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Abstract
Background—Although motor and sen-
sory pathways to the human external anal
sphincter are bilateral, a unilateral pu-
dendal neuropathy may still disrupt anal
continence. Anal continence can, however,
be preserved despite unilateral pudendal
damage, and so to explain those diVering
observations, we postulated that pudendal
innervation might be asymmetric.
Aims—To explore the individual eVects of
right and left pudendal nerve stimulation
on the corticofugal pathways to the human
external anal sphincter and thus assess
evidence for functional asymmetric pelvic
innervation.
Methods—In eight healthy subjects, anal
sphincter electromyographic responses,
evoked to transcranial magnetic stimula-
tion of the motor cortex, were recorded
5–500 msec after digital transrectal elec-
trical conditioning stimuli applied to each
pudendal nerve.
Results—Right or left pudendal nerve
stimulation evoked anal responses of simi-
lar latencies but asymmetric amplitudes
in six subjects: dominant responses (>50%
contralateral side) from the right puden-
dal in four subjects and from the left in
two. Cortical stimulation also evoked anal
responses with amplitude 448 (121) µV and
latency 20.9 (1.1) msec. When cortical
stimulation was preceded by pudendal
nerve stimulation, the cortical responses
were facilitated at interstimulus intervals
of 5–20 msec. Dominant pudendal nerve
stimulation induced greater facilitation of
the cortically evoked responses than the
non-dominant nerve.
Conclusions—Cortical pathways to the
external anal sphincter are facilitated by
pudendal nerve conditioning, in an asym-
metric manner. This functional asymme-
try may explain the presence and absence
of anal incontinence after unilateral pu-
dendal nerve injury.
(Gut 1999;45:58–63)
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The external anal sphincter (EAS) is an impor-
tant striated muscle terminating the intestinal
tract, which is bilaterally innervated by the
somatic fibres of the 2nd, 3rd, and 4th sacral
roots via the pudendal nerves,1 2 and functions

to maintain volitional faecal continence. Anal
incontinence represents a distressing complica-
tion of pelvic nerve injury, for example in
association with instrumental deliveries at
childbirth; some studies suggest that postpar-
tum incontinence can be explained mainly by
direct damage to innervation of the pelvic floor
and anal muscles.3 4 In fact, detailed assess-
ment of the anatomy of the incontinent anal
sphincter by endoscopic ultrasound, reported
in up to 40% of traumatic deliveries, suggests
that rupture of the sphincter itself might be the
primary aetiological factor.5 It is important to
recognise, however, that in some cases, puden-
dal neuropathy may still be the sole identifiable
abnormality.6 Indeed, studies using direct
stimulation of the pudendal nerve to assess the
eVerent innervation to the EAS in patients with
faecal incontinence7–10 have indicated, perhaps
surprisingly, that a unilateral pudendal neu-
ropathy is commonly associated with anal
sphincter dysfunction and incontinence, de-
spite its bilateral motor innervation. This may
indicate that sphincter innervation is asymmet-
ric in many individuals, with one pathway
being more dominant than the other.

In previous studies of corticoanal motor
function, we have shown that unilateral condi-
tioning stimuli applied to either the lumbosac-
ral spinal roots or pudendal nerves, can
facilitate the cortically evoked anal response, a
process that was specific to pelvic nerve
innervation.11 So, while it is clear that central
and peripheral neural interactions, via the cere-
bral cortex and pelvic nerves, are important in
the regulation of anal continence, no data exist
on the functional relation between the cortex
and each pudendal nerve, and consequently
interpudendal diVerences. The aim of our
present study was therefore to explore how the
cortical pathways to the EAS are influenced by
individual pudendal nerve conditioning and
thus to determine evidence for pudendal nerve
asymmetry in modulating sphincter function.

Methods
SUBJECTS

Healthy adult, right handed volunteers (n=8,
seven men and one nulliparous woman; mean
age 31 years, range 23–45) were recruited
from personnel aYliated with the research
units involved in the project. None reported
any gastrointestinal, pelvic floor, or anorectal

Abbreviations used in this paper: EAS, external
anal sphincter; EMG, electromyographic; ISI,
interstimulus interval; T, Tesla.
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problems and all gave informed written
consent before study.

MAGNETIC STIMULATION

Magnetic stimulation of the cerebral cortex
was performed using a commercially available
magnetic stimulator (Magstim 200, MAG-
STIM Company Limited, Whitland, Dyfield,
Wales, UK).

