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Abstract: In this study, an ultrasound-based bladder shape nomogram was developed using data from women with-
out overactive bladder (OAB) and tested in women with OAB to identify irregular bladder shapes. The goal was de-
velopment of a nomogram that can ultimately be used for non-invasive identification of a bladder shape-associated 
OAB phenotype. Transabdominal 3-dimensional (3D) bladder ultrasound images were collected at 1-minute intervals 
during urodynamics studies and at 5-10-minute intervals during oral hydration studies. These prospective studies 
enrolled women with and without OAB based on International Consultation on Incontinence questionnaire on OAB 
(ICIq-OAB) question 5a (OAB 5a≥2, without OAB 5a<2). Bladder perimeters were manually traced and refined us-
ing GE 4D-View software. Nomograms for the transverse, sagittal and coronal perimeter-volume relationships were 
developed for women without OAB. A power model was used to approximate upper and lower nomogram bounds 
with 95% confidence intervals. Nomograms were tested using data from women with OAB, and each participant was 
classified as having an irregular bladder shape based on the number of perimeter values outside the nomogram 
bounds. Nomograms were developed using 533 images from 27 women without OAB (14 from urodynamics and 
13 from hydration studies) and were tested using 264 images from 24 women with OAB (16 urodynamics and 8 
hydration). The sagittal perimeter nomogram provided the best results, with irregular sagittal perimeters identified 
in 6/24 (25%) women with OAB and 0/27 (0%) without OAB. An irregular sagittal perimeter was significantly as-
sociated with OAB (P<0.05). Ultrasound-based nomograms may enable feasible, non-invasive identification of a 
subgroup of women with bladder shape-associated OAB.
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Introduction

Overactive Bladder (OAB) is a subjective, symp-
tom-based syndrome defined by an urgent 
desire to void and often includes increased uri-
nary frequency and/or nocturia [1]. This condi-
tion impairs the quality of life of millions of indi-
viduals [2], and is responsible for a substantial 
economic burden [3]. Medical treatments for 
OAB have limited long-term efficacy and are 
poorly tolerated [4, 5]. One explanation for this 
lack of efficacy is that OAB is almost certainly 
an array of different conditions that manifest 
with a common set of symptoms.

Therefore, a key problem in OAB science is the 
use of a “kitchen sink” approach in which all 
OAB patients are treated similarly using an 

algorithmic trial-and-error system [6]. In this 
regard, an individual with theoretical “OAB phe-
notype A” would be expected to respond differ-
ently than an individual with “OAB phenotype 
B”, and the paradigm shift in OAB research can 
only come through the development of new 
metrics to improve diagnostic phenotyping.  
In addition, invasive urodynamics studies are 
often used to investigate refractory OAB cases, 
and there is a recognized need to develop le- 
ss invasive OAB diagnostics [7]. The present 
study addresses the needs for both improved 
OAB phenotyping and non-invasive diagnostics 
using ultrasound imaging.

Transabdominal ultrasound imaging is a rela-
tively low-cost and non-invasive technology that 
is widely used to measure post void residual 
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spective urodynamics and oral hydration stud-
ies using a GE VolusonTM E8 ultrasound system 
with a 4-8 MHz abdominal probe. During the 
urodynamics studies, bladders were filled at 
10% of cystometric capacity per minute based 
on the capacity of a previous fill, and ultrasound 
images were collected at 1-minute intervals 
throughout filing [15]. During the hydration 
studies, participants completed 2-4 fill-and-
void cycles with ultrasound images collected at 
5-10-minute intervals throughout filling [16].

Image analysis

Beginning with the transverse plane, a trained 
technician manually traced the perimeter of 
each bladder image in six cross-sectional pl- 
anes 30° apart (Figure 1) using GE 4D-View 
software [17], as previously described [18,  
19]. The virtual organ computer-aided analysis 
(VOCAL) feature in the software automatically 
combined these cross-sections to generate a 
rendered 3D model. Then, the perimeter trac-
ing of each plane was manually refined as nec-
essary to match the contours of the bladder 
wall and update the 3D model. From this mo- 
del, geometric parameters, including the vol-
ume and the inner perimeters in transverse, 
sagittal and coronal planes (Figure 1) were cal-
culated using the built-in features of the GE 
4D-View software and recorded for subsequent 
analysis [17].

