evoked potentials (TCeMEPs) recorded from the external anal sphincter
muscles (EAS). Somatosensory evoked potentials (SSEPs) are not typically used to monitor
the pelvic floor specifically, as pudendal nerve SSEPs are not widely adopted. Using EMG
and TCeMEPs to analyze the EAS during surgeries where the pelvic floor is at risk only
provides a narrow view of pelvic floor function and does not include the analysis of direct
bladder function. This study demonstrates the ability to acquire TCeMEPs from the urethral
sphincter muscles (USMEPs) by using a commercially available urethral catheter with an
electrode embedded within it.
Anatomy of the Urethral Sphincters
The urethral sphincters are composed of two muscles that control micturition and are
important for maintaining urinary continence. The first muscle is the internal urethral
sphincter (IUS), a smooth muscle responsible for involuntary control that constricts the
internal urethral orifice. The IUS is located at the inferior end of the bladder and the
proximal end of the urethra. The second muscle is the external urethral sphincter (EUS),
which is composed of striated muscle responsible for voluntary control and is supplied by
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the somatic nervous system (Jung et al. 2012). The urethra traverses the deep perineal
pouch, which is surrounded by the EUS. In females, the EUS is found at the distal inferior
end of the bladder, and in males it is found at the level of the urethra. In males, the urethra
travels through the center of the prostate gland from the bladder to the base of the penis
where it exits at the urinary meatus (Kohler et al. 2008). In females, the urethra lies behind
the symphysis pubis and travels through the pelvic floor to the bladder where it exits via
the external urinary meatus (Zacharin 1963).
The urethral sphincter is innervated by the pudendal nerve (S2–S4 nerve roots).
Injury to the EUS may result in a lower urinary tract disorder. A lower urinary tract
disorder would present as urinary incontinence (lack of voluntary control of urine). Men
and women can both be affected by urinary incontinence; however, women have a higher
risk of urinary incontinence because of their pelvic floor anatomy compared with men.
METHODS
Neuromonitoring data from 15 surgeries were retrospectively analyzed. All surgeries
were performed by fellowship-trained neurological and orthopedic spine surgeons.
Neuromonitoring was performed by board-certified neurophysiologists.
Neuromonitoring data only were collected from five medical centers in three countries
for analysis in this study. The cohort was composed of seven females and eight males,
ranging in age from 8 months to 66 years (median age: 38.91 years). Nine patients
presented with intradural tumors, four presented with tethered cord syndrome, and two
presented with severe spinal stenosis. The neuromonitoring paradigm consisted of
upper and lower extremity SSEPs and TCeMEPs, as well as spontaneous EMG
(s-EMG) recorded from the EAS, urethral sphincter muscles (USM), and lower extremity muscles bilaterally. A catheter with an embedded urethral electrode (Signal Gear,
Prosperity, SC) was used for recording TCeMEPs and s-EMG from the skeletal muscle
of the EUS. A train-of-four (TOF) was also recorded from the abductor hallucis muscle.
The urethral catheter electrode by Signal Gear is a sterile, disposable, single-patientuse device. An adhesive, flexible, polyurethane film substrate is embedded within the
urethral (Foley) catheter. The electrode is printed onto the polyurethane film substrate in
a pattern with two conductive contact surfaces forming the two electrical contacts of the
electrode. The electrode can be thought to be analogous with an endotracheal tube that has
contacts built into it to record from the vocalis muscles, such as those provided by Xomed
(Medtronic, Minneapolis, MN) or Cobra (Neurovision, Ventura, CA). The electrode is not
a separately attached add-on sticker but instead contiguous with the catheter itself. The
Signal Gear catheter connects to any type of catheter drainage bag.
When the urethral catheter is inserted in the human urethra, the exposed two
electrodes make contact with the mucosal lining of the urethra at EUS muscle
location. The attached lead wires are outside of the urethral meatus and connect to
the IONM equipment (Figure 1).
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FIG. 1. A Foley catheter with an embedded urethral electrode with two conductive contact
surfaces for recording EMG and TCeMEP.

Anesthesia Protocol
Total intravenous anesthesia (TIVA) with propofol and remifentanil was used in all
procedures. A short-acting neuromuscular blocking agent was utilized for intubation
in all patients. During the remaining surgery, TOF was recorded from the abductor
hallucis muscle for evaluating the level of paralysis; 4/4 twitches were maintained
during the surgical procedures (Ali et al. 1970; Jahangiri 2012).

