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Abstract

Urolithiasis ranks as the third most prevalent condition in urology, with statistical
evidence indicating a lifetime risk of 13% in males and 7% in females, alongside a
recurrence rate of 50% within a decade. The surgical care of urolithiasis is intricate, with
various competing therapeutic techniques available, including retrograde intrarenal
surgery (RIRS). Over the years, leading urological associations have progressively
broadened the criteria for RIRS in the surgical treatment of urolithiasis. While it offers
enhanced stone-free rates relative to shockwave lithotripsy and reduced patient
morbidity compared to percutaneous nephrolithotomy, it is not devoid of problems, many

of which are associated with intrarenal pressure (IRP).

To alleviate the challenges associated with increased IRP, surgeons may utilize diverse
approaches to regulate IRP. Pharmacologic therapies in the perioperative period to
mitigate IRP have been documented, although none of these strategies have been
integrated into clinical practice. This thesis aims to report on the design, safety, and
efficacy of an innovative isoprenaline-eluting guidewire (IsoWire), a platform guidewire
intended for the administration of topical isoprenaline, a beta-receptor agonist, to the
genitourinary system. This is the first study to report the delivery of isoprenaline using a

drug-eluting guidewire.

This dissertation comprises six chapters. The initial five chapters each have an overview,
abstract, introduction, methodology, results, discussion, and conclusion sections.

Chapter 1 is a narrative literature review addressing the problems associated with high
IRP and outlines techniques to mitigate elevated IRP in RIRS to promote safer

endourological practices.



To prepare for our investigation on the porcine model, we required a simulation model to
precisely outline the procedural steps. Commercially available models are expensive and
not readily accessible. Chapter 2 delineates the design and fabrication of the Frere
Intrarenal Surgery Trainer (FiST) bench-top model. This chapter further elucidates its
validation through the involvement of individuals with prior competence in the RIRS
technique. This high-fidelity, cost-effective, portable, durable, and reusable training model
is, to our knowledge, the inaugural published 3D model that integrates all components of

RIRS, allowing us to meticulously optimise the procedural stages for our research.

The porcine model has frequently been utilized by researchers and urological surgeons
for medical advancements. Despite the multiple advantages of this model, the specific
anatomical knowledge that qualifies it as the optimal model in urology remains
inadequately defined. In Chapter 3, we present the first reported study that precisely
delineates pertinent endoscopic and CT-based urological anatomy of female Landrace
pigs. The insights acquired from this research were essential for proceeding with the two
studies described in Chapters 4 and 5. Furthermore, this unprecedented research will help
other researchers use the porcine model to conduct research in endourology with

confidence.

Chapter 4 delineates the design of the [soWire and examines the results of the preliminary
in vitro release studies. Furthermore, we evaluated IsoWires of three distinct strengths,
specifically wires that release 5 pg, 7.5 pg, and 10 pg in the first minute, respectively. Our
investigation demonstrated that the [soWire, which released 7.5 pg of isoprenaline within
the initial minute, is safe, showing no alterations in mean arterial pressure (MAP), heart
rate (HR), or other irregular electrocardiographic (ECG) abnormalities. Moreover, the in

vitro release assays demonstrated that the [IsoWire released all isoprenaline exponentially
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within the initial 4 minutes.

Chapter 5 delineates the impact of the IsoWire, which dispenses 7.5 pg of isoprenaline
within the initial minute, on IRP, the duration of this effect, and its safety in a porcine

model.

Chapter 6 presents a conclusion and reflection on this thesis, emphasising its original

contributions to the field of urology and addressing prospective avenues for future

research.
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Chapter 1: Intrarenal pressure in retrograde

intrarenal surgery: a narrative review

Overview

Urolithiasis ranks as the third most prevalent condition in urology, with statistical
evidence indicating a lifetime risk of 13% in males and 7% in females, alongside a
recurrence rate of 50% within a decade. The surgical care of urolithiasis is intricate, with
various competing therapeutic techniques available, including retrograde intrarenal
surgery (RIRS). Over the years, leading urological associations have progressively
broadened the indications for RIRS in the surgical management of urolithiasis. While it
offers enhanced stone-free rates relative to shockwave lithotripsy (SWL) and reduced
patient morbidity compared to percutaneous nephrolithotomy (PCNL), it is not devoid of
problems, many of which are associated with intrarenal pressure (IRP). This chapter
reviews the problems associated with high IRP and outlines techniques to mitigate

elevated IRP in RIRS to promote safer endourological practices.



This narrative review was accepted for publication in Urology (Impact Factor 2.2) and at
the time of submission of this thesis, it was an “article in press”.

John ], Wisniewski P, Fieggen G, Kaestner L, Lazarus |. Intrarenal pressure in retrograde
intrarenal surgery: a narrative review. Urology. In press 2024.

http://doi.org/10.1016/j.urology.2024.09.026.

CRediT author statement:

Jeff John: Writing - original draft, Visualization, Methodology, Formal analysis, Data
curation, Conceptualization. Graham Fieggen: Writing - review & editing, Supervision.
Pawel Wisniewski: Writing - review & editing. Lisa Kaestner: Writing - review &

editing, Supervision. John Lazarus: Writing - review & editing, Supervision.
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Abstract

Objective
To review the evidence on the complications of elevated IRPs in RIRS and the strategies to

mitigate the increase of IRP during surgery.

Materials and Methods

A comprehensive literature search of PubMed, Web of Science and EBSCO research
databases was conducted from inception to July 31, 2024. The analysis involved a

narrative review.

