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Abstract 

Background: Some females experience urinary incontinence primarily during exercise and the 

pathophysiology underlying this form of leakage remains poorly understood. Urine leakage 

during exercise is a barrier to physical activity and many females restrict and avoid their 

physical activities due to these symptoms. There is a need to better understand what the short- 

and long-term effects of running are on pelvic organ support to guide the development of 

interventions that mitigate urine leakage. 

Objectives: The main objectives were (i) to determine whether differences exist in the pelvic 

floor morphometry and function among females who experience running-induced stress urinary 

incontinence compared to their continent counterparts, (ii) to evaluate whether changes in pelvic 

floor morphometry or function occur after an acute bout of running, and whether these changes 

differ between females who do and do not leak urine while running, (iii) to investigate the 

feasibility of measuring pelvic floor loading exposure during running, and (iv) to evaluate 

whether the exposure of the pelvic floor to higher loads during running is associated with greater 

changes in pelvic floor morphometry or function after a run.  

Methods: This thesis involved a single cross-sectional, observational study which addressed all 

four objectives. Female runners with and without RI-SUI underwent ultrasound imaging to 

measure their urogenital morphometry and intravaginal dynamometry to assess pelvic floor 

muscle function. These measures were repeated after an acute bout of running. During the 37-

minute running task, a sensor placed in the posterior fornix and an accelerometer placed over 

the lateral iliac crest were used to infer pelvic floor loading. 

Results: There appear to be deficits in pelvic floor passive support in runners with RI-SUI that 

may predispose them to urine leakage while running. Although an acute run reduced pelvic 

organ support in all runners, pelvic floor muscle function remained largely unchanged. The 

observed changes appear to be unrelated to the magnitude of pelvic floor loading experienced 

during the run. However, because of high variability in pressure measured by the sensor in the 

posterior fornix, future research should seek out other ways to study how running mechanics 

may affect pelvic floor loading. 

Conclusion: This work described in this thesis is original. It is the first to comprehensively 

assess intrinsic pelvic floor characteristics concurrently with pelvic floor loading exposure in 

runners with and without running-induced stress urinary incontinence, concurrently using state-

of-the-art measurement tools including ultrasound imaging, intravaginal dynamometry, a 

posterior fornix pressure sensor, and a wearable accelerometer. These combined findings 

challenge current assumptions that urine leakage during running is a consequence of the 

magnitude of pelvic floor loading experienced while running, and points towards passive support 

deficits as key contributors to urine leakage. This thesis lays important groundwork for future 

research on the cause of athletic incontinence. Long-term studies are especially needed to 

explore how running affects pelvic floor health over time. These insights will ultimately lead to 

interventions which reduce fear of leakage and empower female runners to continue to 

participate in their chosen sport. 
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Chapter 1   Introduction 

 

1.1  Problem statement 

 

Recent systematic reviews and meta-analyses have reported a concerning high prevalence 

of urinary incontinence (UI) among females1 from various demographic groups 

(nulliparous/parous, adolescents/adults) while participating in a wide range of physical activities, 

with rates ranging from 10.3 to 60.1% (Almousa & Bandin Van Loon, 2019; Pires et al., 2020; 

Rebullido et al., 2021; Teixeira et al., 2018). Prevalence appears to vary greatly according to 

type of physical activity performed (Almousa & Bandin Van Loon, 2019; Rebullido et al., 2021), 

reaching between 16% to 44% among females who perform high-impact sports and endurance 

activities such as running (Hamilton et al., 2023; Pires et al., 2020). The most commonly 

reported urinary tract symptom among female athletes is described as stress urinary 

incontinence (SUI) (Hamilton et al., 2023; Pires et al., 2020), which is characterized by 

involuntary urine leakage experienced during exertion (D’Ancona et al., 2019). Urine leakage 

experienced during physical activity is a substantial barrier to exercise. A meta-analysis showed 

that up to one in two females limit their physical activity because of urinary tract symptoms 

(Dakic et al., 2021). Most often, the females reported that they decreased their activity intensity 

or avoided provocative activities altogether (Brennand et al., 2018). 

Some females with SUI primarily or only leak urine when they exercise, and this form of 

incontinence is poorly understood. There is an ongoing debate in the literature regarding the 

impact of exercise on pelvic floor (PF) function. While some advocate that high impact exercise 

is harmful (Karmakar & Dwyer, 2018), the evidence for harm is scant and some researchers 

 
1 For the purposes of this thesis, the term "female" refers to individuals who were assigned female at birth. The 
author acknowledges that individuals may identify with different genders.  
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encourage females to participate in high intensity training given that causal association is weak 

(Kruger, 2018). Narrative reviews highlight that this knowledge gap is such that we are unable to 

draw any conclusions about the role of physical activity in the incidence of pelvic floor 

dysfunction (PFD) nor the role of chronic exercise  pelvic floor muscle (PFM) function and/or 

pelvic organ support (Bo & Nygaard, 2020; Nygaard & Shaw, 2016a; Shaw & Nygaard, 2017). 

On one hand, exercise may improve PFM and connective tissue strength, while on the other, it 

may induce chronic strain and weaken the structures that provide support. Both hypotheses are 

supported by research findings. Females who enfgaged in physical activity had a 177% higher 

risk of reporting urinary incontinence than sedentary females (Teixeira et al., 2018), yet, 

exercise, when done at mild to moderate intensity, was shown to be protective of the PF and 

decreased the odds and the risk of experiencing UI (Kim et al., 2022).  

 

1.2  Objectives 

 

It is imperative that we understand the pathophysiology of running-induced SUI (RI-SUI), as 

it is a key reason why females abandon the very physical exercise that is necessary to maintain 

or improve their physical and mental health and quality of life. Urine leakage during running is 

far reaching given that running is an accessible, and popular form of physical activity and it is 

also an integral component of many other athletic activities and sports. Therefore, the 

overarching goal of this study was to better understand the mechanisms associated with RI-SUI 

in females. This research is an essential first step to ultimately improve how RI-SUI is prevented 

and managed. 

The objectives of the research described in this dissertation were (1) to investigate the 

differences in the morphometry and function of the PFMs among female runners with and 

without RI-SUI, (2) to evaluate the changes induced by an acute bout of running in the 
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morphometry and function of the PFMs in female runners who do and do not report RI-SUI, (3) 

to explore the feasibility of using a pressure sensor located in the posterior vaginal fornix during 

running to evaluate PF loading and to determine if female runners who experience RI-SUI are 

exposed to greater PF loading while they run compared to continent counterparts, and (4) to 

explore the impact of PF loading during running on changes in PF morphometry and function 

observed after the run.  

As such, the primary research questions were:  

1) Are there measurable differences in PF morphometry (bladder neck height, PF length, 

levator hiatal area), urethral morphometry (cross sectional area), pelvic landmark 

displacement (bladder neck and anorectal junction) during maximal contraction and 

bearing down efforts, resistance of the PFMs to passive stretch, PFM strength or PFM 

endurance between females who experience SUI while running and females who run but 

have no history of SUI. 

2) Do females who experience SUI while running demonstrate larger changes in pelvic 

morphometry, PF landmark displacement during contraction, resistance of the PFMs to 

passive stretch, PFM strength or PFM endurance after a standardized running protocol 

when compared to female runners who do not experience SUI while running?  

3) Is it feasible to use a vaginal posterior fornix pressure sensor over a standardized 37-

minute treadmill run to measure PF loading, and can we use pelvic accelerometry as a 

proxy measure of PF loading during treadmill running? Do the pelvic floors of female 

runners who experience SUI while running experience larger loading during running as 

measured by posterior fornix sensor pressure (PFSP) and/or pelvic accelerations 

compared to their continent counterparts? 
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4) Are larger PFSPs and/or pelvic accelerations experienced during running associated 

with greater changes in pelvic morphometry, pelvic tissue displacement during PFM 

contraction, PFM stiffness, strength and/or endurance after a single bout of running?  

This thesis is written as a series of stand-alone articles, followed by an integrated 

discussion. Chapter 2 provides an overview of the literature. This review covers the 

mechanisms underlying continence and the pathophysiology of SUI, with a specific focus on 

research related to athletic SUI2. This review, along with the work of Bo & Nygaard, who 

identified key areas that are under researched in the field of physical activity and PF dysfunction 

(Bo & Nygaard, 2020), highlights the need for further research to enhance our understanding of 

the pathophysiology of athletic incontinence. Chapter 3 presents a published manuscript that 

examines the differences in PFM morphometry and function between female runners with and 

without RI-SUI. Chapter 4 includes a published manuscript that investigates the impact of a 

single extended running session on PF morphometry and function among female runners, 

comparing those with and without RI-SUI. Chapter 5 details a published study that explores the 

feasibility of using PFSP to measure PF loading during running. Additionally, it investigates the 

association between PF loading and RI-SUI in female runners. Chapter 6 presents a published 

study examining the relationship between PF loading during running, as measured by PFSP or 

pelvic accelerations and transient changes in PFM morphometry and function in female runners, 

as well as evaluating if greater PF loading is associated with more urine leakage among runners 

with RI-SUI. The integrated discussion is found in Chapter 7 and summarizes the findings of 

this dissertation and contextualizes them within what is known about RI-SUI. The knowledge 

 
2 We define athletic incontinence as any individual who experiences urinary symptoms because of physical activity 
beyond the routine activities required for daily living and work. We acknowledge that there are various definitions 
and terms used to describe athletes, physically active females, female sporting population, etc.  
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gaps that still exist in the field of athletic incontinence, more specifically RI-SUI, are highlighted 

to inform future clinical and academic work.   

 

1.3  Contribution to the advancement of knowledge 

 

Keeping in mind that the most frequently reported goal when females seek treatment for SUI 

is to return to physical activity without urine leakage (Milne et al., 2009), the results of this thesis 

inform clinical recommendations and practices. While physiotherapy interventions focused on 

improving PFM strength, endurance, and motor control have high levels evidence as being 

effective for the management of SUI in general female populations (Dumoulin et al., 2015), the 

evidence is less strong when pelvic floor muscle training (PFMT) is applied to the athletic 

population (Demeco et al., 2024; Petter Rodrigues et al., 2024; Rodríguez-Longobardo et al., 

2023; Skaug et al., 2024), which may be due to a different pathogenesis than SUI in the general 

population. Most studies included in these reviews are heterogeneous, have a high risk of bias 

and dropout rates and small samples.  

Recently, a scoping review investigating the attitudes and knowledge of athletes regarding 

PFD and their engagement with PFMT found that athletes had poor knowledge of PFD and that 

most of them did not engage in PFMT (Magor et al., 2025). Given that athletes who report 

adequate knowledge of PFD are approximately 60% less likely to experience them (Cardoso et 

al., 2018) targeted interventions for this specific population are much needed. By identifying 

specific markers of RI-SUI, we can advance targeted exercise or biomechanical interventions to 

better manage athletic incontinence. Effective management interventions to mitigate RI-SUI will 

empower females to remain active, benefiting their physical and mental health, and their overall 

quality of life across the lifespan.  
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Chapter 2   Overview of the literature 

 

In this chapter I provide an overview of the current literature on how continence is 

maintained in healthy females, along with the multifactorial mechanisms that likely contribute to 

female SUI. This review presents research that has focused specifically on active females who 

experience urine leakage during physical activity. I identify key gaps in knowledge that must be 

addressed, and I lay the groundwork for identifying innovative strategies to treat athletic SUI. 

Additionally, I highlight the challenges associated with the instruments and methodologies used 

to assess PFM characteristics and PF loading. 

 

2.1 Maintaining urinary continence  

 

Females maintain urinary continence through a complex interaction of muscles, under the 

influence of the central and peripheral nervous systems, that work together to ensure the proper 

storage and the voluntary release of urine. The key structures covered in this review include the 

urethra, the levator ani muscles and associated connective tissues, and the nervous system. 

Disruption in one or many of these components can lead to SUI; where leakage occurs when 

bladder pressure exceeds urethral closure pressure.   

The PF is a broad term that encompasses several structures including smooth muscles, 

skeletal muscles, and connective tissue (Alperin, 2016; DeLancey, 2016). Some PFMs are 

directly while others are indirectly tethered to the bony pelvis, and all are under the influence of 

the peripheral and central nervous system. The PFMs will typically fine-tune their activity 

according to the demands that they are being subjected to, providing graded support to the 

pelvic structures (Madill, 2016). The main roles of the PFMs are: (1) to support the pelvic organs 

by resisting caudally directed forces generated by IAP, gravity, and inertial loads (2) to assist in 
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continence mechanisms such as the control of sphincter activity by keeping or eliminating waste 

through the urethra and rectum; and (3) to assist sexual function (Alperin, 2016; Barber, 2005).  

2.1.1 Urethra 

 

The morphological layers of the urethra, including outer longitudinal and circular urethral 

striated muscles, the urethral smooth muscles that lie within the striated muscles, the vascular 

plexus within the mucosa and the connective tissues surrounding the urethra, all contribute to 

resting urethral closure pressure (DeLancey, 1994a; Kim et al., 1997). The internal sphincter is 

located at the bladder neck and is composed of smooth muscles, while the thickest part of the 

external sphincter can be found around the mid-urethra and is composed of striated muscle. 

Both sphincters allow for voluntary and involuntary control of urine storage (Mistry et al., 2020). 

The passive structures within the urethra itself such as the vascular plexus within the 

submucosa are thought to contribute to continence by providing a occlusive pressure via 

coaptation of the mucosal surfaces (Ashton-Miller et al., 2007). Rud et al (1980) hypothesized 

that these structures provide intra-urethral pressure to the same extent as closure pressures 

generated by the striated urethral sphincter and connective tissues supporting the urethra (Rud 

et al., 1980), forming a dynamic vascular cushion that helps to maintain continence (Jármy-Di 

Bella et al., 2000).  

The urethra is also attached along its length to the anterior vaginal wall and has 

attachments to the endopelvic fascia, the arcus tendinous fascia pelvis and the levator ani 

muscles, which provide passive support (Ashton-Miller et al., 2007).  

2.1.2 Levator ani 

 

The skeletal muscle components of the PF include the levator ani muscles, the 

coccygeus, the external anal sphincter, the striated urethral sphincter, and the deep and 
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superficial perineal muscles (Barber, 2005). As the largest muscle group in the PF, the levator 

ani muscles play a critical role in providing pelvic organ support. This group of paired muscles 

can be divided into 3 main components: (1) the pubovisceral (or pubococcygeal); (2) the 

puborectalis and (3) the iliococcygeal muscles (Ashton-Miller et al., 2007; DeLancey, 1994b), 

which surround the levator hiatus, which is the opening through which the urethra, vagina and 

anorectum pass. The mechanical action of a levator ani muscle contraction is dependent on the 

respective points of origin and insertion of each component. The pubovisceral and iliococcygeal 

muscles generate a cranial or lifting force and a transverse force that closes the levator hiatus. 

The puborectalis component mainly contributes, through its horizontal line of action, to closing 

the levator hiatus (Betschart et al., 2014). The levator hiatus is delimited by the pubic bone 

(anterior), the levator ani muscles (lateral) and by the perineal body and external anal sphincter 

(posterior) (Ashton-Miller et al., 2007; DeLancey, 1994b). The urethra, vagina and anorectum, 

which pass through the hiatus, are compressed against the anterior vaginal wall  as a result of 

the contraction of the levator ani muscles (Ashton-Miller et al., 2007; DeLancey, 1994b). 

Connective tissue covers both surfaces of the levator ani and forms the pelvic diaphragm.  
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Figure 2.1 Superior view of the deep pelvic floor musculature 

 

2.1.3 The nervous system 

 

The central nervous system, comprised of the brain and the spinal cord, and the 

peripheral nervous system, including the autonomic and somatic nervous systems, interact to 

provide innervation to the lower urinary tract and to coordinate PFM activity with bladder 

storage/micturition (Chancellor & Yoshimura, 2004; Clemens, 2010; Roberts, 2008).  

Different regions of the brainstem coordinate the complex interaction between the 

bladder and urethra, allowing voluntary initiation and inhibition of voiding. The conscious 

decision to void or delay urination involves cognitive processes that integrate sensory 
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information from the bladder and the external environment. During the storage phase, there is 

continuous excitation from the brainstem to the Onuf’s nucleus, located in the sacral spinal cord 

which results in continuous activity of internal urethral sphincter and relaxation of the detrusor to 

accommodate increasing volumes of urine during the bladder filling phase (Clemens, 2010; 

Unger et al., 2014). This is modulated through the sympathetic activity of the autonomic nervous 

system. As the bladder fills with urine, the mechanoreceptors and chemoreceptors in the 

bladder are activated. The resulting afferent information travels to the pontine micturition center 

in the brainstem. This activation triggers parasympathetic activity at the sacral level resulting in 

detrusor contraction with concurrent urethral relaxation for voiding (Clemens, 2010; Unger et al., 

2014). This process can be mediated through the prefrontal cortex, which maintains conscious 

control over urination, allowing one to choose to delay voiding depending on social and 

environmental contexts (Chancellor & Yoshimura, 2004; Roberts, 2008). 

The somatic nervous system provides voluntary control of the striated PFMs via the 

pudendal and pelvic nerves, which originate from the anterior rami of S2-S4, with much inter-

individual variability. It provides motor input to the striated muscles of the PFMs such as the 

external urethral sphincter and levator ani, allowing voluntary contraction and relaxation. This 

system provides the final layer of control over continence as well as sensory innervation (Barber 

et al., 2002; Chancellor & Yoshimura, 2004; Roberts, 2008).  

A disruption in any of these structures can result in urine leakage.  

 

2.2 Pathophysiology of stress urinary incontinence in females 

 

The pathophysiology of SUI is complex and remains poorly understood, largely due to the 

multifactorial nature of the condition (Falah-Hassani et al., 2021; Harland et al., 2023). There 
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are various interacting components that contribute to the development and severity of 

symptoms. It is challenging to pinpoint a singular mechanism responsible for the symptoms in 

each person. The heterogeneity in symptom presentation along with conflicting data on the 

pathophysiology of SUI, suggest the possibility of phenotypes with different underlying 

mechanisms (e.g. some females leak only during high-impact exercise and not during activities 

of daily living).  

A recent systematic review and meta-analyses thoroughly evaluated the evidence 

regarding pathologies underlying SUI (Falah-Hassani et al., 2021) and found several individual 

factors that are related to SUI. Indeed, the results from the meta-analysis point to defects in the 

urethral and bladder neck structure and support—females with SUI present with shorter 

urethrae, bladder neck funneling at rest, lower maximal urethral pressure, and closure pressure 

(Falah-Hassani et al., 2021). The authors also reported evidence of impaired blood-flow to 

urethra in females with SUI (Falah-Hassani et al., 2021). In terms of the levator ani muscles, 

there was insufficient data to perform a meta-analysis, and, while there were inconsistent 

results, defects of the levator ani appeared to be more relevant to the pathophysiology than 

weakness or lower endurance (Falah-Hassani et al., 2021).  

 

2.3 Stress urinary incontinence during physical activity 

 

Despite the high prevalence of SUI, many active females may not seek treatment due to 

the stigma surrounding the urine leakage or the belief that it is an inevitable consequence of 

their sport or aging. The impacts of SUI during physical activity extend beyond physical 

discomfort, potentially affecting performance, self-confidence, and quality of life (Culleton-Quinn 

et al., 2022). Active females with SUI alter their training routines or reduce activity intensity to 

manage symptoms (Jácome et al., 2011; Salvatore et al., 2009), further emphasizing the 



 
 

12 
 

importance of understanding this condition's underlying mechanisms and developing targeted 

interventions.  

The pathogenesis of SUI experienced exclusively during exercise activities remains 

unclear. Activities like running, jumping, and heavy lifting generate sudden and significant 

surges in intra-abdominal pressure (IAP) which increase when the vertical load on the body 

increased (Grillner et al., 1978). IAP refers to the pressure within the abdominal cavity 

generated by the interaction of the abdominal wall, diaphragm and the viscera (Grillner et al., 

1978; Milanesi & Caregnato, 2016). IAP is likely transmitted to the PF as a caudally directed 

force and may result in urine leakage when the load exceeds the capacity of the PF to support 

the continence mechanism. The mechanisms contributing to SUI during physical activity are 

unclear, but a recent conceptual model about athletic incontinence proposes that it likely 

involves a combination of factors, including insufficient passive support from pelvic structures 

(such as ligaments and fascia), impaired muscle function, and neuromuscular fatigue caused by 

repeated impact (Gan & Smith, 2023). When IAP increases and is transmitted to the PF and the 

urethra, there is a displacement of the bladder neck in the ventrocaudal direction (Dias et al., 

2017; Moser et al., 2019; Niederauer, Bérubé, et al., 2022). The PF structures need to absorb 

and decelerate the caudal displacement of the abdominal and pelvic mass caused by gravity 

and acceleration. If the surrounding supportive structures are impaired, it would take less force 

to displace the urethra and cause leakage, however, a modeling study did not show evidence of 

increased urethral displacement with decreased levator ani stiffness (Dias et al., 2017), 

suggesting that other passive support structures might be involved. While some may experience 

urine leakage primarily due to weakened passive support, others might experience leakage due 

to impaired PFM contractility or altered neuromuscular responses to loading, or both. The 

degree of PF loading during physical activities, particularly in athletes, might also exacerbate 

symptoms, yet how PF loading impacts the PF is not well understood.  
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A recent scoping review highlighted that current treatment approaches to treat PF 

dysfunctions among female athletes vary greatly and range from preventive, conservation, 

pharmacological and surgical approaches, but are unfortunately largely based on expert opinion 

(Giagio et al., 2022). The authors of the review also concluded that given the particular context 

of active females, the type of training and training volume, the performance level, and other 

associated disorders should be considered when evaluating PFD in this particular population 

(Giagio et al., 2022). Using a multidisciplinary approach that combines the expertise of 

urogynecologists, physiotherapists, dieticians and trainers could be a potential solution to help 

mitigate symptoms of athletic incontinence, given that it is a multifactorial problem (Rzymski et 

al., 2021). However, the variability in symptom presentation highlights the need for 

individualized approaches in treatment plans and may depend on phenotype.  

 

2.4 The pelvic floor in active females 

 

In 2017, an editorial introduced the concept of «athletic incontinence» to describe urine 

leakage that occurs predominantly in females during physical activity (Araujo et al., 2017). The 

authors proposed that the pathophysiology underlying athletic incontinence differs from that of 

the general population, involving biomechanical factors such as elevated IAP, increased PF 

displacement, impact forces and muscular fatigue (Araujo et al., 2017). The authors argued that 

athletic incontinence warrants approaches to evaluation and management that are different from 

those used for SUI in the general population (Araujo et al., 2017).  

2.4.1 Differences in pelvic floor morphometry and function between 
active females with and without urine leakage 
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There are conflicting results with regards to comparing PFM morphometry and function 

between continent and incontinence female athletes/exercisers. The methods that have been 

used in these studies are varied, including evaluation of voluntary PFM contractile strength, 

imaging, electromyography and accelerometry. 

While some authors report no between-group difference in strength and/or endurance 

(Bo et al., 1994; Campos et al., 2025; de Melo Silva et al., 2020; Roza et al., 2015a), as 

measured using digital assessment and/or vaginal manometry, others report that active females 

have greater strength compared to their continent counterparts (Dos Santos et al., 2019). The 

study conducted by Bo & colleagues also measured urethral closure pressure and found no 

between-group differences (K Bo et al., 1994). One study found greater thickness of the levator 

ani on MRI in athletes with SUI relative to continent athletes, but this was not accompanied by a 

difference in strength (Roza et al., 2015a). They also reported no difference in the displacement 

of the PFM on MVC (Roza et al., 2015a), also reflecting that PFM weakness does not seem to 

be a predominant factor in athletic urinary incontinence.  

One group of researchers investigated PF activation during running using an intravaginal 

sensor on several occasions and has found no evidence of differences in PFM activation 

(Leitner, Moser, Eichelberger, Kuhn, Baeyens, et al., 2017) or power spectral parameters 

between continent and incontinent runners (Koenig et al., 2020). A systematic review on PFM 

activation during high impact activities concluded that there is a reflex activation of the PFMs 

prior to impact, possibly to counteract the sudden rise in IAP, and that this mechanism seems to 

be delayed in females who experience symptoms of SUI (Moser et al., 2018). Unfortunately, 

EMG data collected during physical activity is subject to significant levels of crosstalk and 

artefacts due to probe movement (Flury et al., 2017; Moser et al., 2018), leading to questions 

around the validity of these findings. 
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In terms of PF displacement during running, one study found that during running, prior to 

heel strike, there was a caudal and anterior rotation of a vaginal probe while after heel-strike, 

there was a cranial and backward rotation of the probe, with no evidence of differences between 

continent and incontinent runners (Leitner et al., 2017).  

Taken together, these findings suggest that muscle weakness does not appear to be the 

primary contributor to leakage during exercise, and there might be adaptations that occur to 

counteract leakage in this population. While reflex PFM activation patterns may play a role in 

the pathophysiology, the displacement of the PF during running leads us to question the validity 

of EMG findings. The heterogeneity between measurement techniques, outcomes presented, 

the body position in which the measurements were taken, and the populations studied 

(nulliparous/parous, age, physical activity, etc.) are all factors that could contribute to conflicting 

results.  

 

2.4.2 The acute impact of exercise on the female pelvic floor  

 

Many females report SUI symptoms after repetitive efforts, which could indicate that 

PFM fatigue is a mechanism at play in athletic incontinence. Only a handful of studies have 

been published on the acute effects of exercise on the female PF and results are inconclusive. 

A small (n=12) study suggested that strenuous physical activity could induce PFM fatigue (Ree 

et al., 2007). After performing a circuit of high impact activities, young, nulliparous females with 

mild SUI demonstrated a non-significant 20% reduction in their maximal voluntary PFM force-

generating capacity, providing some evidence for muscle fatigue as a potential factor 

contributing to exercise induced SUI (Ree et al., 2007). More recently, a review on the impact of 

muscle fatigue on SUI in the general active female population reported conflicting evidence. 

While three studies reported that muscle fatigue was associated with SUI, two studies did not 
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show any evidence of muscle fatigue (Thomaz et al., 2018). The heterogenous groups of 

females studied as opposed to physically active females could explain the conflictual evidence 

between studies as well as the different methodology used between studies (Thomaz et al., 

2018).  

Among healthy nulliparous females, Middlekauff et al found that PF tissue lengthening 

(strain) may be induced through repetitively loading the PF during running (Middlekauff et al., 

2016). Despite that some females in their sample reported urine leakage during the running 

task, there was no investigation of differences between females who leaked and those who did 

not leak urine. It is not known whether observations of PF tissue strain or PFM fatigue are 

normally experienced by all females or whether they are implicated in RI-SUI. More recently, de 

Mendonça et al., 2023 investigated the impact of running on PFM function using a digital 

assessment technique before and after female runners with and without leakage completed a 

half-marathon (just over 2 hours of continuous running). The authors reported a decrease in 

PFM strength and endurance in both groups after the run with no significant between-group 

differences (de Mendonça et al., 2023). Conversely, a study investigating the acute effect of 60 

minutes of heavy weightlifting on the PFM of nulliparous females found no difference in PFM 

strength, endurance and resting pressure measured using vaginal manometry, nor resting EMG 

activity after an acute session of heavy weightlifting, suggesting that the PFMs tolerated the 

activity well in females both with (n=19) and without (n=28) symptoms of SUI (Skaug et al., 

2023). Findings of muscle fatigue or strain may depend on the activity, as well as the intensity 

and duration of the activity. 

It is important to acknowledge that most of the studies in which PFM characteristics have 

been compared among active females with and without SUI were conducted with participants in 

a supine position. This is a key limitation, as SUI in physically active females typically occurs 

during upright, high-impact activities such as running, jumping, or lifting. The supine position 
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does not replicate the functional loading conditions that may contribute to SUI during these 

activities, potentially leading to an underestimation of the role of PFM function in an active 

population. It has also been shown that testing position impacts the outcomes measured. For 

example, studies have found that baseline PFM electrical activity and vaginal pressure 

measured using manometry are higher in standing than supine (Capson et al., 2011; Gimenez 

et al., 2022) and that the active and passive tissue properties measured using vaginal 

dynamometry were also higher in standing (Gimenez et al., 2022), while a meta-analysis 

reported that the measurements during MVC were similar between positions (Huang et al., 

2023).   

Additionally, most studies have relied on manual palpation or techniques such as the 

Pelvic Organ Prolapse Quantification (POP-Q) system, vaginal manometers, or EMG to assess 

PFM. These methods, although valuable in some contexts, present several limitations that are 

discussed under section 2.6. Most of these techniques were also applied individually, rather 

than in combination, which may overlook the complex interactions between different 

components of PFM function and morphometry before, during, and after exercise. 

My thesis research aims to fill these gaps by assessing PFM characteristics in upright, 

weight-bearing, and dynamically loaded positions that more closely mimics the conditions under 

which SUI occurs. Combining multiple assessment tools to simultaneously measure strength, 

endurance, movement, and passive support under dynamic loading provides a more robust 

understanding of PFM function and morphometry in female athletes and potentially help to 

guide the development of more effective interventions. 
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2.5 Running and pelvic floor loading 
 

There is a large body of research around preventing injuries to the musculoskeletal 

system in runners by modifying running mechanics and improving running economy. Adopting 

running strategies that can reduce impact forces, accelerations and loading rates at the ankle, 

knee, and hip could potentially decrease injury rate in the lower limb, however, it remains 

unclear how altering these components will affect injury rate in the long term (Anderson et al., 

2022). The gravitational load, inertial load and IAP experienced during running are likely 

transmitted to the PF structures, which need to absorb the mechanical load. Unfortunately, there 

is limited research on running mechanics and the PF. It is plausible that altering running kinetics 

and kinematics could reduce PF loading and mitigate changes to the PF induced by an acute 

run.  

 

2.5.1 Acceleration and Ground Reaction Force 

 

Ground reaction force (GRF) is the force that is applied to the body while the foot makes 

contact with the ground and can be described as a 3D force vector that can be decomposed into 

a vertical component as well as shear components in the anteroposterior and mediolateral 

directions that correspond to the acceleration of the body in these respective planes (Enoka, 

2008; Perry, 1992; Winter et al., 2009). GRF is derived from Newton’s third law of motion, the 

law of reaction, that states that for every force exerted, there is an equal force of the same 

magnitude exerted in the opposite direction (Enoka, 2008; Winter et al., 2009). If a force is 

applied with a large inertia, it will create motion in the direction opposite to this force (Knudson, 

2007). To understand how acceleration changes as a function of GRF, we can examine 

Newton’s second law of acceleration represented by the following equation:  
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∑ 𝐹 = 𝑚𝑎  

where : ∑ 𝐹 is the summation of all forces acting on the body, m is the mass of the body and a 

is the acceleration of the body’s center of mass (Enoka, 2008; Winter et al., 2009). If we assume 

that someone is doing a vertical jump, the sum of the forces acting on the body would equal the 

vertical component of the GRF minus the individual’s body weight (body mass x gravitational 

acceleration) (Enoka, 2008; Winter et al., 2009).  

The vertical component of the GRF (Fz) contributes to the changes seen in vertical 

velocity during running. During the non-support phase of the running stride, the vertical force will 

be 0 BW and the runner will only experience the downward acceleration from gravity, meaning 

that when the foot makes initial contact with the ground, there will be an opposite, upward 

vertical force acting on the body (Cavanagh & Lafortune, 1980). The vertical GRF exhibits two 

peaks during the running cycle—one of 2.2 BW seen at just over 15% of the elapsed contact 

time, often called impact transient, and a second peak of 2.9 BW occurring later, at around 45% 

of the elapsed contact time if one uses a rearfoot strike pattern. The second peak is closely 

related to the end of the absorption phase and the start of the propulsion phase (Cavanagh & 

Lafortune, 1980). Finally, Fz will drop to zero when the right foot leaves the ground. The 

anteroposterior component (Fy) of the GRF contributes to the change in forward velocity. During 

the absorption phase, the Fy is negative at around 0.41x BW and switches back to positive 

values during the propulsion phase at around 0.47x BW (Cavanagh & Lafortune, 1980). The 

mediolateral (Fx) component is very small throughout the running cycle at around 0.01BW and 

is negative during most of the period of contact of the same foot, suggesting that there is a small 

directed medial force (Cavanagh & Lafortune, 1980). GRFs are likely transmitted up the kinetic 

chain to the PF, but it remains unclear how the lower limbs attenuate these forces and how they 
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are transmitted to the PF. Understanding the forces acting on the PF is essential for identifying 

movement strategies that may reduce PF loading.  