Nomogram development

Linear, second order polynomial, exponential 
decay and power functions for the relationship 
between bladder perimeter and volume were 
evaluated for nomogram development. Each 
function was fit to the perimeter data for the 
transverse, sagittal and coronal planes, and 
the power model provided the best fit for each 
of the three planes (Figure 2). For each of the 
three planes, upper and lower prediction bo- 
unds based on 95% confidence intervals were 
derived for the power model using all perimeter 
data from the participants without OAB (Figure 
3, left panels).

Nomogram validation and testing

The perimeter-volume nomograms were vali-
dated and tested for the volume range of 100 
ml to 500 ml for all participants who had at 
least three ultrasound measurements with vol-

volumes [8, 9]. Ultrasound has also been uti-
lized to measure bladder wall thickness to 
assess bladder outlet obstruction [10] and a 
nomogram for bladder wall thickness was re- 
cently developed for evaluating detrusor under-
activity [11]. Furthermore, two recent studies 
emphasize the potential value of ultrasound to 
quantify changes in bladder shape associated 
with overactive bladder [12, 13]. Gray et al. 
used ultrasound to quantify bladder shape 
changes that correlated with detrusor overac-
tivity in women with OAB [13]. Glass et al. used 
ultrasound to identify bladder height-to-width 
ratios that were abnormal in a subgroup of 
women with OAB compared to age and BMI-
matched controls without OAB [12].

Building upon these studies, the objectives of 
the present study were to (1) develop a blad- 
der shape nomogram using bladder perimeter 
measurements in a group of women without 
OAB, and (2) test the ability of the nomogram to 
identify irregular bladder shapes in a group of 
women with OAB.

Materials and methods

Participant groups

Women with and without OAB were recruited 
for prospective ultrasound urodynamics and 
oral hydration studies approved by an Institu- 
tional Review Board (Approval #: IRB HM200- 
00453). Inclusion/exclusion criteria: all partici-
pants were required to be at least 21 years  
old and have no cognitive impairment. After 
completing the informed consent process, par-
ticipants were enrolled in the study and com-
pleted the validated International Consultation 
on Incontinence questionnaire on Overactive 
Bladder (ICIq-OAB) [14]. From this question-
naire, the urgency question (5a: ‘Do you have to 
rush to the toilet to urinate?’) was used to 
determine two participant groups. Women were 
categorized into groups with OAB (responses 
≥2, ‘sometimes’, ‘most of the time’ and ‘all of 
the time’) and without OAB (responses <2, ‘ne- 
ver’ and ‘occasionally’). Age and body mass 
index (BMI) were recorded for all participants.

Ultrasound imaging during urodynamics and 
hydration protocols

Transabdominal 3-dimensional (3D) ultrasound 
images (Figure 1) were collected during pro-
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umes greater than 100 ml. The nomograms 
were validated by identifying the number of pe- 
rimeter values outside the nomogram bounds 
for each participant without OAB (Figures 3 and 

Participant demographic data

A total of 51 female participants enrolled in this 
study and had complete data sets for analysis, 

Figure 1. Examples of bladder ultrasound images at similar volumes from 
a participant without overactive bladder (OAB) (A) and two participants with 
OAB (B, C) with irregular bladder shapes. Inner and outer perimeters were 
traced in the transverse, sagittal and coronal planes and a 3D model was 
generated. Compared to the typical bladder in (A), the bladder in (B) has a 
smaller sagittal perimeter and is wider and shorter in the transverse plane, 
and the bladder in (C) has a larger sagittal perimeter and is taller in the 
coronal plane.

4, left panels). In addition, the 
nomograms were tested by 
identifying the number of pe- 
rimeter values outside the no- 
mogram bounds for each par-
ticipant with OAB (Figures 3 
and 4, right panels). Validation 
and testing were performed 
on three groups of data points 
between 100 and 500 ml: (1) 
data for all volumes, (2) data 
for the four largest volumes, 
and (3) data for the three larg-
est volumes (Table 1). In addi-
tion, thresholds of 3, 2 and  
1 perimeter values outside 
the nomogram bounds were 
considered when determining 
the number of outlying values 
needed to identify a bladder 
with an irregular shape (Table 
1). The smaller groups and 
thresholds were tested in an 
attempt to identify the mini-
mum number of images need-
ed to identify OAB participants 
with irregular bladder shapes 
without identifying any partici-
pants without OAB.

