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Abstract: Introduction: Elevated intrarenal pressure during ureteroscopy has been linked to complications during
recovery from stone removal surgery. Intrarenal pressure depends on irrigation flow rate, inflow and outflow resis-
tance, and kidney compliance. These have been examined for porcine models in the literature. In this study, we
report on the experimental method and results of characterizing compliance and outflow resistance in human
cadaveric kidneys. Methods: To characterize compliance a catheter is inserted retrograde into the renal collecting
system and sealed at the UPJ. Pressurized irrigation fluid is then allowed to flow into the renal pelvis. Pressure and
flow are recorded over time, representing a measure of compliance. To characterize outflow resistance a UAS is in-
serted into the ureter and a ureteroscope placed. Inflow is increased over time and pressure and outflow recorded.
Results: The resulting compliance curves show a high variability between specimens. Anatomical differences and
initial volume are significant contributing factors. We show that non-dimensionalizing the data with respect to a
measure of volume allows us to fit a single non-linear compliance model to the data. Our outflow testing shows that
with consistent placement of devices, outflow resistance is primarily a function of device parameters and largely
independent of the specimen anatomy. We determined an outflow resistance of 8.1 mmHg/(ml/min) (o = 1.6) for
UAS size 10/12 F, 0.73 mmHg/(ml/min) (o = 0.05) for size 11/13 F and 0.18 mmHg/(ml/min) (c = 0.04) for size
12/14 F. Conclusion: The compliance results for human kidneys add a critical data set that enables more accurate
modelling of the mechanics of processes involved in stone removal. The outflow data similarly provides critical pa-
rameters for modelling the mechanics of ureteroscopic procedures and confirms that this characteristic is primarily
driven by surgical device parameters.
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Introduction between ureteroscope and ureteral wall, or
interior of the ureteral access sheath (UAS) if
one is used. This flow restriction is character-
ized by the outflow resistance. A significant
restriction can lead to potentially damaging

pressure buildup in the kidney [1-4].

Laser lithotripsy is a common method for re-
moval of small and medium sized kidney ston-
es. A flexible ureteroscope is passed through
the urethra, bladder and ureter into the kidney.
A laser fiber is inserted through the working
channel of the scope, and laser light is used to
break up the stones. Stone fragments and dust

Mechanical characterization of tissue is used in
a variety of different research domains includ-

are cleared out directly through basketing, are
washed out with the irrigation fluid or pass nat-
urally after the procedure. Fluid irrigation is
used to aid in visualizing the ureter and renal
spaces and manage heat generated by the
laser. Irrigation fluid is discharged through the
ureter with the flow path restricted to the space

ing AR/VR medical simulation training [5], dis-
ease characterization [6, 7], and medical de-
vice development [8, 9]. Understanding the
response of the surrounding tissue to any de-
vice it is interacting with helps prevent severe
injury and harm to the patient [10]. To that end
various studies have begun to quantify mechan-
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ical properties of renal tissue including an-
alyzing failure thresholds for maximum stress/
strain, and strain energy density (SED) of the
whole-infused rhesus monkey kidney [11], me-
asuring the tension, compression, and shear
mechanical properties of the porcine kidney
[12, 13], studies of the mechanical behavior
of cadaveric human kidneys under axial and
transversal loadings [14]. Notably, none of
these studies quantify internal in-tact human
kidney tissue Experimental tests have tried to
measure internal tissue through extraction or
aspiration techniques (for human and porcine
kidneys) to understand different strain rates
[15-17]. For these studies, the aspiration pro-
cess recorded by the camera was used to
obtain the mechanical properties of kidney tis-
sue by fitting a finite element simulation to
experimental data. A novel approach using
ultrasound to asses kidney mechanical proper-
ties has been demonstrated by [18]. The stud-
ies cited above focus on characterizing the
mechanical properties of the renal parenchy-
ma. Due to the difficulties of collecting ex-vivo
organs for testing and the obvious ethical limi-
tations of internal in-vivo testing, there is a pau-
city of renal tissue characterization data, espe-
cially pertaining to internal measurements of
an in-tact kidney.