 

2.5.2 Intra-abdominal pressure 

 

It is commonly accepted that IAP is directly transmitted from the abdominal cavity to the 

bladder (Abrams, 2006). The most direct way to measure IAP is highly invasive and requires 

access to the peritoneal cavity. A review suggested that the most accurate indirect method to 

measure IAP is through an intraurethral catheter located within the bladder (Gudmundsson et 

al., 2002), although it is also possible to measure IAP through the rectal orifice (Abrams, 2006). 

The latter is still invasive and often requires the participant to stay in a static position. Given that 

sustained and/or repetitive increases in IAP may contribute to SUI experienced during high 

impact activities, it is relevant to quantify IAP during such activities. To measure IAP in a real-

world setting, one research group has developed a wireless intravaginal pressure sensor that 

allows the dynamic recording of IAP (Coleman et al., 2012; Y Hsu et al., 2012). A report from 

the International Continence Society suggests that vaginal recording as a means to estimate 

IAP could be a more acceptable way to measure this pressure as opposed to using a rectal 

balloon catheter, yielding comparable recordings (Schäfer et al., 2002). Indeed, once baseline 

pressures were removed, relative changes in pressure recorded by the wireless intravaginal 

sensor were highly correlated with changes in pressure recorded by a rectal balloon catheter 

(r=0.97) with a low error of only 1.5 % (Hsu et al., 2012). While this intravaginal sensor has 

been shown to be valid when used to evaluate IAP during a range of different activities 

compared to rectal pressures, the authors found that some activities did not produce the same 

pressure consistently, particularly those that produced higher maximal pressures (Egger et al., 

2015). Another group has developed a wireless intravaginal sensor that has demonstrated good 
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test-retest reliability for mean pressure (Cronbach’s α values between 0.943 and 0.955) across 

a range of different activities, though it has not been validated against a concurrent IAP 

measurement (Kruger et al., 2013). Under dynamic loading in an upright position, the pressure 

recorded in the posterior fornix of the vagina likely reflects the combined effects of IAP and the 

gravitational loading of the pelvic viscera and surrounding structures as well as any additional 

local tissue pressure (e.g. vaginal wall, cervix). Although not perfect, the use of vaginal pressure 

sensors allows for indirect measurements of the summed forces acting on the PF during 

dynamic activities; as such, they have been adopted as a good alternative to rectal balloon 

catheters or other more invasive techniques (Kruger et al., 2013). Throughout this thesis, I will 

use the term PFSP to refer to the pressure recorded in the posterior fornix as it offers a more 

accurate representation of what an intravaginal pressure sensor is measuring. 

A healthy PF should be able to withstand different loading conditions without 

experiencing a PFD.  

 

2.5.3 Pressure and Ground Reaction Force 

 

Little is known about the relationship between PFSP and GRF. An early study by Grillner 

et al. (1978) investigated intra-gastric pressure recordings with concomitant EMG recordings 

from the abdominal wall while females walked and ran at different speeds across a force plate 

(Grillner et al., 1978). They found that an increase in gastric pressure occurred during the 

vertical loading phase of the body and that abdominal muscle activity occurred just before foot 

contact (Grillner et al., 1978). More recently, using motion capture technology, Niederauer et al., 

2023 found evidence that during 19 activities, hip acceleration and respiration volume as well as 

flexion moments of the abdomen and thorax explained nearly 60% of the PFSP measured 

intravaginally (Niederauer et al., 2023). Other factors not captured by the methodology and 
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model used in this study might account for some of the high unexplained variance in pressure, 

such as the momentum of the force of the abdominal contents acting on to the PF during 

movements such as jumping and running. The same group also demonstrated a strong 

correlation between pelvic accelerations (r=0.7353) and peak PFSP measured during walking 

and concluded that a pelvic-mounted accelerometer could be used as a proxy to estimate IAP 

(Shaw et al., 2017), however, this was not evaluated during running.  

 

2.5.4 Running biomechanics and pelvic floor 

 

Educators and clinicians in the field of PF physiotherapy are currently exploring 

strategies to reduce impact forces and modulate loading rate during running to mitigate urinary 

incontinence symptoms. This is based on the theory that if female runners adopt a running style 

to reduce impact forces, this will transmit less pressure to the PF and thus reduce leakage. One 

case study demonstrated that cueing a female runner with urine leakage to «run more softly» 

over the course of two weeks led to meaningful improvements in her symptoms of SUI while 

running (Steimling et al., 2023). To our knowledge, only three studies have assessed the 

relationship between running kinematics and the PFM among female runners. One study did not 

find any relationships among PFM function, urine leakage and kinematic variables (vertical 

displacement, knee flexion during loading response and initial foot contact) recorded over a 

short run (de Melo Silva et al., 2020). More recently, another group explored the relationship 

between PF symptoms severity using the Australian Pelvic Floor Questionnaire and running 

kinetics and pelvic accelerations in the postpartum population and reported no associations 

(Coltman et al., 2025). Finally, a study investigating the biomechanics of runners with and 

without UI found no differences in GRF during running, nor in trunk, limb and PFM strength 

between groups (Campos et al., 2025). However, runners with UI demonstrated lower energy 
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absorption at the ankle and higher energy absorption at the hip with concurrent reduced shock 

attenuation at the knee, suggesting that the proximal structures such as the pelvis might 

experience more loading, or that runners with leakage modify their biomechanics in response to 

their symptoms (Campos et al., 2025). 

Using different footwear can alter running mechanics and impact forces (Lin et al., 2022; 

Sun et al., 2020). A recent study looked at the effects of minimalist versus traditional running 

shoes on abdominal and lumbopelvic muscle activity among healthy female runners. The 

authors found no evidence of differences in the EMG activation patterns of the internal oblique, 

lumbar erector, or gluteus maximus between minimalistic or regular running shoes, however, 

activation in all muscle groups increased with running speed (García-Arrabe et al., 2022).  Foot 

strike patterns during running may also impact PF loading. Among healthy nulliparous females, 

Steimling et al.(2024) reported higher PFM activity in runners with a forefoot compared to a 

rearfoot strike pattern and higher activity with greater vertical displacement while cadence was 

negatively associated with PFM activity (Steimling et al., 2024). However, as noted previously, 

recording PFM EMG activity during running might be altered by motion artefacts and noise and 

should be interpreted cautiously.   

Much remains unknown and research is needed to understand the relationship between 

running mechanics and SUI. Identifying running strategies that effectively mitigate UI symptoms 

and/or changes in the capacity of the PF to support the pelvic organs may be highly valuable to 

empowering female runners to train or compete over the long term.  

 

2.6 Challenges with current measurements 
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Valid and objective measures of PFM function are essential to guide diagnosis and 

measure treatment outcomes for SUI, however, there are inherent limitations to any tools used 

to assess PF morphometry and function, which likely involves interactions between muscle 

strength, endurance, passive support, and neuromuscular coordination. For example, manual 

palpation is accessible and a low cost tool, however, it lacks the objectivity and the 

discrimination required to detect small changes in PFM function, and its reliability, particularly 

inter-rater, is questionable (da Silva et al., 2021; Rai et al., 2023). Vaginal manometry is also an 

accessible and low-cost tool that can be used to assess PFM function. However, it is an indirect 

measurement of force and the measurements are made in a static supine position given the 

influence of IAP on vaginal pressure measurements (Frawley et al., 2006; Rai et al., 2023). 

While EMG is a valuable tool to assess muscle electrical activity and motor control, it is plagued 

with motion artefact and crosstalk, particularly during physical activity, and between-day 

reliability is poor (Flury et al., 2017; Moser et al., 2018; Worman et al., 2023).  

PF support can be evaluated using the POP-Q system (Persu et al., 2011), which is 

again an accessible tool that is low-cost. The limitation of this tool is that it uses an ordinal 

scale, and this can affect responsiveness to intervention if there were small changes that could 

not be captured. It has also been reported that there is erroneous and/or incomplete data when 

used in research in most studies using this outcome measure (Younes et al., 2024). Its intra-

rater and between-rater reliability is moderate (Stark et al., 2010) but its validity has been 

questioned (Ostrzenski, 2021). Testing it in a standing position can be challenging for the 

assessor but is recommended to observe the maximum extent of pelvic organ support (Visco et 

al., 2003). As for magnetic resonance imaging, although it provides a detailed visualisation of 

pelvic structures, its temporal resolution for capturing dynamic movement is limited and issues 

related to access and cost present additional challenges (Tunn et al., 2003; Worman et al., 

2023). Given that many active females experience SUI during high-impact activities, it is crucial 
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to move beyond traditional, supine-based assessments and explore PFM morphometry and 

function under more realistic conditions that mimic the stresses imposed on the PF during 

physical activity. 

 

2.7 Innovations that strengthen the proposed work 

 

This thesis involves four innovations that have allowed us to make major contributions to 

our knowledge of RI-SUI.  

2.7.1 Intravaginal dynamometry 

 

The Motor Function Measurement Laboratory has developed a custom, automated PFM 

dynamometer that integrates 3D printed arms (single participant use) and high-quality 

mechanical components. The dynamometer uses computer-driven opening at standardized 

speeds and apertures and is portable. This allows data collection to occur in different positions 

(eg. standing). Further, the forces measured by this device are less influenced by changes in 

IAP when compared to pressure measurement systems used in previous works. Active and 

passive PFM forces measured by this dynamometer show excellent between trial reliability for 

maximum force generating capacity (aperture at 35 mm; ICC=0.94-0.96) and peak resistance to 

passive stretch at both slow (25 mm/s; ICC=0.96-0.98) and fast (50mm/s; ICC=0.95-0.96) 

speeds of opening (Bérubé et al., 2018), making this an ideal instrument to use in the proposed 

work.  
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Figure 2.2 Intravaginal dynamometer 

 

2.7.2 Ultrasound imaging 

 

Recent advances in non-invasive imaging of the female urogenital system using 

transperineal USI have provided several insights into morphological (Dietz, 2013; Dietz, 

Steensma, & Vancaillie, 2003; Pirpiris et al., 2010) and mechanical (Constantinou, 2016) factors 

associated with SUI. 2D transperineal USI allows the visualization of the urogenital complex 

both at rest and during dynamic tasks such as PFM contraction and Valsalva maneuver, 

providing valuable information about the pathomechanics of SUI (Constantinou, 2016; Dietz, 

2013). Further, 3D transperineal ultrasound imaging allows for the visualization of the levator 

hiatus (Dietz, 2013a), which may be implicated in the pathophysiology of RI-SUI. Our group has 

already developed significant expertise in the use of transperineal USI to quantify both PFM 

morphometry (Thibault-Gagnon, Auchincloss, Graham, & McLean, 2018; Thibault-Gagnon, 

Gentilcore-Saulnier, Auchincloss, & McLean, 2014) and biomechanics (Czyrnyj et al., 2018), 

having used these approaches in clinical studies (Brooks, 2017; McLean et al., 2013).  

2.7.3 Measurement of pelvic floor loading 
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Our collaborator Dr. R. Hitchcock and his team have developed the intravaginal pressure 

sensor that measures and streams PFSP data in the field (Rosenbluth et al., 2010). As noted 

above, this device is reliable and has been validated against the gold standard, a rectal balloon 

catheter (Rosenbluth et al., 2010; Schäfer et al., 2002). Pilot data collected using this sensor 

demonstrated that we can clearly distinguish differences in PFSP among running speeds. Using 

this device in the proposed study provided valuable insights into differences in PFSP, which 

may be extrapolated to mechanical loading of the PF, between females who leak urine while 

running and those who do not, while also allowing us to determine whether the pressures 

experienced during running influence the extent of changes seen in PF morphometry and 

function after an extended run.  

 

Figure 2.3 Posterior fornix pressure sensor 

 

2.7.4 Measurement of running mechanics using wireless 
accelerometers 
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Acceleration values recorded from sensors located at the iliac crest are reliable and valid. 

Dr. Graham and his collaborators have extensive expertise with the acquisition of biomechanical 

data using wireless technology. Through innovations in sensor technology and data streaming 

recently developed in Dr. Graham’s laboratory (Graham & Josan, 2017) we were able to stream 

pelvic acceleration data throughout the running protocol to determine whether pelvic 

accelerations are correlated with PFSP, and whether the extent of changes in PFM 

morphometry and function after a bout of running are associated with the magnitude of the 

accelerations (vertical and magnitude). The acquisition of such data is innovative in the field of 

urogynaecology and is an essential feature of the proposed study as it may lead to 

recommendations around interventions focused on changing running mechanics as a means of 

reducing or eliminating RI-SUI. 

 

2.8 Summary and rationale for current research 

 

The rationale for the current research arises from the need to better understand the 

complex mechanisms underlying SUI in physically active females, particularly during running, 

which is a widely practiced and accessible form of exercise that plays a key role in many 

physical activities. While SUI is a prevalent condition among females engaging in high-impact 

activities such as running, its precise pathogenesis remains unclear. The current hypothesis 

regarding the role of physical activity on the PF suggests a dual effect, with both potential 

benefits and risks depending on the type and intensity of the activity. On one hand, certain 

physical activities, particularly those involving high-impact movements like running, are thought 

to increase PF loading and strain on the PFMs, potentially contributing to SUI. The repetitive 

loading and mechanical stress during such activities may lead to fatigue or weakening of the 

pelvic support structures, compromising their ability to maintain continence. On the other hand, 
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physical activity is associated with overall muscle strengthening, including the PFM. Some 

studies suggest that well-conditioned PFMs in physically active females may provide enhanced 

support to the bladder and urethra, reducing the risk of SUI. The type, duration, and intensity of 

exercise seem to play a critical role in determining whether physical activity strengthens or 

overloads the PF, yet most studies have focused on static assessments of PFMs in supine 

positions, which do not accurately represent the dynamic, high-impact scenarios where SUI is 

most likely to occur. 

It has been suggested that there may be a training effect or compensatory adaptations in 

PFMs in female athletes with SUI, but these hypotheses remain largely untested (Gan & Smith, 

2023). The current research aims to address this gap by using a comprehensive approach that 

assesses PFM morphometry and function by using multiple and validated state of the art 

assessment tools and techniques to capture a comprehensive set of PFM characteristics 

between incontinent and continent female runners before and after a prolonged run. Assessing 

the PF in an upright position allows provide insight into the PF when it is being loaded by 

gravity, offering a more functional assessment that is relevant to running. Additionally, using 

pelvic accelerometers and a PFSP during running will offer insights into the dynamic loading of 

the PF and allow the objective exploration of the changes induced to PF morphometry and 

function during repetitive loading. 

This research is critical not only for advancing the basic understanding of how PF 

mechanics contribute to SUI but also for improving intervention strategies. By identifying the 

specific factors that differentiate athletes with and without SUI, we can develop more targeted 

and effective prevention and rehabilitation programs, potentially reducing the high incidence of 

SUI in physically active populations. This study is particularly relevant for developing tailored 

interventions that address individual variations in PFM function, passive support structures, and 

the effects of repetitive loading during exercise.
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3.1 Abstract  

 

Objective: To investigate the differences in pelvic floor muscle (PFM) morphology and function 

between female runners with and without running‐ induced stress urinary incontinence (RI‐SUI).  

Design: This was a cross‐sectional, observational study. Methods: Experienced female runners 

were recruited into two groups: runners who regularly experience RI‐SUI (n = 19) and runners 

who do not (n = 20). Active and passive pelvic floor muscle (PFM) properties were assessed 

using intravaginal dynamometry during maximal voluntary contractions (MVC) and during 

passive tissue elongation. The morphology of the urethra and PFMs was assessed using 2D 

and 3D transperineal ultrasound imaging. Independent t tests or Mann–Whitney U were used as 

appropriate to test group differences on all study outcomes, and Cohen's d effect sizes were 

calculated.  

Results: The rate of force development during the MVC was significantly higher in participants 

reporting RI‐SUI (p ≤ 0.05) and conversely, significantly lower during passive elongation of the 

PFMs (p ≤ 0.05) compared to runners with no history of leakage. Concurrently, the extent of 

bladder neck elevation between rest and maximum voluntary activation was significantly higher 

among those with RI‐SUI compared to those without. Although not significant, small to moderate 

effect sizes were observed for other outcomes—active force outcomes measured during MVC 

tended to be higher in runners with RI‐SUI, while passive force outcomes measured during 

passive tissue elongation tended to be lower. The cross‐sectional area of the urethral wall and 

the area of the levator hiatus tended to be larger in runners with RI‐SUI compared to those 

without.  

Conclusion: Runners who experience RI‐SUI demonstrate better PFM contractile function but 

lower passive support when compared to their continent counterparts. 
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KEY POINTS 

Findings: Our results point to adaptations in the active properties of the PFMs to enhance 

pelvic organ support and urethral closure, as well as compromised stiffness of the levator ani 

and bladder neck support structures among runners with RI-SUI when compared to runners with 

similar training distances and experience who do not leak urine.  

Implications: While runners with RI-SUI appear to benefit from PFM training to improve muscle 

function and their urinary incontinence symptoms, they might also profit from treatment options 

that address impaired pelvic organ support, such as pessaries, to mitigate the strain on the 

passive support structures during running, and consequent urine leakage.   

Caution: Our sample consists of middle-aged runners that did not stop running because of their 

urinary symptoms. The design of the study does not allow any contribution to the debate 

regarding the impact of exercise on pelvic floor function. 
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3.2 Introduction 

Recent systematic reviews and meta-analyses have reported on the concerning high 

prevalence of urinary incontinence (UI) in females from various demographic groups 

(nulliparous/parous, adolescents/adults) doing a wide range of physical activities (Almousa & 

Bandin Van Loon, 2019; Pires et al., 2020; Rebullido et al., 2021; Teixeira et al., 2018), with 

prevalence reaching 44% among females who perform high-impact sports and activities such as 

running (Pires et al., 2020). The most commonly reported urinary tract symptom among female 

athletes is described as stress urinary incontinence (SUI) (Pires et al., 2020), which is 

characterized by involuntary urine leakage experienced during exertion (D’Ancona et al., 2019). 

Urine leakage experienced during physical activity is a substantial barrier to exercise and up to 

one in two females limit and restrict the intensity of their physical activity because of urinary tract 

symptoms (Dakic et al., 2021). This is problematic given that running is an accessible, and 

popular form of physical activity that is also an integral component of many other athletic 

activities (triathlon, aerobics, CrossFit®, etc.).  

Some females with SUI primarily or only leak urine when they exercise—and this form of 

incontinence is poorly understood. As with SUI in the overall population, multifactorial 

components such as neuromuscular damage and structural damage to the urethra, bladder 

neck, and the levator ani muscles (PFMs) as well as their associated connective tissues are 

likely implicated (Falah-Hassani et al., 2021). Only a handful of studies have investigated the 

pelvic floor properties between athletes with and without symptoms of athletic incontinence. 

While one cross-sectional study reported no significant difference in PFM strength nor 

endurance between continent runners and runners with SUI (de Melo Silva et al., 2020), another 

one found that nulliparous athletes with symptoms of SUI and who practiced a variety of sports, 
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including running, had significantly higher PFM strength than athletes who did not leak urine 

(Dos Santos et al., 2019). In another study involving a small sample of nulliparous football 

players, a sport that requires running, incontinent females presented with thicker levator ani 

muscles at the level of the mid vagina, but no differences were found in the extent of 

displacement of the pubovisceral muscle during maximal voluntary contractions (Roza et al., 

2015b). They also found no differences in PFM strength between the athletes with and without 

urinary incontinence (Roza et al., 2015b). Overall, results from these studies suggest that 

adaptative changes may impact the morphology and the function of the PFMs among 

incontinent athletes, but that the observed changes may depend on the activities performed or 

on demographic characteristics.  

Since running-induced stress urinary incontinence (RI-SUI) is a key reason why women 

abandon the very physical exercise that is necessary to maintain or improve their physical and 

mental health and quality of life (Dakic et al., 2021), it is imperative that we better understand 

the specific pathophysiology of urine leakage during this activity. To our knowledge, no study 

has concurrently investigated both the morphologic and mechanical differences in the pelvic 

floor structures between runners who experience athletic incontinence and those who do not. 

The aim of this study was to investigate differences in pelvic floor morphology and function 

between female runners who do and do not regularly experience SUI while they run, with a view 

to improving how RI-SUI in female runners is prevented and managed. We hypothesized that 

females with RI-SUI would exhibit differences in pelvic morphology and levator ani function 

when compared to continent runners, shedding light on the pathophysiology of RI-SUI. 

3.3 Materials and methods 

3.3.1 Design 
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This cross-sectional, observational case-control study received approval from the local 

institutional research ethics board. Data collection occurred between June of 2019 and March of 

2021, with a gap between March of 2020 and January of 2021 due to laboratory closures 

related to the COVID-19 pandemic. Using pilot data from the area of the levator hiatus at rest in 

standing recorded using transperineal ultrasound imaging (USI) from four runners with SUI 

(mean 20.8 cm2; SD 6.21 cm2) and eight without SUI (mean 15.99 cm2; SD 2.32 cm2), an a 

priori two-tailed power calculation using G*Power (version 3.0.10; α=0.05; β=0.80) estimated 

that a minimum of 16 runners per group would be necessary to detect between-group 

differences.   

3.3.2 Participants 

Runners aged 18 years and older who had female reproductive organs and no known 

risk factors related to physical activity, as determined by the administration of the Physical 

Activity Readiness Questionnaire for Everyone (PAR-Q+) (Shephard, 1988) were recruited from 

the local community through local running groups and physiotherapy clinics. To be eligible, 

volunteers had to train by running at least 5 km in less than 50 minutes at least twice per week 

and had to average more than 10km of distance per week, having done so for at least one year. 

Runners were recruited into two cohorts: those who regularly (≥ 1 per week) experienced SUI 

while running, and those who did not. Runners who reported leaking at least 2 to 5 times per 

month while using mitigation strategies (voiding their bladder before/during the run, running 

slower, avoiding hills, etc.) to avoid leakage were included if they leaked more than once per 

week when not using these strategies. Participants who reported sporadic episodes of urinary 

urgency during running, without associated leakage, were not excluded. Runners were excluded 

if they presented with a history of urogenital surgery or neurological disorders, if they reported 

symptoms of low energy deficiency as measured by the Low Energy Availability in Females 

Questionnaire (LEAF-Q) (Melin et al., 2014), if they were pregnant or if they had delivered a 
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baby within the previous year, if they had a pelvic organ prolapse that was caudal to the hymen 

on a maximal Valsalva maneuver (MVM) performed in a standing position, or if they 

experienced pelvic pain to the extent that they were not able to undergo a regular gynaecologic 

examination. They were also excluded if they reported leakage related to urinary urgency during 

running. After providing written informed consent, all eligible participants provided demographic 

information including age, parity, obstetrical history (i.e. vaginal vs Caesarean section, use of 

forceps) and menopausal status, and were asked to complete the International Consultation on 

Incontinence - Female Lower Urinary Tract Symptoms Long Form module (ICIQ-FLUTS) 

(Abrams et al., 2006), the Anal Incontinence Symptoms and Quality of Life module (ICIQ-B) 

(Cotterill et al., 2011), the Vaginal Symptoms module (ICIQ-VS) (Price et al., 2006) the and the 

International Physical Activity Questionnaire (IPAQ) (Hagströmer et al., 2006). 

 

3.3.3 Laboratory assessment 

The laboratory assessment was performed by the main researcher, who is a registered 

physiotherapist trained as a pelvic health physiotherapist with over 5 years of experience. 

Height, weight, and waist-hip ratio were recorded using standardized techniques. Next, 

participants underwent an intravaginal examination of their pelvic floor in supine using standard 

bi-digital palpation techniques (Laycock & Jerwood, 2001). If the participant was unable to 

perform a proper maximal voluntary contraction (MVC) of their PFMs, they received instructions 

and tactile feedback to ensure that a proper contraction could be performed prior to any data 

collection. Once a correct PFM contraction could be performed, the participant was also shown 

and provided with feedback on how to perform a MVM. For the purposes of this study, Valsalva 

was defined as a bearing down maneuver with concomitant relaxation and caudal movement of 

the pelvic floor and perineum.  
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Once ready, the participants underwent a 2D and 3D B-mode ultrasound imaging (USI) 

evaluation of their pelvis using a GE Voluson S6 system (General Electric, Toronto, Canada). 

The study physiotherapist first used trans-abdominal ultrasound imaging to standardize 

estimated bladder volume between 100 to 200mL. If bladder volume was under 100mL, the 

participant was asked to drink a small amount of water and to wait 20 minutes; if it was over 

200mL, the participant was asked to void a small amount to bring the volume within a range of 

100-200mL. Once the target bladder volume was reached, in a standardized supine position 

with the knees bent approximately to 90 degrees, three static 3D volumes of the full length of 

the urethra were collected using a RIC5-9A-RS endoprobe (4-9MHz, GE Healthcare Ltd., 

Toronto, Canada) placed at the urethral meatus (McLean et al., 2013; Toozs‐Hobson et al., 

2001). Next, participants assumed a standardized standing position with their feet shoulder 

width apart, their knees slightly flexed, and their pelvis just touching an examination table 

posteriorly to limit postural sway. A series of 2D sagittal plane images and 3D volumes were 

acquired using a RAB6-RS (2-5 MHz, GE Healthcare Ltd., Toronto, Canada) 3D curvilinear 

probe placed transperineally. A static 3D volume was acquired of the levator hiatus in quiet 

standing and dynamic volumes (4D) were acquired while the participant performed the MVM 

three times (Dietz et al., 2005; Dietz et al., 2011; Majida et al., 2009). 2D ultrasound videos 

were then recorded during MVM, and MVCs of the pelvic floor muscles (PFMs) (Dietz, 2004; 

McLean et al., 2016) each performed three times. 2D videos were processed offline using a 

custom MATLAB code (R2020a) and 3D volumes were processed offline using 4D View® 

software (GE Healthcare Ltd., Toronto, Canada). 

While remaining in a standing position, participants were instrumented with an 

automated, servo-controlled intravaginal dynamometer. The closed arms were inserted into the 

vagina, then the arms were opened to an anteroposterior (AP) diameter of 35 mm. Participants 

were asked to perform three repetitions of the MVC while forces in the mid-sagittal plane were 
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recorded in Newtons. The participant then returned to the supine position. The dynamometer 

arms were once again inserted into the vagina, and passive forces were recorded while the AP 

diameter of the dynamometer arms moved from 15mm to 40mm at a constant speed of 

50mm/s. Pelvic floor muscle elongation was held at the maximum (40mm) diameter for 7 

seconds to evaluate the stress relaxation response before the arms returned to the closed 

position. If the participant contracted their PFMs during passive elongation, which was evident 

as a sharp increase in force on the display screen, the trial was discarded and was repeated. 

Three repetitions of passive tissue elongation were performed. The validity and reliability 

metrics for these measures and all details of the standardized procedures can be found in 

previous publications (Bérubé et al., 2018; Czyrnyj et al., 2021). 

 

3.3.4 Outcomes 

The PFM morphologic outcomes captured by 3D USI included the cross-sectional area 

(CSA) of the urethral wall at the mid-urethra (McLean et al., 2013; Toozs‐Hobson et al., 2001), 

the area, anteroposterior (AP) diameter and mediolateral (ML) diameter of the levator hiatus at 

rest and on MVM, as well as the difference between these outcomes at rest and at peak MVM 

(Dietz et al., 2005; Dietz et al., 2011; Majida et al., 2009). Signs of complete and partial levator 

avulsion were evaluated using the 3D volumes of the levator plate acquired in standing and the 

techniques described by Dietz et al (Dietz et al., 2008; Dietz et al., 2011). From the 2D USI 

videos, the bladder neck (BN) height, and levator plate (LP) length at rest, and their relative 

displacement during the MVC and MVM tasks were measured (Dietz, 2004; McLean et al., 

2016). Measures of PFM function acquired through dynamometry included baseline force, 

relative peak force, and rate of force development achieved during each MVC, and static 

endurance measured as the time before the peak force achieved during the MVC decreased by 

35%. Passive tissue forces measured during elongation included baseline force, relative peak 
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resistance to passive stretch, rate of force development (stiffness) during passive elongation  

(Bérubé et al., 2018; Czyrnyj et al., 2021), and the stress relaxation coefficient (SRc). Rate of 

force development was measured as the highest instantaneous slope observed during 

elongation (Bérubé et al., 2018; Czyrnyj et al., 2021), while the stress relaxation coefficient was 

quantified by curve-fitting the data to the equation 𝑦 = 𝑎 ∗ 𝑥𝑏 + 𝑐, where b represents the 

decay coefficient representative of the SRc; more negative values for SRc reflect greater 

elasticity. 

 

3.3.5 Data analysis 

All statistical testing was carried out using IBM SPSS version 28 and α=0.05 was used 

for all tests. All outcomes were tested for normality using the Shapiro-Wilk test, and parametric 

(t=test) or non-parametric (Mann-Whitney U) analyses were used as appropriate to test group 

differences between runners with and without RI-SUI, while Chi-Square was used to analyze 

group differences in dichotomous variables. Due to the exploratory nature of the study, α=0.05 

was not adjusted based on multiple comparisons. Cohen’s d values were calculated for each 

outcome; 0.2<=d<0.5 were considered small, 0.5<=d<0.8 moderate, and d>=0.8 were 

considered large (Lee, 2016). 

