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Elucidating the high compliance
mechanism by which the urinary
bladder fills under low pressures

Fatemeh Azaril, Anne M. Robertson’2", Yasutaka Tobe?, Paul N. Watton3, Lori A. Birder*>,
Naoki Yoshimura®®, Kanako Matsuoka®, Christopher Hardin” & Simon Watkins®

The high compliance of the urinary bladder during filling is essential for its proper function, enabling
it to accommodate significant volumetric increases with minimal rise in transmural pressure. This
study aimed to elucidate the physical mechanisms underlying this phenomenon by analyzing the ex
vivo filling process in rat from a fully voided state to complete distension, without preconditioning,
using three complementary imaging modalities. High-resolution micro-CT at 10.8 um resolution was
used to generate detailed 3D reconstructions of the bladder lumen, revealing an average 62-fold
increase in bladder volume during filling. Pressure-volume studies of whole bladder delineated three
mechanical filling regimes: an initial high-compliance phase, a transitional phase, and a final high-
pressure phase. While prior studies conjectured small mucosal rugae (~450 um) are responsible for the
high compliance phase, multiphoton microscopy (MPM) of the dome of the voided bladder revealed
large folds in voided bladders an order of magnitude larger than these rugae. Bladder imaging during
the inflation process demonstrated flattening of these large scale folds in the initial high compliance
phase. The 3D reconstructions of the bladder lumen in the filled and voided state revealed a high
voiding efficiency of 97.13% + 2.42%. The MPM imaging results suggest the large scale folds in the
dome enable this high voiding fraction by driving urine toward the bladder outlet. These insights are
vital for developing realistic computational models of bladder micturition and understanding changes
to bladder function due to pathological conditions such as bladder outlet obstruction and age-related
dysfunction.

Keywords Compliance, Urinary bladder wall, Micro-CT, Multiphoton (MPM) imaging, Inflation testing

High compliance during filling is one of the hallmarks of a healthy bladder and indicates the ability of the bladder
to fill with small increases in pressure. Loss of compliance can arise from a variety of medical conditions including
Bladder Outlet Obstruction (BOO)"2, spinal cord injury’, and cancer?. A reduction of bladder compliance has
important clinical implications including damage to urinary tract function that can involve symptoms such as
incontinence, reduced bladder capacity, increased bladder pressure and bladder wall thickening (fibrosis)>®.
Clinical measurements of bladder compliance are used in the diagnosis and management of conditions such
as neurogenic bladder, interstitial cystitis, and bladder outlet obstruction, where targeted interventions are
necessary to preserve bladder and kidney function®”.

From a clinical perspective, bladder compliance is a single parameter defined in the 2002 report of the
International Continence Society (ICS) as the ratio of the change in bladder volume (AV') to the change in
detrusor pressure (A P) during bladder filling, expressed in milliliters per centimeter of H,O®. The changes are
calculated between two clinically relevant points: (1) the initiation of filling, typically, when the bladder is fully
voided, and (2) the point of maximum cystometric capacity, or just prior to the onset of a detrusor contraction
that may precipitate leakage®.

The gold standard approach for obtaining this data are cystometry experiments in which the bladder is gently
filled from a catheter while vesical pressure, Pyes, is measured from a pressure sensor in the bladder and Papq
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is measured using a second sensor in the rectum, vagina, or stoma, as applicable. The detrusor pressure Pget
is defined as the difference between the vesical pressure, Pyes, and the abdominal pressure, Papq. The clinical
value of compliance is then calculated from the resulting curve for P4c; as a function of infused volume. More
specifically, it is the inverse of slope of a line connecting the two clinically relevant points defined above. In
measuring compliance, factors such as the quality of the examination, the temperature of the filling medium, and
uninhibited contraction of the detrusor muscle are considered.

During filling from the voided state, all layers of the bladder must undergo large elastic deformations sufficient
to enable the volume to increase an order of 10 to 100 fold, depending on the species. For example, the healthy
human male bladder was found to increase in volume by 28.4-fold (mean age: 24 years, n = 28), in pressure-flow
studies conducted on normal adult volunteers’. During filling, each layer must accommodate this large increase
in size. One mechanism for extensibility of the innermost layer of the bladder wall are macroscopic rugae,
approximately 100 microns in size. These undulations have been shown to gradually flatten under increasing
strain with minimal resistance'®-'2. Undulations of collagen fibers, on the order of tens of microns, provide
another mechanism for extensibility that is relevant across all layers. As a result of these undulations, collagen
fibers can accommodate large extensions before straightening sufficiently to bear load, despite the high stiffness
of collagen fibers'?. With regard to the detrusor smooth muscle (DSM) layer, earlier studies have proposed
the high extensibility of the DSM is due to the interconnection of smooth muscle cell (SMC) bundles by wavy
collagen fibers in an unloaded state!!. The reorientation and elongation of these SMC bundles, along with the
straightening of the wavy collagen fibers, are suggested as mechanisms for extensibility of the DSM.

While these studies provide evidence of multiple mechanisms for compliance, to date, there has been no
direct study demonstrating these mechanisms are sufficient to explain the large change in volume and associated
high compliance that are collectively crucial for bladder function. Of importance, while these earlier compliance
studies considered the extensibility of unloaded bladder tissue, they did not consider the extension of the
voided (contracted) bladder to the unloaded state. We hypothesize there are additional mechanisms involved in
enabling high compliance during filling from the voided state.

The main objective of the present study is to determine the physical mechanisms underlying low-pressure
bladder filling from the voided state. We conducted two sub-studies to achieve this goal. In the first sub-study,
high-resolution micro-CT imaging was performed ex-vivo on air-filled bladders to assess changes in wall
morphology from the voided to the filled state. By filling the bladder with air, both the inner and outer surfaces
could be imaged. Scanning multiphoton microscopy was then used to determine the structural explanation for
these morphological differences. The second sub-study aimed to correlate these morphological changes with the
pressure-volume curves of the bladder during passive filling. For this latter study, a custom imaging-inflation
system was employed to gather data on the changing bladder morphology along the pressure-volume filling
curve and to confirm the mechanism of low-pressure bladder filling.

Methods

A. Oversight and protocol for animal management

All animal procedures adhered to institutional guidelines and received approval from the Institutional Animal
Care and Use Committees of Pittsburgh University, animal facilities services. All experiments were conducted
in accordance with National Institutes of Health guidelines and the ARRIVE guidelines and were approved
by the University of Pittsburgh Institutional Animal Care and Use Committee (Protocol #22122280). Efforts
were made to minimize the suffering of animals and the number of animals needed to obtain reliable results.
Sprague-Dawley rats were housed in groups of two within an environment regulated for temperature, humidity,
and pressure, maintaining a 12-hour light/dark cycle, (n = 8). They were given free access to standard chow
and water.

B. Harvest of the urinary bladder

Sprague Dawley rats (3-4 months old) were euthanized via CO2 inhalation. Voiding was confirmed by visible
evidence of urine in paper within the transport box. Postmortem, the abdominal region was disinfected with
ethanol to minimize friction and ensure a sterile surface. An abdominal incision was performed using surgical
scissors to access the internal cavity. The integumentary and muscular layers were incised to expose the urinary
bladder. Adjacent adipose tissue and ligaments were carefully excised using tweezers and surgical scissors. To
stabilize the bladder during the dissection of surrounding tissues, the upper ligament near the bladder dome
was clamped with forceps and positioned around the animal’s forelimbs. The pubic bone was transected using
surgical scissors.

Upon successful transection of the pubic bone, the urethra was exposed. In male bladders, the genital was
excised, and a segment of polyethylene tubing (PE50, Fisher Scientific, Hampton, NH, USA) was inserted into the
urethra, enveloped by a muscular layer. The tubing was secured to the bladder using 3-0 sutures. Subsequently,
the prostate gland was excised, and the ureters were identified and cauterized near the bladder using a Thread
Burner (PEN-510.00, Eurotool, South Carolina, USA). Finally, the bladder was excised from the body.