Data analysis

Development, validation and 
testing nomogram were con-
ducted using MATLAB R20- 
19a, and statistical analysis 
were performed in IBM SPSS 
Statistics 26. T-tests, Mann-
Whitney U-tests and Fisher’s 
exact tests were used to de- 
termine differences, as ap- 
propriate, and a comparison 
with a P value of less than 
0.05 was considered stati- 
stically significant. Participant 
demographic results were ex- 
pressed in the format of mean 
± standard error of the mean 
(Figure 5).

Results
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including at least three ultrasound measure-
ments with volumes greater than 100 ml. Data 
from 24 participants with OAB and 27 without 
OAB were analyzed. Demographic data are 
shown in the (Figure 5). As expected, statisti-

cally significant differences were observed in 
the ages and bladder capacities between the 
two groups, and BMI was not statistically differ-
ent (Figure 5).

Nomogram development

Perimeter-volume nomograms were developed 
using perimeter data from 533 ultrasound 
images from 27 women without OAB, including 
14 urodynamic studies and 13 hydration stud-
ies (Figure 3A, 3C and 3E). The equations for 
the volume (V)-perimeter (P) nomograms were 
as follows:

Transverse nomogram upper and lower bounds:

P=35.12*V0.109-32.02, P=39.47*V0.101-45.78

Sagittal nomogram upper and lower bounds:

P=1.75*V0.445+5.60, P=1.81*V0.441+0.19

Coronal nomogram upper and lower bounds:

P=3.11*V0.342+8.87, P=3.30*V0.335+1.12.

Nomogram testing and validation

The perimeter-volume nomograms were tested 
using 264 sagittal perimeter measurements 
from 24 women, including 16 from urodynam-
ics studies and 8 from hydration studies. 
Nomograms were tested for each of the three 
ultrasound planes using the three groups of 
data points and three thresholds for the num-
ber of outlying points listed in Table 1 (rows 
labeled “OAB”). To check the validity of the 
nomograms, data from women without OAB 
were also tested for the three groups of data 
points and three thresholds for the number of 
outlying points listed in Table 1 (rows labeled 
“without OAB”).

When testing all data points between 100 and 
500 ml, none of the participants without OAB 
had three or more perimeter values outside  
the nomogram bounds for any of the three 
imaging planes (Figure 3A, 3C and 3E). In con-
trast, multiple participants with OAB had three 
or more perimeter values outside the nomo-
gram bounds (Figure 3B, 3D and 3F), including 
sagittal perimeters for five OAB participants 
(Table 1, All points, 3 outside, *P=0.018). Wh- 
en the threshold number of perimeter values 
used to identify an outlier was decreased from 

Figure 2. Curve fitting using polynomial, power, expo-
nential and linear functions for transverse (A), sag-
ittal (B) and coronal (C) perimeters for participants 
without overactive bladder. The power function had 
the highest R2 values in all three planes, and the 
sagittal perimeter fit with the power function had the 
highest R2 of 0.96.
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three to two, additional participants with OAB 
were identified as outliers, but multiple partici-

pants without OAB were also identified (Table 
1, All points, 2 outside).

Figure 3. Nomograms were generated using 95% confidence intervals for bladder perimeter-volume data from 
participants without overactive bladder (OAB) for the transverse (A), sagittal (C) and coronal (E) planes. Nomograms 
were tested using bladder perimeter-volume data in the 100-500 ml volume range from OAB participants for the 
transverse (B), sagittal (D) and coronal (F) planes. Using a threshold of three or more perimeter values out of the 
nomogram bounds to define an irregular bladder shape, the transverse and coronal nomograms (B, F) detected two 
and one OAB participants, respectively, and the sagittal nomogram (D) detected five OAB participants with irregular 
bladder shapes. The participants without OAB were also tested to verify the nomograms, and none of them had 
three or more perimeter values outside the nomogram bounds.
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When testing the nomograms using only the 
images with the four largest volumes for each 
participant, no participants without OAB and 

six participants with OAB were identified with 
two or more sagittal perimeters outside the 
nomogram bounds (Figure 4A, 4B and Table 1, 

Figure 4. The perimeter-volume nomograms presented in Figure 3 were also tested using a threshold of two or 
more (A, B) and one or more (C, D) perimeter values for the four largest volumes outside of the nomogram bounds 
to define an irregular bladder shape. Using bladder perimeter-volume data in the 100-500 ml volume range from 
overactive bladder (OAB) participants, the sagittal nomograms (B, D) detected six and eleven OAB participants using 
the threshold of two or more and one or more perimeters respectively. However, during verification of the algorithm 
using data from the participants without OAB with threshold of one or more perimeters, the sagittal nomogram de-
tected three participants without OAB with irregular shapes (C). None of the participants without OAB were detected 
using the threshold of two or more perimeter values (A).