 

3.4 Results 

3.4.1 Sample Demographic Information 

Sixty-nine female runners were screened, of which, fifty-nine were eligible and thirty-nine 

completed the laboratory assessment. Among the 20 potential participants who were deemed 

eligible but who did not participate, n=13 did not respond to follow-up email after screening, n=2 

declined to participate because of the COVID-19 pandemic, n=4 had temporarily stopped 

running after the screening session or were too busy, and n=1 had a pelvic organ prolapse 
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beyond the hymen noted on examination (n=1). Twenty runners were included in the control 

group (i.e. no urine leakage during running), while nineteen were cases (i.e., SUI ≥ 1/month 

during running). The groups were similar in terms of demographic outcomes (TABLE 1), 

however, the controls were slightly younger than the cases (p=0.01). The ICIQ-FLUTS total 

score was significantly higher (p≤0.001) in participants who experienced SUI during running, 

which was driven by the results from the Urinary Incontinence subscale. Although an effort was 

made to recruit runners who exclusively leaked urine during running, most reported leaking 

during other activities of daily living such as during coughing and sneezing at a minimum of a 

few times per year.   
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Table 3.1 Demographic information  

  
No SUI with 
running (n=20) 

  
SUI with running 
(n=19) 

  Significance 

  Mean / n SD / %   
Mean / 
n 

SD / %     

Age (years) 36.2 7.9   43.9 10.6 a 0.01* 

SUI with other activities (n,%) 8 40%   16 84% b 
χ(1) = 8.046, p = 
0.005* 

BMI (kg/m^2) 22.0 2.3   24.2 5.0 a 0.184 
Waist to hip ratio 0.8 0.1   0.8 0.1 a 0.550 

Parous (n, %) ± 6 30%   11 58% b χ(1) = 3.083, p = 0.079 
Primipara (n, %) 3 15%   1 5% b χ(1) = 1.004, p = 0.316 

Multipara (n, %) 3 15%   10 53% b 
χ(1) = 6.209, p = 
0.013* 

      Use of forceps (n, %) 1 5%   3 16% b χ(1) = 1.232, p = 0.267 
      Use of suction (n, %) 0 0%   3 16% b χ(1) = 3.421, p = 0.064 
Menopause (n, %) 1 5%   3 16% b χ(1) = 1.232, p = 0.267 
Pelvic floor muscle training (n, %) 2 10%   6 32% b χ(1) = 2.783, p = 0.095 
Signs of complete avulsion (n, %) 1 5%   0 0% b χ(1) = 0.975, p = 0.323 
Signs of partial avulsion (n, %) 3 15%   4 20% b χ(1) = 0.242 , p = 0.622 
ICIQ-FLUTS total score (/48) 5.0 4.2   9.9 3.3 a <.001* 

ICIQ-FLUTS F (/16) 2.7 2.2   3.3 2.1 a 0.351 
ICIQ-FLUTS V (/12) 0.7 2.0   0.8 1.3 a 0.322 
ICIQ-FLUTS I (/20) 1.7 2.0   5.8 2.3 a <.001* 

ICIQ-Bowel total score (1-75) 7.9 6.3   9.3 7.5 a 0.296 
ICIQ-Bowel pattern (1-21) 3.2 1.4   3.8 1.4 a 0.235 
ICIQ-Bowel control (/28) 2.2 2.7   2.8 3.3 a 0.365 
ICIQ-Bowel quality of life (/26) 2.5 4.6   2.7 3.6 a 0.513 

ICIQ-Vaginal symptoms (/53) 2.7 3.2   4.4 6.0 a 0.461 
ICIQ-Sexual Matters (/58) 6.9 9.8   3.8 7.9 a 0.478 
ICIQ-Vaginal quality of life (/10) 0.7 1.3   0.7 1.1 a 0.923 
IPAQ total activity (MET-minutes/week) 3294.7 2122.5   5497.0 8089.7 a 0.687 
IPAQ sub total vigorous activities (MET-
minutes/week) 

1278.0 918.2   1708.9 3099.0 a 0.531 

Values are presented as mean ± standard deviation (SD) or the frequency and percentage. Significant 
differences (α = ≤0.05) between groups are indicated by * and are in bold.  
 

Significance represents the level for between-group differences from the Mann Whitney U testa and the 
Chi Square testb.  
 

SUI = stress urinary incontinence; BMI = body mass index; ICIQ-FLUTS = International Consultation on 
Incontinence - Female Lower Urinary Tract Symptoms Long Form module; IPAQ = International Physical 
Activity Questionnaire; MET = metabolic equivalent of task. ± Caesarean deliveries were coded as 
nulliparous.   
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3.4.2 Dynamometry outcomes 

The results for the PFM function as measured using intravaginal dynamometry are 

presented in FIGURE 3.1. Three participants had to repeat one passive elongation trial each 

due to PFM contraction. During MVC, compared to runners with no RI-SUI, the rate of force 

development was higher in those with RI-SUI (p≤0.05, d=0.40). Conversely, during passive 

tissue elongation, the rate of force development was lower in those with RI-SUI (p≤0.05, 

d=0.80). Active force outcomes measured during the MVC (relative peak force and endurance) 

tended to be higher in participants with RI-SUI (d=0.45 and d=40, respectively), while relative 

peak force during passive tissue elongation tended to be lower (d=0.49), however these were 

not statistically significant. Baseline forces and SRc had small effect sizes (d= 0.01 and d= 0.17 

respectively).  

3.4.3 Ultrasound imaging outcomes 

 

3.4.3.1 3D USI outcomes 

PFM outcomes measured from 3D USI are presented in FIGURE 3.2. The CSA of the 

urethral wall tended to be larger among those with RI-SUI (d=0.50), while the area and 

diameters of the levator hiatus at rest and during peak MVM also tended to be larger 

(0.35<d<0.63), but these trends were not significant. The change in levator hiatus area, and its 

associated AP and ML diameters during the MVM was not different between the groups 

(0.06<d<0.14). 
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Figure 3.1 Pelvic floor muscle function as measured by intravaginal dynamometry is presented for a maximal voluntary contraction 
(MVC) in Panel A and during passive tissue elongation in Panel B for runners without (in white) and with (in black) running-induced 
stress urinary incontinence. The mean active force in Newtons (N) with the standard deviations are presented for the baseline values 
(BAS) and the relative peak force (RPF). Endurance (END) is presented as the time in seconds taken to lose 35% of the force after 
the peak force was reached during the MVC. The rate of force development (RFD) in Newtons per seconds (N/s) is presented for 
both MVC and the passive tissue elongation, and the stress relaxation response was measured by the stress relaxation coefficient 
(SRc) during the passive tissue elongation. The * indicates a significant difference (α = ≤0.05) between groups. Cohen’s d values are 
presented for each outcome. Missing data was due to equipment malfunction. 
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Figure 3.2 Mean pelvic floor morphology outcomes obtained from the 3D ultrasound imaging in standing are presented for runners 
without (in white) and with (in black) running-induced urine leakage. The standard deviations are presented for each outcome as 
error bars. The mean cross-sectional area (CSA) of the urethral wall in centimeters square, as well as the anteroposterior (AP) 
diameter, the mediolateral (ML) diameter in centimeters, and the area of the levator hiatus in centimeter square are presented both at 
rest (Panel A) and during peak maximal Valsalva manoeuvre (MVM) (Panel B). The difference (Δ) between the initial and end 
position during the MVM is presented in Panel C. The * indicates a significant difference (α = ≤0.05) between groups. Cohen’s d 
values are presented for each outcome. Missing data was due to poor volume quality. 
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3.4.3.2 2D USI outcomes 

PFM outcomes measured from dynamic 2D USI are presented in FIGURE 3.3. During 

MVC, BN height increased more among those with RI-SUI than those without (p≤0.05, d=0.50). 

No other 2D USI outcomes were significantly different between the groups, although the resting 

position of the BN tended to be lower among those with RI-SUI (d=0.50).  While not significant, 

the BN tended to sit more caudally at peak MVC (d=0.27) and peak MVM (d=0.28) among those 

with RI-SUI compared to their continent counterparts. A similar trend was observed for LP 

length during MVC. The LP length did not differ between groups at rest nor during peak MVC or 

MVM (0.00<d<0.17), however the runners with RI-SUI tended to generate more shortening of 

their levator plate during the MVC (d=0.29) and less elongation of their levator plate during the 

MVM (d=0.21) than their continent counterparts.
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Figure 3.3 Mean pelvic floor morphology outcomes obtained from 2D ultrasound imaging in standing are presented for runners 
without (in white) and with (in black) running-induced leakage. The standard deviations are presented for each outcome as error 
bars. The bladder neck (BN) position at rest in millimeters (mm), during peak maximal voluntary contraction (MVC) and during peak 
maximal Valsalva manoeuvre (MVM) are presented in panel A, as well as the difference (Δ) between the initial and end position 
during both tasks. The levator plate length measurements for both tasks are presented in Panel B. The * indicates a significant 
difference (α = ≤0.05) between groups. Cohen’s d values are presented for each outcome. For simplicity, the figure for BN at rest is 
pulled from the average of three trials before the MVM trials started. However, the difference (Δ) between rest and peak position 
during the MVC are presented for that task—this decision was made to limit the number of figures. Missing data was due to poor 
image quality.



 
 

55 
 

3.5 Discussion 

To our knowledge, no published studies have reported on PFM morphology and function 

measured concurrently using USI and intravaginal dynamometry to uncover potential 

adaptations in pelvic floor support and function associated with RI-SUI. The results of this study 

point to adaptations including improved contractile ability of the PFMs, reflected by more rapid 

force development, or power, in the anteroposterior direction, greater lift of the BN during PFM 

MVC and greater thickness of the urethral wall, as well as less effective passive support 

reflected by slower passive force development, or stiffness, during elongation of the paravaginal 

tissues, and lower BN height at rest. Because the runners with and without RI-SUI had similar 

running experience and volume, these adaptations do not appear to be solely related to 

cumulative loading of the pelvic support structures as a result of running. Greater PFM power 

might reflect a compensation for the loss of tissue stiffness and urethral support observed 

among the runners who leak urine but not among the continent runners.  

The results of this study are generalizable to experienced female runners who run a minimum of 

10 km / week and who have done so for at least one year. Although our sample consisted of 

runners who run as a main form of physical activity, they can be reasonably extrapolated to 

other physically active females who run similar volumes as part of other physical activities. Our 

sample consisted of a balanced proportion of nulliparous and parous middle-aged (28 year to 66 

years) pre-menopausal (45 of 49) runners that were mostly Caucasian (48 of 49), and as such, 

the results are to be interpreted within this context.  

3.5.1 Intravaginal dynamometry  

Results from this study provide primary evidence that runners who experience RI-SUI 

demonstrate better capacity to rapidly develop contractile force of their PFMs during MVC. 

Although other measures did not reach statistical significance, the relative peak force observed 

during the MVC and endurance were also higher in the SUI group and had moderate effect 
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sizes when compared to the runners who do not leak urine. While these differences may be the 

result of adaptations to counteract urine leakage, the mechanisms underlying these changes 

remain unknown. A systematic review investigating PFM activity during impact in continent and 

incontinent females suggested those with SUI demonstrate delayed PFM activity (Moser et al., 

2018), however, the EMG methods used to measure PFM activation during high-impact may be 

invalid due to the high likelihood of crosstalk and motion artifact contamination (Falah-Hassani 

et al., 2021; Keshwani & McLean, 2015). Although the current findings appear contradictory, it is 

plausible that the delay in PFM activation is related to reduced stiffness in the PFMs among 

those who experience SUI during running (Maffiuletti et al., 2016). In turn, the PFMs may adapt 

to this delay by increasing their ability to generate force more rapidly, as was observed here. 

Changes in fiber type composition and motor unit discharge rate could also play a role 

(Maffiuletti et al., 2016), however this was not assessed in the present study. The trends 

towards higher relative peak force and endurance among the runners with RI-SUI differ from 

those by De Melo et al., who reported lower vaginal squeeze pressures and lower endurance 

among runners with incontinence (de Melo Silva et al., 2020). While the effect sizes were 

moderate in this study, these results were not statistically significant in either study. The 

discrepancy in results may be related to the difference in measurement tools; De Melo et al 

used vaginal manometry in supine to evaluate the PFM squeeze pressure and endurance 

whereas we used dynamometry in standing (de Melo Silva et al., 2020). We chose to measure 

PFM forces in standing to observe PFM function in a gravity-dependent position, which is a 

more accurate reflection of how the pelvic floor is loaded during running. Additionally, 6 runners 

with RI-SUI mentioned engaging in ongoing PFM training, while only 2 continent runners 

reported doing so. Although the difference was not significant between cohorts, it is possible 

that PFM training among runners with RI-SUI may have had a positive impact on their PFM 

function, including strength and power.  
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The rate of force development during passive elongation (i.e., stiffness) of the levator ani 

was lower in runners with RI-SUI compared to their continent counterparts. While it was not 

significant, the relative peak force at the maximal opening of 40 mm was also lower in the 

runners with RI-SUI and had a moderate effect size. These results suggest that strain of the 

PFMs and surrounding connective tissues may be a mechanism that contributes to RI-SUI. To 

our knowledge, this is the first study to have used intravaginal dynamometry to measure the 

passive properties of the PFMs in female athletes—therefore, it is not possible to compare 

these results to other studies. While one study that investigated the passive force values 

between females with and without SUI during activities of daily living using intravaginal 

dynamometry found no statistical group difference (Verelst & Leivseth, 2007), another found 

lower stiffness among those with SUI (Morin et al., 2004). Differences in aperture, speed of 

opening, protocols, and sample characteristics likely contributed to these different results. A 

standardized approach to the measurement of passive tissue properties is needed.  

The MVC force outcomes obtained from the dynamometry measurements support the 

theory that runners with leakage, consciously or unconsciously, train their PFMs during running 

by contracting them to prevent leakage, inducing at training effect relative to continent runners 

(Leitner et al., 2017). While it is plausible that runners who leak urine compensate for lower 

stiffness in their PFMs and other connective tissue supports, this strategy was not effective, 

since this sample still leaked urine during running. For this reason, it appears that reduced 

stiffness of the pelvic floor connective tissues might be the predominant factor driving RI-SUI 

symptoms. Greater adaptations to PFM strength and power may be needed to counteract strain 

in the passive structures. Indeed,  a recent systematic review concluded that athletes with 

incontinence benefit from PFM training, which decreases the frequency and the amount of 

leakage (Fukuda et al., 2022), yet it does not eliminate it.  
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3.5.2 Ultrasound imaging 

The CSA of the urethral wall, measured using USI, reflects the thickness of the striated 

urethral sphincter and the connective tissues of the outer wall and tended to be larger among 

participants with RI-SUI than those without SUI, with a moderate effect size. While it is 

impossible to compare these results to other studies involving female athletes, two previous 

studies reported that women who experienced SUI during activities of daily living had smaller 

cross-sectional area of the urethral wall compared to continent participants (Kirschner-

Hermanns et al., 1994; Kuo, 1998). We hypothesize that female athletes who leak urine may, as 

with their levator ani muscles, contract the striated urethral sphincter to enhance urinary 

continence control as a means of compensating for a loss of passive support of the pelvic 

structures. This hypothesis would need to be investigated through other measures, such as 

urodynamic assessment. 

While most published research reports pelvic floor morphology as observed in a supine 

position, we chose to measure the area of the levator hiatus and the height of the BN in 

standing in order to observe its morphology in a gravity-dependent position, which is a more 

accurate reflection of the normal position of the pelvic structures during gait-based activities. 

Although moderate effect sizes suggested the levator hiatus is larger at rest among those with 

RI-SUI compared to continent controls, these findings did not reach significance; a larger 

sample size might achieve significance. Again, while 3D USI has not previously been used in 

this population, studies investigating SUI in the general population report similar outcomes to 

the ones from this study, suggesting that loss of passive support plays a role in the 

pathophysiology of SUI (Falah-Hassani et al., 2021). 

Dynamic 2D USI was also captured in standing to evaluate the effect of MVC and MVM 

on changes in pelvic morphology in a functional position. Two findings are of particular note. 

First, the BN height at rest in standing was lower among those with RI-SUI compared to the 
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control group, suggesting that, consistent with the dynamometry findings, the bladder and 

urethral support structures may be strained in runners who experience SUI. Second, during the 

MVC, the runners with RI-SUI elevated their BN more than continent runners. Again, consistent 

with the dynamometry measures, this may reflect a compensatory mechanism to provide more 

support to the urethra and may assist with externally compressing it to prevent leakage during 

running. Although it was not significant, a similar trend was observed in the LP length—albeit 

with a small effect size.  

While it is not yet understood why and how changes in the pelvic floor morphology and 

function occur in runners with leakage as opposed to continent runners with similar running 

experience, running volume, and parity, the findings of this study support the following two 

hypotheses: (1) that females with RI-SUI experience greater pelvic floor loading during running 

activities (due to higher intra-abdominal pressure or gravitational loading) which results in strain 

of the pelvic support structures, and/or (2) that females with RI-SUI have less effective pelvic 

organ support for reasons outside of cumulative loading induced by running. Further research is 

needed to test these hypotheses. 

3.5.3 Limitations 

Limitations of this study include the inherent recruitment bias of cross-sectional 

designs—the female runners who attended the laboratory assessment were likely interested in 

their pelvic health a priori. In addition, because 23% of participants with urinary symptoms will 

stop engaging in running as a result of their condition (Dakic et al., 2021)—our sample may be 

biased towards those with less severe symptoms because those who participated had not 

stopped running due to UI. A group of female runners who are contemplating or have recently 

stopped running due to UI should be recruited to evaluate the presence and the extent of any 

differences in the PFM function and morphology compared to those who participated in the 

current study.  
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Vaginal birth is acknowledged as a risk factor for UI and it is likely to influence the 

structure and function of the PFMs. Despite attempts to match the groups on parity during the 

recruitment process, there were more multiparous female runners among those with RI-SUI 

compared to those without. Despite this difference, there were equal numbers of participants in 

each group (n=4) who presented with levator avulsion, yet other parity-related changes to the 

pelvic floor may have influence the outcomes of this study. Because the samples were not 

matched in terms of parity, we ran a post-hoc analysis looking at nulliparous runners only to 

determine whether parity may have influenced the findings. Among nulliparous runners, the 

statistical outcomes followed the same trends as observed in the overall sample. For example, 

on dynamometry, the nulliparous runners with RI-SUI (n=4) had higher rate of force 

development during contraction (12.1 vs 8.7 N/s), yet lower rate of force development during 

passive elongation (34.8 vs 40.7 N/s) than nulliparous runners without RI-SUI (n=12). On USI, 

the nulliparous runners with RI-SUI (n=8) had a BN position that was significantly lower (15.0 vs 

19.7 mm) than what was observed in nulliparous runners without RI-SUI (n=14). Further 

research with a larger participant pool is essential to establish the interaction between RI-SUI 

and parity. 

The cross-sectional nature of this study does not allow the results to contribute to the 

debate regarding the impact of exercise on pelvic floor function, where some advocate that high 

impact exercise is harmful (Karmakar & Dwyer, 2018), and others report that the evidence for 

harm is scant (Bo & Nygaard, 2020), and that women should not be discouraged to participate 

in high intensity training (Kruger, 2018). 

Lastly, it is important to note that changes in the levator hiatus area measured during the 

MVM in standing might have been compromised by co-contraction of the PFMs. While both 

running groups were provided with extensive cueing and feedback using USI on how to perform 

a proper MVM with concurrent pelvic floor relaxation, consistent with several previous reports 
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(Baessler et al., 2017; Örnö & Dietz, 2007; Thibault-Gagnon et al., 2014; Thyer et al., 2008), a 

co-contraction of the pelvic floor was observed in 9 out of 20 continent runners (45%)  and in 6 

of 19 incontinent runners (32%). While we chose to include the MVM task to measure the extent 

to which the connective tissues of the pelvic floor experience strain during running, levator ani 

co-contraction might have limited the caudal movement of the BN and the lengthening of the LP 

observed in the 2D sagittal imaging, as well as the increase in levator hiatus area, AP diameter 

and ML diameter during the 3D imaging. These findings should therefore be interpreted with 

caution.  

3.6 Conclusion 

The novel methods used in this study add to our understanding of the pathophysiology 

of RI-SUI. The significant changes and moderate effect sizes found in the active and passive 

properties of the pelvic tissues suggest that runners with RI-SUI demonstrate improved PFM 

function (capacity to lift cranially, and power of vaginal closure force, thicker urethral wall) and 

impaired pelvic organ support (BN height in standing and stiffness in the levator ani muscle). 

While we cannot be certain that the improvement in PFM contractile abilities is compensatory, 

we hypothesize that this is the case. Future research should aim to investigate the impact of an 

acute bout of running of the active and passive properties of the pelvic floor, should quantify the 

extent of pelvic floor loading experienced by the pelvic floor during running, and should apply a 

longitudinal study design to appreciate the time course and progression of changes observed in 

the contractile and stiffness characteristics of the pelvic floor.  
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3.7 Supplemental material  

 

3.7.1 Intravaginal dynamometry outcomes 

3.7.1.1 Maximal voluntary contraction in standing 

 

 

 

Figure 3.4  Sample active force data recorded during a maximal voluntary pelvic floor muscle 
contraction performed with the dynamometer anteroposterior diameter set at 35 mm.  
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3.7.1.2 Passive tissue elongation in supine 

To provide additional clarity, we have included a sample of a stress-strain curve (Figure S2) 

recorded during passive tissue elongation (ranging from 15 to 40 mm) from a parous runner with 

a longer levator plate at rest when standing (62.6 mm) and from a nulliparous runner with a 

shorter levator plate at rest when standing (47.0mm) (Figure S3). This curve demonstrates that 

adequate tissue contact is maintained throughout the protocol. You will note that there is closure 

force on the dynamometer arms even before they are opened (i.e. at a diameter of 15mm) and 

that the force increases monotonically throughout the opening phase to the full 40mm opening, 

followed by a tissue stress relaxation response.  

Figure 3.5 Sample raw force data recorded during passive tissue elongation of a runner with a 
longer levator plate (62.6mm) while the dynamometer arms opened from 15mm to a maximum 
anteroposterior diameter of 40mm at a rate of 50mm/s. The tissues were held in place for 7 
seconds while the stress relaxation occurred before the arms returned to their initial position.  
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Figure 3.6 Sample raw force data recorded during passive tissue elongation of a runner with a 
shorter levator plate (47.0mm) while the dynamometer arms opened from 15mm to a maximum 
anteroposterior diameter of 40mm at a rate of 50mm/s. The tissues were held in place for 7 
seconds while the stress relaxation occurred before the arms returned to their initial position. 
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3.7.2 Transperineal ultrasound imaging in standing 

 

3.7.2.1 3D hiatus 

Figure 3.7 Levator hiatus rendered in 4D View®. The yellow line denotes the measure of the 
area (1) as well as its related anteroposterior (2) and mediolateral diameters (3). The pubic 
symphysis (PS) and urethra (U) are indicated in white.  
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3.7.2.2 2D sagittal imaging 

 

 

 

Figure 3.8 Sagittal view of the pelvic complex. The levator plate length (LPL) was measured 
from the pubic symphysis (PS) to the anorectal angle (ARA) and the bladder neck height (BNH) 
was calculated from the anterior aspect of bladder neck (BN) perpendicularly to the LPL. The 
left panel illustrates the pelvic complex at rest and the right panel, during peak maximal 
voluntary contraction.  
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3.7.2.3 Urethra 

 

Figure 3.9 The cross-sectional area (CSA) of the urethral wall at the mid-urethra rendered in 4D 
View. It is calculated by subtracting the area bordered by the hypoechoic longitudinal urethra 
wall (2) from the external border of the hyperechoic urethral wall (1).  
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4.1 Abstract  

 
Introduction:  
 
The aim of this study was to examine the impact of a single running session on pelvic floor 
morphology and function in female runners, and to compare those with and without running-
induced stress urinary incontinence (RI-SUI).  
 
Methods: 
 
This cross-sectional, observational study involved two groups: female runners who regularly 
experienced RI-SUI (n=19) and runners who did not (n=20). Pelvic floor muscle (PFM) 
properties were assessed using intravaginal dynamometry during maximal voluntary 
contractions (MVC) and during passive tissue elongation. The morphology of the pelvic floor 
was assessed at rest, during MVC and during maximal Valsalva maneuver (MVM) using 2D and 
3D transperineal ultrasound imaging before and after a running protocol. Mixed-effects ANOVA 
models were used to compare all outcomes between groups and within-groups including the 
interaction between group and time. Effect sizes were calculated.  
 
Results: 
 
No changes in PFM function assessed using intravaginal dynamometry were observed in either 
group after the run. Significant and large within-group differences were observed on ultrasound 
imaging. Specifically, the area and anteroposterior diameter of the levator hiatus were larger 
after the run, the bladder neck height was lower after the run, and the levator plate length was 
longer after the run (p≤0.05). At the peak MVM and MVC, the bladder neck height was lower 
after the run compared to before the run (p≤0.05). No between-group differences were observed 
for any outcomes. 
 
Conclusion: 
Running appears to cause transient strain of the passive tissues of the female pelvic floor in 
runners both with and without RI-SUI, while no concurrent changes are observed in PFM 
contractile function.  
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4.2 Introduction 

 

Stress urinary incontinence (SUI), the complaint of involuntary urine loss (Doumouchtsis 

et al., 2023) that occurs when the bladder pressure exceeds the urethral capacity to remain 

closed, is the most commonly reported pelvic floor dysfunction during high-impact activities 

(Teixeira et al., 2018) and can limit females from participating in an active lifestyle (Dakic et al., 

2021; Nygaard et al., 2005). There is ongoing debate in the literature regarding the impact of 

exercise on pelvic floor function. While some advocate that high impact exercise is harmful and 

may induce strain on the structures that provide support (Karmakar & Dwyer, 2018), the 

evidence for harm is scant and some researchers encourage females to participate in high 

intensity training, noting that risk is low and that exercise may improve pelvic floor support and 

strength (Kruger, 2018). Both hypotheses are supported by a review (Teixeira et al., 2018) 

which reported that females who engaged in physical activity had a 177% higher risk of 

reporting urinary incontinence than sedentary females, yet, concurrently noted that exercise, 

when done at mild to moderate intensity, was protective of the pelvic floor, decreasing the odds 

and the risk of experiencing urinary incontinence (Kim et al., 2022).  

 

As with SUI in the overall population, multiple factors such as neuromuscular damage 

and structural damage to the urethra and the levator ani muscles as well as their associated 

connective tissues (Falah-Hassani et al., 2021; Gan & Smith, 2023) are likely implicated in SUI 

experienced during athletic activities. Yet repetitive loading of the pelvic floor may, over a bout 

of exercise, lead to muscle fatigue and/or tissue strain which additionally contributes to urine 

leakage during repetitive high impact activities such as running (Gan & Smith, 2023). Indeed, 

some researchers have reported that SUI during training occurs mainly during the middle or at 

the end of training sessions (Carvalhais et al., 2018). 
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To our knowledge, no studies have investigated the acute, transient impact of running on 

pelvic organ support and pelvic floor muscle (PFM) function, nor compared these effects 

between females who experience running-induced stress urinary incontinence (RI-SUI) and 

those who do not. Such robust biomechanical data are needed to fully understand the acute 

effects of running on pelvic floor morphology and function. Considering the absence of previous 

research in this area, the goal of this study was to provide critical insight into the impact of 

running exposure on pelvic floor morphology and function in female runners. We hypothesized 

that all runners would demonstrate evidence of levator ani muscle fatigue and a reduction in 

connective tissue support after the run, and that these changes would be more marked among 

runners with RI-SUI. The study was developed to generate new knowledge that would 

contribute to the development of targeted, evidence-based pelvic floor physiotherapy 

interventions for exercise induced urine leakage, particularly during running. 

 

4.3 Methods 

4.3.1 Design 

This cross-sectional, observational study received prior approval from the local 

institutional research ethics board. Data were collected between June 2019 to March 2021, with 

a pause between March 2020 and January 2021 due to laboratory closures caused by the 

COVID-19 pandemic.  

4.3.2 Participants 

Female runners assigned female at birth, over 18 years of age and with no known risk 

factors related to physical activity (as determined by the administration of the Physical Activity 

Readiness Questionnaire for Everyone (PAR-Q+) (Shephard, 1988) were recruited from the 

local community through local running groups and physiotherapy clinics. To meet the eligibility 
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criteria, which aimed to ensure that runners had sufficient, regular and prolonged exposure to 

high impact loading of the pelvic floor through running, volunteers were required to run at least 5 

km in under 50 minutes, twice a week, and to have maintained an average running distance 

over 10 km per week for a minimum of one year. Runners were recruited into two groups, 

intended to be matched by age and parity: (1) runners who frequently experienced SUI (one or 

more episodes per week) while running and (2) those who did not. Runners with SUI during 

running who reported using mitigation strategies (voiding their bladder before/during the run, 

running slower, avoiding hills, etc.) to avoid leakage were included if they leaked more than 

once per week when not using these strategies and still leaked a minimum one leakage episode 

while running per month while using these strategies. Participants were not excluded if they 

experienced occasional instances of urinary urgency during running without any associated 

leakage. Runners were excluded if they presented with a history of urogenital surgery or 

neurological disorders, if they reported symptoms of low energy deficiency as measured by the 

Low Energy Availability in Females Questionnaire (LEAF-Q) (Melin et al., 2014), if they were 

pregnant or if they had delivered a baby within the previous year, if they had a pelvic organ 

prolapse that was caudal to the hymen on a maximal Valsalva maneuver (MVM) in a standing 

position, or if they experienced pelvic pain to the extent that they were not able to undergo an 

intravaginal examination using a speculum. They were also excluded if they reported leakage 

associated with urgency during running. After providing written informed consent, all eligible 

participants provided demographic information including age, parity, obstetrical history (i.e. 

vaginal vs caesarean section, use of forceps or vacuum) and menopausal status, and were 

asked to complete the International Consultation on Incontinence - Female Lower Urinary Tract 

Symptoms Long Form module (ICIQ-FLUTS) (Abrams et al., 2006), the Anal Incontinence 

Symptoms and Quality of Life module (ICIQ-B) (Cotterill et al., 2011), the Vaginal Symptoms 

module (ICIQ-VS) (Price et al., 2006), and the International Physical Activity Questionnaire 

(IPAQ) (Hagströmer et al., 2006) . 
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4.3.3 Laboratory assessment 

The laboratory assessment was performed by a registered physiotherapist trained in 

pelvic health and with over 5 years of experience in this practice area, who also received over 

50 hours of training on intravaginal dynamometry and ultrasound imaging, and had over 2 years 

of experience using these instruments. 

The morphology of the PFMs was assessed using 2D and 3D B-mode transperineal 

ultrasound imaging (USI) via a GE Voluson S6 system (General Electric, Toronto, Canada) with 

a standardized bladder volume between 100 and 200mL. In a standardized standing position, 

static (3D) and dynamic (4D) volumes were acquired at rest and while the participant performed 

an MVM. 2D ultrasound videos were then recorded during MVM and maximal voluntary 

contraction (MVC) efforts of their PFMs. Next, still in standing, participants were instrumented 

with an intravaginal dynamometer and performed an MVC against arms opened to an 

anteroposterior diameter of 35 mm. In supine, passive forces were then recorded while the 

diameter of the dynamometer arms moved from 15 mm to 40 mm at a constant speed (50 

mm/s). The elongation was held for 7 seconds before the arms returned to their initial position. 

Three repetitions of each task were performed.  

Measures of PFM morphology in 3D included the area of the levator hiatus and its 

related anteroposterior (AP) and mediolateral (ML) diameters both at rest and during peak 

MVM, as well as their change from the start to the peak position during the MVM. Signs of 

complete and partial levator avulsion were evaluated using the 3D rest volume in standing and 

the techniques described by Dietz et al (Dietz et al., 2008; Dietz et al., 2011). The measures 

acquired in 2D included bladder neck (BN) height and levator plate (LP) length and their change 

from the start to the peak position during each task (MVC and MVM) (Dietz, 2004; McLean et 
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al., 2016). These measures have been found to have adequate reliability for use in research 

(Brækken et al., 2008; Majida et al., 2009, 2010). Measures of PFM function acquired through 

dynamometry included baseline force, relative peak force, rate of force development, and static 

endurance measured as the time from the initial force achieved during the MVC until force 

decreased by 35% (Bérubé et al., 2018; Czyrnyj et al., 2021). Passive tissue forces measured 

during tissue elongation included baseline force, relative peak resistance, rate of force 

development (stiffness), and the stress relaxation coefficient (SRc). The validity and reliability of 

these measures and all details of the standardized procedures can be found in previous 

publications (Bérubé et al., 2018; Czyrnyj et al., 2021).   

With a pre-weighed incontinence pad in situ and a Fitbit Charge 2 worn on the left wrist, 

the participant began a standardized running protocol on a treadmill (NordicTrack Commercial 

2450). Participants increased the belt speed on the treadmill at a self-selected rate to move 

from walking to a slow jog at a speed of 7 km/h. At this speed, they ran for 2 minutes, then 

incremented the belt speed to 10 km/h for 2 minutes, and finally to 15 km/h for 2 minutes 

(Leitner et al., 2017). The participants were permitted to reduce the belt speed from 15 km/h if 

they did not feel safe or if they did not have the capacity to run at that speed. The participants 

were then asked to choose a self-selected speed at an intensity which they deemed to be hard 

(level 15-16 on the Borg Scale), and to run at that speed for 30 minutes. After the 30-minute 

steady-state run, the participants ran for 30 seconds at the 10 km/h then at the 7 km/h. 

Participants were asked to report any instances of perceived leakage of urine while they ran. 