Cortical stimulation
Motor cortex stimulation was performed using
a magnetic stimulator connected to a 110 mm
diameter double cone coil (Type 9920, MAG-
STIM Company Limited) which, when posi-
tioned over the vertex of the cranium, induces
currents along the interhemispheric fissure,
thereby stimulating the region of the motor
cortex innervating pelvic and lower limb
musculature.12

ELECTRICAL STIMULATION

Pudendal nerve stimulation
Electrical stimulation of each pudendal nerve
was performed using the St Marks glove
electrode (Model 13L40, Dantec, Tonsbakken,
Skovlunde, Denmark). The stimulation elec-
trode pair was positioned over the tip of the
operator’s index finger, and then inserted
intrarectally, to the ischial spine adjacent to the
pudendal nerve.8 The electrode pair (interelec-
trode distance = 1.5 cm) was connected to an
electrical stimulator device (Stimulator Model
DS7, Digitimer, Welwyn Garden City, UK) via
a trigger generator (Neurolog System, Digi-
timer) which delivered single stimuli (pulse
duration 0.1 msec, voltage 280 V) at a
standard, supramaximal intensity of 15 mA.

Combined pudendal and cortical stimulation
This was performed by connecting both the
magnetic stimulator and the electrical stimula-
tor to a timing device (Neurolog System, Digi-
timer), the output of which was programmed
to discharge the magnetic stimulator at inter-
vals of 5–500 msec after the electrical stimulus.

ELECTROMYOGRAPHIC RECORDING

Electromyographic (EMG) responses were
detected from the striated muscle of the EAS
using the St Marks glove electrode. The

recording electrode pair (interelectrode dis-
tance = 1 cm), was positioned over the base of
the operator’s index finger, which when
inserted intrarectally, reached the level of EAS.

The electrode pair was connected to a
preamplifier (CED 1902, Cambridge Elec-
tronic Design, Cambridge, UK) with filter set-
tings of 5–2000 Hz. Response signals were then
collected through a laboratory interface (CED
1401 plus, Cambridge Electronic Design) at a
sampling rate of 4–8 kHz and fed into a 486 Sx
desktop computer for immediate display, data
collection, and averaging. During each study,
electrode contact was monitored at 10 minute
intervals by observing the real time EMG
responses to voluntary anal sphincter contrac-
tions.

EXPERIMENTAL PROTOCOL

The protocol described below was presented
to, and approved by, the Salford Health
Authority Ethics Committee. Throughout
each study, the volunteer, having previously
emptied his or her rectum by defaecation, lay
comfortably on a couch, in either the left or
right lateral position, and the vertex of the cra-
nium was identified according to the inter-
national 10–20 system.13 Then, following a
digital examination to ensure that the rectum
was empty, the St Marks glove electrode was
inserted.

Subjects were investigated on each side, in
either the left or right lateral position as appro-
priate. Firstly, in each subject, either the right
or the left pudendal nerve was electrically
stimulated, at the supramaximal intensity of 15
mA, the order being randomised between indi-
viduals. To ensure that each nerve was being
optimally stimulated, the orientation of the
stimulation electrode was adjusted until the
point which produced the shortest latency and
largest amplitude response was found. Three
stimulations, 15 seconds apart, were then
delivered, and the EMG responses recorded.
The procedure was repeated for the other
pudendal nerve, after the subject had altered
position.

Secondly, the cerebral cortex of each subject
was stimulated, initially at a discharge intensity
of 0.6 Tesla (T), and then increased by intensi-
ties of 0.1 T until anal sphincter EMG
responses were obtained, this being defined as
the threshold intensity. Three stimuli, 15
seconds apart, were then delivered at 0.4 T
above the threshold stimulus intensity and the
EMG responses to each were recorded.

Finally, a series of stimuli were delivered to
the right and left pudendal nerves in random
order, at the intensities and positions defined
above. Each stimulus was followed by stimula-
tion of the cortex, at 0.4 T above threshold
intensity, at intervals of 5, 10, 20, 30, 50, 100,
200, 300, and 500 msec. Three stimulations,
each 15 seconds apart, were delivered for each
interval, and the anal sphincter EMG re-
sponses recorded.

