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Abstract

Overactive bladder is often characterized by biomechanical changes in the bladder wall, but there
is no established method to measure these changes /in vivo. The goal of this study was to develop a
novel method to determine detrusor wall biomechanical parameters during urodynamics through
the incorporation of transabdominal ultrasound imaging. Individuals with overactive bladder
(OAB) underwent ultrasound imaging during filling. The fill rate was 10% of the cystometric
capacity per minute as determined by an initial fill. Transabdominal ultrasound images were
captured in the midsagittal and transverse planes at 1 min intervals. Using image data and Pves,
detrusor wall tension, stress, and compliance were calculated. From each cross—sectional image,
luminal and wall areas along with inner perimeters were measured. In the sagittal and transverse
planes, wall tension was calculated as Pves*luminal area, wall stress as tension/wall area, and
strain as the change in perimeter normalized to the perimeter at 10% capacity. Elastic modulus was
calculated as stress/strain in the medial-lateral and cranial-caudal directions. Patient-reported
fullness sensation was continuously recorded. Data from five individuals with OAB showed that
detrusor wall tension, volume, and strain had the highest correlations to continuous bladder
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sensation of all quantities measured. This study demonstrates how detrusor wall tension, stress,
strain, and elastic modulus can be quantified by adding ultrasound imaging to standard
urodynamics. This technique may be useful in diagnosing and better understanding the
biomechanics involved in OAB and other bladder disorders.

Keywords

2D transabdominal ultrasound; urinary urgency; bladder wall geometry; detrusor overactivity;
detrusor wall biomechanics

Introduction

Overactive bladder (OAB) is a chronic filling-phase condition that adversely affects an
estimated 17% of men and 30% of women (Coyne et al., 2013), but there is limited
understanding of how bladder wall biomechanics influences OAB. Multi-channel
urodynamics is considered the gold standard for evaluating all forms of voiding dysfunction,
including OAB. However, pressure generally increases little during bladder filling (Fig. 1)
(Frenkl et al., 2011) and does not reflect detrusor wall tension nor predict urgency. Because
increased detrusor wall tension is likely a key factor in OAB pathophysiology in some
patients (Drake et al., 2005), true filling phase physiology cannot be evaluated during
standard clinical urodynamics and improved diagnostics are necessary.

Tension-sensitive afferent nerves in the bladder wall convey fullness sensation to the brain
(Morrison, 1999), while bladder compliance affects the tension sensor load during filling
(De Wachter et al., 2012). Bladder compliance has been shown to depend on shape
(Damaser and Lehman, 1995). Bladder tension and stress have been estimated in animals by
assuming a spherical shape (Le Feber et al., 2004; Watanabe et al., 1981), but bladder shape
in humans can be highly variable (Bih et al., 1998; Lotz et al., 2004). For any volume of
fluid, the shape with the smallest surface area is a sphere, so for a bladder that fills with a
somewhat spherical shape when unconstrained, conditions making the bladder less spherical
increase surface area and strain on the tension sensor. Laplace’s law states that in thin-
walled vessels, such as the bladder, wall tension is proportional to the product of pressure
and radius, and therefore, an increase in radius alone, with little or no change in pressure is
sufficient to increase wall tension significantly (Watanabe et al., 1981).

The International Continence Society (ICS) defines compliance as the ratio of total volume
change to pressure change (Abrams et al., 2002), but this can vary greatly depending on
which initial and final points are used for volumes and pressures (Smith et al., 2012). This
study demonstrates a method to use transabdominal ultrasound to gather bladder geometric
information during urodynamics. This information along with pressure was used to compute
novel urodynamic metrics of bladder filling mechanics including wall tension, stress, strain,
and elastic modulus. These data are correlated with continuous patient-reported real-time
sensation recorded throughout filling using a novel sensation meter (Nagle et al., 2016).
These novel metrics will facilitate important new insights into the pathophysiology of
bladder disorders. In particular, quantifying tension may be important in sub-characterizing
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a new form of bladder-wall-tension-mediated OAB. Additionally, the imaging techniques
could be used to develop non-invasive means of characterizing OAB.