The ultrasound imaging and intravaginal dynamometry protocols were repeated as quickly as 

possible after the running protocol, with data collection completed within 15 minutes of the end 

of the run. The pad weight was recorded.  

 

4.3.4 Statistics 
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Using pilot data from the area of the levator hiatus at rest in standing recorded using 

transperineal USI before and after a 30-minute running protocol from 8 continent runners (mean 

before 15.99 cm2, SD 2.32 cm2; mean after 17.63 cm2, SD 2.54 cm2), an a priori two-tailed 

power calculation using G*Power (version 3.0.10; α=0.05; β=0.80; effect size dz 0.67) estimated 

that a minimum of 20 continent runners would be necessary to detect within-group changes 

induced by the running protocol.   

All demographic variables and outcomes were tested for normality using the Shapiro-

Wilk test. Mixed-effects ANOVA models were used to compare all outcomes between groups 

(with or without RI-SUI) and within-groups (before and after the run) including the interaction 

between group and time. Residual plots were examined to ensure proper model fit, and effect 

sizes (Cohen’s d) were calculated using partial eta squared; 0.2<=d<0.5 were considered small, 

0.5<=d<0.8 were considered moderate, and d>=0.8 were considered large (Lee, 2016). Based 

on the observation that not all participants in the group with RI-SUI leaked urine during the 

protocol, secondary post-hoc exploratory analyses were performed using mixed-effects 

ANOVAs to evaluate effect sizes between runners with RI-SUI who leaked urine during the 

protocol vs runners with RI-SUI who did not leak during the protocol, and changes induced by 

the run within each group. Because of the exploratory nature of this research, the α level 

(α=0.05) was not adjusted to account for multiple comparisons. 

4.4 Results 

4.4.1 Sample Demographic Information 

The recruitment flow diagram is presented in FIGURE 4.1.  
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Figure 4.1 Flow diagram of the recruitment of the female runners with and without running-
induced stress urinary incontinence (RI-SUI) 

 

Twenty participants reported being continent during running, reporting fewer than three lifetime 

episodes of urine leakage, and nineteen runners reported experiencing frequent SUI during 

running. The groups were similar for most demographic outcomes (TABLE 4.1), however, the 

female runners without RI-SUI were slightly younger (p=0.01) and ran slightly faster (p=0.039) 

than the runners who reported RI-SUI, and although there was no difference in parity between 

the groups, there was a higher proportion of multiparous runners in the RI-SUI group (p=0.013). 

The ICIQ-FLUTS UI subscale score was significantly higher (p≤0.001) in runners with RI-SUI. 

The ICIQ-FLUTS scores indicated that 3 participants (1 without and 2 with RI-SUI) reported 

overactive bladder symptoms but none of them reported leakage associated with it during 

running. Although the runners with RI-SUI had greater pad weight gain after the running 

protocol than their continent counterparts (30.4g versus 8g), this was not statistically different 

between the groups. Seven out of the nineteen runners with RI-SUI did not report being aware 

of any leakage during the running protocol and had a pad weight gain of less than 8g over the 

course of the run. One continent participant had to discontinue the testing protocol after the 
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running protocol as performing the MVM during the USI assessment caused a vasovagal 

response.
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Table 4.1 Demographic information  

  
No SUI with 
running (n=20) 

  
SUI with running 
(n=19) 

  Significance 

  Mean / n  SD / %   
Mean / 
n 

SD / %      

Age (years) 36.2 7.9   43.9 10.6 a 0.01 

SUI with other activities (n, %) 8 40%   16 84% b χ(1) = 8.046, p = 0.005 

BMI (kg/m^2) 22.0 2.3   24.2 5.0 a 0.184 

Waist to hip ratio 0.8 0.1   0.8 0.1 a 0.55 

Parous 6 30%   11 58% b χ(1) = 3.083, p = 0.079 

Primipara (n, %) 3 15%   1 5% b χ(1) = 1.004, p = 0.316 

Multipara (n, %) 3 15%   10 53% b 
χ(1) = 6.209, p = 
0.013* 

      Use of forceps (n, %) 1 5%   3 16% b χ(1) = 1.232, p = 0.267 

      Use of suction (n, %) 0 0%   3 16% b χ(1) = 3.421, p = 0.064 

Signs of complete avulsion (n, %) 1 5%   0 0% b χ(1) = 0.975, p = 0.323 

Signs of partial avulsion (n, %) 3 15%   4 20% b χ(1) = 0.242 , p = 0.622 

Menopause (n, %) 1 5%   3 16% b χ(1) = 1.232, p = 0.267 

Pelvic floor muscle training (n, %) 2 10%   6 32% b χ(1) = 2.783, p = 0.095 

ICIQ-FLUTS total score (/48) 5.0 4.2   9.9 3.3 a <.001 

ICIQ-FLUTS F (/16) 2.7 2.2   3.3 2.1 a 0.351 

ICIQ-FLUTS V (/12) 0.7 2.0   0.8 1.3 a 0.322 

ICIQ-FLUTS I (/20) 1.7 2.0   5.8 2.3 a <.001 

ICIQ-Bowel total score (1-75) 7.9 6.3   9.3 7.5 a 0.296 

ICIQ-Bowel pattern (1-21) 3.2 1.4   3.8 1.4 a 0.235 

ICIQ-Bowel control (/28) 2.2 2.7   2.8 3.3 a 0.365 

ICIQ-Bowel quality of life (/26) 2.5 4.6   2.7 3.6 a 0.513 

ICIQ-Vaginal symptoms (/53) 2.7 3.2   4.4 6.0 a 0.461 

ICIQ-Sexual Matters (/58) 6.9 9.8   3.8 7.9 a 0.478 

ICIQ-Vaginal quality of life (/10) 0.7 1.3   0.7 1.1 a 0.923 

IPAQ total activity (MET-minutes/week) 3294.7 2122.5   5497.0 8089.7 a 0.687 

IPAQ sub total vigorous activities (MET-
minutes/week) 

1278.0 918.2   1708.9 3099.0 a 0.531 

Self-selected running speed (km/h) 10.8 1.2   9.7 1.8 c 0.039 

Number of steps during running protocol 6586.8 424.7   6381.2 305.1 c 0.095 

Pad test (g) ** 8.0 5.6   30.4 41.7 a 0.127 

Weekly running distance (km) 35.2 21.2   39.5 27.7 a 0.835 

Running experience (years) 15.1 9.2   15.9 12.0 a 0.792 

Values are presented as mean ± standard deviation (SD) or the frequency and percentage. Significant differences 
(α = ≤0.05) between groups are indicated in bold.  
Significance represents the level for between-group differences from the Mann Whitney U testa, the Chi-Squareb, or 
the two-sample t-testc 
SUI = stress urinary incontinence; BMI = body mass index; ICIQ-FLUTS = International Consultation on 
Incontinence - Female Lower Urinary Tract Symptoms Long Form module; IPAQ = International Physical Activity 
Questionnaire; MET = metabolic equivalent of task; km/h = kilometers per hour; g = grams 
**one pad test was over 150g and our scale had an upper range of 150 g, therefore it was set to 150g. 
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4.4.2 Ultrasound imaging outcomes 

The morphologic features of the levator hiatus at rest and during MVM are presented in TABLE 

4.2. Significant and large main effects were found when comparing measures after the run to 

those measured before the run. At rest, the area (p=0.002; d=1.19) and AP diameter (p=0.021; 

d=0.84) of the levator hiatus were larger after the run for both groups but no change in levator 

hiatus morphology was observed during peak MVM when performed after the run compared to 

before the run. At rest, in both groups, the BN height was more caudal within the pelvis 

(p<0.001; d=2.09) and the LP length was significantly longer (p<0.001; d=1.34) after the run 

than before the run. At peak MVC and peak MVM the BN was also more caudal after the run 

(p<0.002; d=1.20 and p<0.001; d=1.41 respectively) compared to before the run in both groups.  

The transient changes in morphological outcomes induced by MVC and MVM are presented in 

TABLE 4.3 There was more shortening of the LP during the MVC (p=0.034; d=0.76) and less 

lengthening of the LP during the MVM (p=0.004; d=1.08) after the run compared to before the 

run in both groups. There was also less caudal displacement of the BN during the MVM in both 

groups (p=0.041; d=0.73) after the run. No significant differences were observed between 

groups (RI-SUI vs control) and no interactions between group and time (before vs after the run) 

were observed for any morphologic features measured from USI. Missing data (indicated in 

TABLES 4.2 and 4.3) was due to poor image/video quality that prevented the researcher from 

identifying landmarks (pubic symphysis, anorectal angle, anterior bladder neck) as indicated in 

the Tables.
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Table 4.2 Comparison of intravaginal dynamometry and ultrasound imaging outcomes before and after an acute bout of running 
between runners with and without running-induced stress urinary incontinence. 

 

RI-SUI: running-induced stress urinary incontinence; MVC: maximal voluntary contraction; MVM: maximal Valsalva maneuver; 2D: 2 dimensional; 

3D: 3 dimensional; BN: bladder neck; LP: levator plate; US: ultrasound; AP: anteroposterior; ML: mediolateral; N: Newtons; N/s: Newtons per 

second; mm: millimeters; cm: centimeters; SD: standard deviation. Significant differences (α = ≤0.05) are indicated in bold. 

No RI-SUI RI-SUI No RI-SUI RI-SUI

 Mean n SD Mean n SD Mean n SD Mean n SD 
p-

value 
Cohen's d

p-

value
Cohen's d p-value Cohen's d

Dynamometry outcomes during MVC

Baseline (N) 7.90 17 2.68 7.62 12 2.79 7.28 17 2.59 7.27 12 2.16 0.875 0.06 0.172 0.54 0.702 0.14

Relative peak force (N) 3.23 17 1.56 4.21 12 1.29 3.73 17 1.89 4.16 12 1.36 0.232 0.47 0.158 0.56 0.096 0.66

Rate of force development (N/s) 8.20 17 7.09 11.21 12 3.89 8.86 17 7.88 10.29 12 4.84 0.357 0.36 0.792 0.11 0.125 0.61

Endurance (seconds) 2.23 16 0.55 2.58 12 0.82 2.12 16 1.19 2.33 12 0.70 0.336 0.39 0.288 0.42 0.670 0.17

Dynamometry outcomes during passive 

elongation

Baseline (N) 1.21 16 0.74 1.55 13 1.39 1.27 16 0.82 1.45 13 1.38 0.527 0.25 0.773 0.11 0.144 0.58

Relative peak force (N) 12.73 16 5.60 9.72 13 4.19 12.02 16 7.01 9.48 13 3.38 0.169 0.54 0.229 0.47 0.551 0.23

Stiffness (N/s) 34.25 16 10.96 25.50 13 11.09 31.58 16 11.60 25.14 13 8.60 0.056 0.77 0.228 0.47 0.355 0.36

Stress relaxation coefficient -7.20 16 2.26 -7.54 13 2.59 -7.12 16 2.41 -6.87 13 2.30 0.947 0.00 0.548 0.24 0.638 0.18

3D US measurements at rest

Area (cm2) 15.65 18 4.29 18.00 17 5.35 16.37 18 4.88 18.84 17 5.16 0.153 0.51 0.002 1.19 0.792 0.09

AP diameter (cm) 5.23 18 0.80 5.52 17 0.77 5.36 18 0.86 5.68 17 0.74 0.257 0.40 0.021 0.84 0.727 0.13

ML diameter (cm) 3.86 18 0.46 4.23 17 0.73 3.86 18 0.45 4.21 17 0.64 0.068 0.66 0.870 0.06 0.883 0.06

3D US measurements on MVM

Area (cm2) 19.52 18 4.97 21.74 18 5.89 19.73 18 4.65 21.94 18 6.16 0.239 0.43 0.608 0.19 0.994 0.00

AP diameter (cm) 5.71 18 0.74 6.08 18 0.76 5.75 18 0.76 6.16 18 0.68 0.109 0.59 0.559 0.21 0.831 0.06

ML diameter (cm) 4.31 18 0.63 4.57 18 0.78 4.31 18 0.53 4.51 18 0.75 0.327 0.36 0.521 0.23 0.555 0.21

2D US measurements at rest

BN height (mm) 17.98 19 5.13 16.22 17 3.57 14.66 19 4.54 13.92 17 4.19 0.379 0.31 <0.001 2.09 0.276 0.38

LP length (mm) 54.88 19 7.48 55.81 18 7.31 57.94 19 9.40 60.01 18 8.10 0.554 0.20 <0.001 1.34 0.539 0.21

2D US measurements on MVC

BN height (mm) 20.83 18 4.88 19.57 17 3.91 18.45 18 5.01 18.65 17 4.27 0.721 0.13 0.002 1.20 0.135 0.53

LP length (mm) 45.37 18 8.05 45.52 18 6.23 45.60 18 8.75 45.02 18 5.91 0.929 0.00 0.768 0.11 0.443 0.26

2D US measurements on MVM

BN height (mm) 8.26 19 6.04 7.32 17 3.83 6.26 19 5.61 5.46 17 4.20 0.594 0.18 <0.001 1.41 0.877 0.06

LP length (mm) 60.86 17 7.48 60.85 18 9.92 62.96 17 8.60 62.86 18 9.27 0.985 0.00 0.070 0.65 0.963 0.00

Between-group Within-group Interaction

Before the run After the run
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Table 4.3 Assessment of the change in position of the bladder neck and levator plate on ultrasound imaging between runners with 
and without running-induced stress urinary incontinence 

 
RI-SUI: running-induced stress urinary incontinence; MVC: maximal voluntary contraction; MVM: maximal Valsalva maneuver; 2D: 2 

dimensional; 3D: 3 dimensional; BN: bladder neck; LP: levator plate; US: ultrasound; AP: anteroposterior; ML: mediolateral; mm: 

millimeters; cm: centimeters; SD: standard deviation. 

*** negative values indicate a shortening of levator plate or a caudal descent of BN height. Significant differences (α = ≤0.05) are 
indicated in bold.  
 

No RI-SUI RI-SUI No RI-SUI RI-SUI

 Mean n SD Mean n SD Mean n SD Mean n SD 
p-

value
Cohen's d

p-

value
Cohen's d p-value Cohen's d

3D US change on MVM

Area (cm2) 3.23 18 2.16 2.92 18 2.20 3.01 18 2.01 2.09 18 2.34 0.371 0.33 0.127 0.57 0.379 0.32

AP diameter (cm) 0.46 18 0.62 0.42 18 0.54 0.35 18 0.55 0.27 18 0.36 0.694 0.14 0.136 0.55 0.809 0.09

ML diameter (cm) 0.33 18 0.28 0.30 18 0.23 0.32 18 0.23 0.26 18 0.33 0.574 0.20 0.527 0.23 0.685 0.14

2D US change on MVC

BN height (mm) 2.41 18 2.75 4.36 17 4.10 3.57 18 2.94 4.48 17 2.97 0.163 0.50 0.143 0.52 0.234 0.42

LP length (mm) -9.70 18 4.60 -11.06 18 4.71 -10.84 18 5.65 -12.95 18 5.48 0.276 0.38 0.034 0.76 0.583 0.19

2D US change on MVM

BN height (mm) -9.71 19 4.00 -8.90 17 4.33 -8.40 19 3.73 -8.46 17 4.04 0.77 0.11 0.041 0.73 0.296 0.36

LP length (mm) 6.00 17 7.34 5.05 18 5.08 4.63 17 5.33 2.84 18 3.77 0.444 0.27 0.004 1.08 0.471 0.26

Interaction

Before the run After the run

Between-group Within-group



 
 

86 
 

4.4.3 Intravaginal dynamometry outcomes 

The dynamometry outcomes obtained from the MVC and passive tissue elongation 

before and after the run are presented in TABLE 4.2. No significant between or within group 

differences were found; however moderate effect sizes were observed for the interaction 

between group (RI-SUI vs controls) and time (before vs after the run) for strength (relative peak 

force; d=0.66) and power (rate of force development; d=0.61) achieved during peak MVC. While 

the strength and power achieved during the MVC tended to increase after the run among 

runners without RI-SUI, relative to their baseline, power tended to decrease, and strength 

remained unchanged among runners with RI-SUI after the run. During passive tissue 

elongation, the stiffness and relative peak force tended to be lower in runners with RI-SUI 

compared their continent counterparts (p=0.056; d=0.77 and p=0.169; d=0.54 respectively) and 

tended to decrease after the run for both groups (d=0.47 and d=0.47 respectively). Missing data 

as reported in TABLE 4.2 was due to technical difficulties with the hardware of the intravaginal 

dynamometer which prevented the researcher from collecting a complete data set in some 

cases.  

4.4.4 Post-hoc comparison of runners with RI-SUI whose leakage was 
provoked vs those whose leakage was not provoked during the running 
protocol 

As presented in TABLE 4.4, there was a large between-group (those with RI-SUI who 

leaked vs those with RI-SUI who did not leak) and time (before vs after the run) interaction 

effect in terms of the peak position of the BN during the MVC (p=0.045; d=0.92). There was also 

a large between-group effect for LP length at rest and LP length during peak MVM (p=0.013; 

d=1.40 and p=0.039; d=1.12 respectively). Indeed, among those with RI-SUI whose leakage 

was provoked during the running protocol, the BN position sat more caudal within the pelvis, 

particularly after the run, and the LP was more elongated. There were also large effect sizes 

when relative peak force (p=0.210; d=0.80) and stiffness (p=0.224; d=0.78) recorded during 
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passive tissue elongation were compared between the groups—the runners with RI-SUI whose 

leakage was provoked during the running protocol tended to demonstrate lower resistance of 

their paravaginal tissues to passive stretch imposed through intravaginal dynamometry.
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Table 4.4 The effects of running on intravaginal dynamometry and ultrasound imaging outcomes in runners with running-induced 
stress urinary incontinence, stratified by whether leakage was provoked by the running protocol or not. 

 

 

MVC: maximal voluntary contraction; MVM: maximal Valsalva maneuver; 2D: 2 dimensional; 3D: 3 dimensional; BN: bladder neck; 

LP: levator plate; US: ultrasound; N: Newtons; N/s: Newtons per second; mm: millimeters; cm: centimeters; SD: standard deviation. 

Significant differences (α = ≤0.05) are indicated in bold. 

Did not leak Leaked Did not leak Leaked

 Mean n SD Mean n SD Mean n SD Mean n SD 
p-

value 
Cohen's d

p-

value
Cohen's d p-value Cohen's d

Dynamometry outcomes during MVC

Relative peak force (N) 4.38 5 1.56 4.08 7 1.19 4.37 5 1.50 4.02 7 1.36 0.689 0.26 0.860 0.11 0.902 0.09

Rate of force development (N/s) 11.66 5 3.18 10.89 7 4.55 11.35 5 4.23 9.53 7 5.42 0.624 0.32 0.254 0.77 0.463 0.48

Dynamometry outcomes during passive 

elongation

Relative peak force (N) 11.49 5 6.04 8.61 8 2.36 11.07 5 4.95 8.48 8 1.62 0.210 0.80 0.587 0.34 0.770 0.18

Stiffness (N/s) 29.48 5 14.37 23.02 8 8.63 29.27 5 11.51 22.56 8 5.58 0.224 0.78 0.884 0.09 0.957 0.00

3D US measurements at rest

Area (cm2) 17.04 6 6.53 18.53 11 4.85 17.48 6 5.55 19.59 11 5.05 0.513 0.35 0.066 1.02 0.433 0.41

3D US measurements on MVM

Area (cm2) 21.62 5 7.56 21.80 11 5.40 21.64 5 8.57 22.08 11 5.24 0.926 0.06 0.831 0.11 0.851 0.11

2D US measurements at rest

BN height (mm) 15.80 6 2.27 16.44 11 4.20 14.94 6 3.30 13.37 11 4.66 0.812 0.13 0.006 1.64 0.094 0.92

LP length (mm) 51.18 6 6.88 58.12 12 6.60 53.48 6 5.63 63.28 12 7.21 0.013 1.40 0.026 1.22 0.363 0.47

2D US measurements on MVC

BN height (mm) 18.14 7 3.88 20.58 10 3.79 18.76 7 3.06 18.58 10 5.11 0.572 0.30 0.268 0.59 0.045 1.13

LP length (mm) 42.90 7 6.81 47.19 11 5.51 41.59 7 5.62 47.21 11 5.18 0.085 0.92 0.283 0.56 0.270 0.57

2D US measurements on MVM

BN height (mm) 8.89 6 2.68 6.46 11 4.19 7.71 6 2.48 4.23 11 4.52 0.141 0.80 0.003 1.84 0.290 0.57

LP length (mm) 56.23 6 11.25 63.17 12 8.78 55.55 6 7.42 66.51 12 8.00 0.039 1.12 0.478 0.36 0.288 0.55

Before the run After the run

Between-group Within-group Interaction
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4.5 Discussion 

 

Both runners with and without RI-SUI experienced significant transient changes, 

particularly in the morphology of their pelvic floor as measured by USI after they completed a 

37-minute treadmill running protocol. The changes induced by running appear to predominantly 

affect the passive support system, as evidenced by the larger area and AP diameter of the 

levator hiatus, the more caudal position of the BN, and the elongated LP observed in quiet 

standing after running compared to baseline. Although PFM function, as measured by 

intravaginal dynamometry, was not significantly affected by the run, the directionality of the 

observed effects was consistent with the morphological changes. Specifically, the relative peak 

force and stiffness measured during passive tissue elongation tended to be lower after the run 

than before the run. And, while differences were not statistically significant, the runners who 

experienced RI-SUI tended to generate less power after running than before the run, while their 

strength (relative peak force) did not change. Conversely, the runners without RI-SUI, tended to 

generate greater force and more power after the run compared to before the run. These findings 

suggest that an acute bout of running results in strain of the passive tissues within the pelvis, 

which was observed in all female runners, regardless of whether they experience urine leakage 

during running. Such changes are likely related to transient changes in the viscoelastic 

characteristics the tissues after an episode of repetitive loading—the tissues likely return to their 

prestressed state assuming there is no underlying damage, however, the cumulative effects of 

repeated running bouts should be investigated. 

 

4.5.1 Ultrasound imaging  

Running caused significant transient morphological changes in pelvic morphology, as 

measured by 2D and 3D USI, mainly reflecting elongation of the passive supporting structures. 
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Indeed, the passive support structures appeared to be equally affected by the activity in runners 

both with and without RI-SUI. Based on these findings, it is plausible that the initial 

morphological features of the levator hiatus, BN, and LP may serve as a predisposing factor for 

the development of RI-SUI over the course of a run. It is possible that some threshold exists for 

the levator hiatus area, LP length, BN height, or a combination of these factors beyond which 

the passive support to the urethra is no longer sufficient to support and compress it between the 

anterior vaginal wall and the pubic symphysis to prevent urine leakage. Consistent with this 

theory, a recent study investigating the likelihood of SUI symptoms being cured by a PFM 

training intervention found that a resting BN position lower than 14.3 mm in standing, as 

measured on 2D USI, was predictive of treatment failure (Brooks et al., 2021). In the current 

study, continent runners had a resting BN height that was above this threshold both before and 

after the run (17.98 mm before vs 14.66 mm after), however, the BN of runners with RI-SUI 

dropped below this threshold after the run (16.22 mm before vs 13.92 mm after). While the BN 

may descend over the course of a run in all female runners, leakage may occur when the BN 

position ultimately reaches some failure point (Brooks et al., 2021). This theory is consistent 

with findings that athletes most often leak urine towards the middle and end of a training session 

(Carvalhais et al., 2018).  

The significant increase in the extent of shortening of the LP observed during the MVC 

after the run, and the significant decrease in the extent of lengthening of the LP during the MVM 

after the run are likely due to a transient increase in the length of the LP. With a longer LP 

length at rest, the LP had to shorten more during the MVC to achieve the same end-MVC length 

observed before the run, and similarly the LP did not have as much room to lengthen during 

MVM before it reached its ultimate endpoint. As with the LP, the significant reduction in both 

groups in the extent of BN descent observed during the MVM after the run can be attributed to 
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the lower resting position of the BN after the run which was already close to its maximal 

descent.  

4.5.2 Intravaginal dynamometry  

Although not significant, the trends observed on dynamometry are worth discussing as 

the effect sizes were moderate to large, yet these results should be interpreted with caution. 

Runners with RI-SUI demonstrated a 9% reduction in the contractile power of their levator ani 

muscles after running, while their strength remained unchanged. In contrast, the runners without 

RI-SUI, tended to have higher strength (14% increase) and power (8% increase) after the run 

compared to before the run. These results align somewhat with previous findings among 

nulliparous females with mild SUI, where a mean reduction in maximal vaginal closure pressure 

induced by MVC of the levator ani muscles was substantive (-20%) but not significant following 

a 90-minute exercise session that included 20 minutes of running (Ree et al., 2007). Also, in line 

with the current findings, there were no changes in vaginal resting pressure nor the time over 

which an MVC could be sustained (i.e., static endurance) following the exercise session (Ree et 

al., 2007). The current results are also consistent with findings that, following a 20-minute 

AMRAP (as many repetitions as possible) workout, strenuous exercisers (27.7% with symptoms 

of urine leakage) demonstrated significantly more vaginal descent and significantly lower 

vaginal resting pressure (Middlekauff et al., 2016), without concurrent changes in maximal 

vaginal closure pressure during MVC after the exercise (Middlekauff et al., 2016). A control 

group of nonstrenuous exercisers (8.57% with symptoms of urine leakage) completed a 20-

minute walk, and no differences were observed between the strenuous exercisers and the 

control group in terms of effect on pelvic organ support and vaginal closure pressure despite the 

different intensity of the exercise (Middlekauff et al., 2016). Both the current study and these 

previous results reinforce the idea that an acute bout of exercise may have a greater impact on 

passive pelvic organ support rather than PFM contractile function. 
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While not significant, stiffness and peak passive force measured through dynamometry 

tended to be compromised in the runners with RI-SUI relative to their continent counterparts, 

which align with the observed morphologic changes in all runners. While both groups 

demonstrated similar reductions in stiffness and peak passive forces after completing the 

running protocol, the group with RI-SUI had lower absolute stiffness and lower peak passive 

forces after the running protocol. Further, the runners with RI-SUI whose leakage was provoked 

during the running protocol appeared to experience greater strain compared to those with RI-

SUI whose leakage was not provoked. More research with a larger sample size is needed to 

establish the contribution of the loss of passive tissue stiffness in RI-SUI.   

4.5.3 Limitations  

This study focused on experienced female runners and thus the findings may not be 

generalizable to infrequent runners. The sample included middle-aged nulliparous and parous, 

mostly Caucasian, healthy females. While the outcomes of this investigation might be 

transferable to other athletes who engage in running as a component of other physical activities, 

the results may not be applicable to all athletes. While the runners without RI-SUI selected a 

faster treadmill speed than their incontinent counterparts (10.8 km/h versus 9.7 km/h), step 

counts during the running protocol were not different between the groups, suggesting that, while 

loading may have been higher in the continent group, the pelvic tissues were exposed to a 

similar number of loading cycles in both groups with comparable levels of exertion (15-16 on the 

Borg Scale). Indeed, had the runners with RI-SUI run at the same intensity as their continent 

counterparts, the observed changes may have been greater.  

Vaginal birth is a known risk factor for SUI, and it impacts the morphology and 

functioning of the PFMs. Although efforts were made to balance parity as a dichotomous 

variable between the recruited groups, there was a higher proportion of female runners with 

multiple childbirths in the RI-SUI category in contrast to those without. Nonetheless, an equal 
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number of participants in both groups (n=4) exhibited levator avulsion (partial or complete). 

Additional alterations in the pelvic floor linked to parity such as nerve damage might have 

played a role in affecting the findings of this investigation.  

Neural, metabolic, and vascular components of the continence system could impact 

differences in the force generation capacity of the PFMs after the run; however, these were not 

assessed in the present study. Indeed, although PFM surface electromyography (EMG) was 

pilot tested as an outcome to be measured concurrently with intravaginal dynamometry in this 

study, it was deemed not to be feasible, as the arms of the dynamometer caused significant 

motion artifact in the EMG signals, intravaginal electrodes were dislodged by the dynamometer 

arms, and adhesive electrodes lifted, particularly after the run, due to perspiration, urine and/or 

vaginal secretions.  

Not all runners with RI-SUI leaked urine during the protocol. A longer or more strenuous 

protocol may have induced greater changes in morphology and function than was observed 

here. Although the sample size was small, this hypothesis is supported by the exploratory post-

hoc analysis presented in TABLE 4. Among the runners with RI-SUI, those whose leakage was 

provoked during the running protocol, findings point to greater reductions in pelvic organ support 

compared to those with RI-SUI who did not experience leakage during the protocol. Although 

participants were evaluated quickly after the running protocol (within 15 minutes), it is possible 

that the passive PFM tissue properties may have recovered somewhat by the time the passive 

tissue elongation was performed. As such, the extent of tissue strain induced by the running 

protocol may be larger than that reported here.  

A final limitation of this study is the extent of missing data that resulted from hardware 

failure in the intravaginal dynamometer and poor image quality during USI, which resulted in a 

smaller sample size for some outcomes. The interpretation of the results is also subject to the 

limitations of the instruments themselves. For instance, while intravaginal dynamometry is 
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considered a gold standard for the measurement of PFM active and passive tissue properties, it 

remains a coarse measurement as it is influenced by all closure forces acting on the 

dynamometer arms (El‐Sayegh et al., 2023; Worman et al., 2023). USI measurements can be 

influenced by changes in the angle of the transducer during acquisition and the incorrect 

identification of landmarks (Worman et al., 2023). 

That said, the innovative approach used in this study to investigate the effects of an 

acute bout of running on active and passive pelvic floor support structures contributes to our 

understanding RI-SUI. The findings point to practical approaches that focus on enhancing pelvic 

floor support such as PFM training and the use of pessaries to effectively mitigate or prevent 

symptoms of athletic incontinence in females. If pelvic floor support is enhanced prior to an 

acute bout of running, it might prevent the pelvic structures from descending below a critical 

threshold that leads to the failure of the continence system over the course of a run. 

4.6 Conclusion 

 

The findings of this study indicate that a 37-minute bout of treadmill running causes 

transient strain in the passive tissues in the pelvic floor, leading to significant loss of pelvic 

organ support among runners with and without RI-SUI. The findings revealed no evidence to 

support the hypothesis that the running protocol induced contractile fatigue in the PFMs. Future 

research should aim to investigate the time course of morphologic changes that occur during 

running, as well as recovery profiles.   
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5.1 Abstract  
 
Introduction & hypothesis: 
 
The aim was to investigate the feasibility of using an intravaginal intra-abdominal pressure (IAP) 
sensor worn by female runners during running to evaluate pelvic floor loading, and the 
association between IAP and running-induced stress urinary incontinence (RI-SUI) 
 
Methods: 
 
Twenty-eight female runners participated in this cross-sectional study (15 RI-SUI and 13 
continent). Participants completed a 37-minute treadmill running protocol instrumented with an 
intravaginal sensor measuring IAP, and a skin mounted accelerometer measuring pelvic 
accelerations. Linear regression analyses evaluated the relationship between IAP and pelvic 
acceleration. One-way ANOVAs assessed the impact of running speed on IAP. Sensor 
dislodgement was recorded, and effect sizes (Cohen’s d) were calculated for the comparison of 
IAP and accelerometry outcomes between runners with and without RI-SUI. 
 
 
Results: 
 
IAP showed high variance and the sensor was expelled in almost 15% of participants. Positive 
associations were found between pelvic acceleration and both absolute peak and normalized 
IAP but explained only between 12.0% and 18.6% of the variance in the models. Pelvic 
acceleration during running was not associated with cumulative IAP. Peak IAP significantly 
increased with running speed. While IAP tended to be higher in runners with RI-SUI compared 
to continent runners (Cohen’s d between 0.14 and 0.74), pelvic accelerations tended to be lower 
(Cohen’s d between 0.02 and 0.55). 
 