To properly analyze patient safety in the con-
text of laser lithotripsy, we must understand
the mechanical characteristics of the pyelocal-
yceal system and the interplay of intrarenal
pressure, irrigation fluid flow and thermal load-
ing from laser activation in the human kidney.
Mechanical properties of the parenchyma play
a significant role in that the tissue mechani-
cally constrains the renal pelvis and calyces.
The aggregation of experimental data is criti-
cal for construction of predictive models that
describe the relationship between irrigation
inflow, outflow, and intrarenal pressure. Prior
studies have developed lumped parameter mo-
dels to describe these relationships [19, 20].
Inflow resistance, kidney compliance, and out-
flow resistance are critical parameters of these
models and have been examined experimen-
tally. These experiments have largely been lim-
ited to porcine models [20-22]. Compliance of
the kidney is critical to the transient respon-
se to input pressure changes. Oratis, et al. [19]
proposed a linear model, while Williams, et al.
[20] showed that an exponential model is a bet-
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ter match with experimental data. Rehman, et
al. [23], Kim, et al. [24], Marom, et al. [25]
and Williams, et al. [20] investigated outflow
resistance supported by experimental data.
Informing model design and parameterization
is critical in performing validated computation-
al experiments. Tissue biomechanical charac-
terization is one important component of that
work.

Beyond computational modeling, many other
domains are beginning to construct realistic
kidney phantoms, with many of these synthe-
tic constructs needing accurate biomechanics
to be synthesized properly [26-28]. Biomimetic
material construction of the glomerulus, for
example, has the potential to improve under-
standing of pathogenesis of kidney disease,
enabling therapeutic investigations [29]. With-
out proper biomechanics, fluid flows and dy-
namic responses to fluidic stimuli would be
inaccurate. The collecting system, including the
ureter, plays an important role in the formation
of the urine, which is a vital component and
function of the kidney. Understanding the bio-
mechanics of the collecting system improves
these synthetic surrogate models, thus im-
proving surgical planning, disease and thera-
peutic interventions, and aids in construction
of in-vitro models [30]. To date, a full under-
standing of the human collecting system has
been omitted from mechanical studies, with all
prior work focusing on the ureter [28], or only
measuring animal models [31]. The innovation
of this study is that we are quantifying the
mechanical properties of the human collecting
system through perfusion of the space, mea-
suring the fluid pressure induced by this fluid
buildup. In this work, we are aiming to charac-
terize kidney compliance and outflow resis-
tance using human ex-vivo kidney specimens.
Predictive models and synthetic phantoms for
kidney mechanical and thermal behavior dur-
ing ureteroscopy will ultimately be a helpful
tool in validating new approaches, settings,
and devices [27, 32-34]. Characterization of
Kidney behavior is a critical step in developing
these models.

Materials and methods
Experiments to determine outflow resistance

and compliance were performed on twenty ex-
vivo cadaveric human kidneys as well as four
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kidneys in two in-situ human cadavers. For ex-
vivo specimens, healthy kidneys were recov-
ered from fresh, unfixed organ donors. The kid-
neys were stored in University of Wisconsin
solution at 4°C and tested within 72 hours
of cross-clamp. The ex vivo kidneys were on a
kidney pump until being packaged and shipp-
ed to the CREST lab after being declined from
transplant hospitals. The duration of the study
was over a period of 6 months. Procurement
and testing of cadaveric specimens were
deemed institutional review board exempt by
the University of Washington’s Human Subject
Division (HSD 52692). All specimens were
legally authorized by the family of the deceas-
ed and donated for research purposes. The ex
vivo specimens were obtained from LifeCenter
Northwest. The two in-situ cadavers were pro-
cured from ScienceCare.

Testing of specimens A-S was carried out at
room temperature. Specimens T-Y were tested
at body temperature. Outflow resistance data
was collected for specimens K-S only, all at
room temperature.

Compliance testing setup

For compliance testing, the connective tissue
around the kidney was resected to allow easy
access to the ureter and venous and arterial
vessels. A 7F dual lumen catheter was insert-
ed into the ureter with the catheter openings
near the tip just past the UPJ. A zip tie was
placed just below the UPJ to secure the cathe-
ter in place and prevent leakage through the
ureter between catheter and interior ureter
wall. Venous and arterial vessels were clamped
as close to the capsule as possible using two
large hemostats. 0.9% Saline solution with
added green dye was chosen as the irrigation
fluid. The irrigation fluid was pressurized with
an inflatable pressure sleeve to 200 mmHg
supply pressure. For compliance testing, flow
was regulated manually using a roller clamp to
a flow rate of 3 ml/min £10%. This flow rate
was determined to be suitable in initial testing
on specimens A and B. The irrigation fluid was
supplied through the larger lumen of the cath-
eter into the kidney. Data was recorded until
the intrarenal pressure reached 100 mmHg, or
the pressure rise slowed significantly. The kid-
ney compliance test was run 3 times on each
kidney with a 20 min rest period between runs.