C. Post-harvest preparation of voided bladder

To prevent smooth muscle cell contraction, following harvest, the bladder was immediately immersed in a
solution of Hank’s Balanced Salt Solution (HBSS) with the following constituents (millimolar concentrations):
NaCl 138, KCI 5, KH2PO4 0.3, NaHCO3 4, MgCl, 1, HEPES 10, and glucose 5.6, maintaining a pH of 7.4 and
an osmolarity of 310 mOsm/L, in the absence of calcium. EDTA (0.5 mM) was incorporated into this solution.
Furthermore, the voltage-dependent calcium channel antagonist nifedipine (5 uM; Sigma) and the sarco/
endoplasmic reticulum Ca**-ATPase (SERCA) inhibitor thapsigargin (1 uM; Tocris Biosciences) were also
included!®. The bladder was then positioned on a Petri dish with adhesive measuring rulers for later demarcation
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Ex-vivo Filling with PBS [A-C]

Micro-CT set up

of the bladder’s longitudinal and circumferential dimensions. High-definition images of both ventral and dorsal
facets of the mounted bladder were obtained using an OLYMPUS SZX10 with a focal setting of 0.63.

D. High-resolution micro-CT analysis of air-filled bladder geometry

Here, we briefly detail the principal steps to develop a 3D reconstructed model of each bladder using data sets
from high-resolution scanning (Skyscan 1272 scanner, Bruker Micro-CT, Kontich, Belgium) (Fig. 1). In the first
study (N = 3), the bladder was harvested in the voided state and inflated with air (so the lumen surface could
be identified). Micro-CT data were acquired at two states: (1) the voided stated (harvested condition) and (2)
after ex-vivo inflation with air. In the second study (N = 3), the bladder was also harvested in the voided state
and then imaged in real-time during gradual infusion with a contrast liquid to obtain pressure-volume curves
for filling (storage phase).

i. Preparation of voided bladder for micro-CT

First the PE50 tubing was affixed to the needle with cyanoacrylate glue (Loctite 414). Then the tubing was
gently threaded into the urethra and just into the base of the bladder. In preparation for micro-CT imaging
of each harvested female bladder (N=3), urine was gently drawn from the bladder and replaced with air in
0.1 ml increments using al ml syringe. Care was taken to avoid any sign of bladder inflation/deflation. Next,
cyanoacrylate glue (Loctite 414) was applied at the distal end of the urethra to secure the attachment to the
mounting needle and prevent air leakage during inflation. Moisture on the outer bladder surface was delicately
removed by blotting with Kim wipes to avoid artifacts during micro-CT imaging.

ii. Acquisition of high-resolution micro-CT data in voided bladder

Each mounted bladder was then positioned within a custom-engineered holder to ensure immobilization and
prevent motion artifacts during the scanning process (Fig. 1). The holder, with the Luer-lock adapter, was sealed
using parafilm and secured in the micro-CT system. Scans were performed at an 80 kV source voltage and 125
HA source current, capturing images at a 10.8 pm pixel resolution with a 2048 x 2048 frame size, a 0.6-degree
rotation increment, and an exposure duration of 400 ms. The scanning duration was maintained under 10
minutes to avoid volume changes due to dehydration.

iii. Micro-CT scanning in the filled bladder state

Following micro-CT scanning in the voided state, the 25-gauge needle hub was connected to a syringe pump
(BS-8000, Braintree Scientific Inc.). Without pre-conditioning, air was administered into the voided bladder
at a rate of 1.5 ml/h to achieve a gradual filling time on the order of 30-35 min. Filling was continued until
the specified “filled” transmural pressure was reached, after which the valve was sealed, and the bladder was
detached from the apparatus. Micro-CT scanning in the filled state was then performed using the same protocol
as for the voided state. Filled pressures of 35 mmHg, 57 mmHg, and 80 mmHg were used for Bladders A, B, and
C, respectively. Pressure was measured using a pressure transducer (PX409, Omega Engineering Inc.).

Ex-vivo Filling with Air [D-E]

Zoomed Image  2D-X-ray visualization 2D-X-ray visualization 3D Reconstruction

Figure 1. (A) In preparation for micro-CT scanning, the catheterized bladder was mounted in a tube and
sealed with an airtight Luer lock. In (B), the mounting needle can be seen in the bladder lumen, secured with
sutures. While the lumen cannot be identified in the 2D micro-CT data sets when filled with PBS (C), the
lumen is clearly distinguished when filled with air (D). The 2D stacks from the air-filled data sets could then be
3D reconstructed (E) to obtain distinct lumen and surrounding bladder wall regions.
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iv. Post processing of high-resolution micro-CT data

The Z stacks of 2D micro-CT images were then 3D reconstructed using NRecon software (Bruker Micro-CT,
Kontich, Belgium) (Fig. 1). The following settings were used: smoothing at level 1, ring artifact correction at
50%, and 2% beam hardening correction. Morphological analysis of the 3D model was conducted with grayscale
thresholding to create masks using Simpleware ScanIP software (Synopsys, Sunnyvale, California). Segmentation
of the internal (lumen) and external (ablumen) geometries was executed using Meshmixer software (Autodesk,
San Francisco, California), followed by thickness analysis utilizing Materialise 3-matics software (Materialise
GmbH, Munich, Germany)'. Wall thickness and associated parameters were determined from the finalized STL
files using the midplane thickness tool in Materialise 3-matics. Associated statistics such as median, average, and
standard deviation were obtained. Residual volume was calculated by segmenting the lumen and ablumen in the
voided state, enabling direct evaluation of the inner volume inside the harvested voided bladders (Fig. 5a,e,i).

E. Multiphoton microscopy (MPM) imaging of resected bladder

To augment the micro-CT analysis, scanning multiphoton imaging was performed on a fresh (unfixed) voided
female SD rat bladder looking down into a portion of the dome (Fig. 2). Briefly, micro-CT analysis was first
performed on a voided, air-filled bladder (as above) to determine the location of open lumen within the bladder.
Based on the 3D reconstructed bladder images, a transverse cut was made 3 mm from the base of the bladder
wall. The bladder dome was subsequently immersed in HanKk’s buffer solution, and scanning multiphoton
microscopy was performed directed down into the lumen (Nikon A1R MP HD, Tokyo, Japan).

A Nikon A1R MP HD multiphoton microscope, equipped with the Nikon Ni-E upright motorized system and
Chameleon Laser vision, was utilized for extensive area scans of bladder specimens. Additional high-resolution
500 um x 500 pm scans of sectioned bladder tissue were performed (with the scanning feature disabled). The
imaging employed an APO LWD 25x water immersion objective lens with a numerical aperture of 1.10. The
laser emission wavelength was set to 830 nm, and the excitation frequencies were configured to 400-492 nm for
channel 1 and 500-550 nm for channel 2. For scanning, the MPM protocol used the resonant scanning mode
and large image scanning function'>!6. The acquired images were reconstructed using IMARIS 9.5.0 (BitPlane
AG, Zurich, Switzerland), enabling the extraction of orthogonal virtual slices in the XZ and YZ planes from the
3D reconstructions. In this work, virtual slice thickness was set to 10 um.

F. Ex vivo bladder filling with contrast liquid

i. Analysis of storage phase: pressure-volume measurements during bladder filling experiments

Three male bladders were harvested in the voided state following the micro-CT protocol, above. First, the bladder
was cannulated and urine gently drained, as above. Then the air was gradually replaced with a solution of PBS
and blue colored dye (watercolor, Dr. Ph. Martins, Bombay India) using the 1 ml syringe. The dye solution was
chosen based on a previously published protocol for imaging the lumen of mice bladders!”. Each sample was
then transferred to a decagonal chamber and mounted upright using a female Luer lock (80147, Qosina Corp.,
North Ronkonkoma, NY, USA) attached to a 25-gauge needle (B2550, Sterile Blunt Needle, Fisher Scientific).

1000 pm

1mm

Figure 2. A 3D reconstructed micro-CT data set was bisected (in silico) to display the distinct lumen and
albumen regions (A). The dissection scope image of the same fresh bladder (B) was then compared with (A)
to identify the location for the transverse cut (C) that would ensure both lumen and surrounding thickened
wall would be visible. A dissection scope image looking into the cut dome region (D), image of bladder dome
surface from MPM microscope lens prior to scan (E).
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The chamber was filled with calcium-free phosphate-buffered saline (PBS) containing NaCl 137 mM, KCl 2.7
mM, NasHPO4 10 mM, KH2PO4 1.8 mM, at pH 7.4. This solution was aerated with a 95% Oz and 5% CO»
mixture and maintained at 37°C using a Sous Vide Machine (Inkbird, China).

