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Abstract

Introduction and hypothesis Investigating the activity of the
pelvic floor muscles (PFMs) in women during impact activi-
ties such as jumping, running or coughing may elucidate dif-
ferent aspects of PFM activation and therefore clarify the path-
ophysiology of stress urinary incontinence (SUI). A system-
atic review (PROSPERO 2016:CRD42016035624) was con-
ducted to summarize current evidence on PFM activity during
impact activities in both continent and incontinent women.
Methods PubMed, EMBASE, Cochrane, and SPORTDiscus
databases were systematically searched for studies published
up to December 2016. The PICO approach (patient, interven-
tion, comparison, outcome) was used to construct the search
queries. Original studies were included that investigated PFM
activity during impact activities if they included terms related
to muscle activity and measurement methods, test positions,
activities performed and continence status. Two reviewers
screened titles and abstracts independently to ascertain if the
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included studies fulfilled the inclusion criteria, and extracted
data on outcome parameters.

Results The search revealed 28 studies that fulfilled the inclu-
sion criteria, of which 26 were cross-sectional studies. They
used different electromyography measurement methods, test
activities, test positions, and comparisons with other struc-
tures. Ten studies compared continent and incontinent wom-
en. The timing of PFM activity in relation to the activity of
other trunk muscles seems to be a crucial factor in maintaining
continence. Women with SUI have delayed PFM activity.
Conclusions The findings of this systematic review suggest
that impact activities causing involuntary and reflex PFM ac-
tivity should be the subject of further study. This may help
guide clinical studies to improve our understanding of how the
PFMs react during impact activities and to determine best
practices that can be included in rehabilitation programmes.

Keywords Cough - Electromyography - Exercise - Female -
Pelvis - Stress urinary incontinence

Abbreviations

PFMs Pelvic floor muscles

EAS  External anal sphincter
SUI Stress urinary incontinence

EMG  Electromyography

NOS  Newcastle-Ottawa scale

MVC Maximum voluntary contractions
RMS  Root mean square
Introduction

Stress urinary incontinence (SUI) is defined as the complaint
of involuntary loss of urine on effort or physical exertion (e.g.
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sporting activities), or on sneezing or coughing [1]. It is the most
common form of urinary incontinence, affecting women of all
ages [2]. SUI is especially frequent during exercise, and is more
prevalent in women who engage in high-impact activities. Urine
loss during sporting activities remains under-reported and can
lead women to abandon physical activity [3]. In view of the fact
that SUI represents a high social burden, it seems crucial to
identify potentially modifiable risk factors such as impact
activitites, including jumping, running, coughing and sneezing
[4]. Constantinou et al. described a fast-acting contraction in the
distal third of the urethra that contributes to the compressive
forces on the proximal urethra that prevent urine loss [4].
Contraction of the pelvic floor muscles (PFMs; iliococcygeus,
pubovisceral and puborectalis muscles, cephalad to the external
anal sphincter, EAS) can stabilize the bladder neck and increase
intraurethral pressure, which contributes to continence, especially
when intraabdominal pressure is increased during, for example,
coughing, sneezing and high-impact activities [4-8].
Furthermore, in view of the fact that PFM training is considered
the first-line treatment for SUI, it may be worthwhile to investi-
gate PFM activity during impact activities [2].

Since urethral closure pressure is one of the main factors
maintaining continence, especially during impact activities,
and recruitment of the urethral sphincter muscle plays a sec-
ondary role in maintaining continence [9], in this systematic
review the focus was placed on the PFMs, and studies inves-
tigating only the urethral sphincter were excluded. The con-
stant baseline activity of PFMs is analogous to the continuous
activity of the EAS; therefore studies performed on the EAS
were included [10]. Furthermore, given that surface electro-
myography (EMG) was used to measure EAS activity, poten-
tial overlap with the PFMs could not be excluded. As far as we
can determine, no systematic literature review has been under-
taken concerning PFM activity during impact activities.

The aims of this study were to evaluate evidence on PFM
and EAS activity in women, to evaluate methods of measure-
ment, test positions and different impact activities in continent
and incontinent women, and to elucidate the timing of PFM
contractions, the forms of contraction in PFM activity and the
relationship between PFMs and other structures during impact
activities.