Results

Normal physiological IRP in an unobstructed kidney ranges from 0 to 15 mmHg (0-20
cmH20). During RIRS, dangerous IRPs are often reached, resulting in complications. These
include pyelorenal reflux, which predisposes the patient to fever, urosepsis and
postoperative pain, and forniceal rupture, which may result in intraoperative bleeding as
well as acute kidney injury, postoperative pain, and fluid overload. To maintain safe IRP,
outflow should be as close as possible to inflow. Minimizing the irrigation pressure by
controlling the flow rate, reducing the pressure of the irrigant fluid, using a ureteral access
sheath and maintaining an empty bladder during the procedure and, more recently, using

real-time IRP monitoring are appropriate techniques to mitigate unsafe IRPs.
Conclusion

Several complications of RIRS are related to elevated IRPs, which cause pyelorenal
backflow and forniceal rupture. Irrigation flow and pressure dynamics drive IRP changes
during RIRS. Awareness of these factors will allow urologists to institute strategies to
mitigate IRP during RIRS, thereby reducing complications and improving patient

outcomes.



Introduction

The surgical management of urolithiasis is complex, and multiple competitive treatment
modalities are available. Since Marshall explored the ureter with a 9F pediatric flexible
cystoscope in 1964,1 the use of flexible ureterorenoscopic devices and lasers for RIRS has
become a well-established surgical modality for the management of upper urinary tract
stones. It provides superior stone-free rates when compared to SWL and fewer
complications in comparison to PCNL.23 Technological advancements, such as the
miniaturization of the endoscope, enhanced deflection mechanism, improved optical
quality with digital scopes, and introduction of high-quality guidewires, baskets, and
access sheaths, have led to prominent urological societies expanding the use of RIRS over
the years.# These developments have rendered the procedure safer, more efficient, and
more comfortable for both patients and surgeons.> However, RIRS is not without
complications, many of which are related to IRP. The normal physiological IRP in an
unobstructed kidney ranges from 0 to 15 mmHg (0-20 cmH20).6 To maintain a safe IRP,
fluid outflow must closely match inflow, as any discrepancy frequently leads to the
surpassing of threshold pressures during RIRS.7 Jung and Osther examined the spectrum
of pressures experienced during standard RIRS without the use of a ureteric access sheath
(UAS). The intraluminal renal pelvic pressure varied from 35 (*10) mmHg during
uncomplicated diagnostic ureterorenoscopy to 54 (#18) mmHg during stone
management. Maximum pelvic pressure peaks of 288 mmHg and 328 mmHg were seen
after forced irrigation with a 20 mL syringe and the use of a holmium laser, respectively.?
This narrative review discusses the complications of elevated IRP and the strategies to

prevent elevated IRP in RIRS.



Materials and Methods

A comprehensive literature search of PubMed, Web of Science, and EBSCO research

databases was conducted from inception to July 31, 2024. Search terms included

”n “ » “:

pyelorenal reflux,” “intrarenal reflux,

”n "

“intrarenal pressure, retrograde intrarenal
surgery,” “RIRS,” “ureteroscopy,” “URS” and “f-URS.” Boolean operators (AND and OR)
were used to augment the search. In vitro human and animal studies and review articles
written in English were included in the study. Relevant articles identified from the

reference lists were also included. Duplicates were removed at screening. Case reports

were also excluded from the full-text eligibility assessment (Figure 1).

Figure 1

Flow diagram of the literature search process.




Results

Using the aforementioned search strategies, the PubMed (n=233), EBSCO (n=183), and
Web of Science (n=260) databases identified 676 articles. Duplicates were removed using
the EndNote Research Management Software (n=365) and manually (n=19). The
remaining papers (n=292) were screened by ].J. Papers (n=39) that did not meet the
inclusion criteria or were irrelevant were excluded. In total, 253 papers were retrieved
and analyzed. Due to the significant degree of heterogeneity of the included studies, a
systematic review or mathematical summary of the results of the selected studies was not
conducted. Instead, we selected publications to conduct a narrative review, explicitly
examining the complications associated with elevated IRP in RIRS, and discussing
strategies to reduce IRP in RIRS. Some articles identified during the literature search were
not cited due to various factors, such as limited scope, focus on specific sub-themes, or

methodological choices.

Complications associated with high intrarenal pressures

Pyelorenal Reflux

Pyelorenal reflux is thought to be a compensatory mechanism in which the developing
fetal kidney cells are shielded from excessive pressures when the developing upper
urinary tract transiently experiences obstruction.? This compensatory mechanism has
been transferred to adulthood and may follow one of five paths (Figure 2): through the
interlobar veins, into the arcuate renal veins and eventually into the venous plexus
(pyelovenous backflow); into the renal sinus along the infundibulae, then into the renal
pelvis and proximal ureter (pyelosinous backflow); into the terminal collecting ducts

(papillary ducts) in the renal medulla (pyelotubular backflow); into the medial perirenal



lymphatics (pyelolymphatic backflow); or from the renal pyramids into the subcapsular

tubules in the renal interstitium (pyelointerstitial backflow).10.11

[1] Pyelotubular reflux
[2] Pyelointerstitial reflux
[3] Pyelosinous reflux

[4] Pyelolymphatic reflux

[5] Pyelovenous reflux

Figure 2

Schematic diagram of the different pathways of pyelorenal reflux.

In a non-perfused, cadaveric kidney, pyelotubular, and pyelovenous reflux occur when the
IRP exceeds 11-15 mmHg (15-20 ¢cmH20) and 37 mmHg (50 cmH20), respectively.'?
Historical data suggest that in a perfused human kidney, the threshold for pyelotubular
reflux increases to 29-37 mmHg (40-50 cmH20), and 44-51 mmHg (60-70 cmH20) for
pyelovenous reflux.!> Further increases in the IRP result in pyelosinous and