The Decagonal Image-Inflation System setup, as shown in Fig. 3(ii), consists of a 60 ml syringe pump
connected to an Omega pressure transducer, which infuses the bladder with the blue dye solution at room
temperature. The system features ten 2.3 MP CSI-acA CCD cameras arranged decagonally, capturing multi-
angle, high-resolution images enabling comprehensive analysis of bladder strain measurements, not performed
in the present study. The chamber temperature was maintained at 37°C to simulate physiological conditions.
An Ultra 4K HD webcam (Logitech Brio, Lausanne, Switzerland) was employed to visualize the bladder during
infusion, performed synchronously with pressure measurements.

Figure 3(i) provides detailed visual references for the various components of the system. Image (A) shows the
setup for bladder attachment, utilizing a needle and sutures with a Luer lock fitting for secure infusion. Image
(B) highlights the temperature display and a 3-way valve used for controlling the flow and monitoring solution
temperature. Image (C) displays the complete setup, which includes the heating mechanism, automated syringe
pump, pressure transducers, camera ring, and LED lights designed to optimize imaging conditions. Image (D)
provides a side view of the filled bladder positioned within the physiological bath, with a camera placed for
detailed imaging and monitoring. Image (E) shows a close-up view of the filled bladder within the transparent
bath, ensuring clear visualization for real-time monitoring throughout the experiment.

The bladder was then slowly infused with the same dye-PBS solution using a 60 ml programmable syringe
pump (BS-8000, Braintree Scientific Inc.). Infusion was set at a volumetric flow rate of 20 pl/min, which is

Harvested bladder Side View — filled bladder

60ml- Syringe Pump

(i) Decagonal Image-Iinflation Systems

v { :

S ! k; i
Color Camera S i
[
o 1]

(ii) Schematics of Decagonal Image-inflation System

Video Recording

Physiological
Solution

Bladder
‘Temperature : 37C

Omega Pressure Transducer Decagonal Bath Computer Output

Figure 3. (i) Decagonal image-inflation systems, (A-E), (ii) Schematic of Decagonal Image-Inflation
Systems(ii).
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5 times slower than in-vivo cytometry rate of 100 pul/min'®!8. Pressure was recorded using a high-accuracy
pressure transducer (PX409, Omega Engineering Inc.) at a 10 Hz sampling rate. Infusion ceased when a
maximum pressure of 15 mmHg was reached, visually confirming a full bladder cystometry shape akin to in-
vivo ultrasound observations'®. As in?, preconditioning was omitted so filling would start from the natural
voided state (Fig. 3).

ii. Analysis of pressure-volume data (storage phase)
Figure 4 displays a typical dataset for pressure versus infused volume during a bladder filling experiment (storage
phase). In all cases, as fluid was slowly infused, there was an initial spike in pressure (highlighted in yellow)
followed by a region with gradually increasing pressure (high compliance), followed by a region of diminished
compliance. A pressure spike has been previously reported in inflation studies as well as in rat cystometry
studies?*2!. Following prior work?, pressure-volume data was analyzed for filling studies after this initial spike.
For this reason, the pressure for the filling curves is referred to as “adjusted filling pressure,” which is the pressure
shifted to start at the end of the yellow region in Fig. 4A.

Three regimes were identified in the pressure-volume data during the storage experiments: toe, transition
and high pressure regimes. As a central objective was to assess the compliance in these regimes, the data were
first converted to volume-pressure data. To determine the volume defining the end of the toe regime (beginning
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Figure 4. Analysis of bladder compliance for illustrative Case 1. (A) Raw data for pressure vs. volume curve
with three filling regimes (Toe, Transition, High Pressure). The linear fits used to identify the beginning and
end of the transition regime are shown in (B) and (C) respectively. Here the infused volume and filling pressure
are shown, adjusted to remove the initial pressure spike seen in (A). For (B), a linear fit (R? =0.9931) is
applied from 0.15 to 0.68 ml to obtain transition values of V;; = 0.68 ml and P;; = 3.72 mmHg. For (C), a
linear fit to the high pressure regime is shown (R? = 0.9946) across the volume 0.78 to 1.00 ml with resulting
values of Vz2 = 0.78 ml and Pi2 = 4.73 mmHg. The corresponding compliance (slope) in the toe and high-
pressure regions are 0.35 ml/mmHg and 0.050 ml/mmHg respectively. A representative image of the infused
bladder is shown (D) at zero infused volume, the origin of curve in (A). An ellipse was fit to the bladder region
(outer dashed curve) as well as the dye filled region (inner dashed curve) and used to estimate volume in these
two domains.
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of the transition regime), denoted by (V;1), a linearly fit was iteratively applied to an increasing range of data
until the data deviated from the linear fit beyond a threshold value. In particular, V;1 was defined as the volume
at which the error in the linear fit for volume was less than 2.5% of the maximum volume for the fitted range
(Fig. 4). The corresponding pressure is denoted by P;;. The volume at the end of the transition regime (and
beginning of the high pressure regime) is denoted as V;2. Here Vi2 was similarly defined relative to a linear fit
to the high pressure data. In this case, a choice had to be made about the highest volume data for the linear fit.
The transition regime was defined as the intermediate regime, V' € [V41, Vi2] with a corresponding pressure
range of [P;1, P2]. The compliance of the toe and high pressure regimes were then calculated as the slopes of
these respective lines. The linear range and corresponding R? value were determined for both the toe and high
pressure regions.

To estimate the volume occupied by the folds, an ellipse was fit to the entire bladder as well as to the dye
filled region (lumen) (Fig. 4D). The lumen and whole bladder volumes were then estimated from the volume
of the corresponding prolate ellipsoids. The volume occupied by the folds was taken as the difference between
the bladder and lumen region. The surface area of the lumen ellipsoid was calculated using the corresponding
analytical solution for surface area of a prolate ellipsoid. Average areal stretch could then be calculated from the
ratio of current and reference surface areas. Average linear stretch was set equal to the square root of the areal
stretch.

Results

Differences in bladder morphology between voided and filled state

Three bladders were imaged in the voided and air-filled state using high resolution micro-CT, without
preconditioning following Methods D(i-iv). The 3D reconstructed micro-CT data sets for the bladder lumen and
ablumen along with corresponding wall thickness contours show marked differences in lumen shape between
the voided and filled states (Figs. 5 and 6). In the voided bladder, the lumen extends only partially down the
length of the bladder and the bladder appears to be fully closed in the apex of the dome region (Fig. 5a,e,i). As
a result, the wall thickness in the voided bladder is highly heterogeneous. Across all three bladders, the average
wall thickness in the voided state is 670 microns with an interquartile range (IQR) of 720 microns (Table 2).
This morphology is apparent in the sectioned view of the bladder (Fig. 5b,fj), and quantified in color contours
of wall thickness. For instance, the highest thickness in the voided bladder is found in the apex of the dome as
visible in the direct images of the wall in the first two columns and the thickness maps in the third and fourth
columns of Fig. 5 . The average median thickness in the dome was 2.40 mm + 0.37 mm, while the median
thickness in the mid-bladder and trigonal areas was 0.67 mm * 0.11 mm (Figs. 5b—d, f-h, j-1and 7). Conversely,
in the distended state all three bladders demonstrated a relatively uniform and thin wall (Fig. 6), with an average
median thickness of 0.10 mm =+ 0.02 mm and IQR of 40 microns (Table 2).

The lumen volume of the three bladders showed a marked increase from the voided to filled state, averaging
62-fold (Table 1 and Fig. 7). Specifically, Bladder A exhibited a 16-fold increase, Bladder B a 92-fold increase, and
Bladder C an 78-fold increase (Table 1). Due to the substantial increase in size, the filled and voided bladders in
Figs. 5 and 6 are drawn to different scales.

Morphology of the bladder lumen in the voided state

To further investigate the closed upper dome seen in the micro-CT data sets (Fig. 5), the interior of the voided
bladder dome (Fig. 2), was imaged with high-resolution scanning multiphoton microscopy (MPM) (Fig. 8),
utilizing Methods E.