Materials and methods

This systematic review was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines [11]. The review search strat-
egy, methods of analysis, and inclusion criteria were
established a priori and published in the PROSPERO interna-
tional prospective register of systematic reviews in health and
social care (2016: CRD42016035624; www.crd.york.ac.uk/
prospero). Our search algorithm was peer reviewed by an
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academic colleague (L.R.) and was based on the guidelines
developed by Sampson et al. [12].

Eligibility criteria and search strategy

The electronic databases of Cochrane, EMBASE and
MEDLINE were searched for studies including female partic-
ipants, aged 19 to 64 years. The acronym PICO (Population
Intervention Comparison Outcome) was applied because it is
known to be able to adequately develop a relevant review
question for systematic literature research [13]. The final sys-
tematic search was run on 1 December 2016. The PICO ap-
proach was also used to look for studies in the SPORTDiscus
and Google Scholar databases, and reference lists of articles
were scanned to find other articles on the topic. No restrictions
as to language or study design were applied. The PICO-based
search strategy included muscle activity terms including mus-
cle action, pelvic floor muscle activity, electromyography, re-
flex activity and pelvic floor muscle contraction, and com-
bined them with measurement methods (e.g. vaginal surface
EMG, needle EMG, anal surface EMG), test positions (e.g.
standing, sitting, lying), and activities (e.g. coughing, running;
Table 1). The entire electronic search strategy can be found
online in the appendix (Electronic supplementary material).

Inclusion and exclusion criteria to assess eligibility were
determined in advance (Table 1). Two researchers who worked
on the review (H.M. and M.L.) independently screened the
titles and abstracts of the studies found. Disagreements wee
resolved by discussion to achieve consensus. These re-
searchers independently assessed the full-text articles for eligi-
bility based on the procedure described above.

Quality assessment and data extraction

The Newecastle-Ottawa scale (NOS; www.ohri.ca/programs/
clinical epidemiology/oxford.asp) was used to assess the
methodological quality of the included observational studies
[14]. For the case-control studies, the NOS for case-control
studies was used, and for the cross-sectional studies the NOS
as adapted for cross-sectional studies was used. The literature
review was assessed using AMSTAR, a measurement tool to
assess the methodological quality of systematic reviews
(www.amstar.ca). The NOS for case-control studies consists
of eight multiple choice questions that address subject selec-
tion, comparability and exposure. High-quality responses earn
a star, to a maximum of nine stars. The NOS adapted for cross-
sectional studies consists of seven questions that address se-
lection, comparability and outcome, to a maximum of ten
stars. H.M. and M.L. independently rated all included articles.
Discrepancies were resolved by discussion and with a third
reviewer (L.R.) to achieve consensus. The same researchers
used a customized data extraction form to independently ex-
tract data. The following data were extracted from the included
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Table 1  Inclusion and exclusion criteria for title, abstract screening and full-text evaluation
PICO item Inclusion Exclusion
Population Stress urinary incontinence, continence Faecal (anal) incontinence, cadaver, animals, diabetes,
Female, women neurological disease, surgery (prolapse/incontinence),
Pelvic floor, pelvic floor disorder, levator ani, anal sphincter male, pregnancy, children
Intervention  Posture, work of breathing, respiration, coughing, muscle contraction,
jogging, running, jumping, exercise, sports, physical effort, physical
fitness, exercise movement techniques, exercise therapy, high-impact
exercise, high-impact sport
Comparison  Asymptomatic, continent and incontinent women, healthy volunteers
Outcome Biomechanics of pelvic floor, muscle action, muscle contraction, muscle

function, contraction form, pelvic floor muscle activation, pelvic floor
muscle contraction, mechanism of urinary continence, neuromuscular
action, action potential, innervation frequency, recruitment, EMG,
electromyography, reflex activity, muscle activity factor, refractory

period, neural conduction, action potentials

studies: study design, characteristics of the participants, type of
EMG electrode and recording equipment, activities tested, test
position and bladder filling, comparison of continent versus
incontinent women, and outcome(s). Disagreements wee re-
solved by discussion to achieve consensus.

Data synthesis and analysis

The data extracted from the studies were very heterogeneous
(as shown in Table 2). The analysis was therefore limited to a
systematic review without a meta-analysis.

Results
Study selection

As shown in the study flow chart (Fig. 1), the literature search
identified 1,717 abstracts. Of these 1,717 abstracts, 209 dupli-
cate studies were removed and 1,471 abstracts were discarded
following application of the inclusion and exclusion criteria,
leaving 37 studies for full-text review. Of these 37 studies, 9
were excluded, mainly because they did not test impact activ-
ities; thus, 28 studies remained for inclusion in the systematic
review. These remaining studies comprised 26 cross-sectional
studies, 1 case-control study and 1 literature review. Ten stud-
ies compared continent and incontinent women.