Materials and Methods

Theory

Extending work by (Watanabe et al., 1981), the bladder was modeled as a container with a
thin, elastic, homogeneous wall which was theoretically cut into two sections in the
transverse (medial-lateral direction) and sagittal (cranial-caudal direction) planes (Fig. 2a).
The force (F) perpendicular to the cut acting to separate these halves is

F=Pves * Awmen, Eqgn. 1
where Pves is vesical pressure and Ay, men is the luminal area in the plane of the cut (Fig.

2b). This force is equal to the opposing wall tension ( 7,,) at the cut (Fig. 2b). The bladder
wall stress (o) is

_Aw7 Eqn 2

where A, is the wall area (Fig 2b). The areas of the transverse image (Fig. 3a) were used to
calculate cranial-caudal tension (7o) and stress (oss), and the areas of the sagittal image
(Fig. 3b) were used to calculate medial-lateral tension ( 7;4;) and stress (o).

The local wall strain for each plane was assumed to be approximated by the global perimeter
strain and was calculated as the ratio of the perimeter to the perimeter at 10% capacity (Fig.
2¢). The sagittal image perimeter (Fig. 3b) was used to calculate strain in the cranial-caudal
direction (e¢¢) and the transverse image perimeter (Fig. 3a) was used to calculate strain in
the medial-lateral direction (es,).

The bladder wall’s elastic modulus £,, was computed at each volume as

cw  Eqn.3

where o, is the wall stress in one direction (cranial-caudal or medial-lateral) and e, is the
strain in the wall in that direction (Fig. 2d).

Experimental Protocol

To demonstrate how the theoretical methods can be applied to clinical data, bladder wall
biomechanical properties were calculated using ultrasound images and urodynamic data
obtained from individuals with OAB who were recruited into an IRB-approved comparative-
fill urodynamic protocol (Colhoun et al., 2016b). After giving informed consent, participants
underwent a series of fillings with a Laborie Aquarius TT system at an infusion rate of 10%
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estimated cystometric capacity (based on an initial clinical urodynamic fill) per minute. A
certified ultrasound technologist held a Philips Epig-7 system 1-5 MHz transabdominal
probe against the abdomen throughout filling and obtained two-dimensional (2D) ultrasound
images of the bladder (Fig. 3) in the sagittal and transverse directions every minute. Detrusor
overactivity (DO) was diagnosed by a urologist based on the initial fill. Throughout
urodynamics, participants used a handheld sensation meter (Nagle et al., 2016) to track their
perceptions of bladder filling in real-time on a 0-100% scale (Fig. 4, green). Infusion was
stopped when the participant reached 100% on the sensation meter.

Images were analyzed using Digimizer software. Inner and outer perimeter edges of the
bladder wall were manually traced, and bladder height and width were measured in the
sagittal and transverse planes (Fig. 3). Due to low contrast of the bladder wall sides in the
images, technicians estimated their location based on the visible anterior and posterior
bladder walls assuming a near-constant thickness. The bladder wall cross-sectional area was
calculated using a subtraction method as

Aw:Ao - Ai Eqn 4

where A, is the outer perimeter and A;is the inner perimeter. Because some portions of the
bladder wall were challenging to visualize, a ratio method was also used to estimate the
bladder wall area. The wall thickness was most clearly visualized in the posterior portion of
the image, therefore a segment of posterior wall was traced (Fig. 3, green) and used to
estimate the full bladder wall area calculated as

P
A=Ay x —
v are * L(M"c7 Eqn 5

where A, is the area of the selected segment, L, is the arc length of the inner perimeter of
that segment, and AZ;is the inner bladder perimeter. The bladder wall area loop in each cross-
section can be cut and straightened into a rectangle with a length equal to the mean of the
inner and outer perimeter and a thickness equal to the average wall thickness (Fig. 3). Wall
thickness was calculated as

(P+PR)/2" Eqn.6

where P, is the outer perimeter, using a method previously used to calculate fetal membrane
thickness (Nunes et al., 2016).