The internal morphology of the bladder wall was visible under MPM without staining or fixation, due to the
second harmonic signal of collagen fibers (red) (Fig. 8). A system of large folds can be seen across the entire
surface (Fig. 8A). In the zoomed image (B), the large folds, with a width on the order of 750 microns, can be
seen to be formed from multiple subfolds (Fig. 8B,C). The folds do not extend across the entire wall thickness,
but rather appear to be formed from the inner layer alone (Fig. 8D). A second bladder was imaged following this
same protocol, showing similar folds, Supplementary Material S2.

Pressure versus volume relationship during bladder filling (storage phase)
Data for pressure versus infused volume for three cases are shown in Fig. 9, obtained using Methods F(i-ii).
Two of the curves show an initial region of high compliance followed by a transition to a region of much lower
compliance. For Case 3, the pressure volume data also starts with high compliance. However, unlike the other
cases, the transition region is followed by a second region of relatively high compliance.

The methodology for calculating the beginning and end of the transition regime is illustrated for Case 1 and
shown in Fig. 4 of the Methods. Values of pressure and volume at the beginning and end of the transition regime
for each case are given in Table 3.

Relationship between bladder morphology, residual volume and high compliance

The relationship between bladder morphology and both the residual volume and compliance were investigated
during ex-vivo experiments in which the bladder was slowly infused with liquid simultaneous with pressure
measurements, Methods F(i-ii). Images of the bladder during this infusion process are displayed for 0.1 ml
increments (Fig. 10). The images are separated into toe, transition and high pressure regimes using results in
Table 3. Two distinct regions can be seen within each dye-filled bladder. A blue region, where the dye-filled
lumen can be seen through the wall of the bladder. In addition, “white” areas are visible and correspond to
regions where the bladder wall is folded or the wall is sufficiently thick that the wall is opaque. Initially, this white
region extends well into the mid-dome region. As filling increases, the white region progressively diminishes
until there is only a thin sliver left (Fig. 10).
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Figure 5. Bladder geometry obtained from high resolution micro-CT data showing bladder wall thickness in
voided inflation state for Bladders A, B, C. Column 1 is the transparent view of each of the voided bladders,

Column 2 shows a cross-section of the 3D reconstructed micro-CT data, Columns 3-4 show color contours for
wall thickness. All measurements are in millimeters (mm).
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The residual volume (blue region), fold volume and total volume for bladders at the start of the storage
experiments are given in Table 4, Methods F(ii). The folds fill an average of 54% of the bladder volume. Without
these folds, the residual volume would increase an average of 2.3 times.

In the toe region, the bladder accommodates large changes in volume with smaller increases in pressure,
corresponding to the high compliance in this regime (Figs. 4A and 9). Two mechanisms for this high compliance
can be discerned from Fig. 10. In the early stages of the toe regime, the volume increase appears to be due to
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Figure 6. Bladder geometry obtained from high resolution micro-CT data showing bladder wall thickness
at filled inflation state for same three bladder in Fig. 5 Column 1 shows a transparent section of the 3D
reconstructed micro-CT data with a zoomed-in section of the lumen and wall. Columns 2-3 display color
contours for wall thickness. All measurements are in millimeters (mm).

progressive unfolding of the dome, seen by the diminishing white region in the dye-filled bladders, coupled
with changes in width and length of the bladder (Fig. 11). With increased filling in the toe regime, the bladder
width and height increase markedly with negligible change in size of the folded region (Fig. 11). The increase in
intensity in the blue dye color in the transition and high pressure regime compared with the toe regime suggests
the wall has also thinned. The average linear strain experienced by the bladder wall during the toe region is
1.76 £ 0.32 (Fig. 12). Beyond this point, the pressure needed for the same increase in volume rises sharply as
the transition regime is started (Fig. 9). In contrast, the average linear stretch across the high pressure regime is
much smaller for all bladders, averaging 1.088 + 0.033.

Discussion
The urinary bladder, a compliant reservoir within the lower urinary tract, is designed to accommodate
significant volumes of urine with minimal increases in transmural pressure, a property critical for maintaining
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Figure 7. Comparison of bladder geometry in the harvested (voided) and filled states (A) Average bladder
median thickness. (B) Average bladder luminal volume and (C) Box plot of average thickness across the
bladder wall in voided and filled state for Bladders A, B, C.

Bladd Residual vol (ml) | Filled volume (ml) | Voided fraction (%)
A 0.051 0.808 93.70

B 0.011 1.008 98.92

C 0.009 0.706 98.77

Average | 0.023 0.841 97.13

STD 0.019 0.125 2.42

Table 1. Bladder volumes in voided and filled states calculated in 3D reconstructed volumes generated from
high resolution micro-CT data sets.
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500 pm

Bladder | State Q1 (25th) | Median | Q3 (75th) | Maximum | IQR
A Voided | 0.36 0.51 0.84 1.89 0.48
A Filled |0.11 0.14 0.17 0.35 0.06
B Voided | 0.51 0.77 1.21 2.52 0.70
B Filled |0.08 0.08 0.11 0.3 0.03
C Voided | 0.36 0.73 1.35 2.79 0.99
C Filled |0.06 0.08 0.10 0.36 0.04

Table 2. Bladder thickness in voided and filled states (mm), calculated in 3D reconstructed volumes generated
from high resolution micro-CT data sets.

Figure 8. Scanning MPM images of internal surface of bladder dome. (A) Overview of the entire lumen of

the bladder dome. The thickened wall can be seen to contain large-scale folds that are more clearly visible in
zoomed views (B-D). The folds have a hierarchical folding pattern with the larger folds being composed of

smaller subfolds (C,D).
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Figure 9. Pressure vs infused volume during bladder filling.
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Measured variable Casel | Case2 | Case3
Vi1 (ml) 0.68 0.44 0.63
Viz(ml) 078 |077 |085
P12 (mmHg) 372|510 | 4.380
Py2(mmHg) 473 |681 |6.02
Compliance in toe region- C;( ml/mmHg) 0.35 0.57 0.52
Compliance in high pressure regime - C ¢ ( ml/mmHg) | 0.05 0.06 0.86

Table 3. Volume and pressure at interface of toe and transition regimes (V;1, P;1) and interface of transition
and high pressure regimes (V;2, Pi2) along with bladder compliance in toe and high pressure regimes for Case
1-3.

urinary tract homeostasis and protecting upper tract function’. Numerous prior works have conjectured that
small undulations (rugae) in the inner wall are responsible for the high compliance of the healthy bladder!®?223,
However, this has not been directly proven and has remained an open question. In this work, we re-investigated
this open question, leveraging advances in bio-imaging technology. Combining data from three imaging
modalities, we discovered that folds in the inner wall, an order of magnitude larger than previously reported
rugae, play an important role in early filling compliance.

A second remarkable feature of the bladder is its high voiding efficiency of over 90%. Remarkably, from
our ex vivo studies, the rat bladder exhibits a voiding fraction between 94-99% (Table 1). Notably, Cheng et
al’s in vivo study of voiding in healthy rats (n =12), also found a high voiding efficiency of over 95 %. The high
efficiency of voiding in the bladder is particularly remarkable when compared with the corresponding values
for the heart (ejection fraction). For example, the heart ejection fraction ranges from 52-72% for men and
54-74% for women?*. For healthy rats, the heart ejection fractions are similarly lower than those of bladder, with
reported values of 69 & 3%?%. This comparison underscores the bladder’s high functional efficiency, ensuring
nearly complete voiding of its contents while maintaining low pressures during the initial filling phase (toe
region), contributing to its critical role in urinary system health. As elaborated on below, our results suggest the
large scale folds in the inner wall not only play an important role in the bladder’s high compliance, but also in
its high voiding fraction.

It is interesting to reflect on the physiological demands that have led to these vastly different ejection/voiding
fractions. In the case of the bladder, elevated residual volume is associated with urinary tract infection due to
growth of bacteria within the bladder. For example, in a study of healthy men (average age 62), Truzzi et al.26
determined that a post-void residual volume exceeding 180 ml significantly increases the risk of bacteriuria.