Intraoperative Neurophysiological Monitoring (IONM)
A multimodality IONM protocol was used for all patients, including SSEP, TCeMEP,
EMG, TOF, and sphincter MEP (anal and urethral). SSEP stimulation and recording
were performed in standard fashion. In order to effectively monitor the spinal cord,
EMG and TCeMEP responses were recorded from the corresponding myotomes per
standard recording protocol. EAS and EUS muscles were added to the neuromonitoring
paradigm to evaluate the pelvic floor. Corkscrew or subdermal needle electrodes were
used for TCeMEP stimulation. These electrodes were applied to the patient’s scalp at
the C1, C2, and/or C3, C4 location of the International 10-20 system. A train of 3–9
pulses was used (50–75 µs duration) with a stimulation intensity range from 120 to 380
V (Figures 2–5).1
A catheter with embedded urethral electrodes was used for recording TCeMEPs
and s-EMG from the skeletal muscle of the external urethral sphincters (Jahangiri
et al. 2018). To ensure that the electrode is positioned correctly, it is important to
create gentle outward traction on the catheter to maintain the balloon against the
internal urethral meatus. The French scale (Fr) is used to denote the size of urethral
catheters. Each unit is roughly equivalent to 0.33 mm in diameter (e.g., 18 Fr indicates
a diameter of 6 mm). In children, an 8 Fr or 10 Fr catheter was used. A 14 Fr or 16 Fr
catheter was used for adults. The urethral catheter was placed by the appropriate
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FIG. 2. TCeMEP recordings in patient #1. (left arrow = left anal sphincter muscles; middle arrow
= right anal sphincter muscles; right arrow = urethral sphincter muscles).

FIG. 3. TCeMEP recordings in patient #2. Left window (LT FOOT = left abductor hallucis muscle,
LT ANAL SP = left anal sphincter muscles, EUS = urethral sphincter muscle). Right window (RT
FOOT = right abductor hallucis muscle, RT ANAL SP = right anal sphincter muscles, EUS =
urethral sphincter muscle).

personnel (e.g., nurse or physician assistant) who determined the appropriate size
based on the patient’s age, sex, urethral size, and weight.
IONM data were recorded using the Cadwell Cascade Pro neuromonitoring
system (Cadwell Industries, Kennewick, WA) and the Medtronic E4 NIM Eclipse
neuromonitoring system (Medtronic, Minneapolis, MN).
RESULTS
USMEPs were recorded in 14/15 patients (93%) (Table 1). The mean amplitude from
USMEPs was 103.44 µV (Figure 6). In patient 7, the TCeMEP recordings from the urethral
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FIG. 4. TCeMEP recordings from patient #9. (LT FOOT = left abductor hallucis muscle, RT
FOOT = right abductor hallucis muscle, LT ANAL SP = left anal sphincter muscles, RT ANAL
SP = right anal sphincter muscles, URETHRAL EL = urethral sphincter muscle).

FIG. 5. TCeMEP recordings with double train stimulations in patient #12. (LT FOOT = left abductor
hallucis muscle, LT ANAL SP = left anal sphincter muscles, EUS = urethral sphincter muscle).

sphincter were not present at preincision baseline and remained absent throughout the
procedure until a complete resection of the tumor was performed (Figure 7). Immediately
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Table 1. Patient data. The motor evoked potentials recorded from the anal sphincter muscles urethral
sphincter muscles (USMEP). M = male, F = female, P = present, A = absent, Y = years, Mo = months.
Patient Age

Sex Diagnosis

Surgery

USMEP

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

M
M
M
F
M
F
F
F
M
M
F
F
F
M
M

Lumbar laminectomy for tumor resection
Lumbar laminectomy for tumor resection
Conus tumor resection
Conus tumor resection
Conus tumor resection
Posterior lumbar fusion
Lami for resection of intradural tumor, L2-L5
Lami for tumor removal, T12-L1
Conus tumor resection
Lami for tumor resection, L2-4
Tethered cord release
Tethered cord release
Tethered cord release
Hemidiscectomy
Tethered cord release

P
P
P
P
P
P
P
P
P
P
P
P
P
A
P

49 Y
47 Y
64 Y
18 Y
62 Y
47 Y
66 Y
67 Y
30 Y
61 Y
8 Mo
6Y
8Y
47 Y
11 Y

Intradural tumor, L2
Cauda equina tumor
Conus tumor
Conus tumor
Recurrent conus tumor
Spinal stenosis
Cauda equina ependymoma
Intradural tumor, T12
Cauda equina tumor
Intradural tumor, L2-4
Tethered cord (8 months)
Tethered cord
Tethered cord
Spinal stenosis
Tethered cord

FIG. 6. Average amplitude measured for each patient. The x-axis presents the patient number
with an average recorded amplitude of motor evoked potentials from anal sphincter muscles (left)
and urethral sphincter muscles (right). The y-axis presents the average recorded amplitude of
motor evoked potentials in microvolts (µV).

following tumor resection, the USMEP recordings were obtained and remained stable for
the remainder of the procedure. Patient 4 exhibited a 50% increase in the amplitude of the
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FIG. 7. TCeMEP recordings in patient #7. Upper arrow: no response from US-MEP; lower arrow
= response recorded from US-MEP after complete resection of cauda equina ependymoma.