Table 1 Individual external anal sphincter EMG response characteristics following right
and left pudendal nerve stimulation

Subjects* Sex Pudendal nerve Response latency (ms) Response amplitude (µV)

1 M R 2.5 642
L 2.3 111

2 M R 2.3 189
L 2.0 100

3 M R 2.2 341
L 2.0 168

4 M R 2.0 189
L 2.0 81

5 M R 2.0 137
L 1.8 373

6 M R 1.8 67
L 1.8 407

7 F R 1.5 1195
L 1.8 1211

8 M R 2.3 437
L 2.4 367

*Subjects 1–6 were considered to have asymmetric pudendal nerve responses, and subjects 7 and
8 symmetric responses.
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DEFINITION OF TERMS

Response latency—the interval between the
onset of the stimulus and the onset of the EMG
response, expressed in msec.

Response amplitude—the maximum peak to
peak voltage of the EMG response, expressed
in µV.

Response facilitation—enhancement of the
EMG response by either a reduction in the
response latency or an increase in the response
amplitude.

Pudendal response asymmetry—the intraindi-
vidual response amplitudes to right and left
pudendal nerve stimulation were considered
asymmetric if one side exceeded the other by at
least 50%. If asymmetry, thus defined, was
found, the side with the larger amplitude was
referred to as the dominant pudendal nerve
and that with the smaller amplitude as the
non-dominant pudendal nerve.

DATA ANALYSIS

For each study, the mean value of the three
EMG responses evoked was calculated and
used for analysis. Individual anal EMG re-
sponse amplitudes evoked following right and
left pudendal nerve stimulation were first
measured. In subjects where the pudendal
evoked response amplitudes were asymmetric,
the group mean cortically evoked anal EMG
responses following dominant pudendal nerve
stimulation, across all interstimulus intervals
(ISIs), were compared with those following
non-dominant nerve stimulation. In subjects
where the pudendal evoked response ampli-
tudes were symmetric, the group mean corti-
cally evoked anal EMG responses following
right pudendal nerve stimulation, across all
ISIs, were compared with those following left
pudendal nerve stimulation.

STATISTICAL TESTS

The normality of the data was first assessed
using the Shapiro-Wilks test.14 This showed
that the correlations obtained for the pudendal
and cortical response latencies were consistent
with normality; the paired, two tailed, Stu-
dent’s t test was therefore applied for intrasub-
ject comparisons. By contrast, the correlations
obtained for the pudendal and cortical re-
sponse amplitudes were not consistent with
normality, and so natural logarithms of the data
were calculated and the Shapiro-Wilks test
reapplied. This showed that the correlations
obtained for both the transformed pudendal
and cortical response amplitudes remained
inconsistent with normality, so the Wilcoxon
signed rank sum test was used on the untrans-
formed data. Results are expressed in the text
as mean (SEM) unless stated otherwise. A p
value of 0.05 or less was taken to indicate that
any observed diVerences were unlikely to have
occurred by chance.

Results
EAS RESPONSES TO INDIVIDUAL PUDENDAL NERVE

STIMULATION

In all subjects, stimulation of either the right or
left pudendal nerves always evoked anal
sphincter EMG responses. While intraindi-
vidual and interindividual response latencies
were similar between nerves (right: 2.2 (0.2),
left: 2.1 (0.1) msec), response amplitudes var-
ied (table 1, fig 1). The pudendal responses
were found to be asymmetric in six subjects,
the right nerve being dominant in four subjects
and the left in two subjects. In the remaining
two subjects the responses were symmetric.

Figure 1 External anal sphincter EMG responses are
shown following right (dominant) and left (non-dominant)
pudendal nerve stimulation in one individual. Three traces
are superimposed to show reproducibility. Stimulus at 0 ms;
arrows indicate the onset of the EMG response. The
response amplitude from the dominant pudendal nerve is
larger than from the non-dominant nerve, despite similar
latencies.
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Figure 2 Cortically evoked external anal sphincter EMG responses from one individual
following cortical stimulation alone and following dominant and non-dominant pudendal
nerve stimulation at diVerent ISIs. Three traces are superimposed to show reproducibility.
Cortical stimulus at 0 msec; arrows indicate the onset of the EMG response. Following
dominant pudendal nerve stimulation, the cortically evoked responses are facilitated to a
much greater degree than with non-dominant pudendal stimulation.
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EAS RESPONSES TO CORTICAL STIMULATION

Cortical stimulation (mean threshold intensity
1.4 (0.1) T) always evoked biphasic or tripha-
sic responses in the anal sphincter (fig 2) with
an amplitude of 448 (121) µV and a latency of
22.1 (1.0) msec.