This is a problem unique to the bladder, related to the composition of urine, the long bladder retention times
(which can be on the order of 8 hours during the sleep cycle) and the ability for bacteria to gain access to the
bladder through the urethra.

Bladder contraction causes buckling of the inner bladder wall

One of the remarkable features of the healthy human male bladder is its ability to increase in volume by 28.4-
fold (mean age: 24 years, n = 28), filling from a contracted mean (residual) volume of 19.7 mL to include
an addition 541.3 mL (voided volume), as demonstrated in pressure-flow studies conducted on normal adult
volunteers’. In the case of the rat bladder studied here, the volume increased by an average of 62-fold. Such large
scale increases necessitate significant areal changes across all layers of the bladder wall. In the detrusor smooth
muscle (DSM) layer, contraction and relaxation of smooth muscle during voiding and filling contribute to the
areal changes, though there is a need for further investigation of this process on a quantitative level. In contrast,
the lamina propria layer lacks mechanisms for active contraction and relaxation, requiring alternative methods
to accommodate large deformations. A key finding of this study is that the DSM contraction in the voided state
is accompanied by large-scale buckling of the lamina propria and urothelium layers. During filling, the flattening
of the folds facilitates the large increase in volume. Notably, the amplitude of these folds is approximately ten
times larger than the amplitude of previously reported rugae, which have been measured at approximately 50—
100 pm in height!%2%23,

Contribution of folds to high voiding fraction

A second key finding of the present work is the role of these large scale folds in achieving the remarkable voiding
fraction of the bladder - greater than 94% (Table 1). Specifically, we demonstrated that effective voiding is
facilitated by large folds in the inner layer of the bladder dome. These folds fill the lumen of the contracted upper
dome, driving the urine toward the trigonal area. This conclusion is based on results from two complementary
imaging modalities.

First, 3D reconstructions from high-resolution micro-CT data consistently showed voided fractions above
94% (Fig. 5). These micro-CT data sets also revealed the voiding process is not simply a uniform contraction
of the filled bladder. If it were, a uniformly thin walled filled bladder would contract into a smaller shape while
maintaining a relatively uniform wall thickness. Instead, the voided bladder exhibited highly heterogeneous wall
thickness, with the lumen of the upper dome appearing fully closed, preventing any liquid from being trapped
at the dome apex (Fig. 5). Second, complementary multiphoton imaging of the upper dome region revealed that
the lumen, which appears closed in the micro-CT images (Fig. 5), is, in fact, filled with a densely folded layer
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Figure 10. Ex vivo storage experiments. Images of the bladder during infusion with blue dye solution with
simultaneous pressure measurements. The blue dye can be seen in open regions of bladder. Images are
provided in 0.1 ml increments and separated into toe, transition and high pressure regimes, based on data in
Table 3. Scale bar is 10 mm (Case 1-3). Corresponding pressure versus infused volume are shown in Fig. 9.
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Bladder | Residual volume (ml) | Fold volume (ml) | Total volume (ml) | Percent folds by volume | Increase in residual volume w/out folds
Case 1 0.07 0.13 0.20 64% 2.8 times
Case 2 0.10 0.15 0.26 58% 2.6 times
Case 3 0.26 0.18 0.45 41% 1.7 times
Average | 0.14 0.15 0.30 54% 2.3 times

Table 4. Effect of fold volume on residual volume in the bladder. Detailed methods for calculating residual,

fold and total volume are provided at the end of section F(ii).
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formed within the contracted detrusor muscle layer (Fig. 8). Quantification of the volume occupied by these
folds demonstrates, that the folds occupy an average of 54% of the voided bladder volume. Without these folds,
the residual volume would increase an average of more than two fold.

The high voiding fraction measured ex-vivo in our study using high resolution micro-CT aligns with in vivo
measurements obtained from awake cystometry. In particular, for the current ex-vivo study of bladders from 4
month Sprague Dawley male rats, the mean filled volume was 0.841 + 0.125 ml with an average residual volume
of 0.023 + 0.019 ml (Table 1). This corresponds to an average voided fraction of 97+ 3%. Previously reported
data from in vivo bladder cystometry for 4 month male Sprague Dawley rats (N = 12) revealed an average voided
volume of 0.84 ml + 0.03, with an average residual volume of 0.02 + 0.008 ml'8, corresponding to a filled volume

of approximately 0.86 ml and a voiding fraction surpassing 95%.

Moreover, this high voiding fraction is also a feature of healthy voiding in humans. For example in a study
of healthy males from Wyndaele in 1999, bladder capacities measured during urodynamic studies had mean

voiding fractions of 96.49% for men

9

Role of folds in bladder compliance
We identified three distinct regions in our pressure-volume curves: the toe, transition, and high-pressure regions
(Fig. 10). A third key finding in this work is that the high compliance of the bladder in the first half of the toe
region corresponds to the opening/flattening of the folds as the lumen increases in size. This result was proven
by imaging voided bladders during the filling process while simultaneously measuring transmural pressure and
infused volume (Figs. 4, 10 and Table 3). In these studies, folded regions in the initial voided bladder dome
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Figure 12. Average linear stretch of the lumen surface during infusion experiments. The points in the curve
provide linear stretch for both the toe and high pressure regimes, corresponding to images for the bladder
shown in Fig. 10, Cases 1-3.

exclude dye and appear as opaque caps at the top of the dome (Fig. 10). The unfolding process could be seen
as an increase in the size of the dye filled region and decrease in the size of the opaque cap. In all cases, as the
bladder was filled through the toe region (high compliance region), the folded region gradually opened (Fig.
10). The average linear strain of the lumen surface across the toe region is 1.76 + 0.32. This stretch is well beyond
the stretch of approximate 1.2 for complete failure of a collagen fibers (corresponding to the failure strain of
approximately 0.2227). Subfailure damage would initiate below this stretch. It is also substantially larger than
the reported stretch value of 1.28 + 0.06 beyond which the rugae were flattened in biaxial loading experiments
on preconditioned adult male rat bladders (flattening occurred below €; in Table 1'9). Therefore a different
mechanism must be at play to enable this large stretch. Furthermore, this large stretch occurs in the region of
highest bladder compliance in the present study. So, this mechanism for high stretch must be one that requires
low loads to enact. In this work, we demonstrated the inner surface of the bladder unfolds in the toe region,
providing a mechanism for large increases in lumen surface area with little stretch of the folded wall under
relatively low changes in pressure.

In the transition region and high stiffness regions, the infused volume continued to increase with little or no
apparent change in the size of the opaque cap.

Mechanisms for bladder compliance beyond large folds

Cheng et al. evaluated the specific contributions of the different wall layers to bladder compliance in adult (12
months) and aged (21-24 months) rats using strain controlled biaxial testing under multiphoton microscope.
While in the present study the starting point for mechanically testing was the voided bladder, in this earlier
study, square specimens were taken from non-voided bladders in the mid region of the dome. In these
unloaded specimens, the inner wall of the unloaded bladder had undulations on the order of 50-100 microns,
corresponding to the dimensions of the rugae in prior reports'®!%, Using MPM imaging simultaneous with
biaxial testing, it was discovered that rugae in the lamina propria (LP) combined with tortuosity of collagen
fibers in the DSM provide mechanisms for compliance in non-voided bladder. Namely, the rugae flattened
without any discernible recruitment of collagen fibers in the high compliance (toe) region of their study. As the
loading extended into the transition regime of that study, a gradual coordinated recruitment of collagen fibers
between the LP and DSM layers was seen, corresponding to a transition to the high stiffness regime. In this case,
the toe regime was substantially shorter, averaging a stretch of 1.28 + 0.06. As expected, since the bladder was
not voided in the study of Cheng et al., no large scale folds were seen.

Hence, two stages of unfolding/flatting appear to contribute to the high compliance of the bladder. One
mechanism contributes during early bladder filling (identified in the present work) and a second that remains
in even preconditioned bladders during which smaller amplitude rugae flatten, generated a second, shorter toe
region,'®!8. We conjecture the compliance mechanisms identified by Cheng et al. are activated locally once the
large scale folds in that region are flattened during bladder filling.