a7

A Sensirion SLS1500 flow meter, connected in
the supply path, was used to measure the flow
rate. Fluid volume was calculated from the
recorded inflow. The sensing lumen of the ca-
theter was connected to a custom pressure
transducer board with Honeywell MPRLS sen-
sors to obtain pressure measurements from
inside the renal pelvis. All data was recorded at
a 100 ms interval.

Outflow resistance testing setup

Specimens K-S were tested both for compli-
ance and outflow resistance. For each of these
specimens, the outflow resistance testing was
performed after compliance testing. For this
test, a ureteral access sheath (UAS) was in-
serted through the ureter into the renal pelvis
with the tip just past the UPJ. A zip tie was
used to secure the UAS to the ureter. UAS
sizes 10/12 F, 11/13 F, and 12/14 F were
used in separate test runs. A Boston Scientific
LithoVue Elite ureteroscope (9.5F) was then
inserted with its tip just past the end of the
UAS. The ureteroscope tip contains the working
port where irrigation fluid flows into the renal
space. It also contains the pressure transducer
for intrarenal pressure measurements. Venous
and arterial vessels were clamped as close as
possible to the capsule using two large hemo-
stats. The irrigation fluid supply was connected
to the scope fluid port with supply pressure set
to 25 mmHg. At the start of the test run, the
fluid supply was opened fully. System pressure
was increased stepwise every 60 s, by 25
mmHg up to 100 mmHg and subsequently by
50 mmHg up to 300 mmHg. The irrigation fluid
return flow passes from the renal pelvis be-
tween the scope and inner wall of the UAS. The
outflow is captured in a vessel positioned on
top of an A&D EK-3000i precision scale. Scale
data output was recorded at a 100 ms interval.
Outflow rate is calculated from scale weight.
The pressure in the renal pelvis was recorded
at a ~250 ms interval using the integrated
pressure transducer of the LithoVue Elite ure-
teroscope and the StoneSmart console.

Statistical analysis

An exponential model of the form PNP =a x
(e*’-1) was shown to be suitable to model com-
pliance behavior by Williams [14]. Due to the
clear spread of the specimen data, we compute
confidence intervals of the nonlinear fit using
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Figure 1. Renal pelvis compliance plot for specimens R and S.
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fitting here. Thus, for a given
exponential model we may
sample a specific model by
sampling each fit parameter
for the variance and distribu-
tion, computed here.

Results
Compliance testing results

Over the duration of this
study, we were able to obta-
in test data for a significant
number of kidneys. The aver-
age age of the specimen do-
nors was 62.5 years (0 =
12.2). The recorded time se-
ries data was trimmed to only
include the portion of incre-
asing pressure. The flow rate
measurement was converted
to a volume estimate for this
data. Plotting intrarenal pres-
sure vs fluid volume provides
the compliance curve of the
renal pelvis. The compliance
plot for two specimens, three
test runs each, is shown in
Figure 1. A conditioning ef-
fect was generally noted for
most specimens where the
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Figure 2. Renal pelvis compliance plot for specimens P and Q; data speci-

men Q is illustrating the effect of an extrarenal pelvis.

the delta method which assumes some ran-
domness in the predicted coefficient values
during nonlinear regression (here using least-
squares). We compute the variance interval
of the regressed parameters by computing
the Jacobian and variance-covariance matrix,
where we can define this variance by:

Var(G(B))~VG(B)Cov(B)VG(B)

Here, beta is a vector of parameters that we fit
using non-linear least squares, and the prime
indicates the transpose of the gradient matrix.
We are performing a second order approxima-
tion of the variance of the parameters using a
Taylor series of the exponential function we are
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second and third run show a
larger volume and more com-
pliant behavior. In several
specimens, we observed sec-
ond and third runs that fail-
ed to reach the same pres-

sure levels as the initial run, as shown here
for specimen R (see Figure 1).