Conclusion: 
 
There is high variance in IAP recorded during running using an intravaginal sensor. Faster 
speeds increase pelvic floor loading. Runners with RI-SUI may experience higher IAP than 
continent runners, warranting investigation. Recruitment should include 15% data loss rate due 
to sensor expulsion. 
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5.2 Introduction 

Pelvic floor loading is thought to be a key factor in the development of stress urinary 

incontinence (SUI) symptoms during exercise (Bo & Nygaard, 2020). This hypothesis is 

primarily based on the observation that symptoms of urine leakage are highly prevalent during 

high-impact activities, particularly among female runners (Almousa & Bandin Van Loon, 2019; 

Pires et al., 2020; Rebullido et al., 2021; Teixeira et al., 2018). However, there is scant existing 

data on this topic, and findings are inconsistent (Bo & Nygaard, 2020). Runners report that urine 

leakage tends to occur after some period of running without leakage, suggesting a cumulative 

effect of pelvic floor loading (Carvalhais et al., 2018). Indeed, acute running bouts seem to 

adversely affect pelvic organ support in runners, evidenced by a larger levator hiatus, a longer 

levator plate, and a lower bladder neck observed after running among runners both with and 

without running-induced (RI)-SUI when compared to measures made prior to the run (Bérubé & 

McLean, 2024). Peaks or cumulative pelvic floor loading during repetitive high impact activity 

may increase the risk of experiencing RI-SUI, but this has not been evaluated empirically. 

 

Intra-abdominal pressure (IAP) is considered an important factor in pelvic floor loading. 

When performing dynamic tasks including sit-to stand, walking, lifting, fall recovery, and 

jumping, the magnitude of pressure measured by an IAP sensor located within the posterior 

fornix appears to be influenced by hip acceleration, respiration volume, and flexion moment of 

the trunk and abdominal wall (Niederauer et al., 2023), which, combined, appear to account for 

60% of the peak IAP. During upright activities, pressure measurements at the posterior fornix 

likely reflect a combination of IAP and gravitational loading on the pelvic floor. Studies have 

reported high variability in peak IAP measured during physical tasks when a sensor is located in 

the posterior fornix (Coleman, Hamad, et al., 2015; Coleman, Nygaard, et al., 2015; Hsu et al., 

2018). Some have reported an increase in IAP during the transition from walking to running 
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(Egger et al., 2015; Shaw et al., 2014) and increases in IAP with increased walking speed and 

inclination (de Gennaro et al., 2019; Shaw et al., 2014). A strong positive correlation (r=0.7220) 

was found between IAP and pelvic acceleration measured during walking, and the authors 

concluded that pelvic accelerometry might be a valid way to estimate pelvic floor loading, yet 

this association may not be causal, and it has not been validated during running (de Gennaro et 

al., 2019).  

 

Given that females limit the intensity of their physical activity because of lower urinary 

tract symptoms (Dakic et al., 2021), there is an urgent need to understand the pathomechanics 

at play to guide the development of biomechanical interventions to mitigate urine leakage. 

Measuring pelvic floor loading during running using an IAP sensor placed within the posterior 

fornix may help us to fill this knowledge gap. Yet first we must determine the feasibility of this 

approach, through understanding how to interpret IAP outcomes when measured during 

running. A first step is to understand the contribution of running parameters (speed, pelvic 

acceleration) to peak and cumulative IAP measured in this way, and the stability of the sensor 

across the running task. 

 

The aim of this exploratory study was therefore to determine the feasibility of using an 

intravaginal IAP sensor worn while running to investigate differences in pelvic floor loading 

between female runners with and without RI-SUI. The objectives were (1) to determine the 

relationship between vector (Euclidean norm) and vertical pelvic accelerations observed during 

running and pelvic floor loading measured through an intravaginal IAP sensor, (2) to evaluate 

the impact of running speed on pelvic floor loading measured through the intravaginal IAP 

sensor, (3) to evaluate the stability of intravaginal IAP sensor measurements made during 

running at two fixed speeds before and after a 30-minute steady-state treadmill running 
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protocol, (4) to observe the rate of sensor dislodgement throughout the protocol, and (5) to 

estimate the effect sizes associated with differences in IAP and acceleration measures of pelvic 

floor loading during running. The outcomes of this research contribute to the development of 

robust measures to elucidate the pathomechanics associated with RI-SUI among females.  

 

5.3 Methods 

5.3.1 Design 

This observational, cross-sectional study received approval from the local institutional 

research ethics board prior to recruitment. Recruitment and data collection were completed 

between June 2019 to March 2021, with a pause between March 2020 and January 2021 due to 

laboratory closures caused by the COVID-19 pandemic. All participants provided written 

informed consent prior to completing any aspect of the protocol. 

 

5.3.2 Participants 

Experienced runners assigned female at birth, over 18 years of age and with no known 

risk factors related to physical activity were recruited from the local community through local 

running groups and physiotherapy clinics. Volunteers were required to meet the following 

exposure criteria: run at least 5 km in under 50 minutes twice a week, having sustained an 

average running distance of >10 km per week for a minimum of one year. During the telephone 

screening interview, runners were classified as continent if they self-reported never having 

experienced urine leakage during running and not leaking urine during activities of daily living. 

Conversely, runners with RI-SUI were required to self-report leakage at least 2 to 5 times per 

month while using mitigation strategies (voiding their bladder before/during the run, running at a 

slower pace, avoiding hills, etc.) and to leak more than once per week when not using these 

strategies. Participants who experienced occasional instances of urinary urgency during running 
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without any associated leakage were included, however they were excluded if they experienced 

leakage related to urgency during running. Additional exclusion criteria were: a history of 

urogenital surgery or neurological disorders, self-reported symptoms of energy deficiency as 

measured by the Low Energy Availability in Females Questionnaire (LEAF-Q) (Melin et al., 

2014), pregnancy or in the first postpartum year,  pelvic organ prolapse caudal to the hymen on 

a maximal Valsalva maneuver (MVM) performed in a standing position, or pelvic pain 

experienced to the extent that they were not able to insert a vaginal tampon. After providing 

written informed consent, all eligible participants provided demographic information including 

age, parity, obstetrical history (i.e. vaginal vs Caesarean section, use of forceps), their leakage 

profile during running, and menopausal status. They were then asked to complete the 

International Consultation on Incontinence - Female Lower Urinary Tract Symptoms Long Form 

module (ICIQ-FLUTS) and the International Physical Activity Questionnaire (IPAQ) (Hagströmer 

et al., 2006).  

 

5.3.3 Laboratory assessment 

Participants with a menstrual cycle were asked to attend during the follicular phase of 

their menstrual cycle, determined as the first week following the cessation of menstrual 

bleeding. The laboratory assessment was performed by a registered physiotherapist trained in 

the assessment and treatment of pelvic health conditions, and who had over 5 years of 

experience in this practice area prior to data collection. She was trained to use the IAP sensor. 

The participants inserted a validated (Coleman et al., 2012; Hsu et al., 2012; Rosenbluth et al., 

2010), reliable (Egger et al., 2015), sterilized, and calibrated (0 to 350 cm H2) IAP sensor into 

the posterior fornix of their vagina. Adequate positioning of the device was confirmed by the 

physiotherapist using digital palpation. The participants were then instructed to don their 

underwear and a pair of running shorts to hold all wires in place. IAP sensor data were acquired 
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at a sampling rate of 40Hz and stored on an SD card within an instrumented module that was 

secured to the left iliac crest with adhesive tape. To ensure that the intravaginal sensor was 

securely located in the upper third of the vagina, the participants were instructed to stand up 

and perform three maximal effort coughs and three maximal Valsalva maneuvers (MVM). To 

ensure comparability of IAP measurements between subjects, the IAP data recorded during 

running were normalized to that recorded during vertical jumping. The participants were asked 

to perform three vertical jumps from the ground, as this task is less effort dependent than 

coughing or Valsalva. The instruction given was: ‘’When I signal you, jump as high as you can, 

as if you are trying to touch the ceiling.’’  During the tasks, if the sensor descended below the 

levator hiatus, it was reinserted, and the process was repeated. If the sensor still descended, 

the participant was removed from the study.  

An accelerometer (MetaMotionR, Mbientlab Inc.) with a range of ±16 gravitational units 

(g) was adhered directly to the skin over the upper border of the left mid-iliac crest and was 

used to record raw acceleration values in the vertical, anteroposterior and mediolateral 

directions at a sampling rate of 100 Hz. 

Participants moved to the treadmill (NordicTrack Commercial 2450) and began by 

walking, increasing the belt speed to 7 km/h. They jogged for 2 minutes, then increased the 

speed to 10 km/h and ran for 2 min, then increased the speed to 15 km/h and ran for 2 minutes. 

The participants could discontinue running at 15 km/h if they did not feel safe or if they did not 

have to capacity to sustain this speed. In these cases, they ran at their fastest comfortable pace 

for the remainder of the 2-minute period. The participants were then asked to choose a speed to 

run at for 30 minutes, at an intensity which they deemed to be hard (level 15-16 on the Borg 

Scale). After 30 minutes of running, the participants ran for 30 seconds at 10 km/h then at 7 

km/h. IAP data were logged into the instrumentation module throughout the protocol while 

samples of pelvic acceleration were taken in bursts of 15-second duration during each running 
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condition. If a participant felt short of breath or discomfort during the running task, they could 

slow their speed for one minute before resuming the same running speed. Participants were not 

restricted from drinking water during the running protocol. After the protocol, the researcher 

removed the accelerometer and inspected the IAP sensor to record whether it was still located 

within the posterior fornix of the vagina before removing it.  

5.3.4 Outcomes 

All raw IAP data were inspected for noise interference through visual inspection of the time 

series and power spectra. No filtering was deemed necessary. The mean IAP jump value was 

calculated for the vertical jump normalization task as the average of three trials using the net 

IAP value (maximal value during the jump and minimal value before the jump) (Dietze-Hermosa 

et al., 2020). For IAP data collected during the running protocol, IAP peaks were identified using 

a custom MATLAB program. Peaks were required to be at least 0.2 seconds apart to reduce 

sampling bias (FIGURE 5.1). The highest and lowest IAP values obtained from each of the 

different running speeds (7 km/h at the start and end of the protocol, 10 km/h at the start and 

end of the protocol, 15 km/h at the start of protocol, self-selected speed) were used to compute 

the net mean peak IAP at each speed and time point where applicable (Hamad et al., 2013). 

The net mean peak IAP was normalized to become the relative net mean peak IAP obtained 

across each running speed, calculated as a percentage of the mean IAP recorded during 

vertical jumping (IAP jump).  



 
 

106 
 

 

Figure 5.1 Raw intra-abdominal pressure data (centimeters of water (cmH2O)) vs running time 
(seconds) at a speed of 7 km/h. The Asterisks represent all the maxima and the minima that 
were used to estimate the average net mean peak intra-abdominal pressure (average of the 
local maxima minus average of the local minima). The zoomed-in panel shows a detailed view 
of intra-abdominal pressure over a 20-second interval.  

 

To consider cumulative effects, the IAP time series were integrated through calculating the area 

under the curve (AUC) over 10 s at each running speed and time where applicable (Hamad et 

al., 2013) [i.e., 7 km/h (start/end), 10 km/h (start/end), 15 km/h (start)), and over 10 minutes for 

the self-selected speed].  

Using a separate custom MATLAB program, raw pelvic acceleration data were filtered using a 

second order dual-pass Butterworth filter with a 6 Hz cut-off. The vertical acceleration (ay) and 

the vector acceleration (Euclidean norm) |𝑎⃗| (Equation 5.1, where ax, ay and az represent 
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acceleration values in the x (anteroposterior), y (vertical), z (mediolateral) planes, respectively) 

were averaged over 10 consecutive steps for each running speed using the peak acceleration 

values from each step. 

|𝑎⃗| = √𝑎𝑥
2 + 𝑎𝑦

2 + 𝑎𝑧
2.     Equation 5.1 

5.3.5 Statistical Analysis 

Statistical models were generated using IBM SPSS version 28, and α=0.05 was used for all 

tests. The IAP and acceleration outcomes were tested for normality using the Shapiro-Wilk test.  

For the demographic outcomes, parametric (t-test) or non-parametric (Mann-Whitney U) 

analyses were applied as appropriate to assess group differences between runners with and 

without RI-SUI while chi-square (X²) tests were used to analyze group differences in 

dichotomous variables. Descriptive statistics of the IAP and acceleration measurements were 

calculated for each running speed separately for runners with and without RI-SUI. The standard 

deviation and the average range between the three trials of the IAP during the jump tasks were 

calculated. Regression analyses with pooled data from all participants were conducted to 

evaluate the relationship between pelvic accelerations (ay and |𝑎⃗|) and IAP outcomes (net mean 

peak IAP, relative net mean peak IAP normalized to vertical jumping, and IAP AUC with data 

from all running speeds pooled. A one-way ANOVA was used to test differences in net mean 

peak IAP, relative net mean peak IAP, and AUC IAP among running speeds (7 km/h, 10 km/h, 

15 km/h). To evaluate the stability in the IAP outcomes across the running protocol, paired 

sample t-tests were carried out to compare the net mean peak IAP and normalized net mean 

peak IAP before and after the 30-minute run at both 10 and 7 km/h speeds. IAP jump, IAP 

outcomes and accelerations during running were compared between runners with and without 

RI-SUI using parametric (t=test) or non-parametric (Man-Whitney U) tests as appropriate. The 
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coefficients of variation were calculated as well as Cohen’s d effect sizes, where 0.2≤ d <0.5 

were considered small, 0.5<= d <0.8 were considered moderate, and d>=0.8 were considered 

large (Cohen, 2013). The effect sizes were then used to calculate the requisite sample size for a 

future study, ensuring sufficient statistical power (two-tailed power calculation using G*Power 

version 3.0.10; α=0.05; β=0.80), to detect differences between runners with and without RI-SUI.   

5.4 Results 

5.4.1 Sample Demographic Information 

Sixty-nine female runners underwent screening, among which thirty-nine were eligible to 

participate and successfully completed the laboratory assessment. Technical difficulties were 

encountered with the instrumentation module or the SD card of the IAP sensor in 5 participants, 

and the sensor was dislodged from the vagina during the running task in 6 participants. 

Ultimately, IAP data were collected from 28 participants. Sample demographic data are 

presented in TABLE 5.1. Runners with RI-SUI reported significantly higher scores on the 

Incontinence subscale of the ICIQ-FLUTS. Otherwise, both groups were similar across all other 

demographic outcomes. 
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Table 5.1 Demographic data for the experienced female runners 

  
Participants 
(n=28) 

  
No SUI with running 
(n=13) 

  
SUI with running 
(n=15) 

  

  Mean/n 
SD or 
% 

  Mean/n SD or %   Mean/n SD or %   

Age (years) 40.63 10.74   36.86 9.20   43.90 11.56  
BMI (kg/m^2) 23.25 3.54   22.32 2.52   24.05 4.26  
Waist to hip ratio 0.79 0.08   0.78 0.10   0.80 0.05  
Parous 11 39   4.00 31%   7.00 47%   

      Use of forceps (n, %) 3 11   1.00 8%   2.00 13%   

      Use of suction (n, %) 1 4   0.00 0   1.00 7%   

Menopause (n, %) 4 14   1.00 8%   3.00 20%   

ICIQ-FLUTS total score (/48) 7.82 4.53   4.62 3.75   10.60 3.33 * 

ICIQ-FLUTS F (/16) 3.21 2.06   2.54 2.11   3.80 1.97  
ICIQ-FLUTS V (/12) 0.68 1.1   0.31 0.48   1.00 1.41  
ICIQ-FLUTS I (/20) 3.93 3.13   1.77 2.35   5.80 2.60 * 

IPAQ total activity (MET-minutes/week) 5454.04 6505.5   4028.96 2230.06   6689.10 8766.99  
IPAQ sub total vigorous activities (MET-
minutes/week) 

1813.93 2521   
1520.00 1016.40 

  

2068.67 3416.93  

Self-selected running speed (km/h) 10.15 1.68   10.66 1.21   9.71 1.99  
Number of steps during running protocol 6388.7 310.26   6449.00 363.68   6340.47 275.90  
Weekly running distance (km) 35.21 22.6   33.85 17.78   36.40 27.33  
Running experience (years) 15.76 10.85   16.23 9.58   15.35 12.50   

Significant differences (α<0.05) between groups are indicated by * and are in bold.  
RI-SUI = running-induced stress urinary incontinence; BMI = body mass index; ICIQ-FLUTS = International Consultation on 
Incontinence - Female Lower Urinary Tract Symptoms Long Form module; IPAQ = International Physical Activity Questionnaire; MET 
= metabolic equivalent of task; km/h = kilometers per hour 
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The average standard deviation between the three trials of the jump was 7.64 cm H20 and the 

average range was 14.32 cm H2O. There was moderate variance in the IAP data, as 

demonstrated by the coefficient of variation that ranged from 0.18 to 0.35 for the net mean peak 

IAP, from 0.19 to 0.39 for the relative net mean peak IAP and from 0.17 to 0.22 for the AUC IAP 

(TABLE 5.2).
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Table 5.2 Intra-abdominal pressure and accelerations outcomes between runners with and without running-induced stress urinary incontinence  

  No RI-SUI   RI-SUI     

  Mean  SD  range CoV n   Mean  SD  range CoV n   
Cohen's 
d 

                

IAP jump (cm H20)                            

Vertical jump  85.21 21.88 59.28-138.48 0.26 13   74.52 17.45 44.39-105.84 0.23 15   0.54 

Net mean peak 
IAP (cm H20)  

      
  

          
  

      

7 km/h 41.28 7.52 30.63-55.10 0.18 13   42.66 11.99 18.40-60.62 0.28 15   0.14 
10 km/h 43.20 8.27 33.71-62.53 0.19 13   45.57 12.12 22.94-68.67 0.27 15   0.23 
15 km/h 48.56 11.10 33.51-76.07 0.23 12   54.19 14.44 34.22-79.45 0.27 12   0.44 
SSS 41.58 8.85 25.07-58.20 0.21 12   45.64 15.96 17.06-77.42 0.35 15   0.31 

Relative net mean 
peak (%IAP 
vertical jump) 

      
  

          
  

      

7 km/h 51.32 15.07 24.70-75.70 0.29 13   59.84 21.64 34.3-98.70 0.36 15   0.45 
10 km/h 53.85 16.55 26.60-78.30 0.31 13   63.73 20.90 41.00-100.40 0.33 15   0.52 
15 km/h 60.89 20.59 29.40-96.60 0.34 12   72.88 23.78 44.90-109.50 0.33 12   0.54 
SSS 50.42 16.45 27.80-76.80 0.33 12   63.57 24.57 32.20-99.80 0.39 15   0.62 

AUC over 10 sec 
(cm H20·s) 

      
  

          
  

      

7 km/h 176.34 30.51 133.54-224.46 0.17 13   189.95 36.79 109.34-245.77 0.19 15   0.40 
10 km/h 176.22 28.27 129.68-216.69 0.16 13   195.09 32.42 139.75-239.15 0.17 15   0.62 
15 km/h 188.83 42.23 129.25-292.06 0.22 12   218.09 36.29 140.37-266.30 0.17 12   0.74 

AUC over 10 min 
(cm H20·s) 

      
  

          
  

      

SSS 10080.52 2077.41 6901.93-14267.44 0.21 12   11061.96 2326.04 6881.47-15339.76 0.21 15   0.44 

Vector 
acceleration (g) 

      
  

          
  

      

7 km/h 3.28 0.44 2.72-3.93 0.14 12   3.18 0.40 2.58-4.01 0.13 14   0.24 
10 km/h 3.58 0.52 2.73-4.25 0.14 10   3.38 0.34 2.78-3.89 0.10 14   0.46 
15 km/h 3.63 0.41 2.92-4.12 0.11 10   3.64 0.50 2.76-4.38 0.14 11   0.02 
SSS 3.59 0.41 2.82-4.24 0.11 13   3.44 0.41 2.75-4.23 0.12 15   0.37 
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Vertical 
acceleration (g)        

  
  

  
      

  
  

    

7 km/h 2.36 0.24 2.05-2.78 0.10 12   2.32 0.26 1.83-2.70 0.11 14   0.16 
10 km/h 2.59 0.27 2.09-3.09 0.11 10   2.49 0.26 2.15-2.92 0.10 14   0.38 
15 km/h 2.77 0.24 2.21-2.95 0.09 10   2.69 0.29 2.27-3.21 0.11 11   0.30 
SSS 2.65 0.24 2.18-3.10 0.09 13   2.50 0.30 2.06-3.26 0.12 15   0.55 

 
RI-SUI = running-induced stress urinary incontinence; IAP = intra-abdominal pressure; sec = seconds; cm H2O = centimeters of water; cm H2O·s = 
centimeters of water times second; AUC = area under the curve; n = sample size; SSS= self-selected speed; SD = standard deviation; km/h = 
kilometers per hour, g = gravitational acceleration, CoV= coefficient of variation 
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5.4.2 Relationship between IAP and pelvic acceleration 

 

FIGURE 5.2 illustrates the moderate positive associations between net mean peak IAP 

and vector (r=0.347; R²=0.1202; p≤0.001; panel A) and vertical (r=0.432; R²=0.1864; p≤0.001; 

panel D) acceleration. There were moderate positive associations between relative net mean 

peak IAP normalized to vertical jumping and vector (r=0.346, R2=0.120, p˂0.001; panel B) and 

vertical (r=0.421, R2=0.177, p˂0.001; panel E) acceleration. There were no significant 

associations between IAP AUC and vector (r=0.063; R²=0.004; p=0.538; panel C) or vertical (r= 

0.159; R²=0.025; p=0.120; panel F) acceleration. 

5.4.3 Impact of running speed on IAP 

 

The net mean peak IAP and the AUC IAP at 7, 10 and 15 km/h are presented in 

FIGURE 5.3. There was a significant increase in net mean peak IAP with increased running 

speed (p=0.01); net mean peak IAP was higher at 15 km/h than at 7 km/h (p=0.009). There 

were no differences in IAP between the 7 and 10 km/h or between the 10 and 15 km/h speeds. 

Although the same trend was observed for the relative net mean peak IAP and AUC IAP, it was 

not significant.  
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Figure 5.2 The relationship between vector acceleration and the vertical acceleration 
(gravitational unit=g) with net mean peak intra-abdominal pressure (IAP) in centimeters of water 
(cm H2O), with relative net mean peak IAP normalized to vertical jumping and the area under 
the curve (AUC) in centimeters of water times second (cm H2O·s). There were significant 
regressions between net mean peak IAP and vector (panel A: r= 0.347; R² = 0.120; p˂0.001) 
and vertical (panel D: r=0.432; R² = 0.186; p=0.001) acceleration and between relative net 
mean peak IAP during vertical jumping and vector (panel B: r=0.346, R2=0.120, p˂0.001) and 
vertical (panel E: r=0.421, R2=0.177, p˂0.001) acceleration. The linear regressions between the 
AUC IAP with the vector (panel C: r= 0.063; R²=0.004; p=0.538) and vertical (panel F: r= 0.159; 
R²=0.025; p=0.120) acceleration were not significant. 
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Figure 5.3 Intra-abdominal pressure (IAP) outcomes (net mean peak IAP, relative net mean peak IAP normalized to vertical jump 
and integrated IAP) observed during treadmill running at 7, 10 and 15 km/h. *indicates a significant difference between running 
speeds .cm H2O = centimeters of water; cm H2O·s = centimeters of water times second; AUC = area under the curve
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5.4.4 Consistency in IAP measurements 

No significant difference was found between the net mean peak IAP recorded during 

running at 10 km/h before and after the 30-minute run (mean before ± SD = 44.63 ± 10.89 cm 

H2O; mean after ± SD = 43.89 ± 12.00 cm H2O; p=0.663). However, the net mean peak IAP was 

significantly lower after the 30-minute run compared to before the run when participants ran at 7 

km/h (mean before ± SD = 41.41 ± 10.51 cm H2O; mean after ± SD = 37.93 cm H2O ± 11.53; 

p=0.038). Similar results were observed for relative net mean peak IAP normalized to vertical 

jumping.  

5.4.5 Sensor dislodgement 

The sensor was dislodged in 3 participants with RI-SUI and in 3 continent runners, 

among which 5 were parous and 1 was nulliparous.  

5.4.6 IAP and accelerations between runners with and without RI-SUI 

TABLE 5.2 presents the IAP and acceleration outcomes observed across all running 

speeds for runners with and without RI-SUI. No significant differences were found between the 

groups for any of the outcomes. There was a wide range of the net mean peak IAP, relative net 

mean peak IAP and AUC measured at all speeds. The coefficients of variation (COV) for the 

IAP outcomes were moderate for net mean peak IAP (ranging from 0.18 to 0.35) and did not 

improve when normalized to the vertical jump (ranging from 0.29 to 0.39). The AUC IAP 

resulted in the least amount of variation (0.16<COV< 0.22). As for the vector and vertical 

acceleration, the COVs were small, ranging from 0.09 to 0.14.  

Moderate effect sizes suggest that participants with RI-SUI may experience higher net 

mean peak IAP, relative net mean peak IAP and AUC IAP than continent runners, especially at 

fast (15 km/h) running speeds (d=0.44 for net mean peak IAP, d=0.62 for relative net mean 

peak IAP and d=0.74 for AUC IAP). Overall, runners with RI-SUI tended to experience lower 
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accelerations compared to continent runners (0.24≤d≤0.55), except for vector acceleration at 15 

km/h, which was similar between the groups (d=0.02).  

Not accounting for data loss through instrumentation issues (n=5) among early 

participants which were resolved, considering that the sensor became dislodged from the 

vagina of 6 out of the 39 participants (approximately 15%), power calculations using the 

computed effect sizes suggest that a total sample size of 66 participants (33 in each group of 

runners) would be needed to detect between-group differences in runners with and without RI-

SUI for cumulative loading (AUC IAP d=0.44) and 260 runners to detect differences in peak 

loading (net mean peak IAP d=0.31) at the self-selected speed.  

5.5 Discussion 

The results from this study show that, while feasible, measures made using an 

intravaginal IAP sensor located in the posterior fornix of the vagina have high variance when 

used to measure pelvic floor loading during running. This high variance is consistent with IAP 

measures made among exercising females reported by other groups that used the same sensor 

(Coleman et al., 2015; Hsu et al., 2018), but also with other sensors such as a wireless gastric 

sensor (Soucasse et al., 2022) and an intra-rectal sensor (Djivoh & De Jaeger, 2023), during a 

variety of exercises/tasks. Despite high variance in IAP,  positive correlations have been 

reported between total vector pelvic accelerations and peak IAP during walking (r=0.7220) (de 

Gennaro et al., 2019), leading to a recommendation that waist-worn accelerometers are a valid 

method for inferring IAP during a variety of activities (de Gennaro et al., 2019). In the current 

study, when females ran at speeds ranging from 7 to 15 km/h, the relationship between pelvic 

acceleration and peak IAP was much weaker (r=0.347 for |𝑎⃗| , r=0.432 for ay) and does not 

support the use of pelvic acceleration to infer peak IAP during running. Running requires more 

respiratory effort, trunk rotation and abdominal muscle activation compared to walking. These 

variables are known to contribute to IAP (Niederauer et al., 2023), which might explain the 
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weaker relationship found between peak IAP and pelvic accelerations during running in this 

study compared to walking in other studies. The lack of significant relationship between IAP 

AUC and pelvic acceleration during running is consistent with previous findings during walking 

tasks (de Gennaro et al., 2019) and suggests that pelvic accelerations should not be used to 

infer cumulative loading forces experienced by the pelvic floor during running,  particularly 

considering that we observed moderate effect sizes pointing to runners with RI-SUI 

experiencing higher IAP but lower pelvic accelerations during running.  

IAP measured using a pressure sensor located in the posterior fornix has been validated 

(Coleman et al., 2012; Hsu et al., 2012; Rosenbluth et al., 2010) and found to be reliable during 

physical activities (Egger et al., 2015) but not specifically during running tasks, where the sensor 

may be more prone to descent or expulsion. While the sensor did dislodge in 6 participants, it 

appeared to remain in position in the others, and IAP was stable between the period before and 

that after the steady state run when the belt speed was 10 km/h. This finding can be considered 

confirmation that sensor migration was not a problem. It is unclear why IAP was lower after the 

run when the belt speed was 7 km/h. It is unlikely that the sensor migrated between the 10 km/h 

and 7 km/h conditions after the run, as these phases were only 30s in duration and the runners 

had already been running for 36 minutes by this point. The lower IAP measured after the run at 

the 7 km/h speed might be associated with viscoelastic properties of the pelvic floor tissues. 

Previous work suggested that an accelerometer embedded in the IAP sensor did not descend 

over the course of the treadmill protocol, but that pelvic floor accelerations during running were 

dependent on belt speed and parity (Niederauer et al., 2022). As such, changes in the 

properties of the pelvic floor connective tissues may have been induced by the prolonged run 

but were only detectable at the 7 km/h running speed. We did observe that several participants 

altered their running mechanics once the belt speed was slowed to 7 km/h at the end of the run, 
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which may have influenced IAP, but we did not record running mechanics in any quantifiable 

way.  

We found no previous studies that examined the effect of different normalization tasks to 

normalize IAP data acquired during active tasks. The vertical jump task appears to be a good 

choice for normalization. Although the normalization of the IAP resulted in higher effect sizes 

between runners with and without RI-SUI compared to non-normalized IAP (net mean peak), it 

also increased the variance in the IAP data, Further research is needed to determine the most 

appropriate method for normalizing IAP data during different activities. In the case of running, it 

appears prudent to evaluate both non-normalized IAP and to normalize peak IAP by vertical 

jumping to fully explore the contributions of IAP and gravitational loading to the sensor output. 

Other tasks could also be considered for normalization.  

Higher running speeds tended to increase net mean peak IAP, relative net mean peak 

IAP and AUC IAP—however, this effect was only significant for net mean peak IAP, and post-

hoc testing revealed that net mean peak IAP was only different between the 7 km/h and the 15 

km/h running speeds, tasks in which there is a substantial difference in locomotive effort. These 

results are consistent with previous work that found net mean peak IAP increased with 

locomotive effort when a small group of mostly nulliparous females walked at 1.7 miles per hour 

at a 10% grade, at 2.5 miles per hour at a 12% grade, and at 3.4 miles per hour at a 14% grade 

(de Gennaro et al., 2019). While the findings of the current study could lead to 

recommendations that runners limit their running speed to minimize IAP and consequently the 

risk of experiencing or developing SUI symptoms, this advice is not supported – both due to the 

observed high intra-individual variance in IAP and the current lack of empirical evidence that 

IAP exposure during running causes SUI. Indeed, while some runners experienced low IAP at 

high running speeds, others experienced as much as twice the IAP at that same speed.  
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The intravaginal IAP sensor was dislodged during running in 6 participants (3 with and 3 

without RI-SUI), reducing the effective sample size from n=34 (after instrumentation failure in 

n=5) to n=28. Five out of the six participants in whom the sensor dislodged were parous. 

Changes in pelvic floor morphology induced by vaginal birth were likely the primary reason for 

this. Other studies using this sensor during pilates exercises (Coleman et al., 2015) and during 

a range of physical tasks (Egger et al., 2015) reported similar rates of sensor dislodgement. 

These results suggest that design modifications might be necessary to improve the retention 

rate of the sensor in parous females, particularly over an extended run. Adjustments to the 

sensor’s size, its shape or even the texture of the silicone could enhance the fit and reduce the 

risk of dislodgment. Regarding the technical difficulties encountered with the sensor, the 

repetitive vibrations caused by running led to connector failure in several early participants. 

Fortunately, this issue was resolved through reinforcement of the connectors as the study 

proceeded. Future studies using this intravaginal IAP sensor should plan their sample size with 

a 15% attrition rate related to sensor loss, especially if investigating parous females over an 

extended run. 