COMPARISON OF THE EFFECTS OF EACH

PUDENDAL NERVE STIMULATION OF THE

CORTICALLY EVOKED EAS RESPONSES

When either right or left pudendal nerve
stimulation preceded cortical stimulation, the
cortically evoked anal responses were facili-
tated, the eVect appearing maximal for both
response amplitude and/or latency at intervals
of 5–20 msec (figs 2 and 3). However, when
individual interpudendal eVects were com-
pared, subjects with asymmetric pudendal
responses showed greater amplitude facilita-
tion from stimulation of the dominant puden-
dal nerve, than from the non-dominant nerve
(p<0.001; fig 3). Those subjects with symmet-
ric pudendal responses, however, showed no
diVerence between each side in facilitation of
the cortically evoked responses.

Discussion
Anal continence represents an important
physiological and socially essential gastroin-
testinal function which is regulated by sensori-
motor interactions within the anal sphincter
and pelvic floor.15 In particular, contraction of

the EAS serves to increase anal canal pressure,
both voluntarily, as when the urge to defaecate
becomes strong, and via more involuntary
reflexes, for instance during coughing, when
intra-abdominal pressure suddenly rises.12 In
either case, the cerebral cortex is able to
modulate this activity via powerful descending
input to the pelvic plexus and sacral nerves, so
that defaecation can be resisted until a socially
convenient opportunity arises. The importance
of this higher centre control of continence is
well recognised, disruption at any site along the
pathway from cortex to sphincter muscle lead-
ing to EAS dysfunction and potential inconti-
nence; this is seen in conditions such as
stroke,16 multiple sclerosis,17 and spinal or
pudendal nerve injury.4

More controversial is the issue of the causal
role of pudendal neuropathies in the aetiology
of anal incontinence. For example, pudendal
neuropathy may be commonly observed in
idiopathic incontinence,9 18 19 which may be
bilateral, but, in many cases, can be unilateral.
Furthermore, a number of studies have shown
clear abnormalities in pudendal nerve function
(as determined by prolonged nerve conduction
latencies) in incontinent female patients fol-
lowing vaginal delivery both with and without
instrumental intervention.3 4 20 However, the
more recent development of endoscopic anal
ultrasound for assessing sphincter integrity, has
shown that the major proportion of these

Figure 3 EVects of: (A) dominant (closed circle) and non-dominant pudendal nerve (open circle) stimulation (n=6); and
(B) symmetric right (closed square) and left (open square) pudendal nerve stimulation (n=2) on the amplitudes and
latencies of the cortically evoked anal responses at increasing ISIs. The vertical axes show the percentage of the response to
cortical stimulation alone; the horizontal broken line indicates 100%. Dominant pudendal nerve stimulation produces
relatively greater facilitation of the cortically evoked responses than non-dominant pudendal nerve stimulation (p<0.001);
in contrast, prior symmetrical pudendal nerve stimulation has equal eVects from either side.
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patients previously labelled as having idio-
pathic or neurogenic incontinence secondary
to pelvic innervation damage, also have under-
lying anatomical defects of the external
sphincter.5 Indeed, a successful surgical repair
of the EAS does not appear to depend on
pudendal function assessed by conduction
studies,18 suggesting that neurogenic anal
incontinence is probably multifactorial and
that anatomical defects should always be
sought even in the presence of strong evidence
implicating pudendal damage. Nonetheless,
the electrophysiological assessment of puden-
dal function remains of some importance, as
this parameter may be clinically relevant in dif-
ferentiating patients with faecal leakage from
solid stool incontinence,21 and there exist
patients without external anal sphincter de-
fects, who have significant continence prob-
lems and whose only demonstrable abnormal-
ity is that of pudendal neuropathy.6

Anatomical and electrophysiological studies
of the innervation of the EAS in animals have
shown that most of the pudendal projections to
and from the EAS are centrally organised in the
spinal segments L6 to S3, with the majority
being within the S1–S2 segments.22–24 Further-
more, the motoneurones innervating the EAS
appear to be located in the dorsomedial and
ventromedial divisions of Onuf’s nucleus in the
ventral horn of the spinal cord, while the aVer-
ent axonal projections appear to cluster within
the marginal zone, intermediate grey, and dor-
sal grey surrounding the nucleus gracile of the
dorsal column and lamina I around the dorsal
horn of the spinal cord.22 Of interest, is the
observation that while there is clear ipsilateral
spinal predominance of these projections
during retrograde tracing studies of a single
nerve, in both the eVerent and aVerent
pathways, there is contralateral axonal connec-
tivity across the midline, suggesting degrees of
bilateral convergence.22–24 Indeed, this connec-
tivity appears to be present even in the EAS
muscle itself.25 While the physiological signifi-
cance of this observation remains to be
determined, it could be speculated that such
convergence may be important in reorganisa-
tion of spinal and pudendal innervation of the
EAS after central and peripheral nerve dam-
age.