Prior compliance studies in whole bladder filling

Most prior investigations of whole bladder filling did not study the voided bladder. These studies started with
a bladder state when the large scale folds seen here were absent, either because the bladder was harvested in a
non-contracted (voided) state or because preconditioning was performed prior to testing ( i.e., repeated loading
and unloading cycles to eliminate viscoelastic effects)?®. The motivation for preconditioning soft tissues before
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mechanical testing was discussed as early as 1967 by Fung?-3! who noted that preconditioning induces a stable,

“nonlinear, pseudo-elastic” state, needed to achieve a steady state” for precise mechanical assessment. In the
case of bladder, the preconditioning process will stretch out the contracted DSM and unfold the inner wall
layers, shifting the bladder out of the toe region. Hence, preconditioning is inconsistent with the objectives of
the present work, and was not performed here.

A few prior studies also omitted preconditioning in their studies of bladder filling?®*2. In an important
investigation by Parekh et al.,*? the bladder was not preconditioned, however, it was partially perfused before the
filling experiments were initiated so that strain markers could more effectively be applied to its exterior surface.
In particular, the bladder was infused with 0.3 ml liquid, shifting the subsequent infusion experiments to a
regime corresponding to the middle to end of the toe region in our study. Parekh et al. also reported an initial
high compliance response over a pressure range of 2-3 mm Hg. Neither the source of this high compliance nor
heterogeneity of wall thickness across the bladder were the focus of this work and were not investigated.

The current clinical definition of compliance is the inverse of the slope of the line joining two points on
a highly nonlinear curve. As these two points bridge the transition regime, they will be highly sensitive to
numerous factors such as the length of the toe and transition regions (see also Supplementary Material S1). By
defining three distinct regions in our pressure-volume curves, we are able to provide two distinct compliance
values. This approach also provided results for the total infused volume at the end of the toe regime and the total
infused volume at the onset of the high pressure (low compliance) regime. It is clear that the current clinical
definition of compliance will not be able to distinguish between these features of bladder response.

Application of idealized geometry in bladder outlet obstruction (BOO)

Historically, numerous models, including our own, have idealized the bladder as a spherical or ellipsoidal
structure with a homogeneous wall thickness?®?®33. This simplification facilitates analytical solutions and
interpretation of mechanical data. These solutions are particularly important in computationally intensive
studies such as bladder remodeling. For instance, a recent study on the growth and remodeling of bladders with
BOO', utilized the filled (spherical) bladder of constant thickness as a reference configuration to define the
homeostatic stretch of collagen fibers and smooth muscle cells. Our current findings suggest these idealizations
are appropriate for studies of the bladder in the high pressure regime.

However, the present analysis of the voided and filled states (Fig. 7), revealed that even in healthy bladders,
the voiding process induces spatial variations in wall thickness and shape, which are not adequately represented
by a simple constant thickness spherical model. Therefore, to understand bladder dysfunction during voiding
and filling, it will be essential to understand how these changes to the folding and filling process are altered across
the bladder wall. Moreover, it is also possible that even a fully distended bladder may exhibit heterogeneity in
wall thickness due to pathological conditions and aging!?.

These results also underscore the value of advanced imaging modalities, such as high-resolution micro-CT that
are needed to accurately delineate bladder morphology and identify region-specific alterations in wall thickness
throughout the filling and voiding cycles. Such high-resolution data are indispensable for the development of
computational models of bladder function such as those used to investigate the evolving functionality of the
bladder in conditions like BOO.

Study limitation and future directions

While this study provides insights into the complex filling process, there are remaining open questions. One
question relates to the shape of the pressure-volume curve in the high pressure regime. While the shape of the toe
regime was consistent across all samples, the high pressure regime displayed two qualitatively different shapes.
In all cases, the high pressure response was a monotonically increasing function of volume. However, for Cases
1 and 2 the compliance dropped sharply between the toe and high pressure regimes which is more common as
noted by the literature?®2, while that of Case 3 remained relatively high. Both of these qualitative shapes in the
bladder pressure volume curves have been previously reported?®.

In searching for a mechanistic explanation for these differences, it is important to recall the pressure-volume
curves obtained during bladder inflation studies reflect the response of the whole organ, not just the material
properties of the wall layers. This was already made clear for the high compliance regime where, folding of the
inner wall layers played an important role. There are numerous factors influencing the bladder compliance in the
high pressure regime, some of which are competing effects. In particular, while the recruitment of collagen fibers
during inflation will tend to decrease compliance, the effects of increasing lumen size with inflation will act in
the opposite direction. This latter effect can be seen from even the simple kinematics of inflation of a spherical
membrane, where the change in volume depends on the cube of stretch,

AV 3
Vo = AT -1 (1)
Here, X is the stretch, equal to the current radius divided by the reference radius and V; is the corresponding
reference volume for the bladder lumen, AV is the difference between the current and reference lumen volume.
If, as expected, the pressure is a monotonically increasing function of stretch, then the compliance will increase
faster than \2. Relating this to the curves in Fig. 9, we conjecture the walls in Case 1 and 2 stiffen fast enough to
overcome the competing effect of increasing volume. In contrast, for Case 3 bladders, the opposite effect is seen.
This conjecture will be investigated further in future studies.
Another unexplained feature of the inflation curve is the steep rise and oscillation in pressure at the onset of
filling, despite the use of calcium channel blockers (Fig. 4). This feature of the pressure volume curve has been
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previously reported by Trostorf et al. in an ex vivo study of passive bladder inflation in pigs®. In their study, an
initial spike was observed in all six inflation datasets, with a spike of between 1.8 and 3.7 mm Hg (Fig. 3 of?°).

We conjecture, this spike could be due to endoplasmic reticulum calcium storage that are depleted after
this initial contraction response. This spike was not reported in other ex vivo whole bladder inflation studies,
possibly due to the preconditioning protocol used in these studies®.

Another subject for further investigation is the progressive folding process during voiding. In viewing the
micro-CT data in Fig. 5 for Bladder A, it appears this bladder is less contracted than Bladders B and C. This
difference is consistent with lower voided fraction of 94% for Bladder A. If we compare the level of folding
Bladder A versus B and C, it would then appear that the dome closes more completely with increased contraction
which is consistent with the process of driving urine out of the bladder dome.

In any ex vivo study, there is the question of relevance to in vivo conditions. A crucial choice in the present
study was to consider bladders that were harvested in the voided state. This is expected to be a physiologically
relevant baseline, distinguishing the approach in this study from most prior work. As for other soft biological
tissues, the passive mechanical response can depend on loading rate (rate of bladder filling) as well as temperature.
Temperature was maintained at physiological values in the bath and filling rates were chosen to be slow enough
to reproduce in vivo filling rates. Nonetheless, the filling process in vivo may be affected by numerous factors
that are not represented in our study. For example, the effects of external contacts on shape are not considered.
Moreover, the bladder was filled with air in one category of experiments in order to image both the internal and
external surfaces of the bladder. To avoid artifacts associated with using air, the experiments were performed
at slow rates to avoid dynamic effects so that gas and liquid create nearly uniform loading on the surface of the
bladder. Additionally, bath submersion created buoyancy forces that minimized effects of gravity on the liquid
filled bladder shape. As expected, we did not find differences in the shapes of the bladder in these two types of
experiments. For the air infusion experiments (Method D), the infused volume was determined from the high
resolution micro-CT data rather than volumetric output from the syringe pump, as the volume of air would
decrease with increasing pressure. We were able to compare several of the ex vivo results to published in vivo
studies. As noted above, the high voiding fraction reported in vivo of over 95% was consistent with data from
our ex-vivo study using micro-CT. In addition, the ex vivo filled volume was within 5% of the reported in vivo
value. Future in vivo studies will provide further insights on potential differences and similarities of the ex vivo
and in vivo filling processes.

In this study, female rats were used for micro-CT examinations of bladder geometry (Figs. 5, 6) with a
complementary MPM imaging of the folded interior (Fig. 8). For comparison, analogous micro-CT and MPM
experiments were performed on a male rat, Supplementary Materials S2, demonstrating the same folding
mechanism. In the future, it would be of interest to consider the effects of gender and age on the unfolding
process and quantitative aspects of the filling curves. Differences in voiding pressure flowrate curves between
male and female rats have already been explored by Streng et al.** who found no overall differences in bladder
pressure data between the genders. However, they did not study the filling process.