So that interobserver reliability of tracing the ultrasound images could be assessed, the 2D
images were analyzed by four evaluators ranging in experience from the ultrasound
technologist who obtained the images to an individual who had never previously worked
with ultrasound or bladder images. The values obtained by the evaluators were averaged to
provide representative results for geometric and biomechanical parameters.
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Bladder volume (V) was calculated using Equation 7, described in (Bih et al., 1998), in the
sagittal plane using the sagittal height (h) and width (w) with the transverse width as the
depth (d) and in the transverse plane using the transverse height and width with the sagittal
width as the depth

V=0.T«h+w=*d. Eqgn.7

Pves was smoothed by a 100-point (10s) moving average filter, and zeroed by subtracting
the pressure measurement at the moment of the first image (Pves at time=60s). Wall tension,
stress, and strain in each direction were calculated using the smoothed, zeroed Pves at the
moment that each image was obtained. Strain was the inner perimeter normalized to the
inner perimeter at time=60s. A first-order Ogden model was fit to stress-strain data using the
method described in (Habteyes et al., 2017).

Statistical Analyses

Results

Statistical analyses were performed using MATLAB. To compare the wall area methods
(subtraction vs ratio methods), a linear function was fit to each as a function of %capacity in
each plane. The 95% confidence interval of the difference in fit parameters was calculated; if
this interval did not cross through zero for at least one of the two fit parameters, the lines
were considered statistically different (Schenker and Gentleman, 2001). The same method
was used to compare image-based volume to the infused volume (VH20). To test correlation
between the sensation measurements and other parameters, the Pearson correlation
coefficient was calculated. Pves, Pdet, and VH20 were correlated to sensation three ways:
using the raw urodynamics (raw), the smoothed data (smoothed), and the smoothed data
sampled at the times images were taken (smoothed-sampled). To test agreement between the
image evaluators, the interclass correlation coefficient (ICC) was calculated for A;and A, in
each image as the criterion-referenced reliability. To measure the precision of measurement
between the four observers, the coefficient of variation for A;and A, of each image was
measured as the standard deviation divided by the mean of the area measurements.

Demographic Data

Demographic data from five individuals with OAB were obtained, including sex, race, BMI,
cystometric capacity, and ICS-defined compliance (Table 1). DO was diagnosed all five
participants and transient rises in pressure tended to be associated with increases in bladder
sensation (Colhoun et al., 2016a). Average Pves during the initial fill and fill with ultrasound
were 54.0+11.4 and 42.7+11.4 cmH20. Image resolution ranged from 0.2 to 0.23 mm/pixel.
Data from a representative participant are shown as an example (Figs. 1, 3—7, and 8b).

Geometric Parameters

Geometric parameters are those defined purely by image analysis and include volume, wall
area, wall thickness, and perimeter. These parameters from the transverse and sagittal
images are plotted against %capacity as a normalized volume measure (Fig. 5). These data
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demonstrate that sagittal image volume (Fig. 5a, blue) was a good estimate of bladder
volume because it was not significantly different from the infused volume (Fig. 5a, magenta)
in 80% of participants. In contrast, the transverse image volume (Fig. 5a, red) was a poor
estimate of volume because it significantly overestimated the infused volume at low bladder
capacities in 80% of participants. The wall areas measured by the ratio and subtraction
methods were not significantly different (Fig. 5b—c, solid/dashed lines) in 90% of
measurements.

Biomechanical Parameters

Biomechanical parameters are those derived through a combination of image and pressure
measurements and include pressure, wall tension, wall stress, and elastic modulus. Strain
was calculated only using image analysis, but was included in Fig. 6d to illustrate that elastic
modulus was calculated as stress divided by strain. These parameters in the cranial-caudal
and medial-lateral directions are plotted against %capacity as a normalized measure of
volume (Fig. 6). Patient-reported bladder sensation is overlaid in green to show how these
parameters correlate with sensation. Ogden model parameters (Fig. 7) averaged a=3.03+2.55
cmH20 and b=8.77+1.47 in the cranial-caudal direction and a=3.58+1.38 cmH20 and
b=14.13+3.72 in the medial-lateral direction.