pyelolymphatic backflow.1314  However, recent work by Lildal et al. showed that
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pyelorenal backflow may infact occur at much lower pressures than previously thought.1>
They performed a study on five female pigs. A ureteral catheter was placed in the renal
pelvis and connected to gadolinium and saline solution for irrigation. Irrigation was
successively regulated to maintain consistent IRP levels at 10, 20, 30,40 and 50 mmHg. An
occlusion balloon catheter was inflated at the pelvic-ureteric junction and connected to a
pressure monitor. MRI scans of the kidneys were performed at five-minute intervals and
showed intrarenal reflux occurring at IRPs as low as 16 mmHg (range 16-25 mmHg, mean
21 mmHg) in normal, non-hydronephrotic kidneys. This contemporary method of
identifying intrarenal reflux is likely more accurate than previously used techniques,
suggesting that the threshold for dangerous IRPs may need to be reconsidered.l®
Furthermore, in pathological renal units and in the presence of pre-existing factors,
pyelorenal backflow may occur at even lower pressures. Patients exhibiting flattened
papillae, characteristic of medullary sponge kidney, compound papillae, and papillary
pitting may be predisposed to pyelorenal reflux at a lower IRP. Similarly, patients with
hydronephrosis, where resultant papillary thinning and flattening undermine the

antireflux mechanism, are also at risk. 10,1617

The clinical consequence of pyelorenal backflow is the retrograde translocation of
uropathogenic bacteria and endotoxins from the urinary system into the bloodstream
which predisposes patients to urosepsis.'®!° A recent systematic review and meta-analysis
of urosepsis following RIRS indicated that postoperative sepsis rates varied from 0.2% to
17.8%, resulting in prolonged hospitalization, unplanned intensive care admission, and
death.20.21 Xy et al. reported that patients subjected to elevated IRP during RIRS exhibited
a markedly increased risk of postoperative urosepsis.22 Similarly, in a prospective multi-

institutional study that followed up 120 patients for 30 days it was shown that the mean
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IRP (82 mmHg) was much greater in the six (5%) patients who developed postoperative

urosepsis than in the controls (39 mmHg).23

Forniceal Rupture

Forniceal rupture is another complication of elevated IRP in patients with RIRS. As
pressure rises within the collecting system, it dilates, placing the renal fornices under
greater tension. A rapid increase in pressure causes the collecting system to rupture at the

weakest point, the renal fornix (Figure 3).24

Figure 3

Retrograde pyelogram before (A) and after (B) the rupture of the fornix. Endoscopic image

(C) during RIRS showing the rupture of the fornix.

An absolute pressure of 80-100 mmHg has been found to cause forniceal rupture.2> This
initiates a dangerous cycle (Figure 4). Forniceal rupture causes intraoperative bleeding
and subsequently, poor vision. Surgeons may increase the rate or pressure of irrigation in
the hope of improving vision, only to worsen the pressure and potentiate its consequences.

Furthermore, forniceal rupture and the subsequent formation of a subcapsular or
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perirenal hematoma has also been shown to account for acute flank pain after RIRS.26:27
In addition, the extravasation of irrigation fluid, venous congestion and ureteral oedema,
all of which lead to contractions of the ureter and ureteric obstruction, may also account
for postoperative pain.28 Apart from these local effects caused by the extravasation of
irrigation fluid, Guzelburc et al. reported that fluid absorption during RIRS ranged from
20 mL to 573 mL.2° This parenchymal fluid transfer places renal and cardiac failure
patients at risk of postoperative systemic complications from fluid overload, and some

authors have recommended the administration of diuretics to mitigate this risk.30

PAIN FEVER

EXTRAVASATION PYELORENAL RETROGRADE TRANSLOCATION OF SYSTEMIC INFLAMMATORY

— T —

ACUTE KIDNEY INJURY OF FLUID REFLUX UROPATHOGENIC BACTERIA RESPONSE SYNDROME

A

FLUID OVERLOAD UROSEPSIS

INCREASED

PRESSURE
v
FORNICEAL INCREASE IRRIGATION
RUPTURE FLOWRATE
A
INCREASED POOR
‘e INTRA-OPERATIVE =3

BLEEDING VoM

Figure 4

Diagram to illustrate the complications of increased intrarenal pressure.

Elevated IRP levels may also compromise renal function. In an experimental study,
Schwalb examined the immediate and long-term effects of elevated IRP levels using freshly
harvested porcine kidneys.31 In the immediate postoperative setting, renal units subjected

to high pressure showed widespread denudation and flattening of the calyceal urothelium
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with submucosal edema and congestion within the calyces, vacuolization, and
degeneration of the renal tubules. Four to six weeks later, widespread columnar
metaplasia, subepithelial nests, and pericalyceal vasculitis were observed in the kidneys
subjected to high irrigant pressure. Focal scarring was observed in five of the seven
kidneys subjected to high irrigant pressure. In comparison, there was no evidence of
scarring in any of the six kidneys subjected to low irrigant pressure.31Since human kidneys
are anatomically and physiologically similar to porcine kidneys,3233 human kidneys
subjected to elevated IRPs are likely to face similar levels of inflammation and scarring.
Cruces introduced the concept of renal compartment syndrome.3* This increase in
pressure in the renal compartment results in a decrease in renal perfusion pressure, with
a subsequent reduction in renal blood flow and ischemia in the outer medulla. Similar
evidence of post-ureteroscopy acute kidney injury (AKI) has been observed at the
biochemical level. Neutrophil gelatinase-associated lipocalin (NGAL), a 21-kDa protein
expressed in neutrophils and human epithelia, is a urine biomarker for AKI.353¢ Elevated
levels of NGAL, indicative of tubular damage, have been detected as early as two hours

post URS.37 The long-term clinical consequences are uncertain.

Strategies to reduce IRP in RIRS

Fluid irrigation during RIRS is necessary to improve visibility and distention of the upper
urinary tract. However, to maintain a safe IRP during the procedure, the surgeon must

maintain the outflow as close as possible to the inflow.