Based on the effect sizes computed here, peak loading (net mean peak IAP), IAP 

normalized to a vertical jump, and cumulative loading (IAP AUC) during an acute bout of 

running appear to be good candidate measures to study biomechanical factors contributing to 

RI-SUI, particularly investigating running speed. A next step is to evaluate the relationship 

between pelvic floor loading and changes in PFM morphology and function observed over the 

course of a running session. Because the effect sizes are moderate at best, factors other than 

the magnitude of the loading stress imposed on the pelvic floor during the running task likely 

contribute to RI-SUI and should also be considered.  Factors beyond running biomechanics may 

also influence urethral or PFM structure, support and/or function (Bérubé & McLean, 2024), 
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such as the timing and amount of activation of the pelvic floor muscles observed in runners 

during foot strike and toe off (Moser et al., 2018; Williams et al., 2022).   

5.5.1 Limitations  

Although this sensor may be considered less invasive than sensors located in the 

rectum or stomach (Hsu et al., 2012), there are inherent limitations with its use. Indeed, the 

pressure outcomes recorded by the sensor during running reflect both IAP and compressive 

forces generated between the viscera and the pelvic floor. While this can be seen as a 

limitation, the resulting pressure outcomes likely reflect overall pelvic floor loading, which is the 

construct of interest in understanding the pathophysiology of RI-SUI.   

While running is a component of numerous physical activities and sports, it is important 

to note that the findings from this study cannot be applied to other high-impact activities. Also, 

the running protocol was completed in a controlled environment on a treadmill and may not 

reflect how the participants would habitually run. The results from this study are generalizable 

only to experienced runners who are mainly premenopausal and have low BMI. Running 

technique, heart rate, respiration pattern, running kinematics and kinetics and abdominal muscle 

activation are all factors that could influence IAP experienced during running (Niederauer et al., 

2023), however, these were not assessed in the present study. Although the sample size was 

small, it allowed us to estimate the future sample size needed to achieve adequate statistical 

power and to troubleshoot some concerns related to using an IAP vaginal sensor over an 

extended run.  

5.6 Conclusion 

 

This study explored the feasibility of using an intravaginal IAP sensor in female runners 

to measure pelvic floor loading during an extended treadmill run. Although there were positive 

associations between running speed and IAP, IAP had high variance, Similarly, the associations 
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between pelvic acceleration and IAP were moderate. Although the IAP was not different before 

and after the 30-minute run when the belt speed was 10 km/h, IAP was lower after the run when 

the belt speed was 7 km/h, possibly reflecting viscoelastic changes in the pelvic floor tissues or 

changes in running mechanics during the cool-down. Future research should anticipate a 

minimum attrition rate of 15% due to sensor dislodgement. The evidence is currently lacking to 

support biomechanical interventions for RI-SUI and future studies should aim to investigate the 

impact of pelvic floor loading during exercise on changes in PFM morphology and function.  
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6.1 Abstract 

 
Objectives:  
 
We aimed to investigate whether, among female runners, transient changes in pelvic floor 
morphometry, pelvic floor muscle (PFM) function, or pad weight gain observed after a 
standardized running protocol are associated with the exposure of the pelvic floor to loading 
during the run.  
 
 
Methods: 
 
Adult female runners with (n=19) and without (n=19) running-induced stress urinary 
incontinence (RI-SUI) completed a 37-minute treadmill-based running protocol with a pressure 
sensor placed in the posterior fornix of the vagina and a triaxial accelerometer adhered to the 
pelvis, and an incontinence pad adhered to their undergarment.  Pelvic morphometry and PFM 
function were assessed before and after the run using transperineal ultrasound imaging and 
intravaginal dynamometry. Urine leakage volume was estimated as incontinence pad weight 
gain. Separate linear regression models evaluated the associations between variables 
representative of pelvic floor load exposure (posterior fornix sensor pressure (PFSP) and pelvic 
accelerations) and changes in pelvic morphometry, PFM function, and incontinence pad weight 
observed after the run.  
 
Results:  
 
After the run, the levator hiatus was larger and the bladder neck sat lower in the pelvis, yet there 
were no significant differences in PFM active or passive forces measured using dynamometry. 
These changes were not different between those with and those without RI-SUI. Higher pelvic 
accelerations were associated with greater reductions in passive PFM stiffness after the run  
(R2= 20–27%), but not with changes in pelvic morphometry. No associations were found 
between any measures of pelvic floor load exposure and changes in PFM force-generating 
capacity. Among runners with RI-SUI, greater pad weight gain occurred among those who ran 
with slower vector accelerations (R2=0.27). 
 
Conclusion:  
 
The magnitude of pelvic floor loading experienced during running does not appear to influence 
the transient loss in static pelvic organ support observed after running nor urine leakage 
volume.  
 
Key Words: intra-abdominal pressure, pelvic floor, posterior fornix sensor pressure, running, 
urinary incontinence, accelerations, biomechanics 
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6.2 Introduction 

Running is a popular activity and is a component of many sports. However, a significant 

number of female runners report discontinuing this form of exercise due to prevalent lower 

urinary tract symptoms (Dakic et al., 2021), mainly stress urinary incontinence (SUI) (Almousa & 

Bandin Van Loon, 2019; Pires et al., 2020; Rebullido et al., 2021; Teixeira et al., 2018). 

Exposure to high-impact forces during activities such as running has been proposed as a 

contributor to incontinence experienced during athletic activities (Cardozo et al., 2023; Falah-

Hassani et al., 2021). High intra-abdominal pressure (IAP) has also been hypothesized to lead 

to symptoms of SUI during athletic activities (Bérubé & McLean, 2024; Bo & Nygaard, 2020; 

Chisholm et al., 2019; de Melo Silva et al., 2020; Gan & Smith, 2023; Karmakar & Dwyer, 2018; 

Nygaard & Shaw, 2016b; Shaw & Nygaard, 2017).  

Few studies on exercise-induced SUI have focussed on runners.  A recent study found 

that a 37-minute run induced a loss of passive support without concurrent pelvic floor muscle 

(PFM) fatigue (Bérubé & McLean, 2024). Another study found that after performing a half-

marathon, female runners experienced fatigue-related changes in PFM function including 

strength, endurance, and ability to complete repeated contractions (de Mendonça et al., 2023). 

De Melo et al. investigated biomechanical correlates of urinary incontinence among runners, 

finding no differences in running mechanics between runners with and without UI (de Melo Silva 

et al., 2020). They also found no association between the severity of leakage experienced 

during running and these running mechanic parameters (de Melo Silva et al., 2020). Similar 

results were found in a sample of postpartum runners where, during a 7-minute treadmill run, 

there was no evidence of an association between symptoms of pelvic floor dysfunction and both 

running kinetics and pelvic accelerations (Coltman et al., 2025). 
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Pressure measured by a sensor positioned within the posterior fornix of the vagina has 

been theorized to reflect pelvic floor loading (Coleman, Hamad, et al., 2015; Coleman, Nygaard, 

et al., 2015; de Gennaro et al., 2019; Hsu et al., 2017; Shaw et al., 2014).  Such sensors have 

been used to infer pelvic floor loading in  groups of females performing different physical 

activities (Coleman, Hamad, et al., 2015; Coleman, Nygaard, et al., 2015; de Gennaro et al., 

2019; Hsu et al., 2017; Shaw et al., 2014). Pressure sensor data have, however, been highly 

variable among individuals who perform different exercise activities. The sensor measures 

higher pressure with tasks that increase IAP (abdominal wall muscle contraction, higher 

respiration volume and greater trunk flexion) and those associated with inertial loading (higher 

pelvic acceleration) (Niederauer et al., 2022) yet it remains unclear how exposure of the pelvic 

floor to these forces affect pelvic organ support or PFM function. The magnitude of 

accelerations experienced by the pelvis during running likely reflects the magnitude of 

mechanical stresses experienced by the PFMs and connective tissues related to inertial loads 

and ground reaction forces being transmitted up the kinetic chain (de Gennaro et al., 2019). 

Such mechanical stress may lead to tissue strain, and, consequently, a loss of pelvic organ 

support. Currently it is not clear how exposure to loading during running ultimately contributes to 

urine leakage among females. Understanding these relationships will allow us to explore 

biomechanical interventions to prevent or alleviate symptoms of SUI experienced by females 

during physical activities such as running. 

The aim of this study was to determine, among experienced female runners, if the 

magnitude of loading experienced by the pelvic floor tissues (inferred both through pressure 

recorded by a sensor placed in the posterior fornix and through pelvic accelerations) over the 

duration of a standardized treadmill running protocol is associated with the extent of observed 

changes in pelvic floor morphometry or PFM function observed after the run. A second aim was 

to assess if the extent of urine leakage measured among runners with running-induced stress 



 
 

130 
 

urinary incontinence (RI-SUI) is associated with the magnitude of pelvic floor loading 

experienced during running. Our primary hypothesis was that greater pelvic floor loading would 

be associated with greater reductions in pelvic organ support and PFM stiffness measured after 

the run. Our secondary hypothesis was that, among female runners with RI-SUI, higher pelvic 

floor loading would be associated with more urine leakage during the run.  

6.3 Methods 

6.3.1 Design 

This was an observational, cross-sectional exploratory study. Our local institutional 

research ethics board approved the protocol prior to recruitment, which occurred between June 

2019 and March 2021, with a break between March 2020 and January 2021 due to laboratory 

closures caused by the COVID-19 pandemic. Prior to participating in any part of the protocol, all 

participants provided written informed consent. 

 

6.3.2 Participants 

Experienced runners were recruited through local running groups and physiotherapy 

clinics. The inclusion and exclusion criteria are presented in TABLE 6.1. All eligible participants 

provided demographic information including age, parity, obstetrical history (i.e. vaginal vs 

Caesarean section, use of forceps or suction) and menopausal status. They were also asked to 

complete the International Consultation on Incontinence - Female Lower Urinary Tract 

Symptoms Long Form module (ICIQ-FLUTS), the International Physical Activity Questionnaire 

(IPAQ) (Hagströmer et al., 2006), and to provide general information about their running profile 

such as frequency, volume, and experience. Due to the novel nature of this study, there were no 

prior data available to inform a sample size estimate. Consequently, the sample size was 

determined based on practical considerations and the availability of resources; with 
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assumptions that a sample size > 25 would be adequate to detect moderate linear associations 

(Jenkins & Quintana-Ascencio, 2020).  

Table 6.1 Inclusion and exclusion criteria 

Inclusion criteria  Exclusion criteria 

• Runners assigned 
female at birth 

• Older than 18 years 
old 

• Run at least 10 km / 
week for the past 
year 

• Run at least twice 
per week for the 
past year 

• Can run at least 5 
km in under 50 
minutes 
 

 • Risk factors for physical activity according to Par-Q  

• Self-reported obesity or obesity defined by a BMI 
larger than 35kg/m2 

• History of urogenital surgery and/or use of 
incontinence medication 

• Neurological impairments involving the central 
nervous system or the sacral nerves 

• Known connective tissue disorders 

• Pelvic organ prolapse that moves caudally past the 
hymen on Valsalva maneuver while standing  

• Pregnant or had delivered a baby within the previous 
year 

• Dyspareunia or pelvic pain  

• Symptoms of low energy deficiency as measured by 
the Low Energy Availability in Females Questionnaire 
(LEAF-Q)  

• In situ devices that would not be suitable for 
ultrasound imaging, intravaginal dynamometry, and/or 
intravaginal pressure sensor placement 

• Urinary urgency with associated urine leakage during 
running 

 

 

6.3.3 Laboratory assessment 

The first author, who is a registered physiotherapist who has worked exclusively in pelvic 

health, having over 5 years of experience at the time of data collection, conducted all laboratory 

assessment data. Additionally, she received over 50 hours of training on ultrasound imaging 

(USI) and intravaginal dynamometry to assess pelvic morphometry and PFM function prior to 

initiating this study and was trained on and deemed competent by the device developers on the 

correct use of the pressure sensor. 
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Further details on the procedures used in this study can be found in a previous publication 

(Bérubé & McLean, 2024). In brief, bladder volume was confirmed using transabdominal USI to 

be between 100 and 200mL to ensure consistency among participants during the running 

protocol. This decision was made to assess urine leakage during exercise with a moderately full 

bladder since female runners tend to void their bladder prior to going for a run and even during 

the run as a mitigation strategy to prevent leakage (Brennand et al., 2018). Before running, the 

morphometry of the PFMs was assessed using 2D and 3D B-mode transperineal USI through a 

GE Voluson S6 system (General Electric, Toronto, Canada). While in a standardized standing 

position, static 3D volumes (to measure the area of the levator hiatus) and dynamic 2D clips (to 

measure levator plate length and bladder neck height) were obtained at rest and during 

maximum effort voluntary contractions (MVCs). Also, in standing, an intravaginal dynamometer 

was used to measure MVC forces. The arms were opened to an anteroposterior diameter of 35 

mm and the participant was instructed to perform an MVC. The participant then moved to a 

supine position and the dynamometer was used to record passive forces as the diameter of the 

dynamometer arms moved at a constant 50 mm/s from 15 mm to 40 mm diameter. The 

elongation was held for 7 seconds before the arms returned to their initial position. Three 

sequential repetitions of each task were performed using each device.  

The dependent variables were selected as those previously shown to be impacted by an 

acute bout of running among experienced female runners both with and without RI-SUI (Bérubé 

& McLean, 2024). Imaging outcomes included the area of the levator hiatus (LA) at rest 

acquired using 3D imaging in standing, and bladder neck (BN) height and levator plate (LP) 

length at rest acquired using 2D imaging in standing. The amount of change (Δ) in the LP  

length and BN height was acquired as the difference in these measures between rest and peak 

MVC (Dietz, 2004; McLean et al., 2016). Dynamometry outcomes included peak force and rate 

of force development observed during active contraction in standing and passive PFM 
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elongation in supine (Bérubé et al., 2018; Czyrnyj et al., 2021). The relevance of each outcome 

is presented in Box 1.  

The participants proceeded to insert a validated (Coleman et al., 2012; Hsu et al., 2012; 

Rosenbluth et al., 2010), reliable (Egger et al., 2015), sterilized, and calibrated (0 to 350 cm 

H2O) pressure sensor into the posterior fornix of their vagina, which was zeroed to atmospheric 

pressure. Adequate positioning of the device was confirmed by the physiotherapist using digital 

palpation in the supine position by palpating the cervix and ensuring that the sensor was 

inserted posterior to it and as far as possible. The participants were then instructed to redress in 

their underwear and in standardised Spandex running pants provided by the laboratory, which 

held the wires still while running. Posterior fornix sensor pressure (PFSP) data were acquired at 

a sampling rate of 40Hz and stored on a Secure Digital card within an instrumented module that 

was secured to the participant’s left iliac crest with adhesive tape. To ensure that the sensor 

was securely positioned in the upper third of the vagina, the participants were instructed to 

stand up and perform three maximal effort coughs, three maximal Valsalva maneuvers (MVM), 

three vertical jumps, and three repetitions of a standardized lifting task with 6.8 kilograms in 

each hand. On visual inspection, if the sensor descended into the lower part of the vagina or 

came out, it was reinserted, and the process was repeated. If the sensor still descended, it was 

removed, and the participant continued the study without the sensor. A tri-axial accelerometer 

(MetaMotionR, Mbientlab Inc.) with a range of ±16G was adhered using tape directly to the skin 

over the upper border of the left mid-iliac crest and was used to record pelvis acceleration 

values in the vertical, anteroposterior and mediolateral directions at a sampling rate of 100 Hz. 

With a pre-weighed incontinence pad in their underwear, and a Fit-bit watch on their 

wrist, participants proceeded to a NordicTrack Commercial 2450 treadmill. They gradually 

increased the belt speed to 7 km/h, jogged for 2 minutes, then increased  the speed to 10 km/h, 

ran for 2 minutes, then increased the speed to 15 km/h, ran for 2 minutes then selected a 



 
 

134 
 

running speed that they perceived as somewhat hard (15-16 on the Borg Rate of Perceived 

Exertion Scale) and maintained it for 30 minutes, after which they decreased the treadmill speed 

to 10 km/h and then 7 km/h, running for 30s at each speed, at which point they reduced the 

speed to zero to end the protocol. Throughout the entire protocol, the instrumentation module 

recorded pressure data. If the participants experienced shortness of breath or discomfort during 

the running task, they had the option to reduce their speed or, if necessary, walk for one minute 

before resuming their selected speed. Drinking water during the running protocol was permitted. 

Following completion of the running protocol, the physiotherapist examined the positioning of 

the pressure sensor, determining whether it remained within the posterior fornix of the vagina 

before removing it. The USI and intravaginal dynamometry procedures were then repeated as 

described above, completed within 15 minutes of the end of the running protocol. Pad weight 

and total number of steps taken during the run were recorded. The researcher who conducted 

the laboratory assessment was not blinded to continence status as she could visually detect 

urine in the pad on removal for weighing.  

6.3.4 Data processing 

The change in PFM outcomes was calculated as the difference between the post-run 

measurements and the pre-run measurements.  

All PFSP data processing was performed using custom MATLAB programs and followed 

methods previously established by the developers of the device (Hamad et al., 2013). Following 

a power spectrum analysis, no filtering was deemed necessary to smooth the pressure data as 

there was no evidence of high frequency noise.  Maxima and minima in the pressure data were 

identified using custom software, with successive peaks being at least 0.2 seconds apart. 

Confirmation via visual inspection ensured that pressure peaks were identified correctly. Four 

separate measures were derived from the PFSP data to quantify pelvic floor load exposure: (i) 
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the difference between the mean of all maxima and of all minima was used to compute the “net 

mean peak PFSP” during the 30-minute run at the self-selected speed (Hamad et al., 2013), (ii) 

net mean peak PFSP calculated over the highest data point acquired during the three vertical 

jumps (Dietze-Hermosa et al., 2020) and it was used to normalize the net mean peak PFSP 

during running, producing the ”relative net mean peak PFSP”. This measure, presented as a 

percentage, was used to allow meaningful comparisons among individuals considering 

variations in body mass and the mass of the abdominal/pelvic organs, and finally, (iii) the area 

under the PFSP curve (PFSP AUC) was averaged over 10 minutes of running at the self 

selected speed to represent cumulative loading (Hamad et al., 2013). While these measures 

were not independent (net mean PFSP vs relative net mean PFSP r=0.777; net mean PFSP vs 

PFSP AUC r=0.879, PFSP AUC vs relative net mean PFSP r=0.635), they were each selected 

as they provide different information about pelvic floor loading.  

The raw pelvic acceleration time series were smoothed using a second order dual-pass 

Butterworth filter with a 6 Hz cut-off. Vector accelerations [vertical (y), sagittal (x) and coronal 

(z)] were computed over 10 consecutive steps at the self-selected speed within the 15 minute 

mark of the 30 minute run, using the peak acceleration values from each step (Equation 6.1), 

where ax (sagittal), ay (vertical), and az (coronal), represent acceleration amplitudes in the x, y, z 

directions, respectively, and |𝑎⃗| represents the vector acceleration. Again, while not 

independent (r=0.693), both vector and vertical accelerations provide different information and 

were thus both included in the statistical analyses. 

|𝑎⃗| = √𝑎𝑥
2 + 𝑎𝑦

2 + 𝑎𝑧
2.     Equation 6.1 

 

6.3.5 Statistical Analysis 
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All statistical testing was carried out using IBM SPSS version 28 and α=0.05 was used 

for all tests. All outcomes were tested for normality using the Shapiro-Wilk test. Descriptive 

statistics (mean, standard deviation) were calculated for each outcome. Confidence intervals 

were calculated for the mean difference in PFM outcomes to describe the acute effects of the 

run. To test the primary hypothesis, separate linear regression analyses were conducted to 

evaluate the relationships between pelvic floor loading variables (net mean PFSP, relative net 

mean PFSP, PFSP AUC, vector acceleration and vertical acceleration) recorded during the run 

and changes in pelvic morphometry and PFM function after the run. The baseline value of each 

PFM morphometry or function outcome was included in its respective models as a covariate, 

since it was previously shown that baseline value BN height and LP length can affect the extent 

of changes observed after a run (Bérubé & McLean, 2024). To assess our secondary objective, 

among female runners with RI-SUI, linear regression analyses were conducted to evaluate the 

relationship between each of the variables representing pelvic floor loading and pad weight gain 

after the running protocol. Residual plots were examined to ensure proper model fit.  

 

6.4 Results 

6.4.1 Sample Demographic Information 

Thirty-nine female runners met the eligibility criteria. However, only 38 successfully 

completed the laboratory-based assessment due to hardware issues with the dynamometer. 

Hardware difficulties due to faulty connections were encountered with the vaginal pressure 

sensor for another five participants. PFPS data were discarded for six participants due to the 

sensor having descended from the posterior fornix during the running task. Ultimately, PFSP 

data sets were available from 27 participants.  

Demographic data are presented in TABLE 6.2. Baseline values, post-run values and 

mean differences in all PFM outcomes are summarized in TABLE 6.3. The LH was significantly 
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larger, and the BN was significantly lower within the pelvis in standing at rest after the run. 

Runners were also able to shorten their LP further when performing an MVC after the run. The 

PFSP and pelvic acceleration data measured during the 30-minute self-selected running speed 

are detailed in TABLE 6.4. The equations derived from the regression analyses are presented 

in Supplemental material S.6.1 While most models were non-significant, as described below, 

the residual plots confirmed that all models met the necessary criteria for adequate model fit
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Table 6.2 Demographic data for the whole sample (n=38) and for participants in whom posterior 
fornix sensor pressure data were available for regression analysis (n=27). 

  All participants (n=38)   PFPS subset (n=27) 

  Mean/n SD or %   Mean/n SD or % 

Age (years) 39.91 10.12   40.74 11.13 

BMI (kg/m2) 23.03 3.99   23.25 3.68 

Waist to hip ratio 0.79 0.07   0.79 0.08 

Parous 17 45   11 41 

      Use of forceps (n, %) 4 11   3 11 

      Use of suction (n, %) 3 8   1 4 

Menopause (n, %) 4 11   4 15 

RI-SUI (n, %) 19 50   15 56 

ICIQ-FLUTS total score (/48) 7.37 4.56   8.07 4.50 

ICIQ-FLUTS F (/16) 2.89 2.13   3.33 2.04 

ICIQ-FLUTS V (/12) 0.79 1.70   0.67 1.14 

ICIQ-FLUTS I (/20) 3.68 3.02   4.07 3.15 

IPAQ total activity (MET-minutes/week) 4389 5951   5531 6739 

IPAQ sub total vigorous activities (MET-
minutes/week) 

1503 2268 
  

1819 2616. 

Self-selected running speed (km/h) 10.30 1.64   10.16 1.77 

Number of steps during running protocol 6489 384   6408 307 

Weekly running distance (km) 36.2 23.6   36.1 23.0 

Running experience (years) 15.70 10.54   15.49 11.17 

Values are presented as mean ± standard deviation (SD) or the frequency and percentage (%).  
 

PFSP: posterior fornix sensor pressure; BMI: body mass index; RI-SUI: running-induced stress 
urinary incontinence; ICIQ-FLUTS: International Consultation on Incontinence - Female Lower 
Urinary Tract Symptoms Long Form module; F: filling subscore; V:voiding subscore; I: 
Incontinence subscore, IPAQ: International Physical Activity Questionnaire; MET: metabolic 
equivalent units
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Table 6.3 Baseline outcomes and post-run changes measured by intravaginal dynamometry and ultrasound imaging 

  Before the run   After the run   Difference (Δ) 

  Mean SD   Mean SD   Mean SD 95% CI n 

Dynamometry outcomes during MVC                         

Rate of force development (N/s) 9.45 6.08  9.45 6.72  0.00 2.70 -1.024  1.033 28 

Relative peak force (N) 3.64 1.51  3.91 1.68  0.27 0.86 -0.054  0.602 28 

Dynamometry outcomes during passive 
elongation 

            

Rate of force development (N/s) 30.33 11.69  28.69 10.70  -1.64 6.58 -4.137  0.865 28 

Relative peak force (N) 11.38 5.16  10.88 5.73  -0.50 2.05 -1.280  0.279 28 

3D USI measurements              

LH area at rest (cm2) 16.90 4.94  17.70 5.12  0.80 1.35 0.324  1.267 33 

2D USI measurements at rest             

Bladder neck height (mm) 16.75 4.78  14.59 4.13  -2.16 3.29 -3.273  -1.049 35 

Levator plate length (mm) 55.59 8.24  56.92 9.06  1.33 4.55 -0.187  2.848 36 

2D USI measurements change on MVC             

Bladder neck height (mm) 3.36 3.56  4.01 2.94  0.66 2.55 -0.218  1.532 34 

Levator plate length (mm) -10.38 4.64  -11.89 5.59  -1.51 4.07 -2.890  0.133 35 

Confidence intervals significantly different from zero are shown in bold.  

MVC: maximal voluntary contraction; 2D: 2 dimensional; 3D: 3 dimensional; US: ultrasound imaging; N: Newtons; N/s: Newtons per 

second; mm: millimeters; SD: standard deviation; n=sample size; Δ: absolute difference; CI: confidence interval
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Table 6.4 Pelvic floor loading outcomes measured using intravaginal posterior fornix sensor and pelvic accelerometers during running for 
30-minutes at a self-selected speed  

    n  Mean SD Range CoV (%) 
Net mean peak PFSP (cm H20)   27  43.84 13.21 17.66-77.42 30.1 
Relative net mean peak PFSP (%)   27  57.72 22.00 27.80-99.80 38.1 
AUC PFSP (cm H20·s)   27  177.10 37.22 114.69-255.66 21.0 

Vertical acceleration (g)   38  2.62 0.28 2.06-3.26 10.2 
Vector acceleration (g)   38  3.52 0.40 2.75-4.24 11.7 

PFSP: posterior fornix sensor pressure; cm H20: centimeters of water; AUC: area under the curve; g: gravitational unit; SD: standard 

deviation; s: second; CoV: coefficient of variation
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Table 6.5 Regression coefficients and confidence intervals for the relationships between pelvic floor loading (posterior fornix sensor pressure and 
pelvic accelerations) and change in pelvic floor muscle function outcomes.  

    Net mean PFSP Relative net mean PFSP AUC PFSP Vertical acceleration Vector acceleration 

    R2 B 95% CI R2 B 95% CI R2 B 95 % CI R2 B 95% CI R2 B 95% CI 

Dynamometry 
outcomes during 
MVC 

                                

Rate of force 
development 

  0.01 0.026 -0.128  0.180 0.02 0.016 -0.067  0.099 0.008 0.002 -0.045  0.050 0.00 0.071 -4.083  4.225 0.081 1.985 -0.72  4.690 

Relative peak force   0.10 -0.019 -0.064  0.026 0.07 0.005 -0.018  0.029 0.118 -0.007 -0.021  0.007 0.01 -0.028 -1.348  1.292 0.094 0.683 -0.205  1.571 

Dynamometry 
outcomes during 
passive elongation 

                                    

Rate of force 
development 

  0.17 -0.104 -0.498  0.291 0.19 -0.077 -0.268  0.115 0.175 0.035 -0.083  0.154 0.26 -7.141 -15.913  1.631 0.27 -5.187 -11.181  0.807 

Relative peak force   0.20 -0.098 -0.217  0.020 0.18 -0.046 -0.107  0.015 0.048 0.004 -0.036  0.045 0.20 -3.399 -6.228  -0.569 0.273 -2.747 -4.585  -0.908 

3D US 
measurements  

                                    

LH area at Rest   0.12 -0.022 -0.066  0.022 0.12 -0.014 -0.042  0.013 0.082 -0.003 -0.019  0.013 0.01 -0.347 -2.233  1.538 0.037 -0.635 -1.825  0.555 

2D US 
measurements at 
rest 

                                    

Bladder neck height    0.21 0.046 -0.035  0.128 0.48 0.020 -0.027  0.067 0.491 0.016 -0.014  0.045 0.30 -1.455 -5.151  2.241 0.281 -0.130 -2.750  2.490 

Levator plate length   0.03 0.096 -0.076  0.267 0.11 0.054 -0.043  0.151 0.088 0.026 -0.034  0.087 0.08 4.538 -1.105  10.181 0.012 -0.804 -4.749  3.141 

2D US 
measurements 
change on MVC 

                                    

Bladder neck height    0.35 0.000 -0.082  0.082 0.35 -0.003 -0.050  0.043 0.35 -0.001 -0.03  0.028 0.34 0.867 -1.873  3.607 0.352 0.841 -1.054  2.736 

Levator plate length    0.16 -0.095 -0.253  0.063 0.16 -0.055 -0.143  0.033 0.132 -0.025 -0.08  0.031 0.06 -2.377 -7.889  3.136 0.058 1.797 -2.089  5.684 

 

PFSP: posterior fornix sensor pressure; MVC: maximal voluntary contraction; 2D: 2 dimensional; 3D: 3 dimensional; LH: levator hiatus; USI: 

ultrasound imaging; n=sample size; AUC: area under the curve; B: beta coefficient of the regression for the PFSP or pelvic accelerations; CI: 

confidence interval, R2: coefficient of determination
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6.4.2 Relationship between changes in pelvic floor loading exposure 
during running and changes in pelvic morphometry and PFM function 
after the run 

The outcomes of the linear regression analyses are presented in TABLE 6.5. The only 

regression models that were significant were the amount of change in relative peak passive force 

observed on PFM elongation and pelvic accelerations (both vertical and vector) observed during 

running. FIGURES 6.1 & 6.2 present scatterplots showing the relationships between pelvic floor 

loading exposure (net mean PFSP and pelvic vertical accelerations) and both dynamometry and 

USI outcomes, respectively. The outcome of the regression analyses is described in more detail 

below.
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Figure 6.1 Scatterplots of the change in relative peak force and RFD during MVC (4 upper panels) and during 
passive tissue elongation (4 lower panels) after the run in relationship with pelvic floor loading (Left: net mean 
PFSP; right: vertical accelerations) measured during the run. The regression lines and their 95% confidence 
intervals are depicted. The equations are in the form B0+B1x+B2y, where B0 is the intercept, B1 is the 
coefficient associated with the measure of pelvic floor loading and B2 is the coefficient associated with the 
baseline value of the pelvic floor muscle outcome indicated. PFSP: posterior fornix sensor pressure; RFD: rate 
of force development; MVC: maximal voluntary contraction, Δ: change; N: Newtons; N/s: Newtons per second; 
g: gravitational unit, R2: coefficient of determination.  
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Figure 6.2 Scatterplots of the change in levator hiatus (LH) area at rest, bladder neck (BN) at rest and levator 
plate (LP) length after the run in relationship with pelvic floor loading (Left: net mean PFSP; right: vertical 
accelerations) measured during the run. The regression lines and their 95% confidence intervals are depicted. 
The equations are in the form B0+B1x+B2y, where B0 is the intercept, B1 is the coefficient associated with the 
measure of pelvic floor loading and B2 is the coefficient associated with the baseline value of the pelvic floor 
muscle outcome indicated. PFSP: posterior fornix sensor pressure; Δ: change
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6.4.2.1 Dynamometry outcomes  

 Contractile forces 

There was no difference in MVC force or rate of force development after the run 

compared to before the run. The extent of pelvic loading (PFSP, pelvic accelerations) exposure 

during running did not affect the magnitude or rate of force generated during PFM MVC. The 

regression models suggest that pelvic floor loading during the run explains little to none of the 

variance (1% to 12%) in the change in contractile force observed after the run.  