Risk of bias within studies

The results of the assessments of the 26 cross-sectional studies
for risk of bias are summarized in Table 3. The mean number of
stars awarded was 5.2/10 (range 2 to 7). The studies included
appropriate methods for assessing and statistically analysing their
outcomes. The selection process was of poor quality in several

studies, especially in terms of sample size and nonrespondent
rate. The case-control study received the maximum score of nine
stars on the NOS case-control scale, but the literature review
received the minimum score of 0 out of 11 points in AMSTAR.

EMG electrodes

All studies used EMG measurements, but they applied differ-
ent methods to different PFM structures. Vaginal EMG was
performed in 13 studies with different types of probe, includ-
ing Periform, Femiscan, DSE® (differential suction elec-
trode), STIMPON and MAPLe (Multiple Array Probe
Leiden). Surface EMG of the EAS was used in six studies,
and of the perineum in one study. Needle and wire EMG of the
bulbocavernosus, pubococcygeal and urethral wall muscles
were used in seven studies.

EMG units

Different methods were used to express PFM EMG activities.
In some studies PFM EMG activities were expressed as mean
or maximal values in microvolts. In other studies PFM EMG
activities were expressed as percentages: mean maximum vol-
untary contraction (MVC) values or mean rest-normalized
values. In one study the mean absolute differences between
baseline root mean square (RMS) values and maximum RMS
values (MVC-normalized) were expressed as percentages of
the maximum voluntary electrical activation, and in another
study the area under the EMG activity curve during coughing
was expressed in microvolt seconds.

Comparisons of pressure measurements and test activities

The various studies compared the pressures in different struc-
tures related to the PFMs, for example intrarectal, intravaginal,
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Fig. 1 Flow chart showing the
study selection process

1717 records identified through database

searching

Identification

Eligibility =~ Screening

209 duplicates removed

A

1508 records screened H 1471 records excluded

¥ 9 full text records excluded:

1 study participants were over 60
—>{ years old
1 study was not yet published

37 full text records assessed
for eligibility

7 studies measured voluntary
contractions (no impact)

Included

I 28 studies included in qualitative synthesis l

intraabdominal, bladder, posterior vaginal wall and cough leak
point pressures. Other studies compared PFM activity and the
activities of the abdominal, external intercostal, deltoid and
striated urethral muscles. The relationship between bladder
filling volume and PFM activity was also studied. Some stud-
ies also compared different activities, such as different places
during horseback riding, angle of the pelvis, foot contact with
the ground, running speed, weight loading, coughing, and
coughing at different intensities.

Test positions and activities

Of the studies, a supine position was used in 16, including
crook lying (flexion at the hip and knee joints), semilithotomy,
and hemi-supine position, a standing position was used in
13 studies, and both supine and standing positions were
used in 5 studies. Sitting in an armchair and sitting on
horseback were each used in one study. In 20 studies the
activity tested was coughing ranging from single to several
coughs of different intensities. In three studies, the activity
tested was running on a treadmill at different speeds. Other
test activities included horseback riding, weight catching,
and rapid arm movements.

PFM activity timing

A summary of the results on the timing of PFM activity is
presented in Table 4. All studies that investigated PFM activ-
ity (11 studies) to determine the latency of onset of PFM
activity in comparison with changes in other structures
expressed the results in milliseconds [17, 19, 20, 22, 23, 26,
28, 29, 32, 35, 37]. Six studies compared women with and
without SUI. Four studies investigated the EAS using self-

adhesive surface electrodes, six studies used vaginal EMG
and one investigated PFM activity using wire EMG. The
starting positions used included supine, standing, sitting and
semilithotomy. As well as coughing as the activity, two studies
determined the onset of PFM activity during rapid arm move-
ments [26, 35] and two during running [28, 29]. Four studies
determined the median latency between the onset of EAS
activity and the onset of external intercostal muscle activity
during coughing [20, 22, 23, 37]. All studies showed that
continent women contracted the EAS before the external in-
tercostal muscle. The onset of PFM activity was not only
compared with the onset of external intercostal muscle activity
but also with the onset of trunk muscle activity, and was also
investigated in relation to the increases in intraabdominal pres-
sure, bladder pressure and posterior vaginal wall pressure
peak, and the time of heel strike [17, 19, 20, 26, 32, 35].