Table 1. Perimeter nomograms validation and testing results
Groups of points tested All points 4 points largest vol 3 points largest vol
Number of outlying points 3 outside 2 outside  2 outside 1 outside 2 outside 1 outside
Transverse Without OAB (n=27) 0 2 (7%) 0 2 (7%) 0 2 (7%)

OAB (n=24) 2 (7%) 3 (13%) 2 (7%) 5 (21%) 2 (7%) 5 (21%)
Sagittal Without OAB (n=27) 0 2 (7%) 0 3 (13%) 0 3 (13%)

OAB (n=24) 5 (21%)* 6 (25%) 6 (25%)** 11 (46%)Ω 4 (17%) 11 (46%)Ω

Coronal Without OAB (n=27) 0 2 (7%) 1 (4%) 2 (7%) 1 (4%) 2 (7%)
OAB (n=24) 1 (4%) 2 (7%) 1 (4%) 4 (17%) 1 (4%) 4 (17%)

*P=0.018, **P=0.008, ΩP=0.011. vol.=volume, OAB=overactive bladder.
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**P=0.008). Five out of the six (83%) OAB par-
ticipants with irregular bladder shapes had 
smaller sagittal perimeters, and the other one 
(17%) had a larger sagittal perimeter (Figure 
4B). Furthermore, when the threshold number 
of perimeter values used to identify an outlier 
was decreased from two to one, eleven partici-
pants with OAB were identified with outlying 
sagittal perimeters, but three participants with-
out OAB were also identified (Figure 4C, 4D and 
Table 1, ΩP=0.011). Similarly, nomogram test-
ing was completed using only the images with 
three largest volumes for each participant, but 
fewer outliers with OAB were identified (Table 
1).

Discussion

The present study employed a systematic me- 
thod to develop a perimeter-volume nomogram 
to identify irregular bladder shapes. Linear, sec-
ond-order, exponential and power functions 
were considered for the shape of the model, 
and the power function was identified as having 
the best fit to the data. Nomograms were devel-
oped for the transverse, sagittal and coronal 
perimeters, and the sagittal perimeter nomo-
gram provided the best performance, with 6 
out of 24 (25%) OAB participants and none of 
the 27 (0%) participants without OAB identifi- 
ed as having an irregular bladder shape. These 
results indicate that some women with OAB 
have irregularly shaped bladders, and that an 
ultrasound-based nomogram can be imple-

mented to non-invasively identify these individ-
uals. The clinical significance of these findings 
is that non-invasive ultrasound could potential-
ly be used to improve the way we diagnose and 
subcategorize OAB.

The sagittal perimeter-volume nomogram iden-
tified five OAB participants with smaller sagitt- 
al perimeters and one OAB participant with 
larger sagittal perimeter values (Figure 4B). 
Figure 1 shows an example of a bladder from 
an OAB participant with a smaller sagittal pe- 
rimeter that is wider and shorter in the trans-
verse plane (Figure 1B) and an example of an 
OAB participant with a larger sagittal perimeter 
that is taller in the coronal plane (Figure 1C) 
compared to the normal example (Figure 1A). 
These results are consistent with a previous 
study that examined bladder height-to-width 
ratios to assess differences of bladder shapes 
in participants with and without OAB [12]. That 
study identified 5 out of 11 (45%) OAB partici-
pants with irregular bladder shapes, including 
three with larger height-to-width ratios and two 
with smaller height-to-width ratios [12]. A major 
advantage of ultrasound assessments of the 
bladder is that they can be performed during 
non-invasive oral hydration studies that have 
recently been developed for assessing bladder 
sensation [16, 20-23].