Controlling the Inflow
The inflow is the volume of fluid entering the system per unit of time. It is determined by

the irrigation pressure, which is determined by the flow rate and pressure of the fluid. The
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flow rate is further dependent on the height of irrigation fluid in relation to the position of
the kidney, and the size of the instrument that occupies the working channel of the
ureteroscope.3® To understand the effect of the height of the irrigation fluid on the flow
rate, Chang et al.38 simplified the Bernoulli3® equation V, = m . The velocity of
irrigant fluid (V2) at the end of the scope is proportional to the square root of the height of
the irrigant bag ( v/z,). The height at which the irrigant is hung affects the driving pressure
at the scope inlet and subsequent inflow. Inflow is also dependent on the resistance of the
tube. Flexible ureteroscopes typically have one working channel, and flow resistance
created by the occupation of the working channel by either a laser fibre or stone basket
will reduce the flow rate and subsequently the irrigation pressure and IRP.40-42 The
irrigation pressure can also be affected by the pressure at which the fluid is administered.
A recent study based on computed tomography pyelocalyceal system measurements
reported the mean collecting system volumes of 2.9 mL in non-hydronephrotic kidneys,
and 5.1 mL with diuretic distension.43 Furthermore, a stone-filled collecting system may
have a smaller capacity, and inflammation related to the stone may alter the viscoelastic
properties of the collecting system, making it less distensible. On-demand flushing using a
manual hand-held or foot-controlled device should be used cautiously, for fear of causing
repetitive dangerous IRP spikes.® Therefore, gravity irrigation is the simplest and safest

means of irrigation during ureteroscopy.**

Improving the Outflow

Ureteral access sheaths (UASs), developed by Takayasu and Aso in 1974,* have become
important weapons in the armamentarium of endourologists. When the device was
introduced, the success and safety of use were considered fairly low, with 19% of cases

resulting in ureteric perforation.4¢ However, recent technological advances in UAS, such
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as the outer hydrophilic coating, an inner tapered dilator, and a hub-locking
mechanism, have made it an important tool in endourology since it provides several
benefits in the management of renal stones, none more than reducing the infectious
complications associated with RIRS.#748 A recent survey of practice patterns of
endourologists showed that 76% of endourologists routinely use a UA $49 to aid in treating
renal stones because it allows multiple entries and re-entries into the collecting system,
providing better vision, allowing the passive efflux of small stone fragments generated
during laser fragmentation, and reducing IRP.#7 The UAS reduces the IRP at various
irrigant pressures*5051 by improving the irrigant outflow from the collecting system by
57% to 75% during f-URS.>2 This reduction in IRP was observed during both continuous
and bolus fluid administrations. Lazarus et al. demonstrated that administration of small
boluses (< 5 mL) with a starting fluid height of 80 cmH20 is safe when a UAS is employed.
However, in the absence of a UAS, even bolus volumes as little as 2 mL produced "unsafe"
(> 40 mmHg) pressures.>! Many variables determine the effects of the UAS on the IRP. A
large calibre (12/14 Fr and 14/16 Fr) UAS allows greater outflow, and is more efficacious
than a smaller UAS. 52 As the tube radius halves, the flow decreases by 16-fold (i.e. the flow
is proportional to the radius of the tube to a power of 4).53 The benefits of UAS have also
been conferred to clinical practice. A prospective multicenter study of 2239 patients
treated with flexible URS revealed a lower incidence of postoperative infectious
complications (fever, UTI, sepsis 28.6, 18.6 and 4.3% vs. 39.1, 23.9 and 15.2% for the UAS

group vs. the non-UAS group respectively).4”

Recently, Fang et al argued that the ratio of the endoscope-sheath diameter (RESD) is more
important than the individual diameter of the UAS or the flexible ureteroscope. When the

RESD is < 0.75, the outflow channel between the internal diameter of the UAS and
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ureteroscope will be greater than four times the 3.6F inflow of the irrigation channel,
which would result in an IRP <13 cmH20 (9.5 mmHg), despite the use of pressurized
irrigation.>* Based on the Hagen-Pouiselle equation, increasing the UAS length should
increase the IRP by increasing the outflow channel length and delaying the outflow.
However, in vitro, fresh cadaveric porcine investigations have shown that increasing the
length of the UAS has minimal effect on the IRP.>4

Increased intravesical pressure from the full bladder may be transmitted cranially,
thereby affecting the IRP. This is likely related to increased ureteral outflow resistance
caused by changes in the bladder wall and intramural ureter with bladder filling.5> During
ureteroscopy in a porcine model, Schwalb et al. showed that a full bladder elevated the IRP
by an additional 20 to 25 mmHg.3! While it is paramount that necessary measures to
reduce IRP, as summarised in Figure 5, should be taken, the surgeon also needs to limit
the length of the procedure and minimise the duration of exposure to the elevated IRP,

which may predispose patients to morbidity and mortality in RIRS.56
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URETERORENOSCOPE
URETER

URETERIC ACCESS SHEATH

WORKING CHANNEL OF
URETERORENOSCOPE

° LIMIT THE HEIGHT OF THE IRRIGANT FLUID COLUMN

o OPT FOR GRAVITY-BASED IRRIGATION

° USE HAND-OPERATED OR FOOT-CONTROLLED IRRIGATION PUMPS JUDICIOUSLY

USE THE SMALLEST URETERIC ACCESS SHEATH AND URETERORENOSCOPE TO MAINTAIN THE
RATIO ENDOSCOPE: SHEATH DIAMETER (RESD) OF £ 0.75

° OCCUPY WORKING CHANNEL OF URETERORENOSCOPE
° KEEP THE BLADDER EMPTY
0 LIMIT THE LENGTH OF THE PROCEDURE

o CONSIDER THE USE OF REAL-TIME INTRARENAL PRESSURE MONITORING

Figure 5
Graphical representation of the various strategies to reduce intrarenal pressure in

retrograde intrarenal surgery.
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Discussion