Madill et al. [32] compared the timing of the PFM EMG
peak and the posterior vaginal wall pressure peak in women in
the standing and supine positions. The effect of continence
status on the relative timing of the peak PFM EMG and of
the posterior vaginal wall pressure increase was influenced by
position. Capson et al. [19] investigated healthy women
coughing in three different standing postures (normal
lumbopelvic posture, hyperlordosis, and hypolordosis).
Posture did not affect the activation time of any of the muscles
under study. Smith et al. [34] found that the onset of PFM
activity during rapid shoulder flexion and extension was dif-
ferent in continent and incontinent women (before and after
anterior deltoid EMG activity, respectively). The onset of the
PFM EMG activity did not change with the direction of shoul-
der movement (p = 0.70) or bladder fullness (all p > 0.23).
PFM activity was lower in some women before the onset of
the postural activity, which was a novel finding.
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Table 3 Newcastle-Ottawa scale scores for cross-sectional studies

Reference Newcastle-Ottawa scale scores (number of stars)

Selection® Comparability® Outcome®

[15]
[1e]
[17]
(18]
[19]
[20]
21
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
(31
[32]
]

[33]
[34]
[33]
[36]
B37]
[38]
[39]

—_ = NN
DN W W W W W N W W W W W W W W W W W N W — W Ww Ww

R W 0NN NN NN NN NN~ DN NN = =N —= N = =N

#Maximum 5 stars
® Maximum 2 stars

¢Maximum 3 stars

Two studies that included running as an impact activity
used heel strike as the reference point for timing, and analysed
ten steps [28, 29]. Leitner et al. [28] measured PFM activity in
continent and incontinent women at running speeds of 7, 11
and 15 km/h. The difference in PFM activity between the two
groups of women and the differences in activity among the
three speed conditions were not statistically significant.

Relationships between PFM activity and pressure
measurements and test activities

A summary of the relationships between PFM activity and
pressure measurements and test activities is presented in
Table 5. Fifteen studies investigated the relationships between
PFM EMG activity and the pressure of intraabdominal struc-
tures, bladder filling volume, posture and different test

@ Springer

activities [5, 15, 18, 19, 21, 23-25, 28, 33-36, 39, 40].
Seven studies compared women with and without SUI.
Three studies evaluated EAS activity using self-adhesive sur-
face electrodes, five studies used vaginal EMG, one study
used self-adhesive surface electrodes on the perineum, and
three studies evaluated the PFMs using wire EMG and three
using needle EMG. The starting positions used were supine,
standing, sitting on horseback and hemi-supine. In addition to
coughing as the activity, other activities included rapid arm
movements, running, load-catching tasks and horseback rid-
ing. Coughing was found to cause a significant increase in
intrarectal and intravaginal pressures, bulbocavernosus mus-
cle EMG activity [34], and PFM EMG activity [5] with syn-
ergistic contraction of the striated urethral wall muscle [18,
40]. EAS EMG activity was found to increase with the inten-
sity of coughing [15]. PFM EMG activity increased during
load-catching tasks [36], with increasing horseback riding
speed [33] and with increasing speed of running [28].
Deindl et al. [24, 25] found tonic, phasic and intermediate
motor unit activity patterns during relaxation and coughing.
In continent women, the motor units were activated bilaterally,
whereas in parous women with SUI activation of the motor
units was dissociated during reflex activity [25].