An extrarenal pelvis is a normal anatomical
variation where the renal pelvis is located out-
side the renal sinus and occurs in ~10% of
patients [35]. We observed this in at least
one kidney (see Figure 2). The compliance plot
shows a distinctive dip when the renal pelvis
expands into the space outside the renal sinus.
Subsequent runs did not show this behavior as
the renal pelvis never fully returned to its origi-
nal configuration. A significantly larger volume
of the renal pelvis is observable.

The exponential model of the form P”p =a x
(e*-1) as discussed above provided a good fit
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four in-situ specimens. About
half of the specimens demon-
strated a reproducible pres-
sure rise above 50 mmHg.
This was chosen as a thre-
shold for further modelling.
Specimens that did not meet
this criterium were not further
considered. Figure 4 shows
the compliance plots of the
specimens that meet the 50
mmHg pressure performance
criteria. Significant variability
across the samples can be
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Figure 3. Non-linear regression curve fit to an exponential model with confi-
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] observed. The difference in
initial volume appears to be
the dominant cause of this
variability.

To obtain a single predictive
model, the data was non-
dimensionalized using the vol-
ume at a threshold pressure.
This eliminates the impact
of initial volume of the renal
space on the compliance cur-
ve. Croghan, et al. [2] deter-
mined the baseline intrarenal
pressure in an in vivo study
to be 16.45 mmHg (o = 5.99).
We chose a threshold value
of P, = 20 mmHg as suffi-
ciently high that the renal
space has been filled, and
further inflow results in steep
increase in pressure based
on strain in the tissue. The

Figure 4. Compliance plot for specimens with pressure performance > 50

mmHg, testing at 3 ml/min fill rate.

for our specimen data. Figure 3 shows the
regression fit to the compliance data for speci-
men X using non-linear regression with SciPy.
The confidence interval during fit was comput-
ed using the delta method as described above.
The resulting model for specimen X, for a given
mean sample parameter value, is:

P, = 1.92 x (e%77V-1)

Where P,.rp is the intrarenal pressure in mmHg,
and Vis the volume in ml. R-squared is 0.9934.
Standard error of regression is 1.4863.

A large portion of the specimens did not reach
our target pressure of 100 mmHg, including all
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exponential model was fitted

to the non-dimensionalized

data using non-linear regres-
sion with SciPy (see Figure 5). Confidence and
prediction intervals were determined using
the delta method as described above. The
resulting model is:

Pirp/Pth= O-O6X(e3-09\//‘/m_1)

Where Pl_m is the intrarenal pressure, P, is the
threshold pressure, V is the volume in ml
and V, is the volume at threshold pressure.
R-squared is 0.8908. Standard error of regres-
sion is 0.4015.

For a visual comparison the compliance test
data were overlayed with curve fit results for
ex vivo porcine models from Williams, et al. [20]
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Figure 5. Non-linear regression curve fit to an exponential model for all spec-
imens with > 50 mmHg pressure performance; data non-dimensionalized
with P, =20 mmHg.
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Figure 6. Comparison of compliance test results for porcine ex-vivo testing by
Williams [14] and human ex-vivo specimens of this study.

in Figure 6. Note that mass/volume in the
Williams data was initialized for the first run of
a series of tests. Curve A(e), C(i) and C(j) are
therefore offset horizontally.

as an average over the last
20 sec of constant pressure.
Outflow resistance is the
ratio of intrarenal pressure
and outflow rate. A linear mo-
del can be fitted to the test
data to determine the out-
flow resistance (see Figure
8). Results for specimen K
through S are shown in Figure
9.

Outflow resistance for UAS
size 10/12 F was determin-
ed to be: 8.1 mmHg/(ml/min)
(o = 1.6), 11/13 F: 0.73
mmHg/(ml/min) (¢ = 0.05),
12/14 F: 0.18 mmHg/(ml/
min) (o = 0.04).

Discussion

We sought to characterize
collecting system mechanical
behavior for irrigation during
ureteroscopy in human ex-vivo
kidney specimens. Lump-pa-
rameter models were previ-
ously developed by Oratis, et
al. [19] and Williams, et al.
[20]. The transient response
to input pressure changes is
significantly impacted by the
compliance of the pyelocaly-
ceal system. Work to charac-
terize compliance has largely
been done on in-vivo [21] and
ex-vivo [20] porcine models.
The compliance data we ob-
tained from ex-vivo human
kidneys showed similar com-

pliance behavior to the porcine specimens
from [20] as shown in Figure 6. An exponential
model, proposed by Williams, provides a good
fit to the human data. We observed significant

variability between compliance curves for indi-

Outflow resistance testing results

vidual specimens. We suggest that key factors

are anatomical variability, specimen quality and

Figure 7 shows the time series pressure trace
for outflow resistance testing on a set of kid-
neys recorded by the StoneSmart console. This
data is trimmed and aligned with recorded
data from the scale and the system pressure.
For each step in system pressure, the intrare-
nal pressure and outflow rate are determined

experimental setup limitations.