USMEPs post tumor resection as well. It is worthy to note that patients 4 and 7 presented
preoperatively with bladder incontinence, urgency, and frequency. Almost immediately in
the postoperative phase, both patients’ frequency and urgency improved, and their bladder
function normalized within 2 weeks of having the tumor removed.
This study provided no false-positive or false-negative findings. There were also
no significant negative changes observed intraoperatively to alter the outcome of the
surgery. Patients 4 and 7 are illustrative cases that may indicate some prognostic value
when there is an improvement of the USMEP response; however, more research is
needed to prove this.

DISCUSSION
Haghighi and Zhang (2004) reported activating the EAS and EUS using transcranial motor stimulation. Similar to our findings, they obtained reliable MEPs from both
muscle groups. They, however, needed much more stimulation intensity to obtain an
adequate recording (~789 V for EAS and ~831 V for EUS). Compared with our study,
their mean amplitudes from the EUS were also smaller (~41.7 µV). The reason for the
higher stimulation and smaller amplitude may be multifactorial; for example, the
anesthetic regimen utilized in their series included N2O at 50%, which could be
a confounding factor. They also utilized custom urethral ring electrodes but did not
detail how these electrodes were placed. We, however, are the first to describe
acquiring USMEPs by recording from a commercially available catheter with an
embedded electrode built into it.
In another study by Haghighi and Agrawal (2006), the authors found the best
stimulus locations for acquiring USMEPs were the C4/C3 or C2/C1 of the
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International 10-20 system as opposed to the Cz/Fz. The amplitudes from C4/C3 or
C2/C1 stimulation were found to be statistically greater than recordings obtained from
a Cz/Fz montage. In our study, we had similar amplitudes to their findings when using
the C4/C3 of C2/C1 montages for the stimulation (Haghighi and Agrawal 2006). The
representation of the pelvic floor in the motor homunculus is small (a small portion of
the inferomedial precentral gyrus) and have weak monosynaptic inputs for the muscles innervated. Motoneurons innervating the sphincter muscles originate in Onuf’s
nucleus, which is found in the anterior horn of the S2–S4 spinal cord (conus).
Sphincter motoneurons tend to be smaller in size than other alpha motor neurons
and resemble autonomic motoneurons in size. The physiology of pelvic floor muscles
(EAS and EUS) differs from the physiology of limb skeletal muscles in the sense that
the EAS and EUS exhibit continuous tonic activity that is only inhibited during
defecation and micturition (Ertekin et al. 1990; Vodusek 2004).
The prevalence of bowel and bladder dysfunction following surgical resection of
lipomas of the conus is 3.9% according to Pierre-Kahn et al. (1997). It is postulated
that conducting motor evoked potentials and recording from the EAS and EUS can
provide functional monitoring of bowel and bladder function (Inoue et al. 2002).
Bowel and bladder should be monitored separately as shown by Kuff et al. (2013),
who describe two techniques to monitor bladder function with manometry and
anorectal function with EMG. Kuff et al. (2013) reported that 17% of patients in
their cohort had a new bladder dysfunction that was detected by the manometry. They
report a sensitivity of 100% and a specificity of 96% when using bladder manometry
to monitor bladder function during colorectal surgery. Postoperative urinary incontinence can occur independent of bowel incontinence, and the evaluation of both
muscle groups may provide more useful information to surgeons and neurophysiologists regarding the integrity of bowel and bladder function.

CONCLUSION
Incontinence is a poor surgical outcome following spinal surgery (Byrne et al.
2008; Roblick et al. 2001). The addition of USMEPs may provide a way to evaluate
the EUS when at risk during certain spinal procedures. To date, there has not been
a study published that proves the efficacy of using USMEPs to monitor bladder
function. We support the predicate literature that reports that TCeMEPs can be
recorded from the urethral sphincter. With no true-positive events occurring in our
series, the authors posit that USMEPs may be beneficial in surgeries where bladder
function is at risk; however, without a bigger cohort and true-positive events being
reversed with surgical countermeasures, the efficacy of the modality remains elusive
at this time and more study is needed to establish a better understanding of the value
added by this modality, as well as better statistical methods, modality efficacy, and
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what type of intraoperative countermeasures should be employed when an alert is
encountered to prevent impending neurological sequelae.
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