Quantification of PFM activity

Eleven studies quantified PFM activity in different EMG
units. Only two studies compared women with and without
SUI and one study included only women with SUI. Two stud-
ies evaluated the EAS using self-adhesive surface electrodes
and six studies using vaginal EMG, one study evaluated the
PFMs using wire EMG, one study evaluated the
bulbocavernosus muscle using needle EMG, and one study
used self-adhesive surface electrodes on the perineum. The
starting positions used were supine, standing, sitting on horse-
back, hemi-supine and semilithotomy. In addition to coughing
as the activity, other activities included rapid arm movements,
running and horseback riding. Luginbuehl et al. [31] deter-
mined MVC-normalized PFM EMG activities (mean
%EMG) during coughing in 11 healthy women. They also
investigated the time intervals (as discussed by Fleischmann
et al. [41]) from preactivity (initial time of coughing minus
30 ms) to reflex activity (0-30 ms, 30—-60 ms, 60-90 ms, 90—
120 ms and 120150 ms). Luginbuehl et al. [29] also investi-
gated healthy women while running a sequence of ten steps at
a velocity of 8 km/h. They expressed their data in MVC-
normalized PFM EMG (%EMG). 50 ms before heel strike
they measured preactivity and at heel strike reflex activity.
The mean EMG activity between EMGmin and EMGmax
was 68% higher than during standing at rest (p = 0.796).
Another study by Luginbuehl et al. [30] analysed three
different running speeds (7, 9 and 11 km/h) in healthy women.
They investigated the same time intervals (as discussed by
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Fleischmann et al. [41]) as previously investigated in the
coughing study to analyse the data and also express reflex
activity in relation to the time intervals. The highest activity
at all three running speeds was found during the time interval
30-60 ms. In the third running study [28], preactivity and
reflex activity increased significantly with speed. The authors
used the same time intervals as used by Fleischmann et al. [41]
and mean %2EMG (MVC-normalized). Mean %EMG activity
while running was significantly higher than the PFM activity
at onset. At a speed of 15 km/h, the values exceeded
100%EMG for all time intervals in all women with SUL
The highest activity at all three running speeds in both groups
was during the time interval —30 to 0 ms (preactivity), except
in women with SUI running at 15 km/h during the interval 0—
30 ms. The highest reflex activity was found during the inter-
val 0-30 ms. There were no statistically significant differences
in %EMG values between the two groups for any of the time
intervals.

Auchincloss and McLean [16] used two different vaginal
probes to test 12 healthy nulliparous women. They calculated
the mean absolute difference (baseline RMS values subtracted
from maximum RMS values, and MVC-normalized) as a per-
centage of maximum voluntary electrical activation. Barbic
et al. [17] evaluated the activation of the levator ani muscle
during coughing using the area under the EMG activity curve.
They measured the left and right sides separately. A summary
of these results is presented in Table 6.

Discussion
Main findings

Studies used a wide range of PFM EMG measurement methods,
including vaginal probe, surface, needle and wire EMG, with a
wide array of EMG calculations. Several reflex tasks were com-
pared, including coughing, running, rapid arm movements, load
catching and horseback riding, in different test positions. The
times in relation to the onset of activity of other trunk muscles
were found to be important. During impact activities, PFMs
contracted before other trunk and arm muscles in continent
women, but in incontinent women PFMs contracted later [22,
23, 26, 35]. This was observed during coughing [22, 23] and
rapid arm movements [26, 35]. The time from the onset of PFM
activity to the onset of intraabdominal, urethral and posterior
vaginal wall pressure increases was also found to be important
[17, 32]. During coughing, the PFMs activate and increase ure-
thral pressure before the increase in intraabdominal pressure to
guarantee continence [17, 20, 21]. In women with moderate to
severe SUI, PFM EMG activity peaks before the posterior vag-
inal wall pressure, whereas in continent women PFM EMG
activity and posterior vaginal wall pressure peak at the same
time [32].

@ Springer

Coughing significantly increases bladder, intrarectal and
intravaginal pressure and PFM EMG activity [4, 15, 18, 34,
40]. PFM EMG activity increases with the intensity of
coughing [15]. PFM reflex activity during coughing is not a
direct response, but is a modulated reflex that gradually adapts
to the impact task [15]. This gradual adaptation was also ev-
ident at different running and horseback riding speeds [15,
33]. The findings of Luginbuehl et al. and Leitner et al. show
that PFM preactivity occurs during running, ranging from
72.1 to 136.9%EMG of MVCmax [28, 30]. This aspect of
PFM function was also seen during coughing, with mean
preactivity values of 35.1 + 14.0%EMG [31]. Like other mus-
cles, the PFMs can activate to a higher level than MVC activ-
ity during impact activities. Leitner et al. found PFM activity
up to 200%EMG in incontinent women during running [28].
Coughing appears to activate the PFM to a level between 35.1
and 71.2%EMGQG in relation to MVCmax [31]. PFM EMG
activation was significantly higher at cough leak-point pres-
sure than at Valsalva leak-point pressure [39].