The compliance data shows that the speci-
mens that were tested successfully have a sig-
nificant spread in initial volume of the renal col-
lecting system. All reviewed studies of porcine
renal system compliance provide data for a rel-
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atively small number of sam-
ples. This makes it challeng-
ing to draw conclusions about
anatomical variability for the-
se animal models. To account
for variability in specimen size,
we non-dimensionalized the
data using the volume at a
fixed threshold pressure of
20 mmHg. The non-dimen-
sionalized data was fit to an
exponential model.

For a significant number of
specimens, some form of lea-
kage was evident in the data
and visible on the renal cap-
sule due to coloration by the
irrigation fluid. Leakage ca-
used the renal pressure to
level off at pressures lower
than expected. We attempted
to minimize pyelovenous and
pyeloarterial backflow by cl-
amping off vessels at the
capsule but could not control
leakage into internal vascula-
ture and interstitial spaces in
the capsule. Some of the leak-
age is thought to be associat-
ed with the lack of physiologi-
cally accurate blood pressure
and vascular tone. The high
age of specimen donors and
time delay between harvest-
ing and experiment are also
likely contributors to the qua-
lity of the specimens. The
ex-vivo kidneys obtained for
these experiments are per-
fused with a kidney perfusion
pump after harvesting until
they are rejected for trans-
planting. In doing so, it reduc-
es the potential for clots in
the renal microvasculature. A
small number of kidneys sh-
owed a significant deteriora-
tion of their ability to support
increased renal pressure af-
ter the first run of the experi-
ment. Similarly, some speci-
mens did not support incre-
ased renal pressure at the
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given flow rate from the start. This is thought to
have been caused by forniceal rupture result-
ing in significant internal leakage of irrigation
fluid. A small number of specimens were tested
at body temperature. Only a single compliance
test of these met the performance threshold.
The data from this test fell well within the
results range of room temperature tests.

The outflow resistance for irrigation fluid dur-
ing ureteroscopy is a key parameter driving the
intrarenal pressure. It impacts both transient
and steady state responses. When a UAS is in
use, the outflow resistance is largely depen-
dent on the size of the ureteroscope and size
and length of UAS. The compliance of the kid-
ney is not a factor during steady state irriga-
tion, and outflow resistance is determined as
the ratio of renal pressure and flow rate. Data
from nine specimens showed consistent linear
behavior and small variability for all sizes of
UAS. While the compliance data for the same
specimens showed significant variability, the
outflow resistance did not. Outflow resistance
is shown to be largely independent of anatomi-
cal characteristics. It is driven primarily by the
geometry of the selected devices. Outflow
resistance has been previously quantified in an
in-vitro study for multiple devices [24]. For a
9.5F ureteroscope with UAS size 13/15F it was
determined to be 0.15 mmHg/(ml/min), and
0.81 mmHg/(ml/min) for UAS size 11/13F.
These results align well with our findings.

Conclusion

The data collected in this study is a valuable
asset in building predictive dynamic models
and synthetic phantoms of the renal pelvis
under ureteroscopy and other procedures.
Overall volume and anatomical structure of
the collecting system appear to be critical
parameters in driving dynamic behavior of
the kidney. A key limitation in our approach
to characterizing dynamic compliance of the
renal pelvis was the observed internal leakage
of irrigation fluid by a significant portion of our
specimens. While our approach gives us a use-
ful estimate of volume, an imaging approach to
capturing volume and structure is likely to sup-
port higher fidelity models. Incidentally the reqg-
uisite type of imaging data can be captured
in surgical planning for stone procedures. The
imaging data may eventually be evaluated with
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traditional or Al tools to build personalized
dynamic models of a patient’s collecting sys-
tem that can ultimately be leveraged by the
surgical team to maximize patient safety. Si-
milarly, this data will be a significant input in
the design of synthetic phantoms suitable for
validating approaches, settings and devices
across a range of anatomical variation.
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