Bladder shape and material properties affect 
filling mechanics [24, 25], and further studies 
are needed to determine whether specific OAB 

Figure 5. Participant characteristics for the groups without and with overactive bladder (OAB), including the type of 
filling, urodynamics (UD) or oral hydration (HYD), numbers of ultrasound images analyzed, body mass index (BMI), 
age and bladder capacity. BMI was not different for the two groups (P>0.05). Age and bladder capacity were differ-
ent for the two groups (*P<0.05).
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symptoms or other conditions such as detru- 
sor overactivity correlate with irregular bladder 
shapes. A recent study identified a relationship 
between detrusor overactivity and the acutely 
regulated bladder material property of dynamic 
elasticity [26, 27]. Furthermore, conceptual 
models have been developed to relate bladder 
wall elasticity to muscle strain and activation 
histories [25, 26, 28, 29]. Based on these stud-
ies, we speculate that bladders with poor con-
tractility may have poor regulation of dynamic 
elasticity and as a result exhibit insufficient wall 
stiffness to maintain a normal shape during fill-
ing. This hypothesis is consistent with recent 
studies that demonstrated changes in dyna- 
mic elasticity were induced by bladder shape 
changes through external bladder compression 
in an ex-vivo perfused pig bladder model [30, 
31]. Ultrasound has also been used to identify 
bladder wall micromotion during urodynamics 
[32], and future studies could also seek to iden-
tify whether bladder wall micromotion affects 
bladder shape in a manner similar to detrusor 
overactivity [13].

Measurement of bladder wall thickness may 
aid in evaluating detrusor underactivity [11]; 
however, Rachaneni et al. found that bladder 
wall thickness and detrusor overactivity were 
not related [33]. Gray et al. showed that blad-
der shape changes correlated with detrusor 
overactivity in women with OAB [13], and the 
present study associated irregular bladder 
shapes with OAB. Thus, quantification of blad-
der shape may have more value than bladder 
wall thickness in the assessment of OAB and 
detrusor overactivity.

Perimeter-volume nomogram testing was per-
formed for the volume range of 100-500 ml 
because ultrasound volume measurements are 
less accurate below 100 ml [19]. In addition, 
most patients, especially those with OAB, do 
not reach bladder capacities above 500 ml.  
An important step toward making the sagittal 
perimeter nomogram clinically feasible is to 
minimize the number of ultrasound images 
required for analysis. The best results for the 
present nomogram were achieved when analyz-
ing only the sagittal plane images for the four 
largest volumes for each participant, and ana-
lyzing images from only the three largest vol-
umes also produced similar results without 
identifying any participants without OAB. This 

suggests that three images at relatively large 
volumes near capacity may be sufficient to 
accurately identify a bladder with an irregular 
shape.

The six OAB participants identified with irregu-
lar bladder shapes (Figure 4B) were all from 
ultrasound images taken during urodynamics, 
which raises the concern that a difference in 
body posture in the urodynamics chair com-
pared to the chair used for hydration studies 
may affect bladder shape. The data employed 
to generate nomogram included a relatively 
balanced number of participants from urody-
namics and hydration, which should reduce the 
potential of bias. Furthermore, the irregular 
bladder shapes detected during urodynamics 
were from participants with relatively severe 
OAB based on ICIq-OAB scores. Additional stu- 
dies are needed to confirm any influence that 
postural changes might have on the bladder 
shape nomogram results. Pressure from the 
ultrasound probe can affect bladder sensation 
[16], and this will also need to be considered 
when incorporating ultrasound into any assess-
ment of bladder function.

The sagittal perimeter-volume nomogram was 
verified using the same data from participants 
without OAB that were used to develop the 
nomogram. Future studies are needed to vali-
date the nomogram using data from new nor-
mal participants and additional participants 
with OAB. Our preliminary work indicates that 
bladder shape measurements are repeatable 
[34]; however, future studies are needed to  
specifically evaluate the repeatability of the 
bladder shape parameters from one visit to 
another and minimize the number of images 
needed for analysis. Furthermore, the sagittal 
perimeter does not fully characterize the shape 
of the bladder, and future studies could exam-
ine the effectiveness of incorporating addition-
al parameters, such as the transverse/coronal 
perimeter ratio into a bladder shape nomo-
gram. Finally, to make bladder shape metrics 
clinically feasible, machine learning could be 
implemented in the analysis of bladder images 
to reduce processing time and potentially 
improve reliability [35].

In summary, this study developed a novel blad-
der shape nomogram based on ultrasound-
measured perimeters and identified 25% wo- 
men with OAB as having irregular bladder 
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shapes compared to 0% of women without 
OAB. The results indicate that some women 
with OAB may have irregularly shaped bladders, 
and this novel nomogram may provide a non-
invasive and cost-efficient approach to identify 
these individuals as a shape-associated OAB 
subgroup.
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