During impact activities incontinent women had higher
PFM activity than continent women [28, 35, 36]. In contrast,
Deffieux et al. [21] found that during coughing normalized
EAS EMG activity for a given bladder pressure value is lower
in women with SUI than in continent women, except for a
bladder filling volume of 400 ml for which the opposite was
the case (p = 0.027). In PFMs slow twitch muscle fibres main-
tain basal tonus, while fast twitch muscle fibres are recruited
for rapid contractions [24]. Deindl et al. [24, 25] found that
parous women with SUI have asymmetrical and uncoordinat-
ed levator ani muscle activation patterns, which suggests the
presence of behavioural abnormalities. Posture was found to
have no influence on timing, but in a neutral pelvis position
PFM activity is higher than in hypolordosis or hyperlordosis
postures [19]. Three studies showed that bladder filling does
not affect PFM activity [15, 21, 23], but two showed that PFM
activity decreases and abdominal and erector spinae EMG
activity increases when the bladder is moderately full [35, 36].

In the study by Voorham-van der Zalm et al. [38], the
vaginal probe (MAPLe) was misplaced during an MRI study
of women coughing, and so they did not analyse coughing
data. Keshwani et al. [27] investigated motion artefact for
two different vaginal probes by analysing the power spectrum
of the raw EMG data recorded during coughing, and found
that 14.4-29.3% of the files were affected by motion artefacts.

Strengths and limitations: significance and implications,
limits of current knowledge

The multidisciplinary authorship with the inclusion of
urogynaecologists, physiotherapists, and sports and physical
education scientists among the authors can be viewed as a
strength of this review. However, there are several limitations
of this review. First, most of the included studies had an
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Table 6 (continued)

PEM activity

EMG units

Test position Test activity

Measurement
methods

Subject characteristics

Reference Study

groups

SUI

Continent

Parity

Age (years)

No. of

subjects

muscle left and right

side
Surface electrodes on the

Group 1:

Mean EMG (microvolts)

Coughing with 300 ml

Hemi-supine

SUL:

[39]

28 + 12 pV

Group 2:

at CLPP

bladder filling volume

perineum

Group 1:

VLPP

29 £ 14 uV

Group 3:

<60 hPa

Group 2:

36 £5.9 uV

<001

61-90 hPa

VLPP
Group 3:

VLPP

>90 hPa

The data are presented as means =+ standard deviation or medians (interquartile range)

SUI stress urinary incontinence, OAB overactive bladder syndrome, EAS external anal sphincter, E/C external intercostal muscle, EMG electromyography, VLPP Valsalva leak-point pressure, CLPP cough

leak-point pressure, %MVE percentage of maximum voluntary electrical activation, MVC maximum voluntary contractions

observational design (cross-sectional studies), in which there
is a moderate risk of bias. Furthermore, the study findings
were heterogeneous. Another problem could have been the
EMG measurements themselves. EMG evaluates the state of
the muscle by recording the electrical activity of the peripheral
neuromuscular system. EMG can involve the use of either
intramuscular electrodes (wire or needle) or surface electrodes
(vaginal probes or electrodes placed on the skin). Therefore,
EMG does not directly measure muscle strength, which means
it is difficult to validate EMG as a measurement tool, in view
of the fact that the gold standard of PFM evaluation is based
on muscle strength [42]. This difficulty in validating the use of
EMG for measuring PFM activity increases the risk of bias in
the studies reviewed.

Intramuscular EMG (wire and needle) is considered more
specific than surface EMG [43]. The problem is that wire or
needle EMG reflects the muscle fibre activity at a specific
location and may miss activation in other parts of the muscle
[24, 25]. The use of vaginal probes during impact activities in
controversial because the large surface area of the electrodes
may result in crosstalk from adjacent muscles [44].
Additionally, in two studies included in this review, surface
EMG motion artefacts were mentioned [27, 38]. However,
Luginbuehl et al. found good intrasession test-retest reliability
of surface EMG in healthy women during running [29].

Presentation of EMG data demonstrates another problem.
Some of the studies included in this review interpreted non-
normalized PFM EMG data quantitatively [15, 33, 34]. Non-
normalized data must be treated with caution because muscle
activity needs to be normalized to a reference contraction to
reduce interindividual variability [45]. Care must be used in
quantitative interpretation of PFM EMG data because of low
intersession reliability and moderate to good intrasession reli-
ability [16, 27, 29-31]. Burden et al. even recommended that
normalized EMG data should not be compared among differ-
ent trials, muscles and individuals [45]. Several studies includ-
ed in this review did compare normalized EMG among differ-
ent trials [16, 28-31]. Timing data are not affected by the
problem associated with PFM EMG measurements.