Finally, an important future line of investigation would be to determine whether this same folding process
is found in other species. If this folding process is not found in humans, it will be of clinical importance to
understand what other mechanism enables such a large increase in volume (e.g. 28.4-fold in healthy young adult
males- mean age: 24 years, n = 28 ) under such low pressure change®, while driving urine out of the dome with
normal residual volumes less than 50 ml.

Applications of this work for diseases with bladder dysfunction

Improved understanding of the relationship between the pressure-volume curves and the mechanical, structural
and geometric properties of the bladder are essential for interpreting clinical data and developing targeted
therapeutic strategies, whether pharmacological or surgical. In this work, we discovered that folds form in the
domes of healthy rat bladders during voiding and these folds gradually open during filling- unfolding upward
from the trigonal region.

Pathological conditions such as bladder outlet obstruction (BOO), interstitial cystitis, and post-radiation
therapy can cause changes in the geometry (size, shape, wall thickness) and mechanical properties of the wall
that are known to alter bladder compliance. We conjecture these changes alter the effectiveness of the folding
process providing one mechanism for compromising aspects of the filling and voiding processes. Benign prostate
hyperplasia is a common cause of BOO in males leading to progressive changes in the bladder wall including
a decompensation phase characterized by smooth muscle cell degeneration, fibrosis and neuronal damage
with altered bladder compliance. BOO driven changes to the bladder have been reported to be exacerbated by
cerebrovascular events such as a stroke, and by some comorbidities including diabetes'*¥. Changes to bladder
compliance have also been reported to be associated with infection by certain pathogens, notably mycobacterium
tuberculosis®® and treatment with certain pharmacological substances (e.g. ketamine®).

We anticipate, the mechanisms associated with the distinct phases of filling (toe and high pressure) can be
affected differently in disease or with aging, leading to different impacts on compliance values. Recognizing
these differences could be important for developing more nuanced diagnostic and treatment strategies that can
better address bladder dysfunctions related to aging and various diseases (e.g.*°). Surprisingly, we only found one
body of clinical research that considered the importance of considering distinct compliance values for different
regions of the pressure volume curve®’. In the Ghoniem et al. 1989 study of children with meningomyelocele,
the toe region compliance was found to be a statistically significant metric for distinguishing between patients
that did well with treatment from those who did not. The latter group were prone to reflux, renal dysfunction
and deterioration of the upper urinary tract. Terminal (high pressure) compliance was relatively constant across
both response groups.
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Given the distinct physical mechanisms responsible for the initial and high pressure compliance and these

clinical findings, we recommend that both compliances be used in future studies and analysis of bladder function.
The method we have introduced here provides an objective means of calculating both compliance values. We
also anticipate the values of pressure and volume at the end of the toe region will be important diagnostically.

Data availibility
The data utilized and examined in this research are not publicly accessible; however, they may be obtained from
the corresponding authors upon reasonable inquiry.

Received: 31 January 2025; Accepted: 16 June 2025
Published online: 14 July 2025

References

1.

Fusco, F et al. Progressive bladder remodeling due to bladder outlet obstruction: a systematic review of morphological and
molecular evidences in humans. BMC Urol. 18, 1-11 (2018).

2. Farag, E, Meletiadis, J., Saleem, M., Feitz, W. & Heesakkers, ]. Near-infrared spectroscopy of the urinary bladder during voiding in
men with lower urinary tract symptoms: a preliminary study. Biomed. Res. Int. 2013, 452857 (2013).
3. Chen, Y.-C. & Kuo, H.-C. Risk factors of video urodynamics and bladder management for long-term complications in patients
with chronic spinal cord injury. Sci. Rep. 14, 12632. https://doi.org/10.1038/s41598-024-12632-0 (2024).
4. Chamie, K. et al. Compliance with guidelines for patients with bladder cancer: Variation in the delivery of care. Cancer 117,
5392-5401. https://doi.org/10.1002/cncr.26198 (2011).
5. Ugurly, D. et al. The relationship between urodynamic bladder compliance and urinary fibrosis markers in children with
neurogenic bladder dysfunction. J. Pediatr. Urol. https://doi.org/10.1016/j.jpurol.2024.10.011 (2024).
6. Werneburg, G. T. & Stoffel, J. T. Bladder compliance: How we define it and why it is important. Urol. Clin. 51, 209-220. https://do
i.org/10.1016/j.urologic.2024.02.009 (2024) (Published online: May 2024).
7. Abrams, P. et al. The standardisation of terminology in lower urinary tract function: report from the standardisation sub-committee
of the international continence society. Urology 61, 37-49 (2003) (Compliance).
8. Schifer, W. et al. Good urodynamic practices: Uroflowmetry, filling cystometry, and pressure-flow studies. Neurourol. Urodyn. 21,
261-274 (2002).
9. Wyndaele, J.-J. Normality in urodynamics studied in healthy adults. J. Urol. 161, 899-902 (1999) (Printed in U.S.A).
10. Cheng, E et al. Layer-dependent role of collagen recruitment during loading of the rat bladder wall. Biomech. Model. Mechanobiol.
17, 403-417 (2018).
11. Chang, L., Chung,]J.S., Yeung, M. K., Howard, P. S. & Macarak, E. ]. Roles of the lamina propria and the detrusor in tension transfer
during bladder filling. Scand. J. Urol. Nephrol. 33, 38-45 (1999).
12. Hornsby, J. et al. Quantitative multiphoton microscopy of murine urinary bladder morphology during in situ uniaxial loading.
Acta Biomater. 64, 59-66. https://doi.org/10.1016/j.actbio.2017.09.029 (2017).
13. Birder, L. A. et al. Hypoxanthine induces signs of bladder aging with voiding dysfunction and lower urinary tract remodeling. J.
Gerontol. A Biol. Sci. Med. Sci. glad171 (2023).
14. Azari, E, Robertson, A. M. & Birder, L. A. Geometric characterization of rat urinary bladder wall during ex-vivo filling using
micro-computed tomography (micro-ct). arXiv preprint arXiv:2405.20454 (2024).
15. Treacy, P. J. et al. Value of multiphoton microscopy in uro-oncology: a narrative review. Transl. Androl. Urol. 12, 508 (2023).
16. Tobe, Y. et al. Comapping cellular content and extracellular matrix with hemodynamics in intact arterial tissues using scanning
immunofluorescent multiphoton microscopy. Microsc. Microanal. 30, 342-358. https://doi.org/10.1093/mam/ozae025 (2024).
17. Saxena, P. et al. Compound 48/80 increases murine bladder wall compliance independent of mast cells. Sci. Rep. 13, 625 (2023).
18. Cheng, E et al. A constrained mixture-micturition-growth (cmmg) model of the urinary bladder: Application to partial bladder
outlet obstruction (boo). J. Mech. Behav. Biomed. Mater. 134, 105337 (2022).
19. Spinelli, A. E. et al. A non-invasive ultrasound imaging method to measure acute radiation-induced bladder wall thickening in
rats. Radiat. Oncol. 15, 1-10 (2020).
20. Trostorf, R., Orcajo, E. M., Potzke, A., Siebert, T. & Bél, M. A pilot study on active and passive ex vivo characterization of the
urinary bladder and its impact on three-dimensional modelling. J. Mech. Behav. Biomed. Mater. 133, 105347 (2022).
21. Beckel, J. M. Expression and function of urothelial nicotinic acetylcholine receptors. Ph.D. thesis, Univ. Pittsburgh (2009).
22. Apodaca, G. Defining the molecular fingerprint of bladder and kidney fibroblasts. Am. J. Physiol. Renal Physiol. 325, F826-F856.
https://doi.org/10.1152/ajprenal.00284.2023 (2023).
23. Apodaca, G. Studies on the role of rugae in bladder compliance and function. Am. J. Physiol. Renal Physiol. 323, F299-F321.
https://doi.org/10.1152/ajprenal.00135.2022 (2022).
24. Clinic, C. Ejection fraction. https://my.clevelandclinic.org/health/articles/16950-ejection-fraction. Accessed: 23 Sept. (2024).
25. Heather, L. C. et al. Fatty acid transporter levels and palmitate oxidation rate correlate with ejection fraction in the infarcted rat
heart. Cardiovasc. Res. 72, 430-437. https://doi.org/10.1016/j.cardiores.2006.08.021 (2006).
26. Truzzi, J., Almeida, E, Nunes, E. C. & Sadi, M. V. Residual urinary volume and urinary tract infection-when are they linked?. J.
Urol. 180, 182-185. https://doi.org/10.1016/j.juro.2008.03.044 (2008).
27. Sherman, V. R,, Yang, W. & Meyers, M. A. The materials science of collagen. J. Mech. Behav. Biomed. Mater. 52, 22-50. https://doi.
0rg/10.1016/j.jmbbm.2015.05.023 (2015).
28. Hennig, G. et al. Quantifying whole bladder biomechanics using the novel pentaplanar reflected image macroscopy system.
Biomech. Model. Mechanobiol. 1-11 (2023).
29. Fung, Y. C. Elasticity of soft tissues in simple elongation. Am. J. Physiol. 213, 1532-1544 (1967).
30. Fung, Y. Biorheology of soft tissues. Biorheology 10, 139-155 (1973).
31. Fung, Y. C. Biomechanics: Mechanical Properties of Living Tissues (Springer-Verlag, 1981).
32. Parekh, A. etal. Ex vivo deformations of the urinary bladder wall during whole bladder filling: contributions of extracellular matrix
and smooth muscle. J. Biomech. 43, 1708-1716 (2010).
33. Damaser, M. S. & Lehman, S. L. The effect of urinary bladder shape on its mechanics during filling. J. Biomech. 28, 725-732 (1995).
34. Streng, T., Santti, R. & Talo, A. Similarities and differences in female and male rat voiding. Neurourol. Urodyn. 21, 136-141. https:
//doi.org/10.1002/nau.10004 (2002).
35. Wyndaele, J. J. et al. Bladder compliance: what does it represent, can we measure it, and is it clinically relevant?. Neurourol. Urodyn.
30, 714-722. https://doi.org/10.1002/nau.21129 (2011) (Compliance).
36. Sarma, A. V. et al. Diabetes and benign prostatic hyperplasia/lower urinary tract symptoms-what do we know?. J. Urol. 182, $32-
$37. https://doi.org/10.1016/j.juro.2009.07.088 (2009).
37. Nitti, V. W. et al. The role of urodynamics in the evaluation of voiding dysfunction in men after cerebrovascular accident. J. Urol.
155, 263-266. https://doi.org/10.1016/50022-5347(01)66614-X (1996) (Available at ScienceDirect).
Scientific Reports|  (2025) 15:25356 | https://doi.org/10.1038/s41598-025-07479-4 nature portfolio