Our study has now shown that the cortical
pathways to the human EAS are modulated
asymmetrically by conditioning stimuli applied
to the pudendal nerves. As with our previous
studies,11 the eVect was facilitatory, and was
best observed at intervals of 5–20 msec after
the pudendal stimulus, suggesting that antidro-
mic excitation of the sacral motoneurones had
been induced with a time course of increased
excitability lasting in the range of 20 msec.
However, when individual pudendal nerve
responses were examined, clear asymmetries in
the size of the sphincter responses were
observed, despite identical stimulation para-
meters. Furthermore, in those subjects with
asymmetric responses, prior stimulation of the
dominant pudendal nerve induced notably
better facilitation of the corticoanal pathways
than the non-dominant nerve. While it is

possible to suggest that the diVerences in
pudendal responsiveness relate to suboptimal
excitation of the non-dominant nerve, this is
unlikely as we found that the response latencies
between the two sides were similar, compatible
with equivalent nerve stimulation. Further-
more, careful local adjustments of the stimulat-
ing electrode were performed (on each side) in
order to obtain the greatest and most repro-
ducible evoked response. It is therefore more
probable that the diVerence between the two
sides, both in pudendal response amplitude
and induced corticoanal facilitation, reflects a
true diVerence in the functional motor (and
possibly sensory) innervation of the EAS, and
that in many individuals, one pudendal nerve is
dominant. In support of this concept, asym-
metries in human pudendal nerve aVerent
fibres have been described during intraopera-
tive monitoring of the dorsal sacral roots
following dorsal penile or clitoral nerve
stimulation26 and animal data have also shown
that the pudendal motor innervation to the
urethral sphincter can be asymmetric.27

An important question arising from our
findings, is at what level in the innervation of
the EAS does the asymmetry originate? For
example, anatomical studies in monkeys have
indicated that there may be substantial overlap
across the midline in the pudendal innervation
of the EAS muscles on the two sides, a conse-
quence of interdigitation of muscle fascicles.25

As a result, it may be argued that the
interpudendal asymmetry observed in our
study may reflect some underlying lateralised
crossover of nerve fibres at the muscular level.
Alternatively, a higher level asymmetric input
may be driving this anatomical predominance
within the muscle. In support of the latter sug-
gestion, it has been shown that the cortical
motor and sensory representation of the EAS
may be lateralised to one hemisphere or the
other,28 29 which might imply that the lower
level circuitry controlling EAS is influenced by
lateralisation at the higher level. In this respect,
it would be interesting to study both levels in
the system to identify whether there is indeed a
directional relation between asymmetries in
both pudendal and cortical projections to the
EAS.

Given the presence of interpudendal asym-
metry, it is possible that unilateral damage to
the dominant pudendal nerve may predispose
individuals to anal dysfunction while damage
to the non-dominant nerve may favour pre-
served anal function. Of interest, anatomical
asymmetries, both within and external to the
central nervous system, have been suggested to
be more pronounced in men compared with
women (and in right handers compared with
left handers), a possible consequence of andro-
genic hormonal exposure during early
development.30 31 In terms of pudendal nerve
morphology, sex diVerences have been de-
scribed in animals, usually relating to the size
and fibre density of the nerve, being greater in
males.32 While the number of subjects included
in our study make it impossible to draw any
firm conclusions on diVerential patterns of
male/female pudendal innervation to the anal
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sphincter, it might be that females could be
more bilaterally innervated and consequently
less likely to suVer from unilateral damage. In
this regard, it is interesting to note that the only
woman included in our study was one of the
symmetrical pudendal responders. Perhaps
future clinical studies, comparing the degree of
corticoanal facilitation to pudendal nerve
stimulation in patients with unilateral puden-
dal neuropathy, with and without anal inconti-
nence, may provide greater insight into
whether pudendal innervation asymmetries
contribute to the pathophysiology of faecal
incontinence after unilateral nerve damage.

In conclusion, therefore, pudendal nerve
stimulation facilitates human cortical motor
pathways to the EAS with intraindividual
asymmetry, a finding which provides one
possible explanation for the variation and
degree of anal incontinence following unilat-
eral pudendal nerve injury.
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