Sensation Correlations

In Table 2, bladder geometric, biomechanical, and urodynamic properties were each
correlated to patient-reported sensation. Correlations that approached 1.0 were considered
best. As shown in Table 2, tension, volume, and perimeter strain correlated best with
sensation and were far superior to the standard urodynamic parameter of Pdet. This suggests
that Pdet may not reliably reflect the state of the detrusor wall during urodynamics and that
the novel geometric and biomechanical parameters developed in this study may offer
methodologic improvements.

Measurement reliability

Figure 8a shows the luminal (cross-sectional) area of the fluid inside the bladder determined
by the four evaluators for the images from the example participant. Some disagreement is
seen at very small volumes where the bladder walls were less defined and at the highest
volume where the edge of the bladder was not fully captured in the image. The Mean+SEM
ICC for the inner and outer areas of the five sets of images were 0.90+0.04 and 0.88+0.04
for the sagittal images and 0.90+0.05 and 0.83+0.07 for the transverse images. The
coefficient of variation (Fig. 8b) for the inner and outer areas averaged 11.8+5.3% and
11.243.1% for the sagittal plane and 6.4+4.3% and 6.4+2.8% for the transverse plane. The
high ICC and the low coefficients of variation suggest that even those with limited image
analysis experience can effectively perform bladder geometric measurements necessary to
derive the geometric and biomechanical parameters described in this study.

Discussion

This study presents a novel method to clinically investigate bladder wall biomechanics and
quantify wall stress, perimeter strain, and more using geometric data from ultrasound images
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and urodynamic pressure data. This is the first study to quantify these biomechanical
properties in humans, and represents a potential advance over standard urodynamics which
provides little information about the true state of the detrusor wall.

In standard urodynamics, bladder compliance is measured as the change in volume divided
by the change in pressure for an entire fill. Alterations in compliance determined by this
method have been linked to several conditions (Madersbacher et al., 1999); however, these
measurements do not provide any specific and clinically useful information about detrusor
wall function (Coolsaet, 1985; Smith et al., 2012). This single measurement does not
provide data on dynamic elasticity or other short-term changes in bladder properties. The
elastic modulus calculated in this study is analogous to the inverse of compliance, and
measuring it at multiple points during filling provides a mechanistic assessment of how the
bladder wall becomes less compliant at higher volumes. The non-linear Ogden model may
provide improved constitutive modeling capabilities. The fit-parameter “a” in this study was
significantly higher than what was found in rabbit bladder strips (Habteyes et al., 2017),
perhaps due to differences in species, setup, or because this methodology assumes negligible
external pressure on the bladder.

Preclinical studies on human detrusor strips and whole bladders from animal models
established that repeat passive fill-empty cycles strain soften the bladder wall, a process that
is reversed after active contraction at short muscle lengths (Colhoun et al., 2015; Speich et
al., 2005; Speich et al., 2007). Reversible strain softening (identified as reversible pressure
changes and termed dynamic elasticity) has been identified during comparative-fill
urodynamics (Colhoun et al., 2016b). Importantly, reversible strain softening is altered in a
model of DO and is regulated via Rho-kinase (Speich et al., 2005; Speich et al., 2012);
Therefore, methods directly quantifying bladder wall biomechanics /in vivo may provide
important information for bladder disorder diagnosis and evaluation of treatment
effectiveness.

This methodology has the advantage of non-invasivity. Urodynamic studies are often
uncomfortable, costly, and increase the risk of urinary tract infection (Nager et al., 2012).
Transabdominal ultrasound is non-invasive and well tolerated by patients. Although many of
the biomechanical properties require both urodynamic (pressure) and ultrasound (geometric)
data, volume and perimeter strain only require geometric data and had the best correlation to
sensation. These parameters can be measured by taking serial ultrasound measurements
throughout filling induced by non-invasive oral hydration (De Wachter et al., 2014; Heeringa
et al., 2012; Heeringa et al., 2012; Nagle et al., 2016). Measuring perimeter strain only
requires the luminal area to be traced, which could potentially be accomplished
automatically using edge detection; therefore, this parameter has high potential to be
developed as a stand-alone noninvasive test or screening tool used before urodynamics.