Urolithiasis is the third most prevalent condition in urology.>” The increasing prevalence
in recent decades can be attributed to various factors such as changes in lifestyle, diet, fluid
intake, and climate. Additionally, the growing incidence of obesity, non-alcoholic fatty liver
disease, diabetes, and greater utilization of abdominal imaging have contributed to this
trend.’®> A recent systematic review that explored the global trends in the management
of urolithiasis over the last two decades, showed RIRS had a 251.8% increase in the total
number of treatments performed.®®© However, in the endeavour to expand the RIRS
indications, one cannot overlook the potential complications of this procedure, most
notably bleeding, postoperative pain, and infectious complications - all of which are
related to an elevated IRP.%1 Observational studies have demonstrated that the in vivo IRP
during RIRS is highly variable and often surpasses the traditionally quoted thresholds of
30-40 mmHg.2362 This review adds to the expanding body of evidence to help elucidate
the role of the IRP during routine RIRS and underlines its role in the development of
postoperative complications. While our review also presents strategies to mitigate
increases in IRP and prevent the systemic transudation of fluid and uropathogenic
bacteria, several novel technologies to reduce IRP have recently been reported. Bhojani et
al. reported on the first-in-human experience using a single-use, flexible, digital
ureteroscope with a built-in pressure sensor at its tip.63 Similar innovative techniques for
real-time IRP measurement using wires with a pressure sensor®6> or an integrated
pressure-monitoring suctioning UAS have been explored.®® Moreover, they will support
additional investigations to establish precise thresholds for identifying patients who are
at risk of complications. They will also provide a better understanding of whether the

adverse effects associated with elevated IRP are caused by a single peak that surpasses the
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pressure threshold, leading to subsequent complications, or if the complications arise

from sustained high pressures.

The introduction of suctioning UASs has also shown the potential to favorably modulate
IRP. In an ex-vivo porcine model, Han et al. noted that the IRP reached 30 mmHg at an
irrigation fluid flow rate of 60-70 mL/min when using a standard UAS.7 In comparison,
when a suctioning UAS was used, the IRP remained at approximately 10 mmHg even with
a much higher irrigation fluid flow rate of 120 mL/min.67 Similarly, Guan et al. discovered
that by utilizing 12/14F and 11/13F vacuum-assisted UAS with closed vents, the IRP was
consistently maintained below 5 mmHg even at high levels of irrigation fluid flow rates of
200 cc/min.%8 This effect on IRP may be responsible for the reduced postoperative septic
complications when using a suction UAS.%%70 Yekani et al. recently piloted a novel UAS that
incorporated a syphon mechanism to improve mean peak IRP.”1 The mean peak IRP
following a 10 mL bolus with and without the syphon device were 71 and 104 mmHg,
respectively (p = 0.03, SD 74 vs. 59).71 Chen et al. conducted a study comparing IRP at
different irrigation velocities when using a flexible vacuum-assisted UAS with a regular
UAS in an ex vivo swine kidney model.”? The IRP was maintained below 10 cmH20 at
irrigation fluid velocities of 30, 50, and 80 mL/min using a flexible vacuum-assisted UAS.
In contrast, the standard UAS resulted in a steady increase in the IRP from 26 to 99 cmH:0.
Despite these beneficial effects on IRP, Ostergar warned that this effect was reversed when
a high vacuum rate (> 200 mmHg) was applied due to the collapse of the outflow tract.
Therefore, surgeons should use lower vacuum settings for short bursts of approximately
5 seconds.”? Recently, a novel guidewire comprising a nitinol core surrounded by a
stainless-steel wire wound into a tight coil, and loaded with isoprenaline, a beta-agonist,

was described. This isoprenaline-eluting guidewire, which releases 7.5 pg of isoprenaline
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in the 1st minute, appears to be safe and effective in reducing the IRP.74#75 While all these
novel techniques seem promising, larger clinical trials are required to support their

routine use in clinical practice.

Conclusion

Major advances have been made in the surgical management of urinary tract stones. The
pendulum has shifted away from traditional open procedures to more minimally invasive
techniques such as RIRS. Many complications of RIRS are related to elevated IRPs, which
cause pyelorenal backflow and forniceal rupture. Irrigation flow and pressure dynamics
drive IRP changes during RIRS. Awareness of these factors will allow urologists to institute
strategies to mitigate IRP during RIRS, thereby reducing complications and improving

patient outcomes.
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Chapter 2: Design and validation of a novel 3D-

printed retrograde intrarenal surgery trainer

Overview

Surgical simulation models are crucial prior to research to accurately delineate the
procedural steps during the investigation. However, they are expensive and not readily
accessible. Moreover, they can facilitate the promotion of safer endourological practices
by reducing the significant learning curve associated with RIRS, while ensuring patient
safety is not compromised. This chapter delineates the design and fabrication of the Frere
Intrarenal Surgery Trainer (FiST) bench-top model. This chapter further elucidates its
validation through the involvement of individuals with prior competence in the RIRS
technique. This high-fidelity, cost-effective, portable, durable, and reusable training model
is, to our knowledge, the first published 3D model that incorporates all components of
RIRS, allowing us to meticulously refine the procedural steps for the research detailed in

the subsequent chapters.
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Abstract

Objective:
To report on the design of a novel 3D-printed RIRS benchtop trainer and detail its

validation against real-life experiences.

Materials and Methods:

Digital Imaging and Communications in Medicine (DICOM) files of 2 patients with normal
computed tomography of the kidney and bladder were converted into stereolithography
files to create 3D triangular mesh models. These images were further refined using
Autodesk Meshmixer. These 3D models were fabricated through additive manufacturing,
a process commonly known as 3D printing, and assembled in a polypropylene case. After
development, the model was validated by 40 experienced urologists and urology residents
in their final year of training. After completion of the validation exercise, each participant
was asked to rate the various components of the simulation by completing a nine-point
questionnaire. The various categories assessed were each scored out of a possible ten

points, with zero being ‘no value’ and ten being ‘greatest value’ score.