https://doi.org/10.1038/s41598-024-12632-0
https://doi.org/10.1002/cncr.26198
https://doi.org/10.1016/j.jpurol.2024.10.011
https://doi.org/10.1016/j.urologic.2024.02.009
https://doi.org/10.1016/j.urologic.2024.02.009
https://doi.org/10.1016/j.actbio.2017.09.029
http://arxiv.org/abs/2405.20454
https://doi.org/10.1093/mam/ozae025
https://doi.org/10.1152/ajprenal.00284.2023
https://doi.org/10.1152/ajprenal.00135.2022
https://my.clevelandclinic.org/health/articles/16950-ejection-fraction
https://doi.org/10.1016/j.cardiores.2006.08.021
https://doi.org/10.1016/j.juro.2008.03.044
https://doi.org/10.1016/j.jmbbm.2015.05.023
https://doi.org/10.1016/j.jmbbm.2015.05.023
https://doi.org/10.1002/nau.10004
https://doi.org/10.1002/nau.10004
https://doi.org/10.1002/nau.21129
https://doi.org/10.1016/j.juro.2009.07.088
https://doi.org/10.1016/S0022-5347(01)66614-X
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

38. Figueiredo, A. A. et al. Urogenital tuberculosis: A narrative review and recommendations for diagnosis and treatment. Int. Braz. J.
Urol. 51, €20240590. https://doi.org/10.1590/S1677-5538.1B]U.2024.0590 (2025).

39. Tsai, Y. C. & Kuo, H.-C. Ketamine cystitis: Its urological impact and management. Urol. Sci. 26, 153-157. https://doi.org/10.1016/
j.urols.2014.11.003 (2015).

40. Ghoniem, G. M., Bloom, D. A., McGuire, E. J. & Stewart, K. L. Bladder compliance in meningomyelocele children. J. Urol. 141,
1416-1404 (1989).

Acknowledgements

The authors wish to extend their appreciation to Amanda Wolf-Johnston (School of Medicine, University of
Pittsburgh) for her assistance with the surgical dissections of rat bladders for part of the study. They are also
grateful to Ricardo Jose Cardoza for his work developing protocols relevant to this study while he was an M.S.
student in the Department of Mechanical Engineering and Materials Science, University of Pittsburgh. The au-
thors express their gratitude to Andrew Holmes (Department of Mechanical Engineering and Materials Science,
University of Pittsburgh) for his assistance in fabricating the Decagonal Image-Inflation system.

Author contributions

FA. designed and developed the ex-vivo experimental system and executed the inflation experiments, micro-CT
imaging, studies and related data analysis. She harvested the intact bladder specimens from SD rats. EA. and
AM.R. made substantial contributions to the formulation of core concepts and ideas in this study and interpre-
tation of the findings. E.A. wrote the initial draft of the paper and, with A.M.R., developed and refined the inter-
pretation of the findings and text. Y.T. performed the multiphoton analysis of bladder tissue and contributed to
the scientific interpretation of this work. Simon Watkins provided expertise in MPM imaging techniques. PW.
contributed insights to the research design and his expertise in interpreting the bladder biomechanics. L.B. and
N.Y. contributed to the experimental design, providing scientific insights on bladder function and the animals
for the study. K.M. contributed to the experimental design related to the protocol for bladder harvest and han-
dling. C.H. contributed to the experimental design and interpretation. All authors have approved the submitted
version of the manuscript. All authors agree to be personally accountable for their contributions.

Funding
The authors acknowledge the financial support provided from the National Institutes of Health through grants:
RO1 AG056944 and R01 DK133434, both from the NIDDK.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-07479-4.

Correspondence and requests for materials should be addressed to A.M.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:25356 | https://doi.org/10.1038/s41598-025-07479-4 nature portfolio


https://doi.org/10.1590/S1677-5538.IBJU.2024.0590
https://doi.org/10.1016/j.urols.2014.11.003
https://doi.org/10.1016/j.urols.2014.11.003
https://doi.org/10.1038/s41598-025-07479-4
https://doi.org/10.1038/s41598-025-07479-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Elucidating the high compliance mechanism by which the urinary bladder fills under low pressures
	﻿Methods
	﻿A. Oversight and protocol for animal management
	﻿B. Harvest of the urinary bladder
	﻿C. Post-harvest preparation of voided bladder
	﻿D. High-resolution micro-CT analysis of air-filled bladder geometry
	﻿i. Preparation of voided bladder for micro-CT
	﻿ii. Acquisition of high-resolution micro-CT data in voided bladder
	﻿iii. Micro-CT scanning in the filled bladder state
	﻿iv. Post processing of high-resolution micro-CT data


	﻿E. Multiphoton microscopy (MPM) imaging of resected bladder
	﻿F. Ex vivo bladder filling with contrast liquid
	﻿i. Analysis of storage phase: pressure-volume measurements during bladder filling experiments
	﻿ii. Analysis of pressure-volume data (storage phase)

	﻿Results
	﻿Differences in bladder morphology between voided and filled state
	﻿Morphology of the bladder lumen in the voided state
	﻿Pressure versus volume relationship during bladder filling (storage phase)
	﻿Relationship between bladder morphology, residual volume and high compliance

	﻿Discussion
	﻿Bladder contraction causes buckling of the inner bladder wall
	﻿Contribution of folds to high voiding fraction
	﻿Role of folds in bladder compliance
	﻿Mechanisms for bladder compliance beyond large folds
	﻿Prior compliance studies in whole bladder filling
	﻿Application of idealized geometry in bladder outlet obstruction (BOO)


	﻿Study limitation and future directions
	﻿Applications of this work for diseases with bladder dysfunction

	﻿References