In this study, real-time sensation had higher correlation to volume, tension, strain, and stress
than to any measure of pressure. The high correlation with stress is consistent with studies in
rats where afferent nerve signaling had higher correlation to wall stress than to pressure,
although the high correlation with volume was not observed (Le Feber et al., 2004). When
the present data were used in Le Feber’s function of Pves times infused volume to
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approximate stress (Le Feber et al., 2004), which assumes a thin-walled spherical bladder
and a large ratio of bladder volume to bladder wall volume, the correlation between
sensation and stress rose to 0.96+0.03, similar to the correlation between sensation and
volume. While these assumptions are likely valid for rat bladders, this study’s imaging data
confirm that human bladders are not spherical nor do they fill evenly in all directions, as can
be seen in the animated gifs included online as supplemental information. Furthermore, the
perception of bladder sensation in humans has more confounding psychological factors than
afferent nerve activity in rats.

Bladder pressure (Pdet in Fig. 1) is often calculated as Pves minus the intra-abdominal
pressure to eliminate transient fluctuations (Colhoun et al., 2016b). In addition to the reasons
described in Colhoun et. al., this study used Pves instead of Pdet because Pves consistently
had a much higher correlation with sensation than Pdet (Table 2). Pves data was zeroed by
subtracting Pves at 10% capacity corresponding to the first image obtained. Likewise, strain
was measured as the bladder perimeter normalized to the perimeter at 10% capacity. This
was a more preferable initial point than 0% capacity because the bladder borders lack
contrast in the images at very low volumes and are difficult to identify accurately.

The clinical usefulness of this ultrasound-based methodology depends on the ability of an
evaluator to accurately trace the bladder wall, and in the present study excellent ICCs were
identified despite widely different experience with image analysis. Two methods to measure
bladder wall area (ratio and subtraction) were employed in this study. Their results were not
significantly different in nearly all cases, and because the subtraction method is faster and
easier, it is recommended for future studies. It was expected that the wall area would
decrease in each plane during filling, but this was only measured in 20% of the cases using
either method. This may be due to uneven filling, non-homogenous or non-isotropic wall
properties, or a limitation in the measurement technique. The method of modeling the
bladder wall as a straightened, rectangular shape assumed a constant thickness, but in the
ultrasound images, the wall appears wider in the anterior bladder, possibly due to enhanced
reflection of the ultrasound signal at this location. The average wall thickness in this study
was 5 mm (range 4-10 mm), just above the ladder wall thicknesses ranging from 1.1 to 4.5
mm reported by Blatt et al. in a group of men and women (Blatt et al., 2008). More data are
necessary to determine if this discrepancy is due to natural variations in wall thickness
between different regions of the bladder wall or other reasons. The present study may have
overestimated wall thickness because measurements focused on the bladder posterior where
the ultrasound signal is amplified.

The current study is limited by small sample size, by relying on only Pves to quantify all
changes in bladder pressure, and by simply defining a methodology rather than showing that
this methodology can truly impact clinical practice. Although this method has only been
demonstrated on five individuals, their demographic and urologic parameters were diverse
and show broad feasibility for this method. The present data were obtained in a comparative-
fill study in which external pressures did not significantly change over the study duration
(Colhoun et al., 2016b). This indicates that analysis of relative changes in biomechanical
parameters during filling may be valid. Because external forces are unknown, direct
comparisons of parameter magnitudes between patients may not always be useful; however,
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relative changes, identified within a single fill or between comparative fills, may permit the
development of techniques to sub-categorize patients with tension-mediated and shape-
mediated OAB. As a result, this study may represent a significant step forward in the
development of novel and objective bladder diagnostics.