Results:

The model’s value in understanding the principles of RIRS and simulating contextual
anatomy had mean scores of 9.43 (standard deviation [SD] = 0.74) and 9.21 (SD = 1.03),
respectively. Mean scores for specific steps in RIRS were 8.07 (SD 1.47) for cannulating
the ureteric orifice, 8.61 (SD 1.24) for inserting the ureteric access sheath, 9.29 (SD 0.97)
for performing a renoscopy and evaluating all the calyces, 9.46 (SD 0.87) for laser

lithotripsy, and 9.17 (SD 0.94) for manual stone retrieval. Participants scored the model
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with a mean score of 9.04 (SD 0.87) regarding realism and a mean score of 9.18 (SD 0.89)

when evaluating its ability to enhance a trainee’s confidence in RIRS.

Conclusion:
The model performed well for all components of RIRS. This model allows high fidelity of
the simulation and is cost-effective, portable, durable, reusable, and compatible with

standard ureteroscopes.
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Introduction

The prevalence of urolithiasis has increased over the past few decades. The lifetime risks
are 7% and 13% in women and men, respectively,”® with a recurrence rate of 50% within
10 years.”’ Increased prevalence leads to increased costs for both the patient and the
healthcare system. Since Marshall explored the ureter with a 9F paediatric flexible
cystoscopel in 1964, the use of flexible ureterorenoscopic devices and lasers for RIRS has
gained traction. Technical improvements, including miniaturisation of the endoscope,
improvements in the deflection mechanism, enhanced optical quality with digital scopes,
development of disposable scopes, and the introduction of high-quality guidewires,
baskets, and access sheaths, have led to prominent urological societies expanding their
use in their guidelines.#78 One of the major advantages of RIRS is the potential to access all
parts of the urinary tract, which renders stone-free rates ranging from 73.6% to 94.1%.7°
As with any surgical procedure, the results of ureteroscopy depend on the availability of
equipment and surgeon’s experience.8 Surgical education and training have evolved over
the past few centuries, and this change has accelerated after the publication of the
landmark report by the United States (US) Institute of Medicine titled “To err is human.”
They reported that up to 98,000 deaths were as a result of preventable medical errors
every year in US hospitals. At the time of this report, these errors accounted for more
deaths, than patients who died from motor vehicle accidents, breast cancer, or HIV/AIDS,
all of which receive far more public attention.8! Therefore, the age-old Halsted
apprenticeship model of "see one, do one, teach one" which had formed the backbone of
surgical training,82 has now been replaced by more pragmatic approaches. One approach
is simulation-based surgical training using cadaveric models, virtual trainers, and
benchtop models. An ideal simulation model for RIRS should incorporate all the steps of

the procedure, available with a variety of calyceal configurations, be made of radiolucent
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material, robust, portable, reusable and cheap. This study aims to report on the design and
production of the Frere Intrarenal Surgery Trainer (FiST) bench-top model and detail its
validation against real-life experience by enrolling participants with prior experience in

the RIRS technique.

Material and Methods

Model Development

Written informed consent was obtained from two patients to utilize anonymized
computed tomography (CT) scans. The kidney model was acquired from images of a
patient with a normal CT-urogram (Figure 6A) for the evaluation of visible haematuria.
The bladder model was developed from the images of a patient with a normal CT
cystogram (Figure 7A) for the assessment of suspected bladder injury after blunt
abdominal trauma. The Digital Imaging and Communications in Medicine (DICOM) files
used in these studies were converted into stereolithography (STL) files, resulting in the
creation of precise 3D triangular mesh models. This conversion process, formally referred
to as segmentation, was accomplished using the freely available software, Invesalius. The
software utilizes the Hounsfield unit values of the tissues and contrast medium to generate
voxels of the region of interest (Figures 6B and 7B). While the segmentation process was
partially automated by the software, fine-tuning and detailed refinement were performed

manuallyby the operator.

Model refinement: The 3D models were further refined using Autodesk Meshmixer, a free
mesh editing 3D software. This step involved elimination of imperfections and smoothing

of the models (Figure 6C and 7C). To mimic the anatomical collecting system and facilitate
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the passage of endoscopic equipment, solid calyx and bladder models were hollowed out
(Figure 6D and 7C). Small openings were strategically created at the terminus of each
calyx, allowing for the placement of stones in any one of the calyces, which were then

sealed using specially designed plugs.

Figure 6

[A] Normal CT-urogram used to create the 3D model of the collecting system.

[B] Stereolithography (STL) mesh 3D model of the renal calyceal system after
segmentation from the CT scan before (left) and after the smoothing and hollowing
processes (right).

[C] Final 3D printed model of the right and left calyceal systems with corresponding
plugs for each calyx.

[D]  STL mesh 3D model of different anatomic variations of the collecting system.
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Figure 7

[A]  Normal CT-cystogram used to create the 3D model of the bladder.
[B] STL mesh 3D model of the bladder after smoothing and hollowing with attachments
for tubing that simulate the proximal urethra and distal ureters.

[C] Final 3D printed model of the bladder.

Numbered stickers were printed to stick onto the inside of the plugs to allow the trainee
to differentiate between different calyces (Figure 6C). At the conclusion of the modelling
process, the accuracy of the models in replicating the shape and size of the collecting

system, as observed in the original CT images, was verified.

Model verification: The verification process involved digitally overlaying the final 3D

model of the calyx system onto the original segmented CT data, specifically the contrast-
enhanced images that defined the collecting system. We compared the inner dimensions
and morphology of the 3D model to the CT-extracted anatomy to assess congruence in size
and shape. Itis important to note that the model reflects the static, non-distended anatomy

captured during the CT scan. It does not account for dynamic changes such as calyceal
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dilatation under pressure during ureteroscopy. In certain areas, the calyceal openings
were intentionally enlarged during the modelling process to allow for practical passage of

the ureteroscope during the simulation.