Interpretation: significance and implications

Urinary continence is the result of a complex interaction among
several structures, including PFMs, trunk muscles, organs,
nerves and tendons. Multiple factors influence the evaluation
of urinary continence, including the task, the diagnostic instru-
ment, the test position, continence status, age, muscle condi-
tion, and fascial structures. This systematic review spe-
cificallyexplored PFM activity during impact activities and
found a broad range of timings (latency of onset) of PFM
activities to other muscles or pressure measurements, various
test activities, and wide variability in quantification of the ob-
served activities. These findings support the view that PFMs
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are not isolated structures, but must be seen in relation to con-
nected structures when the timing and quantification of PFM
activity are measured. Madill and McLean [46] found that the
initial phase of increased intravaginal pressure during abdomi-
nal contraction is caused by PFM contraction. This finding
supports the “subvesicular hammock” theory of Delancey
[7]: abdominal pressure is transmitted to the urethra through a
laterally subvesicular attachment to the arcus tendineus fascia
pelvis and the PFMs. This endopelvic fascia tissue structure
stiffens during reflex contraction of the PFMs and forms a
supportive layer against which the urethra is compressed.
DeLancey et al. subsequently found that maximal urethral clo-
sure pressure, and not urethral support, is the primary factor
most strongly associated with continence [9]. Barbic et al. [17]
agree that suburethral support is important and that the
subvesicular hammock theory may be valid. Barbic et al. sug-
gest that the time between the onset of PFM activity and the
onset of abdominal pressure rise is important for continence.
Deffieux et al. [47] confirmed this suggestion in a literature
review, concluding that dysfunctional preactivation of the
PFM reflex response contributes to the physiopathology of
SUI The importance of PFM activation timing during impact
activities seems to be confirmed; specifically, PFM activation
in women with SUI was shown to be delayed.

Deffieux et al. postulated that defective modulation of the
PFM reflex response during coughing and delayed PFM acti-
vation in women with SUI are a pathophysiological mecha-
nism in SUI, and described SUI as a multifactorial condition.
They concluded that the central nervous system adapts the
intensity and activation of the PFM response to the intensity
of voluntary coughing [47]. The studies included in this
review showed graded PFM activation during coughing,
horseback riding, and running [15, 28, 30, 33]. Amarenco
et al. [15] found an alteration in the modulation of the
cough anal reflex, showing no gradation in the PFM re-
sponse during different intensities of coughing in women
with SUI. The gradual adaptation of PFMs is probably one
of the main factors that contributes to continence in women
[15]. During running, maximal PFM activity varied from 98.6
to 238.7%EMG, and preactivity from 72.1 to 136.9%EMG in
relation to MVCmax [28, 30]. Impact activities such as run-
ning should be investigated in future research on PFM reha-
bilitation [48].

Three studies demonstrated that incontinent women have
higher PFM activity than continent women during impact ac-
tivities [28, 35, 36]. This finding challenges the clinical as-
sumption that incontinence is associated with reduced PFM
activity and suggests that although women with incontinence
may have reduced muscle mass and maximal ability, the ac-
tivity of their PFMs is greater during postural perturbation.
These findings support the view that incontinence is caused
by more than morphological changes in PFMs, and suggest
that it may be due to altered muscle activation patterns [24] or

@ Springer

to partial denervation of the PFMs [49]. The behavioural ab-
normalities in muscle activation patterns found in women with
SUI may be due to unilateral injury (avulsion) that can happen
during birth and affect PFM morphometry and function [49],
and is relevant to treatment [24, 25]. PFM activity is highest
with the pelvis in a neutral position, suggesting that posture
should be considered in rehabilitation [19]. There are oppos-
ing findings concerning the influence of bladder filling vol-
ume on the PFM response [15, 21, 23, 35, 36], showing the
complexity of the physiological linkage between bladder fill-
ing volume and PFM and abdominal muscle activity.

Conclusions: constraints of limitations, significance
of findings and future research

The findings of this systematic review may help guide clinical
studies seeking to determine best practices, for example in
relation to integrating impact activities, especially running
(view steps) with exercise, and to the activation of preactivity
and reflex activity of the PFMs, since running is associated
with intense involuntary PFM activation. However, we still do
not clearly understand the pathomechanism of PFM activation
during impact activities. Future research should focus on dy-
namic PFM activities due to the fact that continence is an
involuntary reflex event.
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