Several challenges arose during the process of defining the current techniques. Ultrasound
determinations of bladder volume (as compared to infused volumes), appeared more
accurate when imaging in the sagittal plane as compared to the transverse plane. This is
consistent with data obtained from (Bih et al., 1998). It is possible that pressure induced
from the ultrasound probe itself may affect pressure measurements and sensations of
urgency, but since the probe was held against the bladder constantly to maintain its position,
any contribution to additional pressure should have been relatively constant. Pressures
tended to be higher in the initial fill than the fill with ultrasound, demonstrating that the
additional pressure of the probe was small enough to be obscured by dynamic elasticity
(Colhoun et al., 2016b). Finally, our methodology makes assumptions that may not be valid
in the presence of bladder diverticula, which were identified in two participants. Stresses in
locations near diverticula are expected to be higher than in the rest of the bladder and their
value could only be calculated using numerical approximation methods rather than the
closed form solutions utilized in this study (Young and Budynas, 2002).

In conclusion, transabdominal ultrasound imaging can be incorporated with clinical
urodynamics to measure bladder biomechanical parameters including wall tension, stress,
strain, and elastic modulus. The present study demonstrates the feasibility of applying
ultrasound during urodynamics and provides a methodologic roadmap that could be used to
improve upon the information currently obtained during standard urodynamic testing. Future
work using this methodology may provide improved insight into the pathophysiology of
OAB and other forms of voiding dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Output of the Laborie urodynamic system during the fill for the representative participant
used as an example throughout this paper showing Pves (intravesical pressure), Pabd
(intraabdominal pressure), Pdet (Pves-Pabd), and VH20 (volume of water infused). The
magenta arrow shows duration of filling which is the data analyzed in this study.
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Figure 2.

Bladder model used to demonstrate calculation of tension-based wall compliance. A) The
bladder with transverse and sagittal cross-sectional planes and anatomical directions. B)
Pressure (Pves, blue line from Fig. 1) in the cranial-caudal direction (dashed arrows) acts on
the luminal area (gray) in the transverse plane and is opposed by the wall stress (solid
arrows) acting on the wall cross-sectional area (red). Pves results in force, F, which is
opposed by wall tension, T. C) Strain was calculated as the ratio of the current perimeter
divided by the initial perimeter. D) Elastic modulus was calculated as the current stress

divided by the current strain in each direction.
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Figure 3.

Ultrasound images in the transverse plane used to calculate cranial-caudal stress and medial-
lateral strain (A) and sagittal plane analogous used to calculate medial-lateral strain and
cranial-caudal stress (B) showing Digimizer tracings of the luminal (inner) area, bladder
wall (outside) area, height, and width. The green segments represent the location in which
the bladder wall is visible in each ultrasound image. The wall area was calculated as the area
inside the green segment times the ratio of the inner perimeter of the bladder to the arc

length of the segment.
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Readout of the sensation meter overlaid on the Pves measurement (blue line in Fig. 1)
zoomed into the duration of filling (magenta arrow in Fig. 1) after being smoothed by a 10-

second moving average. The correlation coefficient, p, between smoothed Pves and

sensation was 0.87 and is displayed in the legend.
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Figure 5.

Geometric results from a representative individual based on analysis of ultrasound images
with lines of best fit. Legends include R-squared value of the linear fit (Lin fit R2). A) The
volume infused is shown in magenta, sagittal-image based volume is shown in blue, and
transverse-image based volume is shown in red. Sensation is overlaid in green with

correlation coefficient (p) between image based volumes and sensation shown in the legend.