Additive _manufacturing: These 3D models were fabricated through additive

manufacturing, a process commonly known as 3D printing. This technique involves
sequential deposition of thin layers of materials to construct 3D objects. To generate the
printing instructions for the 3D models, the slicing software Ultimaker Cura was used. The
filament material selected for printing was polylactic acid (PLA), a biodegradable and
wear-resistant material known for its ease of accurate printing even in entry-level

printers. The 3D printer used for this project was a Creatility Ender 3 V2 desktop hobby.

Model assembly: The entire model (Figure 8) was housed in a standard polypropylene case
with a shallow lid, fold-down handle, and two hinged locks freely available at any
supermarket or hardware store. The printed bladder was first secured to the base of the
case using double-sided tape. It was then connected to clear polyvinyl chloride (PVC)
tubing (8 mm in diameter) to mimic the urethra. A hole was drilled through the side of the
case to externalise the tubing. We were unable to model ureters using our current method.
The rigidity of the PLA material used in the study, does not replicate the flexibility of
ureteric tissue, making it difficult to accurately reproduce the natural tortuosity and
variable calibre of the ureter. Additionally, navigating a rigid printed ureter would not
realistically simulate the endoscopic experience, as the lack of compliance would likely
hinder or prevent scope advancement. We therefore used a PVC tubing, to represent the
ureter. This tubing was was connected caudally to the printed bladder phantom and

cranially to the kidney phantom.
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Figure 8:

Photograph showing the final assembled training model.
[A] External appearance and dimensions of the model.
[B] Contents inside the case, which participants/trainees are blinded to.

[C] Setup of the entire model during simulation.

Operator proficiency: It is worth highlighting that segmentation, computer-assisted design,
and 3D printing of these models were executed by clinicians with no formal information

technology (IT) training.

Model costs: The estimated total material cost for constructing each FiST model was USD
60. The total design time for a pair of kidneys and bladder was estimated to be
approximately 8 hours. The total printing times for the kidneys and bladder were 8 hours

and 11 hours, respectively.
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Model testing

After development, the FiST model was validated by 40 participants with experience in
performing the RIRS. The validation study was approved by the Frere and Cecilia

Makiwane Hospitals Research Ethics Committee - FCMHREC/A0175/2023 (Appendix 2).

Prior to the validation, the model was set up in a training room. Human stones were
introduced into different calyces through small openings created at the terminus of each
calyx. Once the stone was in position, specially designed plugs capped the opening. The
plastic case was filled with saline solution. The lid of the case was then closed, and all

participants were blinded (Figure 8).

Validation began with the participants inserting the Flex-X2 flexible ureterorenoscope
(Karl Storz, Tuttlingen, Germany) into the bladder. The ureteric orifices were also
identified (Figure 9A). The right orifice was cannulated (Figure 9B) with a 0.035”
hydrophilic nitinol Supremo® guidewire (Allwin Medical Devices, United States), after
which the ureterorenoscope was removed. A 12/14F Retrace® ureteral access
sheath (Coloplast, Denmark) was inserted over the guidewire (Figure 9C). The introducer
of the access sheath was removed, and the ureterorenoscope was reintroduced into the
renal pelvis (Figure 9D). Participants were first asked to perform a renoscopy to identify
all calyces on the right numbered 1 to 8 (Figure 9E), navigating between the upper, middle,
and lower calyces as well as the anterior and posterior calyces and locating the stone.
A Dormia® 1.5 Fr Nitinol stone basket (Coloplast, Denmark) was used to relocate stones
to the upper pole. The stone was then fragmented or dusted at the participant's discretion
using an 80 W Potent® Holmium laser equipped with a 200 pm reusable Holmium laser

fiber (Figure 9F and 9G). A Dormia® 1.5 Fr Nitinol stone basket (Coloplast, Denmark) was
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used again at the participant's discretion for stone fragment extraction (Figure 9H). This

procedure was repeated on the right side.

After completion of the RIRS, each participant was asked to rate the various components
of the simulation by completing a nine-point questionnaire. The various categories
assessed were each scored out of a possible ten points with zero being ‘no value’ to ten

being ‘greatest value’ score (Appendix 3).
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Figure 9

Image showing the step-by-step validation procedure performed by the registrar. A

complete video is available as an addendum for this manuscript.

[A]

Cystoscopic view showing ureteric orifices.

The right ureteric orifice is seen cannulated with a hydrophilic guidewire.

12 /14F ureteral access sheath in position.

View of the calyces seen on entering the renal pelvis.

Calyx number 3 is seen during the renoscopy.

Holmium laser fibre in position and ready for laser lithotripsy.

Endoscopic view once dusting of stone is complete.

Endoscopic view of a registrar attempting to extract a stone fragment using a stone

basket.
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Results

Forty participants were enrolled in the study. The distribution of participants included 15
consultants and 25 registrars in their final training year. All participants successfully
completed all the RIRS steps. The FiST value in understanding the principals of RIRS had
a mean score of 9.43 (standard deviation [SD] 0.74), whereas its value in simulating
contextual anatomy had a mean score of 9.21 (SD 1.03). Mean scores for specific steps in
RIRS were 8.07 (SD 1.47) for cannulating the ureteric orifice, 8.61 (SD 1.24) for inserting
the ureteric access sheath, 9.29 (SD 0.97) for performing a renoscopy and evaluating all
the calyces, 9.46 (SD 0.87) for performing laser lithotripsy, and 9.17 (SD 0.94) for
performing manual stone retrieval using a stone basket. Overall, participants scored the
FiST model with a mean score 0f 9.04 (SD 0.87) regarding realism and a mean score 0f9.18

(SD 0.89) when evaluating its ability to enhance a trainee’s confidence in performing RIRS.