Passive tissue elongation 

As noted above, exposure to higher pelvic accelerations, both vertical and vector, was 

associated with reduced rate of force development during passive elongation of the PFMs after 

the run (i.e., stiffness) and with peak passive resistance (Figure 1) after the run, with models 

explaining between 20 and 27% of the variance in the data. Pelvic floor loading exposure, when 

measured through PFSP (net mean PFSP, relative net mean peak PFSP, and AUC PFSP) was 

not associated with changes in pelvic floor tissue stiffness measured using vaginal dynamometry 

after the run, with models explaining between 5 to 20% of the variance (Figure 5.1).   

6.4.2.2 Ultrasound imaging outcomes  

Levator hiatus 

While LH area was larger when measured in standing at rest after the run, the magnitude 

of pelvic floor loading exposure (measured through both PFSP and pelvic accelerations) was not 

associated with the extent of observed changes after the run. The models explained between 8 

and 12% of the variance in PFSP and between 1 and 4% of the variance in pelvic accelerations.  

Bladder neck height  

Bladder neck height was lower when measured in standing at rest after the run compared 

to before the run. Pelvic accelerations explained between 28 and 30% of the variance in the 
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change in BN height at rest after the run (Figure 2). During the MVC, there was more elevation of 

the BN after the run. For the PFSP variables, the regression models explained between 21 to 

49% of the variance in the data, however the significant predictor in these models was the BN 

height before the run, not the loading exposure during the run. Runners who initially had a more 

cranial BN position before the run were more likely to experience greater caudal shifts in BN 

position afterward, both at rest and on MVC. 

Levator plate length 

The LP was not significantly longer after the run. Neither pelvic accelerations nor PFSP 

had a meaningful impact on the resting length of the LP, nor its ability to shorten on MVC after 

the run compared to baseline. The regression models explained between 3 and 16% of the 

variance in the data.  

6.4.3 Relationship between pelvic floor loading and pad weight gain 
among runners with RI-SUI 

Among the runners with RI-SUI, PFSP (net mean PFSP, relative net mean PFSP, AUC 

PFSP) explained little to no variance in pad weight gain (n=15, R2=0.039, 95% CI [-1.415  0.703], 

slope=-0.356, p=0.481; R2=0.000, 95% CI [-0.726  0.677], slope=-0.025, p=0.941; R2=0.048, 95% 

CI [-0.597  0.271], slope=-0.163, p=0.432, respectively). While similar results were obtained for 

vertical accelerations (R2=0.015, 95% CI [-92.952  56.604], slope= -18.174, p=0.615), slower 

vector accelerations were associated with greater pad weight gain after the run (R2=0.273, 95% 

CI [-100.193  -9.053], slope= -54.623, p=0.022) (n=19). 

6.4.4 Sensor dislodgement 

Five out of the 6 participants in whom the sensor dislodged were parous. We compared 

pelvic floor morphometry and dynamometry between the parous runners in whom the sensor 

became dislodged and those in whom the sensor remained within the posterior fornix 

(APPENDIX 2). There were no significant between-group differences but the LH and LP of the 
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parous runners who lost the sensor tended to be larger and longer, there was less tissue stiffness 

during passive elongation of the paravaginal tissues and PFM force-generating capacity was 

lower.  

6.5 Discussion 

 

To our knowledge, this is the first study to explore the direct relationship between pelvic 

floor loading during a single exercise session and transient changes in pelvic floor morphometry 

and function observed afterward. The results provide some evidence that pelvic floor loading, 

particularly when inferred through pelvic accelerations, may contribute to stress relaxation of the 

pelvic supporting tissues in female runners. The effects were, however, not consistent across all 

measures. The observations using intravaginal dynamometry suggest that faster pelvic 

accelerations during running, thus higher ground reaction forces (Patoz et al., 2022), cause the 

connective tissues within and/or anchoring the PFMs to become less stiff, without negatively 

influencing their contractile function. However, the area of the LH and the LP length at rest, as 

measured by USI, were not affected by the magnitude of the pelvic accelerations, suggesting that 

tissue changes were related to stress relaxation and not to creep. There was also no evidence 

that higher pressures measured within the posterior fornix during running were associated with 

greater changes in bladder neck support or PFM function over the course of the run. While there 

is evidence of tissue strain after the run (lower BN height, larger LH area) the extent of tissue 

strain does not appear to be associated with the magnitude of the loading forces experienced 

during the run. As such, our primary hypothesis was not supported. 

Furthermore, our secondary hypothesis was not supported as higher exposure of the 

pelvic floor to loading was also not associated with greater pad weight gain among those with RI-

SUI. Interestingly, there was an inverse relationship between pad weight gain during running and 

pelvic vector accelerations while running. The underlying mechanisms for this observation remain 

unclear, runners with RI-SUI might have adopted running mechanics that reduce vector 
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acceleration to mitigate leakage or running with a soaked incontinence pad may have affected 

their running mechanics (Brennand et al., 2018). While minimizing pelvic accelerations could offer 

a strategy to mitigate the extent of pelvic floor stress relaxation experienced during running, this 

might not impact leakage symptom severity. A case study demonstrated that instructing a 

participant to reduce vertical loading by running “more softly” led to a reduction in tibial 

acceleration, vertical oscillation of her center of mass, and, ultimately, a reduction in symptoms of 

urine leakage during running (Steimling et al., 2023). Increasing cadence/decreasing stride 

length, improving shock absorption through stronger lower limb muscles or appropriate footwear, 

and/or reducing running speed, among other biomechanical interventions could reduce pelvic 

loading (Davis et al., 2020; Folland et al., 2017; Moore, 2016). Further research is necessary to 

evaluate the effectiveness of biomechanical strategies for mitigating pelvic floor loading and 

associated reductions in urine leakage. 

Bladder neck height at rest and its elevation on MVC prior to the run significantly 

influenced BN height in standing and change of position in BN height attained on MVC after the 

run, while the extent of pelvic floor loading (peak PFSP and pelvic accelerations) did not. A higher 

BN position before running appears to allow for more descent of the BN during the run. A 

potential explanation could be that a lower BN at rest might indicate that the supportive structures 

of the BN are already in an elongated position prior to the run, thus the tissues may be closer to 

their maximum strain, leaving them less room for descent compared to those whose BN is 

located higher in the pelvis before the run (Bérubé & McLean, 2024).  

Middlekauf et al. reported no differences in maximal vaginal descent, vaginal resting 

pressure and maximal and mean PFM strength (Middlekauff et al., 2016) between a group of 

nulliparous females who completed a strenuous exercise protocol and those who completed a 

nonstrenuous (walking) exercise protocol. Assuming that the participants who completed the 

strenuous protocol experienced higher loads on their pelvic floor compared to the nonstrenuous 

protocol, their finding is consistent with the results of the current study; both suggest that the 
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magnitude of peak or cumulative loading during exercise is not strongly associated with changes 

in PFM structure or function that occur due to the exercise. Indeed, previous research has 

demonstrated that approximately 50% of the variability in urethral mobility among females can be 

attributed to genetic factors (Dietz et al., 2005) thus it is quite possible that intrinsic factors such 

as genetics may predispose some runners to greater loss of BN support than others, regardless 

of pelvic loading exposure during running. Our results and those of Middlekauf et al. (Middlekauff 

et al., 2016) suggest that intrinsic contributors to the loss of pelvic organ support during running 

should be investigated in future work.   

6.5.1 Measurement of pelvic floor loading  

Both the vertical component of pelvic accelerations and the overall vector accelerations 

were associated with reduced stiffness in the PFMs observed after the run. While pelvic 

accelerations are highly correlated with ground reaction forces (Patoz et al., 2022), it is not yet 

known how ground reaction forces are transmitted to the pelvic floor. Similar to the findings of this 

study, a recent study found no association between running kinetics or pelvic accelerations and 

symptoms of pelvic floor dysfunction in a sample of postpartum runners (Coltman et al., 2025). 

The pelvic floor is a multiplanar network of soft tissues that is subjected to loading through the 

vertical oscillations of the abdominal and pelvic contents. Intravaginal accelerometry may offer a 

direct means of measuring pelvic floor kinematics to improve our understanding of pelvic floor 

loading (Niederauer, Bérubé, et al., 2022). It appears that a history of vaginal childbirth may 

impact the capacity of the pelvic floor tissues to dampen pelvic floor oscillations (Niederauer, 

Bérubé, et al., 2022). Further investigation is warranted to understand not just the magnitude of 

loads to which the pelvic floor is exposed, but the response of the pelvic floor to those loads. 

While the pressure sensor used in this work has been validated as an indirect means of 

measuring IAP during activities (Coleman, Hamad, et al., 2015; Coleman, Nygaard, et al., 2015; 

de Gennaro et al., 2019; Hsu et al., 2017; Shaw et al., 2014), when worn during physical activities 
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performed in an upright position, pressure measured by a sensor placed in the posterior fornix of 

the vagina measures the summed forces acting to compress the sensor. Gravitational loading 

from the abdominal/pelvic contents and inertial loading from reaction forces likely contribute the 

majority of the compressive forces acting on the sensor during high impact activities. A previous 

study found a strong positive correlation between net mean peak PFSP and pelvic accelerations 

during walking (r=0.7220) (de Gennaro et al., 2019). In contrast, weaker correlations were 

observed during running (r=0.347) (Bérubé et al., 2024), further demonstrating that inertial 

loading appears to influence the PFSP. The signal processing methods used here removed any 

offset related to static gravitational loading and reflected loads during running that were between 

27.8 and 99.8% of the pressure recorded during a vertical jump. While previous studies have 

referred to this pressure as IAP, we chose the more accurate term of PFSP to encompass the 

multidirectional and summative forces acting on the sensor, which largely represents loads 

experienced by the pelvic floor. The results of this study suggest that pelvic floor loading 

measured through PFSP is not associated with the extent of strain observed in the pelvic organ 

support structures after the run and is not associated with the amount of urine leaked.  

6.5.2 Limitations and next steps 

As our sample lacked diversity, the findings of this research are representative of White, 

experienced runners. They are also specific to treadmill running and may not be translatable to 

other types of high-impact activities. Due to the exploratory nature of this study, we investigated 

several outcomes and did not use alpha adjustments to account for the multiple outcomes, which 

may be considered a limitation. Indeed, alpha correction is not required when outcomes are  

independent (Rubin, 2021), however the five measures used to infer pelvic floor loading were 

dependent. We chose to include all measures as they each represent different contexts of pelvic 

floor loading and thus had the capacity to inform on different aspects of the biomechanical 

influences on the tissues. There was large variance in the PFSP data, which may have influenced 
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our ability to detect meaningful relationships between PFSP and pelvic morphometry and PFM 

function. 

Ideally a multivariable regression analysis would be used, however, due to the small 

sample size, the regression models were limited to two independent variables. However, other 

factors such as continence status, BMI, parity, age, running mechanics, and weekly running 

distance may also contribute to the influence of pelvic floor loading on pelvic morphometry and 

PFM function. Adding these potential confounders would require a six-fold increase in the sample 

size, which was not feasible for this exploratory study. Future studies should explore the influence 

of these characteristics on running-induced changes in pelvic morphometry and PFM function. 

Hardware issues with IAP sensor (n=5) and sensor dislodgement (n=6) contributed to us 

having substantive data loss for the PFSP measures. Changes in pelvic floor morphometry 

induced by vaginal birth was likely the primary reason for this. While this same sensor has been 

widely used during dynamic physical activity performed by parous females, in this study, we 

measured PFSP over a longer bout of exercise, which might explain why dislodging of the sensor 

has not previously been reported as a problem. In future work, use of a sensor that is better able 

to be retained within the posterior fornix, or perhaps device located in the stomach or rectum, 

would provide more robust data.   

Previous research has shown that compressive shorts can provide pelvic organ support 

and relieve SUI (Okayama et al., 2019) and as such, we opted to standardize the pants that the 

participants wore during running. These pants did not provide substantive abdominopelvic 

compression, however, the vaginal sensor itself and the lycra pants could have interfered with 

study outcomes.   

Based on the outcomes of this study, there remains limited evidence to support advising 

females with athletic incontinence to refrain from running as a form of exercise, or to change their 

running mechanics to reduce pelvic floor loading. Such advice could lead to kinesiophobic 
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behaviors, which may, in turn, result in adverse health consequences associated with inactivity. 

Urinary symptoms themselves are a significant barrier to regular, sustained, and intense exercise 

(Brennand et al., 2018). This can, in turn, contribute to decreased physical fitness and overall well 

being (Brennand et al., 2018). Much work is still needed before biomechanical interventions 

should be recommended. Future studies should aim to incorporate robust biomechanical data 

with tools to assess pelvic floor morphometry and function to better understand how different 

movement patterns or loading conditions impact female pelvic health. Longitudinal studies are 

also needed to assess the long-term impact of loading on the pelvic floor. Additionally, further 

research is still needed to explore how conservative management strategies could benefit 

individuals with athletic incontinence. 

6.6 Conclusion 

Although no significant correlations were found between pelvic loading exposure during a 

run and changes in PFM contractile strength after the run, higher pelvic skeletal accelerations 

were associated with greater loss in passive stiffness of the paravaginal tissues after the run. 

Intrinsic factors may influence reductions in pelvic organ support induced by loading exposure 

and should be investigated.
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6.7 Supplemental material 

Table 6.6 Linear regression equations for pelvic floor muscle morphometry and function outcomes based on pelvic floor loading (PFSP or 
pelvic accelerations) exposure during the run. The equations are in the form B0+B1x+B2y, where B0 is the intercept, B1 is the coefficient 
associated with the measure of pelvic floor loading indicated in the column header and B2 is the coefficient associated with the baseline 
value of the pelvic floor muscle outcome indicated in the row header.  

  Net mean PFSP Relative net mean PFSP AUC PFSP Vertical acceleration Vector acceleration 

Dynamometry outcomes 
during MVC 

            

Rate of force 
development 

-1.138 + 0.026x + 0.029y −0.770 + 0.016x + 0.013y −0.457 + 0.002x + 0.035y -0.29 + 0.07x + 0.01y -7.23 + 1.98x + 0.02y   

Relative peak force 1.750 - 0.019x - 0.119y 0.700 + 0.005x - 0.164y 2.180 - 0.007x - 0.133y 0.51 - 0.03x - 0.05y -2.15 + 0.68x + 0.00y   

Dynamometry outcomes 
during passive 
elongation 

            

Rate of force 
development 

9.188 - 0.104x - 0.200y 9.604 - 0.077x - 0.212y −1.667 + 0.035x - 0.217y 23.75 - 7.14x - 0.22y 23.13 - 5.19x - 0.21y   

Relative peak force 2.765 -0.098x + 0.121y 1.384 - 0.046x + 0.099y −2.253 + 0.004x + 0.093y 7.88 - 3.40x + 0.05y 8.68 - 2.75x + 0.05y   

3D USI measurements              

Levator hiatus area at rest 3.139 - 0.022x - 0.090y 2.905 - 0.014x - 0.084y 2.657 - 0.003x - 0.088y 1.81 - 0.35x -0.01y 3.15 -0.63x -0.01y   

2D USI measurements at 
rest 

            

Bladder neck height  3.341 + 0.046x - 0.420y 4.280 + 0.020x - 0.423y 2.394 + 0.016x - 0.406y 7.280 - 1.455x -0.336y 4.344 - 0.130x -0.361y 

Levator plate length 4.277 + 0.096x - 0.132y 5.935 + 0.054x - 0.142y 3.963 + 0.026x - 0.135y -10.006 +4.538x - 0.010y 6.880 - 0.804x - 0.049x 

2D USI measurements 
change on MVC 

            

Bladder neck height  2.046 + 0.000x - 0.427y 2.237 - 0.003x - 0.422y 2.232 - 0.001x - 0.426y -0.296 + 0.867x - 0.393y -1.003 + 0.841x - 0.392y   

Levator plate length  -0.190 - 0.095x - 0.256y -1.223 - 0.055x - 0.256y −0.460−0.025x−0.296y 3.693 - 2.377x - 0.097y -10.017 + 1.797x - 0.214y   

 
Coefficients that were significantly different from zero are indicated in red. 
 

PFSP: posterior fornix sensor pressure; MVC: maximal voluntary contraction; 2D: 2 dimensional; 3D: 3 dimensional; USI: ultrasound 

imaging; AUC: area under the curve.  
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Table 6.7  Comparison of mean (standard deviation) pelvic floor outcomes and pelvic accelerations between parous runners with and 
without posterior fornix sensor displacement and corresponding one-way p-value.  

  Parous runners (n=16) 

  

Sensor 
remained 
(n=11) 

    
Sensor 
dislodged (n=5) 

    

  Mean SD     Mean SD   p-value 

Dynamometry outcomes during MVC                 

Rate of force development (N/s) 9.62 4.09     7.27 4.46   0.318 

Relative peak force (N) 3.59 1.20     3.43 1.91   0.834 

Dynamometry outcomes during 
passive elongation 

                

Rate of force development (N/s) 25.43 8.45     22.13 6.44   0.459 

Relative peak force (N) 9.14 2.16     7.87 1.37   0.256 

3D USI measurements                  

LH area at rest (cm2) 18.99 4.45     23.34 4.24   0.087 

2D USI measurements at rest                 

Bladder neck height (mm) 15.18 6.25     16.27 5.03   0.760 

Levator plate length (mm) 58.36 7.55     64.15 3.04   0.125 

Accelerations                 

Vertical (g) 2.49 0.26     2.66 0.24   0.235 

Vector (g) 3.48 0.37     3.48 0.53   0.976 

MVC: maximal voluntary contraction; LH: levator hiatus; 2D: two-dimensional; 3D: three-dimensional; USI: ultrasound imaging; N: Newtons; 

N/s: Newtons per second; mm: millimeters; SD: standard deviation; n=sample size; Δ: difference 
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Chapter 7 General Discussion 

 

There has been increasing interest in understanding athletic incontinence due to its 

significant negative impact on participation in physical activities. Back when I initially proposed 

this thesis research  in 2018, although there were many prevalence studies using self-

administered questionnaires quantifying PFD in active females, only two laboratory-based 

studies had been published on the impact of exercise on the PF (Middlekauff et al., 2016; Ree 

et al., 2007), along with a narrative review that discussing the possible associations between 

physical activity and PFD (Nygaard & Shaw, 2016). Since then, as shown in the overview of the 

literature presented in Chapter 2, there has been a push toward understanding athletic 

incontinence. 

Many female athletes experience symptoms of UI during exercise (Almousa & Bandin Van 

Loon, 2019; Pires et al., 2020; Rebullido et al., 2021; Teixeira et al., 2018), particularly during 

running (Hamilton et al., 2023; Pires et al., 2020), which can lead to reduced confidence, 

decreased participation in sports, and impaired quality of life (Dakic et al., 2021; Hamilton et al., 

2023). Despite its high prevalence, much remains unknown about the underlying mechanisms 

and factors contributing to this condition, especially in female runners.  

This dissertation aimed to address these gaps in knowledge by investigating differences in 

pelvic organ support and PFM function between female runners with and without symptoms of 

RI-SUI, with an aim of identifying factors that may contribute to urinary leakage. Using a 

combination of novel and established techniques, we explored the baseline characteristics of 

the PFMs among female runners with and without RI-SUI and how an acute run affects PFM 

morphometry and function. In addition, we developed a protocol for measuring PF loading 

during running and examined its feasibility before using it to evaluate the potential relationship 

between PF loading during running and changes in pelvic organ support and PFM function 
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observed after the run. This research expands our current knowledge in this under-researched 

area and contributes to a broader understanding of the mechanisms underlying RI-SUI. 

In the following sections, I provide a comprehensive overview of the salient findings of each 

study, and how they can be integrated to offer novel insights into the pathophysiology exercise 

incontinence experienced by female runners. I discuss the strengths and limitations of this work 

and share my thoughts on areas for potential improvement and alternative interpretations. 

Additionally, I explore the clinical implications of the results, emphasizing how they inform 

current practice in the management of athletic incontinence, and suggest future research 

directions identified through this research.  

7.1 Summary of findings and their relevance 

 

7.1.1 Differences in pelvic floor morphometry and function between 
runners with and without running-induced stress urinary 
incontinence 

 

While a handful of studies has investigated differences in PF properties between 

athletes with and without symptoms of SUI (Bo et al., 1994; Campos et al., 2025; Da Roza et 

al., 2015; de Melo Silva et al., 2020; de Mendonça et al., 2023; Koenig et al., 2020, 2021), a 

comprehensive understanding of how running exposure affects pelvic organ support and PFM 

function is lacking.  

This first objective of the thesis was addressed in the first study: to determine whether 

measurable differences exist in PF morphometry and function between female runners with RI-

SUI and those without a history of incontinence. Our findings revealed that runners with RI-SUI 

exhibited less passive support, as evidenced by a significantly lower rate of force development 

during passive tissue elongation (i.e. less tissue stiffness), trends toward lower peak force at 

end elongation, a larger levator hiatus, and lower positioning of the bladder neck. Despite these 
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indicators of compromised passive support, we observed a significantly higher rate of force 

development during contraction and a trend towards greater force-generating capacity, as well 

as enhanced cranial movement of the bladder neck on contraction. These results suggest that 

runners with RI-SUI possess better PFM contractile function, but lower passive pelvic organ 

support compared to their continent counterparts. These findings align with a current conceptual 

model that suggest that impaired PFM function such as strength, may not be the main driving 

factor for UI in female athletes and that there might be a compensatory response to the loss of 

passive support (Gan & Smith, 2023). The results from Study 1 are the first to demonstrate 

morphological differences between runners with and without RI-SUI and point to a loss of 

passive support of the bladder and urethra as a contributing factor. The observed differences in 

PFM contractile function despite similar running experience and weekly running volume suggest 

that runners with leakage may compensate for diminished passive support by developing 

stronger contractile function in their PFMs. The trend towards greater urethral wall diameter 

among those with R-SUI also suggests that the striated urethral sphincter might hypertrophy 

along with the levator ani muscles. Urethral sphincter hypertrophy has previously been 

observed after 12-week of PFMT in females with SUI (McLean et al., 2013). However, the 

runners with leakage were recruited specifically because they leak, so if changes in PFM 

function are indeed compensatory, the changes observed in this sample were not sufficient to 

counteract the loss of passive support, particularly during the repetitive high-impact exposure 

induced by running.  

Although better contractile function was observed in runners with RI-SUI compared to 

continent runners, this was not the case for all runners with RI-SUI, reinforcing a need for 

individual assessment to determine which deficiencies or combinations of deficiencies may 

require intervention. 

The findings from Study 1 suggest that PF loading during running is not the only factor 

contributing to changes in the pelvic organ support that may be associated with urine leakage, 
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since both runners with and without RI-SUI had similar running exposure. There might therefore 

be predisposing characteristics in the tissues themselves that contribute the development of SUI 

among active females.   

In sum, this first study established that measurable differences in PFMs characteristics 

do exist between runners with and without RI-SUI. The next logical step was to evaluate how 

these characteristics change following a single bout of running, which was the second objective 

of this thesis. 

7.1.2 Acute effects of running on pelvic floor morphometry and 
function 

 

The study aimed to examine the transient effects induced by a single running session on 

PF morphometry and function, comparing observed changes between female runners with and 

without RI-SUI. The results showed no significant changes in PFM function after a 37-minute 

running session in either group (runners with or without RI-SUI) as measured using intravaginal 

dynamometry. USI revealed significant changes in PF morphometry after running, regardless of 

continence status. The area and anteroposterior diameter of the levator hiatus were larger, the 

bladder neck height was lower, and the levator plate length was longer after the run. These 

changes suggest that an acute bout of running results in transient strain of the passive tissues 

of the PF in all runners, without concurrent changes in PFM function. 

These findings, coupled with the observations from study 1, suggests that runners with 

RI-SUI may begin with an already compromised passive support system. While all runners 

experienced a similar reduction in passive support and stiffness following running, there may be 

a threshold beyond which there is insufficient urethral closure pressure during PF loading to 

prevent urinary leakage. Optimizing PF support before running may therefore mitigate urine 
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leakage that can develop over the course of the run. This may be a promising avenue for 

intervention and warrants further investigation.  

While the second study was underway, a second research group published their study 

on the acute effects of a half-marathon on PFM function. They measured PFM strength and 

both static and dynamic endurance using manual assessment (PERFECT tool) and also 

recorded surface EMG in the perianal region during sustained contractions. Eight female 

runners with RI-SUI and 14 continent runners (de Mendonça et al., 2023) participated. The 

authors reported evidence of decreased strength and endurance in both groups after the run, 

suggesting that the PFMs may experience fatigue among all runners after a half marathon. 

Similar to our findings, they did not observe any between-group differences between runners 

with and without RI-SUI. They also reported no change in EMG amplitude but an increase in the 

median frequency of the perianal EMG signal recorded during 3 contractions among the 

continent runners (de Mendonça et al., 2023). The authors did not provide an explanation for 

this observation, as it runs counter to expectation. Normally the EMG frequency spectrum shifts 

to lower frequencies with fatigue. Muscle fatigue could have caused more recruitment of motor 

units to maintain force production and increased the EMG signal (Royer, 2005), or increased 

recruitment of fast-twitch muscle fibers after the run could also increase the signals recorded. It 

is unclear if the EMG electrodes were removed and replaced after the run or if they were kept in 

place and therefore, pre-post run reliability could be questioned. Also, PFM EMG recorded 

using superficial electrodes placed in the perianal region would predominantly reflect the EMG 

activity of the external anal sphincter, which is not directly associated with urinary continence 

control. These results should be interpreted with caution since the perianal electrodes would 

have measured the electrical activity of many surrounding structures (crosstalk) and this poses 

a threat to repeatability and validity (Rai et al., 2023; Worman et al., 2023). In Mendonca et al, 

PFM function was evaluated using a digital palpation technique, which is subjective and could 

lead to bias. It has also been shown that manual palpation may not be as sensitive to subtle 
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changes in rate of force development and strength compared to using intravaginal dynamometry 

(Morin et al., 2004) . Indeed, studies evaluating the correlation between dynamometric 

measurements and the Oxford scale found large overlap in dynamometric force measurements 

among Oxford scale grades (Morin et al., 2004) and only moderate correlations (Navarro 

Brazález et al., 2018). Additionally, positioning during PFM assessment has been shown to 

affect measures of PFM function (Huang et al., 2023). While PFM function was assessed in the 

standing position in our study, it was assessed in the supine position in Mendonça et al. Given 

that running is an upright activity that subjects the tissues to gravitational loading in the standing 

position, future research should aim to assess PFM function using objective measurement tools 

in standing, as was performed in this thesis. 

The discrepancies between the Mendonca et al. results and ours could be attributed to 

several factors. One key difference is the duration of the run: while participants in this thesis 

research completed a 37-minute running protocol, the participants in de Mendonça’s study ran a 

half-marathon resulting in and average of just over 2 hours of running (de Mendonça et al., 

2023). Prolonged running might cause more urinary symptoms and may induce more 

pronounced changes in PFM function that were not captured in our study.   

Overall, the study presented in this thesis used much stronger methodology than that of 

previous research. Using a combination of recommended tools to concurrently assess PF 

morphometry and function in a standing position allowed for a more comprehensive evaluation 

of how the PF responds to an acute exercise bout, enhancing the validity of the findings 

compared to what had been previously done using a vaginal manometer (Ree et al., 2007) or a 

vaginal manometer with concurrent EMG (Skaug et al., 2023) in a supine position.  

Given that there were reductions in passive pelvic organ support induced by the running 

protocol used in this study, the next objective was to evaluate whether PF loading exposure, 

measured using an intravaginal pressure sensor and pelvic accelerometry, significantly impacts 
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PF morphometry and function following an acute bout of running. However, it was crucial to first 

determine the feasibility of using the intravaginal sensor for this purpose. As such, the third 

study in this thesis was a feasibility study.   

7.1.3 Feasibility of using an intravaginal intra-abdominal pressure4 
sensor during running and its association with running-induced 
stress urinary incontinence 

 

There were several aims of this feasibility study, with a main goal of ultimately 

developing a methodology to investigate differences in PF loading between females with and 

without RI-SUI. The first objective was to determine the relationship between pelvic 

accelerations and PFSP during running—if pelvic accelerations are highly correlated with PFSP 

during running, they could be used as a less invasive proxy to assess PF loading during 

dynamic gait-based activities. The second objective was to investigate the impact of running 

speed on PF loading, while the third was to ensure that the PFSP signal is stable after a 

prolonged running period, without sensor dislodgement. Finally, we aimed to estimate the effect 

size of PF loading during running, measured using the intravaginal PFSP and pelvic 

accelerometry, between runners with and without RI-SUI.   

While positive associations were found between pelvic acceleration and both absolute 

peak and normalized sensor pressure, these associations accounted for less than 20% of the 

variance in linear regression models. We concluded that, although it had been previously 

suggested that pelvic acceleration could be used to estimate PFSP during walking (de Gennaro 

et al., 2019), it is not a valid measure of PFSP during running. The results also showed that 

peak PFSP significantly increased with increasing running speed and that pressure tended to be 

higher in runners with RI-SUI than in continent runners, although the difference was not 

 
4 For the third publication, we used intra-abdominal pressure (IAP) sensor because it is consistent with terminology 
used in existing literature. However, for the 4th publication, we proposed changing the term to posterior fornix 
sensor pressure, which more accurately reflects what the sensor measures.  



 
 

166 
 

statistically significant. A major observation was that PFSP was highly variable across 

participants and that the sensor was expelled in nearly 15% of the participants. At the same 

speed, some participants could experience as much as three times the PFSP as another 

participant with similar BMI, height, and waist to hip ratio.  

Furthermore, the results of this study raised concerns about the use of an intravaginal 

pressure sensor to assess IAP during dynamic activities such as running. The high between-

subject variability complicates the interpretation of data, making it challenging to draw 

generalizable conclusions about the impact of physical activities on PFSP. While intravaginal 

sensors may provide valuable insights into the forces transmitted to the PF, their use in clinical 

or research settings must account for these limitations to ensure an accurate interpretation. This 

problem is not unique to this study, nor to the site of pressure measurement when dynamic 

activities are performed. High between-subject variability was observed when this same sensor 

(Egger et al., 2015; Shaw et al., 2014) and a similar sensor (Kruger et al., 2013) were used 

during different physical activities. High variability is also present when using an intra-gastric 

sensor to measure IAP during dynamic activities, because measures are influenced by 

variations in sensor orientation, gastric motility, and an individual's unique anatomical and 

physiological characteristics (Soucasse et al., 2022). The consistent presence of these 

challenges across both intravaginal and intra-gastric sensors highlights a fundamental limitation 

of what the sensors are measuring during dynamic activities and calls for cautious interpretation 

of the data collected using these methods. More thoughts and considerations for this tool are 

presented below.  

As running speed increased, the intravaginal pressure sensor recorded higher 

pressures, but the increase was only significant when there was a large difference in running 

speed, from 7 km/h to 15 km/h, not from 7 km/h to 10 km/h or from 10 km/h to 15 km/h. This 

pattern suggests that a substantial increase in speed or effort may be required to elicit a 

significant rise in PFSP, and that changes in running speed of 3-5 km/h may not be sufficient to 
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yield a significant increase in pressure. This is attributed to the high between-subject variance 

noted above. Minimal detectable change and minimal clinically important difference for PFSP 

have yet to be established, so it is unclear what magnitude of change would be considered 

meaningful.  

The amount of effort required during running at a certain speed may significantly 

contribute to PFSP, particularly depending on the runner’s level of fitness. Although we 

standardized the level of exertion using the Borg Scale for a 30-minute run by asking the 

participants to run at a self-selected speed, the exertion level at the fixed speeds from 7 to 15 

km/h could have varied among participants. Individuals with different fitness levels may 

experience different levels of exertion and, consequently, different PFSP responses. For 

example, while some runners easily completed the 2-minute run at 15 km/h, others had to stop 

because they were too out of breath or did not feel safe. Although these variations in exertion 

were not formally reported in our study during the incremental protocol, they should be 

considered in future research. 