B) Sagittal wall area (Sag area) is shown as estimated by the ratio method (equation 5, dots
with solid line fit) and subtraction method (equation 4, stars with dashed line fit). C)
Transverse wall area (Trans area) is shown as estimated by the ratio method (dots with solid
line fit) and subtraction method (stars with dashed line fit). D) Using the wall areas
estimated by the subtraction method, the sagittal wall thickness is shown in blue and the
transverse wall thickness in red. E) The inner bladder wall perimeter in the sagittal (blue)
and transverse (red) planes is shown.
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Calculated parameters from the same representative individual overlaid with real-time
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sensation (green) with lines of best fit. Legends include R-squared value of the linear fit (Lin
fit R2) and correlation coefficient (p) between each quantity and sensation. A) Pressure
(Pves) from the urodynamics system after being smoothed and sampled at the times where
images were obtained is shown in magenta. B) Wall tension is shown for the medial-lateral
(ML) direction in blue and in the cranial-caudal (CC) in red. C) Wall stress calculated using
the wall area measured by the subtraction method (stars in Fig. 5) is shown for the medial-
lateral (ML) direction in blue and in the cranial-caudal (CC) in red. D: Wall strain calculated
as the perimeter normalized to the initial perimeter is shown for the medial-lateral (ML)
direction in blue and in the cranial-caudal (CC) in red. E) Elastic modulus (Elastic Mod and
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E) is shown for the medial-lateral (ML) direction in blue and in the cranial-caudal (CC) in
red.
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Figure 7.

Stress strain curve with Ogden model fitted to points. The fit parameters were a=0.20 and
b=8.84 in the medial-lateral direction and a=0.69 cmH20 and b=18.4 in the cranial-caudal

direction.
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A) Luminal area of the bladder as judged by four different observers numbered 1 through 4
with decreasing expertise in bladder imaging. The interobserver correlation coefficient (ICC)
was 0.88 in the sagittal (sag) and 0.82 in the transverse (trans) planes. B) The coefficient of
variation as a percentage varied throughout filling differently for images in the two planes

for the representative individual.

J Biomech. Author manuscript; available in PMC 2018 August 16.

120



Page 21

Nagle et al.

19¥86 0LF¢SY ¢'¢+ce v¥8'8Y 0l7E174 Uea\
€e 961 T€ 1S o/d S
L €a¢ or 18 vv/4 ¥
29¢ %94 8¢ Ly J/N €
LL 999 8¢ v o4 4
4% (4% Ve € o/d T
§20,J Y ddueldwo)d
AV (Jw) Anoeded | (zw/Bx) NG | (saeak) aby | soexxes | #1usied

‘3]dwexa aAleIUaSaIdal e Se UMOYS aq ||IM g# Juedioied woly synsal
pue sabew! ‘Jaded sy 1noybnoayl “uolresuss Bulj|ly 9%00T paliodal uedionted syl usym swinjoA Jappe|q syl si Aloeded ‘UedLIsWY UedLILY 10} WV pue
uelIseane) 1oy O se paziiobiared SI adey "afewl 10) A pue ajeway 10} 4 Se paziiohisred si xas “Japio abe ul syuedionied aaly ay) uo uonewsojul siydesbowsq

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Biomech. Author manuscript; available in PMC 2018 August 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Nagle et al.

Table 2

Page 22

Pearson correlation coefficients for urodynamic, geometric, and biomechanical parameters. Each quantity

shows the average and standard error (Mean=SEM) of all correlation coefficients for the five participants. All

correlations had p-values less than 0.05. The urodynamic parameters have correlations to urgency using the

raw data, to data smoothed by a 100-point (10-second) moving average, and the smoothed data sampled at the

moments at which the images were obtained.

Data source Parameter Raw Smoothed Smoothed-sampled
Urodynamics Pves 0.63+0.05 0.72+0.05 0.89+0.02
Pdet 0.27+0.18 0.30+0.22 0.36+0.31
VH20 0.94+0.02 0.94+0.02 0.96+0.02
Data source Parameter Sagittal Transverse
Image analysis Volume 0.96+0.01 0.93+0.02
Strain 0.94+0.02 0.90+0.02
Data source Parameter Medial-lateral | Cranial-caudal
Image analysis combined with smoothed and sampled Pves | Tension 0.94+0.02 0.93+0.02
Stress 0.92+0.03 0.90+0.02
Elastic Modulus | 0.89+0.03 0.78+0.10
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