The sensor was expelled in nearly 15% of participants, predominantly among parous 

women, indicating a potential need for a redesign when considering using the sensor over a 

prolonged period of activity. While it is possible that the parous runners generated higher PFSP, 

leading to the expulsion of the sensor, it is more likely that anatomical changes in their tissues 

due to vaginal birth contributed to this issue (Van Geelen et al., 2018). These findings suggest 

that the design of the sensor should be reconsidered to ensure better retention or an alternative 

sensor placement, such as a rectal sensor, should be considered. The PF characteristics of 

participants who experienced sensor dislodgement are presented in section 7.1.4 below.  

There were trends towards higher PFSP in runners with RI-SUI compared to continent 

runners, particularly when running at higher speeds and considering cumulative loading on the 

sensor (area under the curve). Although runners with RI-SUI and continent runners may exhibit 
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similar PFSP profiles at lower speeds, the increase in PFSP at higher speeds could potentially 

unmask a link between loading exposure and urine leakage, emphasizing the need to consider 

cumulative exposure over time rather than focusing solely on peak values and at high levels of 

exertion/speed. This could also explain why symptoms of urine leakage are more pronounced 

during high-level sport in the middle and at the end of a training session or competition 

(Carvalhais et al., 2018), as the cumulative load builds throughout the duration of the activity. 

Overall, the findings of this study suggest that using an intravaginal sensor to measure 

PF loading during running is feasible but challenging due to high variance and issues with 

sensor expulsion. Also, pelvic accelerometry and PFSP appear to measure distinct aspect of PF 

loading, particularly during running. Further research is needed to validate this approach and 

develop more robust measures. The study also suggests that running at faster speeds may 

increase PF loading, and that runners with RI-SUI may experience higher loads on their PF, 

which could contribute to their leakage symptoms. However, many questions remain, and this 

led to the final research question of this dissertation: does PF loading experienced during 

running correlate with changes observed in PF morphometry and function after a run?  

 

7.1.4 Is the extent of pelvic floor loading experienced by female 
runners associated with transient changes in pelvic floor outcomes 
after a run?  

 

This last study of this thesis investigated the association between PF loading during 

running inferred by PFSP and pelvic accelerations, and transient changes in PF morphometry 

and function, as well as urine leakage, among female runners. Key findings were that faster 

pelvic accelerations were associated with a greater reduction in PF stiffness after the run, which 

accounted for 20 to 27% of the variance in the data, while this was not the case for PFSP. 

These effects were not evident in measures of pelvic support assessed using USI (i.e., BNH, LH 

or LP length). No relationship was found between PF loading measured during the run and the 
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extent of change in force generating capacity of the PFMs observed after the run. Interestingly, 

while some participants generated higher PFM force after running, others exhibited a decline, 

highlighting the complexity of muscle response to a 37-minute run. The variability in these 

outcomes suggests that factors other than the repetitive loading influence changes in muscle 

function on MVC. Further investigation is needed to understand the mechanisms driving these 

responses, which could involve individual differences in muscle endurance, recovery capacity, 

or neuromuscular adaptation.  

When the BN was higher in the pelvis to begin with, it was displaced more caudally after 

the run, suggesting the importance of initial BN position as a factor in the amount of absolute 

change of BN position, however, BN position was not influenced by the extent of PF loading 

exposure measured through PFSP. The orientation of the PF and the specific forces acting 

upon it might also influence the outcomes. For instance, the BN could be subject to greater 

change in its position due to its anatomical positioning and the impact of vertical forces, which 

may alter its support mechanisms. In contrast, the LP, with its more horizontal orientation and 

active support function, may demonstrate less positional variation under similar conditions. 

Understanding these loading vectors and their dynamics is crucial to our understanding the 

impact of repetitive loading such as running on the PF.  

In this study, despite the sensor being referred to by the developers as an IAP sensor, 

we chose to refer to the output as PFSP to more accurately reflect what it is measuring. While 

IAP traditionally refers to the pressure within the enclosed abdominal cavity, the sensor 

measures pressure applied to a probe located in the posterior fornix of the vagina. The probe is 

compressed and thus measures an increase in pressure when gravitational forces and inertia 

from the pelvic organs act on the sensor from above, and, on impact, the PF deforms the sensor 

from below. Vertical accelerations of the pelvic organs during running should increase the 

amount of pressure recorded by the sensor. Our terminology enhances clarity and ensures that 
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the term used to describe the measurement aligns with the anatomical location of the sensor, 

acknowledging that a combination of forces act on it to generate its output.   

Overall, this study did not support recommendations to limit PF loading among females 

who engage in repetitive weight bearing activities such as running. While there is ongoing 

debate about the potential risks of running activities on PFD, it is crucial that we avoid fostering 

kinesiophobia, as the health benefits of staying active might outweigh the risks of running to PF 

health. Our data show that not all females experience negative changes in PFM function 

because of high PF loading as measured by PFSP and pelvic accelerations. Also, the effects 

measured in this study are likely transient. This highlights the importance of promoting 

balanced, evidence-based messaging when discussing the implications of running on pelvic 

health.  

7.1.5 Integrated findings 

 

The overarching goal of this PhD dissertation was to identify potential mechanisms 

underlying RI-SUI. Through this series of studies, the research provides compelling evidence 

that RI-SUI is a multifactorial condition and that predisposing characteristics in the PF may exist 

even before running, particularly lower tissue stiffness and more caudal positioning of the 

bladder neck, that might lead some females to leak urine during running. Importantly, the 

runners with RI-SUI who participated in the study had comparable running experience and 

volume as those without RI-SUI, suggesting that running alone does not cause these changes. 

Indeed, a longitudinal study would be needed to truly understand any cumulative effects of 

running on PF morphometry and function. We observed that while runners with RI-SUI exhibited 

less passive stiffness of their paravaginal tissues, there were also signs of adaptation in the 

active properties of their PFMs, including greater power generation. This may suggest that the 

muscles have adapted to the compromised support by enhancing their strength and power, or 

that by trying to remain continent during running, a training effect is experienced by the PFMs.  
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The research also revealed that running induces significant transient changes in the passive 

support structures of the PF of both incontinent and continent runners, and, while both groups 

experienced strain as a result of the running protocol, the runners with RI-SUI began with lower 

passive support. This predisposition suggests that, although both groups endure similar strain 

during running, those with RI-SUI may be more likely to cross a critical threshold where their 

continence mechanisms can no longer maintain continence, leading to leakage. These results 

also suggest that repetitive loading through running leads to a similar degree of decreased 

passive support in both groups of runners, indicating that running does not result in more 

pronounced changes in one group compared to the other. If runners who experience RI-SUI 

have larger levator hiatus’ and longer LPs prior to a run compared to continent runners, the 

tissues might be in a lengthened position prior to a run. A review on the adaptations of skeletal 

muscles to mechanical stimuli proposes that if these muscles are overstretched (passive 

extension of muscle beyond its resting length) (Wisdom et al., 2015), there will be more 

sarcomeres in series and greater sarcomere length to restore force production in the new range 

of motion (Wisdom et al., 2015). This could in part explain why we did not observe a decrease in 

force generating capacity in incontinent runners despite decreased PF support. Given that EMG 

signals during running are contaminated by motion artefact and cross talk from nearby muscles, 

it remains unclear how the PFM behave during dynamic activities. i.e., are they active? And if 

so, do they contract concentrically, isometrically or eccentrically? 

Although one study reported a positive relationship between weekly running distance 

and urine leakage (incontinent runners, n=11, mean=45.00 km/week; continent runners (n=17, 

mean=28.29km/week) (de Melo Silva et al., 2020), this does not establish causation and their 

sample of incontinent runners may have simply had more time to run during the study period. 

Additionally, potential selection bias cannot be ruled out as recruitment details were not 

provided and the groups may not have been recruited from the same sources (de Melo Silva et 

al., 2020). Another study using self-reported questionnaires found a higher frequency of urine 



 
 

172 
 

leakage in nulliparous competitive athletes compared to inactive or moderately active females, 

through which, the authors inferred that the high prevalence of urine leakage was associated 

with high training volume (Da Roza et al., 2015). Again, this finding should not be interpreted as 

causation. High-level competitive athletes may simply encounter more situations that cause 

leakage compared to less active females. Examining how variations in loading such as running 

distance, running frequency, speeds and time impact PF properties would also be valuable.  

A notable trend was the differential impact of an acute bout of running on PFM strength 

and power between the groups. Runners with RI-SUI showed lower PFM strength and power 

after the run, potentially indicating fatigue, while continent runners exhibited increased strength, 

power, and endurance following the running protocol. These findings support both current 

hypotheses in the literature about the effects of repetitive high-impact loads on the PFMs: for 

some runners, loading may trigger a reflexive contraction that strengthens the muscles, while for 

others, it may lead to muscle fatigue. It is unlikely that muscles would get stronger after a 37-

minute run, as such, these findings could be spurious, and more research with larger samples is 

needed. The alterations in the length-tension relationship induced by running, as observed on 

USI, may also explain why some runners can generate force more rapidly after the run, while 

others cannot. Overall, in this sample of female runners, running seems to exert a greater and 

more significant transient impact on the passive support structures of the PF, rather than 

significantly affecting the force generation capacity of the muscles.  

The studies concurrently employed an intravaginal pressure sensor and a pelvic-

mounted accelerometer to measure PF loading during running. These tools provided valuable 

insights.  Based on the feasibility study, while both tools indicated a significant increase in PF 

loading exposure (accelerations and PFSP) with increased running speed, pelvic 

accelerometers appear to provide different information than the intravaginal pressure sensor. 

Although we observed trends toward higher PFSP in runners with RI-SUI compared to those 

without RI-SUI, this relationship was not significant but warrants further investigation. It is 
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uncertain whether runners with leakage adopt a particular running strategy that inadvertently 

increases loading over time, or if the increase in loading itself contributes to the development of 

SUI over the course of a run. Also, while we found some evidence of lower absolute change in 

passive stiffness after the run when pelvic accelerations were higher, it remains unclear if and 

how pelvic accelerations and PFSP might lead to RI-SUI. It is important to note that there was 

high variability in PFSP; while some runners had a large descent of their BN and a large 

increase in the area of their levator hiatus at low PFSP, some had almost no change in these 

measures despite being exposed to high PFSP. This further underlines the need for further 

investigation into the causal relationships between PF loading and continence mechanisms in 

female runners.  

In summary, the findings from these studies provide a more nuanced understanding of 

RI-SUI than what was available at the start of the thesis, emphasizing the multifactorial nature of 

the condition and the critical role of pelvic organ support. The research also highlights the 

complexities of measuring and interpreting PF loading. The findings from this dissertation have 

important implications for the development of new treatment strategies for RI-SUI, as well as for 

the broader understanding of the pathophysiology of this condition.  

7.2 Strengths & Limitations  

7.2.1 Strengths 

 

This research is pioneering in simultaneously assessing PF morphometry, function, and 

loading in female runners, offering a novel perspective on the mechanisms underlying RI-SUI by 

integrating biomechanics and pelvic health, advancing the field in a meaningful way. By 

employing a multifaceted approach, we were able to capture a more comprehensive picture of 

the underlying mechanisms of the PF of runners and their relationship with PF loading. This 

innovative work lays the groundwork for future research in this field, providing a robust 

framework for further exploration of RI-SUI. It also highlights key measurements, particularly the 
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morphometry, position, and movement of the BN as well as the passive properties of the PF, 

that are known contributors to SUI in the general female population (Falah-Hassani et al., 2021), 

and could be relevant to exercise-induced incontinence.  

The use of state of the art, validated and reliable tools such as intravaginal dynamometry 

and USI, enhances the robustness of the findings. Recent research has confirmed that PF 

morphometry and function differ between the supine and the standing position (Forner et al., 

2024; Gimenez et al., 2022; Huang et al., 2023). The inclusion of assessments in a standing 

position (intravaginal dynamometry, transperineal USI, PFSP, and pelvic accelerometers) was 

novel and to our knowledge, has not been used in any studies investigating PF properties of 

exercising females. Studies in which PF morphometry and function are assessed in a supine 

position while the exposure of the PF to loading occurs in an upright position, and while most 

participants experience symptoms or urine leakage in an upright position, risk missing important 

findings that may only be apparent in standing.  

Although studies have previously investigated PFSP and pelvic accelerations among 

active females performing many activities (de Gennaro et al., 2017) and while three studies 

have investigated the relationship between continence (Campos et al., 2025; de Melo Silva et 

al., 2020), PFD (Coltman et al., 2025) and running mechanics, to our knowledge, no studies 

have looked at the relationship between the PF loading (as measured by PFSP and pelvic 

accelerations) and transient changes in PF characteristics. This thesis begins to fill this gap.  

Another strength of this study is that we ensured that participants had high exposure to 

high impact loading, maximizing our ability to detect meaningful differences. By using strict 

inclusion criteria such as engaging in a high-impact activity (running) regularly (2 or more times 

a week) and for a sustained period of time (more than 1 year), we are confident that the PF of 

all participants had been subjected to significant PF loading. As a next step, recruiting sedentary 

females and using similar methods to assess the PF would allow us to evaluation potential 
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cumulative effects of running on the PF, to determine if a larger and more costly longitudinal 

study is warranted.   

Although this dissertation provides valuable insights that advance our understanding of 

the mechanisms underlying RI-SUI, it is also has limitations that need to be acknowledged.  

7.2.1 Limitations 

 

7.2.1.1 SOURCES OF BIAS 
 

One of the primary limitations across all four studies is the recruitment bias inherent in 

cross-sectional designs (Mann, 2003). The female runners who participated in the laboratory 

assessments were likely already interested in their pelvic health, potentially skewing the sample. 

Additionally, considering that approximately 23% of women with urinary symptoms discontinue 

running due to their condition (Dakic et al., 2021), our sample may be biased toward those with 

less severe symptoms, as those with more pronounced UI may have already stopped running, 

and thus would not have met our strict inclusion criteria. Consequently, the actual differences in 

PF morphometry and function that occur as a result of a bout of running, as well as the PF 

loading experienced during running, and differences between runners with and without running-

induced RI-SUI might be greater than what was observed here. 

Another limitation is that parity was not matched between continent and incontinent 

runners, which could have influenced the findings. Parity can significantly affect PFM 

morphometry and function (Fang et al., 2023; Grinbaum et al., 2023; Myer et al., 2018), thus 

differences in parity between the groups may have influenced the observed differences between 

continent and incontinent runners. Unfortunately, we did not have the statistical power to 

perform a subgroup analysis based on parity. However, as a verification step, we did explore 

the impact of parity by disaggregating the sample and analyzing the results of both the 

nulliparous and parous participants separately. Interestingly, the same trends were observed 
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between runners with and without leakage, but the data were skewed towards less passive 

support among parous runners. These findings suggest that while parity may be a relevant 

factor, the trends in PF changes that occur over the course of a run remain consistent 

regardless of parity. Further, the retention of the PFSP was problematic among some parous 

runners, which further complicates interpretation. While our results provide valuable insights, the 

limitations related to parity need to be considered when interpreting the observed effects. 

Another notable limitation of our study is the homogeneity of our sample, which primarily 

consisted of very active, high-mileage White runners who were mainly pre-menopausal. This 

narrow demographic focus limits the generalizability of our findings to other groups, including 

recreational runners who may engage in running less frequently or at lower intensities, and, as 

noted above, those who have stopped running because of their UI symptoms. Additionally, our 

results may not apply to older runners, particularly post-menopausal women, who might 

experience different PF responses due to age-related changes in muscle function, hormonal 

status, and connective tissue integrity (Mannella et al., 2013; Trowbridge et al., 2007). It is 

possible that different trends might emerge in these populations, or in different ethnic groups 

where it has been shown that the prevalence of PFD differs compared to White females 

(Gonzalez et al., 2022). We also recognize that there are disparities in PF research in ethnic 

communities that need to be further addressed (Mou et al., 2024). Future research should aim 

to include a more diverse sample to better understand the effects of running on PF health 

across different age groups, races or ethnicities, and levels of physical activity. 

7.2.1.2 Tools and techniques 

 

The use of four distinct instruments to assess concurrently PFM characteristics and PF 

loading represents a major strength of this study, nonetheless, it is important to recognize the 

inherent limitations associated with each of the instruments used. 
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i. Intravaginal dynamometry 

Intravaginal dynamometry measures the forces exerted by the PF (Deegan et al., 2018; El‐

Sayegh et al., 2023). During passive elongation, the measured forces can be influenced by the 

connective tissues at the introitus or within the vaginal wall (Deegan et al., 2018; El‐Sayegh et 

al., 2023). When using dynamometry to measure PFM contractile strength, the downward forces 

exerted by abdominal and pelvic organs can influence the force readings (Deegan et al., 2018; 

El‐Sayegh et al., 2023). Despite these limitations, intravaginal dynamometry has been shown to 

be more valid, reliable and sensitive than bidigital assessment and vaginal manometry (Deegan 

et al., 2018; El‐Sayegh et al., 2023; Navarro Brazález et al., 2018). Although some individuals 

may find intravaginal dynamometry uncomfortable or invasive, potentially affecting their 

willingness to participate or their ability to perform contractions effectively, this was not a 

significant issue in the current study. Efforts were made to ensure the procedure was as 

comfortable as possible for participants, such as allowing them to gently guide the intravaginal 

dynamometer arms inside their vagina with the researcher. The dynamometer used in this work 

was custom built, validated using bench testing, and had strong test-retest reliability (Bérubé et 

al., 2018; Czyrnyj et al., 2021). However, as a custom, automated tool, we encountered several 

technical issues stemming from unstable connectors, which resulted in some participants not 

completing the dynamometry trial. This was particularly problematic during the COVID-19 

pandemic, as there was no availability of on-site engineers to troubleshoot when problems 

arose.  

ii. Transperineal ultrasound imaging 

Transperineal USI, while a valuable tool for assessing PF morphometry, has several 

limitations that must be considered (Dietz, 2017). One significant limitation is that the quality of 

the imaging is highly dependent on the operator's skills and experience, introducing variability in 

technique, probe positioning, and image interpretation that can affect the consistency and 
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validity of the results (De Marzi et al., 2022). In our sample, capturing all relevant landmarks in a 

single frame when imaging with participants in a standing position proved particularly 

challenging due to the multiplanar relationships among the pelvic structures of interest. This was 

even more difficult after the run when the tissues had experienced strain. This limitation was 

addressed by doing more than 200 hours of training in USI under the supervision of experts in 

the field and practicing the techniques during other laboratory activities. Another limitation is that 

changes in the levator hiatus area measured during the MVM in standing might be 

compromised by co-contraction of the PFMs. While both running groups were provided with 

extensive cueing and feedback using USI on how to perform a proper MVM with concurrent PF 

relaxation, consistent with several previous reports (Baessler et al., 2017; Örnö & Dietz, 2007; 

Thibault-Gagnon et al., 2014; Thyer et al., 2008), a co-contraction of the PFM was observed in 9 

out of 20 continent runners (45%) and in 6 of 19 incontinent runners (32%). While we chose to 

include the MVM task to reflect the maximal extent to which the connective tissues of the PFM 

can lengthen, levator ani co-contraction might have limited interpretability.  

iii. Inertial motion units 

A systematic review concluded that GRFs can be predicted, with varying degrees of 

accuracy, from inertial motion units, by using inverse kinematics, machine learning and/or 

biomechanical models, particularly for the vertical component of the GRF experienced during 

single limb stance tasks like walking and running. While providing valuable data on skeletal 

biomechanics, several notable limitations must be considered. One primary limitation is that 

acceleration provides an indirect measurement of GRF, which can limit validity (Ancillao et al., 

2018). Although we explored the possibility of estimating GRF from pelvic accelerometry by 

collecting concurrent force plate data during running trials over a force plate using an individual 

regression model for each participant, we observed a heteroscedastic effect at higher 

acceleration magnitudes, suggesting that this approach may only be valid for running at lower 

accelerations. Additionally, accelerometers are sensitive to movement artifact, such as shifts in 
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sensor position or variations in body movements, which can introduce noise and affect data 

validity, particularly during high-impact activities such as running (Godfrey et al., 2008). To 

address this, we securely fixed the sensor to a stable bony landmark and applied a filter to 

attenuate noise associated with soft tissue vibration. Integrating pelvic accelerometers with 

direct force measurements (i.e. instrumented treadmill) and motion capture in a fully equipped 

biomechanics laboratory would have provided a more comprehensive assessment of potential 

differences in kinetics and kinematics between runners with and without RI-SUI. The data in this 

thesis were collected with the intention of using them to decide whether a full biomechanical 

assessment might be warranted. Unfortunately, the feasibility of a more complete biomechanical 

assessment was constrained by logistical and resource limitations.  

Iv. Piezoresistive pressure sensor 

Using PFSP to infer PF loading also involves several limitations, both related to the tool 

itself and the inherent challenges of interpreting the data (Hamad et al., 2013). While the 

pressure recorded using this tool has been referred to in the literature as IAP, this is a 

misnomer. The sensor records the summed forces acting to compress it, meaning that forces 

can be applied from any structure surrounding the sensor, including forces generated by intra-

thoracic pressure changes, abdominal muscle contractions and hip muscle contractions 

(Niederauer et al., 2023), gravitational loading of the pelvic organs onto the sensor, and impact 

loading of the sensor during high-impact activities. Further, the sensor output does not directly 

measure the load on the PFMs and their connective tissues. Variations in sensor placement, as 

well as individual anatomical differences, can further impact the data collected. To account for 

this, the baseline pressure measurements was removed from the peak pressure recorded and 

sensor placement was confirmed both before and after the running task.  

7.2.1.3 Study protocol 
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Despite thorough planning and rigorous execution of this study, various challenges 

emerged that impacted the data collection process. By examining these limitations, we aim to 

provide a comprehensive understanding of the potential influences on the study's findings and 

offer insights into areas for improvement in future research. 

The lack of standardization of running speed during the steady-state 30-minute running 

speed could be considered a limitation. Participants selected their own running speed to 

achieve comparable levels of exertion, targeting a rating of 15-16 on the Borg Scale. In study 

two, runners without RI-SUI chose a faster treadmill speed (10.8 km/h) compared to their 

incontinent counterparts (9.7 km/h). Despite this difference in speed, step counts during the 

running protocol were similar between the groups, indicating that both groups were exposed to 

a comparable number of impacts. If runners with RI-SUI had run at the same speed as their 

continent peers, it is possible that greater differences between the groups would have been 

observed. We chose to standardize the effort rather than the speed to allow participants to load 

their PF in a manner consistent with their usual training. For instance, if a runner accustomed to 

running at 14 km/h was restricted to a standardized speed of 10 km/h for the 30-minute 

duration, they might not experience urinary symptoms during the run, as the reduced intensity 

might not sufficiently overload the continence system. Our approach ensured that participants 

were exerting comparable levels of effort, reflecting their typical exercise experience. To 

account for differences in running speed, we implemented an incremental running protocol with 

speeds of 7, 10, and 15 km/h. This approach allowed us to make between-participant 

comparisons at these speeds, thereby standardizing the conditions for evaluating the PF 

loading across different participants. 

Since the dynamometry assessments were always conducted after the ultrasound, there 

is a possibility that the PFM may have recovered function during the USI evaluation. Although 

we aimed to complete the tasks as quickly as possible, it is known that the recovery of muscle 

fatigue begins immediately after the exercise is finished, and partial recovery will be evident 
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within 5 minutes (Carroll et al., 2017).  While we recorded strength as soon after the running 

bout was finished as possible, the time interval was approximately 15 minutes, thus some 

recovery would have occurred. Complete recovery of muscle function may take several hours 

(Carroll et al., 2017), however this short recovery period could have introduced a bias toward 

observing less change in active muscle properties after the run than what actually occurred. 

However, in balancing several constraints, we chose to perform the imaging assessment first to 

ensure that we captured the morphometry of the PF before stretching the tissues with the 

intravaginal dynamometer.  

Several participants with RI-SUI did not leak urine during the treadmill protocol. Thus, we 

did not capture data from participants with RI-SUI after their continence system was pushed to 

failure. Exploring this threshold and investigating the PF morphometry and function after 

continence failure might reveal key mechanisms underlying RI-SUI and factors that contribute to 

the onset of urine leakage. We recommend as a next step generating a running protocol that 

ensures that all participants leak urine prior to its completion. This avenue of research could be 

extremely valuable in understanding RI-SUI and possibly developing targeted interventions for 

individuals who experience symptoms. 

7.3 Clinical Implications  

 

Based on the overall results of this doctoral thesis, treatment strategies aimed at 

enhancing pelvic organ support, particularly the bladder neck, which appears to be a key 

component implicated in RI-SUI, could be a promising avenue for conservative intervention. 

Given that we found that running induces transient changes experienced mainly as a loss of 

passive support, it is crucial that interventions address this vulnerability. By supporting the pelvic 

organs during physical activity, it may be possible to prevent the pelvic structures from reaching 

a critical strain threshold where they can no longer maintain continence. If PFM training does 

improve morphological features of the PF such as a significantly higher BN, a smaller levator 
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hiatus area and thicker external urethral sphincter, which could all contribute to maintaining 

continence in the general female population (Bø, 2024), than incontinent runners that present 

with compromised pelvic organ support might benefit from such an intervention.  

Recent reviews have highlighted that, despite various limitations in methodologies, PFM training 

and other conservative strategies, such as the use of pessaries, may be effective in alleviating 

symptoms of UI in females who engage in regular exercise (Demeco et al., 2024; Petter 

Rodrigues et al., 2024; Romero-Franco et al., 2021). These reviews suggest that PFM training, 

whether used alone or combined with tailored conservative approaches, can lead to significant 

improvements in UI symptoms in female exercisers. However, most of the individual studies 

included in these reviews were not randomized controlled trials and had high risk of bias. A 

randomized-controlled trial published after these systematic reviews suggested that urine 

leakage improves with PFMT compared to no intervention in female exercisers (Skaug et al., 

2024), however, the reduction in symptoms reported on the ICIQ-UI-SF after the intervention did 

not reach the minimally important difference previously reported for this questionnaire (Nystrom 

et al., 2015). The objective improvements in urinary symptoms reported in some individual 

studies warrant careful interpretation. For instance, some studies report improvement in urinary 

symptoms based on a significant reduction in pad weight after PFMT intervention, however, 

baseline pad test values ranged only from 1 to 4.5 grams (Ferreira et al., 2014; Pires et al., 

2020; Sousa et al., 2015). Given that the pad test during physical activity remains controversial 

and may be influenced by vaginal discharge, perspiration, and other fluids, caution is needed 

when interpreting these studies and the conclusions of the systematic reviews. A recent 

sensitivity and specificity analysis indicated that using a cut-off of 9.35g during a 38-minute 

treadmill run yields a sensitivity of 70% and a specificity of 88% for predicting urine leakage 

(Petter Rodrigues et al., 2025). Notably, some continent runners had pad weight gains near 20g 

probably due to perspiration alone (Petter Rodrigues et al., 2025).   
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It remains unclear whether female athletes benefit from PFM exercises to overcome urine 

leakage while running. If their muscles are already stronger, have more capacity to contract 

rapidly, and have more endurance than those of their continent counterparts, increasing PFM 

strength may not be the mechanism through which PFMT may be effective (Acevedo-Gómez et 

al., 2024; Gan & Smith, 2023). A recent review analyzed potential mechanisms through which 

PFMT is believed to work and found lack of clear empirical support for any of them (Sheng et 

al., 2022). These included that PFMT enhances PFM strength and that it improves PFM 

coordination and timing (Sheng et al., 2022). The potential effects of PFM training may also be 

that they increase the tensile strength of the passive support structures. A recent narrative 

review suggested that PFMT induces significant changes in the PFMs and urethral sphincter 

including BN elevation, a reduction in the levator hiatus size, and hypertrophy of the levator ani 

and striated urethral sphincter (Bø, 2024). However, these studies examined the PF of females 

with and without symptoms of UI in the general population and not specifically in the athletic 

female population.  

Various vaginal inserts such as pessaries, tampons are thought to provide mechanical 

support to the vaginal wall that can support the urethra and contribute to symptom relief in 

female exercisers. While no randomized controlled trials have been conducted in the athletic 

female population, the overall evidence supports intravaginal pessaries  as a potential tool in 

managing UI and enhancing quality of life for active females (Petter Rodrigues et al., 2024). 

Emerging techniques such as laser therapy and running retraining for alleviating UI symptoms in 

active females require further research as current evidence is limited to case reports (Okui et 

al., 2023; Steimling et al., 2023). 

SUI in female athletes appears to be a multifactorial condition, with significant variability 

observed among runners. Some individuals experience substantial changes in their PFM even 

at low levels of PF loading, while others show minimal change even under high PF loading 

conditions and we did not observe any correlation between PF loading and pad weight gain 
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among the runners with RI-SUI. This variability suggests that intrinsic characteristics of the PFM 

may play a crucial role in contributing to leakage. For runners with compromised PFM function 

or support, where the muscles and connective tissue can no longer effectively prevent leakage 

under PF loading, incorporating strategies to manage and reduce PF loading in parallel with 

improving pelvic organ support could be beneficial.  

While two recent studies found no difference between running kinematics and 

kinematics between runners with and without PDF (Campos et al., 2025; Coltman et al., 2025), 

one of the two identified a decreased ability to attenuate shock absorption in the lower limbs of 

incontinent runners. This novel research suggests that while PFM function and other muscles of 

the trunk, hips, and legs as well as GRF are no different between the groups, the reduced 

impact absorption during running might place greater mechanical demand on the PF. Including 

strategies that improve shock absorption in their rehabilitation plan could potentially decrease 

loading and improve the effectiveness of the continence system, as demonstrated in a case 

report highlighting positive outcomes from adjusting loading conditions (Steimling et al., 2023).  

7.4 Future directions  

 

Research in the field of athletic incontinence is emerging as there is global recognition 

that much needs to be done to understand and manage this condition. Future research should 

use the studies presented in this thesis to build upon and to avoid pitfalls. Given the 

multifactorial nature of SUI, employing multivariate approaches could be instrumental to 

identifying predominant elements that significantly influence the continence system during 

exercise activities. This approach would allow researchers to discern which factors are most 

critical for maintaining continence, as some runners may be able to compensate for the loss of 

passive support up to a certain threshold, beyond which additional support or intervention may 

no longer yield improvements. By understanding the interplay among variables, targeted 
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strategies can potentially be developed based on incontinence phenotype to enhance 

continence outcomes more effectively in female athletes. 

As noted throughout this discussion, longitudinal studies are essential to deepen our 

understanding of the long-term impact of running on the female PF. Currently, we know that UI 

is prevalent among female exercisers, particularly during running, and that an acute bout of 

running causes a transient loss of passive support of the pelvic structures in both runners with 

and without RI-SUI. However, this effect appears to be related only partly to the amount of PF 

loading experienced during the run. To better assess the risks and benefits of running on PF 

health, it is essential to track the PFM characteristics of females who have never run and follow 

them as they start a running training program and continue it over an extended period. By 

evaluating how running-induced loading impacts the PF in the long term, researchers could 

provide more informed recommendations about the potential benefits and risks associated with 

running for female pelvic health. Such studies would offer critical insights into if and how 

prolonged exposure to running affects PF integrity and would contribute to evidence-based 

guidelines for managing and mitigating the risk of UI among female runners. 

 

7.5 Concluding remarks 

 

This dissertation offers a comprehensive examination of the predisposing characteristics 

thought to contribute to RI-SUI in female runners and the magnitude and impact of PF loading 

during an acute run on the pelvic organ support and PFM function. Overall, this research 

provides a strong foundation for understanding the impact of running on PFM morphometry and 

function and the findings highlight the need to develop more robust methods for measuring PF 

loading and to better understand the complex interplay between PF structure, function, loading 

exposure and RI-SUI. Given all that remains unknown, encouraging females to remain active 
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while considering individualized approaches to training and recovery is key to avoid 

unnecessary fear of RI-SUI and ensuring that physical activity remains a positive component of 

their overall well-being.  
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