Discussion

The surgical learning curve represents the time taken and/or the number of procedures
that an average surgeon needs before being able to perform a procedure independently
and competently.®* The learning curve includes three phases: starting point, an upward
slope as skill increases, and the plateau.84 Inexperienced surgeons operating at the early
stages of their learning curve compromise patient outcomes because of the higher rate of
complications and less effectiveness. Outcomes improve once technical competence has
been achieved, which is represented by the steady plateau stage where the performance
level has peaked and there appears to be no further improvement.84 Evidence suggests a
significant learning curve in RIRS. Numerous studies have identified a case load of 50-60

cases required to reach a plateau in terms of operative outcomes in RIRS.85-87 [n addition,
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50-100 cases are needed to reduce severe operative complications.8>88 These caseloads
may not be realistically achievable outside dedicated endourology fellowships during
urology training. Systematic reviews have outlined the benefits of simulation-based
training for shortening surgical learning.8%°0 The integration of simulation-based learning

within urology training programs could overcome the surgical caseload limitations.

Our study showed that this novel 3D-printed intrarenal surgery trainer performed well in
the technical aspects of RIRS and has a number of advantages. First, the total cost of the
model was only 60 USD. While we did not aim to review all available RIRS simulation
models, it is worth noting that the prices of other validated, commercially available
models, including the URO Mentor™ VR simulator, Uro-Scopic Trainer™ (Limbs & Things
Ltd., Bristol, UK), and Scope Trainer™ (Mediskills Ltd, Edinburgh, UK), range between USD
3,700 and USD 60,000.°1 We do, however, acknowledge that the 60 USD is the direct costs
involved in the production of this model. Indirect costs were not determined. Secondly,
this bench-top model allows high fidelity of the simulation incorporating all aspects of
RIRS starting from cystoscopy and cannulation of ureteric orifice with a guidewire,
inserting a UAS, ureterorenoscopy, stone manipulation and relocation, laser lithotripsy
and stone/fragment retrieval and not just certain components of the procedure. This is in
contrast to the K-Box™ (Porgés-Coloplast, France) and Cook URS™ (Cook Medical, USA)
simulators, which only aim to improve the trainee's movements during flexible
ureteroscopy. Third, our trainer was portable, durable, and reusable. A single model was
used in more than 40 cases without any apparent defects in the model from repetitive use
or heat transfer from the laser fiber, which compromised its continued use. Finally, it is

compatible with the standard ureteroscopes and instrumentation. This makes it an ideal
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model for training courses and workshops, to upskill surgeons to reduce the caseload

needed to achieve surgical competency.

Orecchia et al. also used 3D printing to create a trainer for high-fidelity simulation of
RIRS.?2 There were important differences from our model. Their unvalidated model only
had calyceal systems of six different kidneys 3D-printed. The models were then fitted to a
commercially available Cook part-task trainer. Although their total expenditure was
estimated to be USD 220-430, their costs did not include the part-task trainer. During the
testing phase, human stones were not used for laser lithotripsy. Training stones were
produced using suspensions of water and chalk in fixed proportions to produce soft and
hard stones that best replicated real-life conditions. An advantage of their model was the

use of radiotransparent polymers which would allow for the use of fluoroscopy.?2

We acknowledge some limitations of our study. As with any benchtop model, there was
less realistic tissue haptics than one would expect in biological and virtual reality models.
One of the challenges in RIRS is the potential for movement of the stone within the
operative field during laser lithotripsy, as the kidney moves cranially and caudally due to
diaphragmatic and chest respiratory excursions in a ventilated patient. We attempted to
replicate this by allowing the printed kidney to float in the submerged medium. Second,
we did not use radiotransparent polymers for the upper urinary tract; therefore,
fluoroscopy could not be performed. Several studies have, however, shown that RIRS can
be performed safely and effectively without the use of fluoroscopy.?394 Furthermore, a
recent systematic review and meta-analysis revealed that routine use of fluoroscopy does
not influence the outcomes of RIRS.%5 Thirdly, for this validation study, our model only

included one set of kidneys, which may not account for the different anatomical

-34 -



complexities we expect between patients. We envisage the comprehensive training set to
consist of different pairs of kidneys to account for variations among patients (Figure 6D).
Although the inclusion of these other models will enhance confidence in RIRS, we
recognise that the surgeon is expected to face a wider range of scenarios in real-world
clinical settings, beyond what our model offers. Additionally, our model has not been able
to effectively reproduce complications of RIRS, such as bleeding and perforation, nor has
it successfully simulated the occurrence of an unforeseen tumour or foreign body. Despite
these inherent limitations, as is with any training model, the FiST model will enhance the
confidence of urology to help deal with inadvertent complications or challenging clinical
scenarios. Furthermore, future improvements of this model could involve using more
flexible materials, such as silicone, through techniques like casting or hybrid 3D printing.
These would allow for more accurate anatomical replication and potentially enable more

realistic training.

Conclusions

The FiST model performed well for all the components of the RIRS. This benchtop model
allows high fidelity of the simulation, is cost-effective and completely portable, durable,
and reusable, and is compatible with standard ureteroscopes and instrumentation. We are
confident that this 3D-printed RIRS model will be a valuable learning asset for urological

trainees to use as an adjunct to operative training for RIRS.

Ethical approval
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Chapter 3: The porcine model for urological
research and training: an endoscopic and CT-

based study

Overview

The porcine model has frequently been utilised by researchers and urological surgeons for
medical advancements. The model has demonstrated its efficacy in understanding
physiological and pathological processes, conducting preclinical trials, and facilitating
robotic, laparoscopic, and endourological training. Despite the multiple advantages of this
model, the specific anatomical knowledge that qualifies it as the optimal model in urology
remains inadequately defined. In this chapter, we present the first reported study that
precisely delineates pertinent endoscopic and CT-based urological anatomy of female
Landrace pigs. The insights acquired from this research were essential for proceeding with
the two studies described in Chapters 4 and 5. Furthermore, this unprecedented research
will help other researchers use the porcine model to conduct research in endourology with

confidence.
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Abstract

Objective:
To describe the relevant urinary anatomy of female Landrace pigs based on endoscopy

and computed tomography (CT) scans.

Materials and Methods:

Four white Landrace female pigs were used for the study: two for CT imaging and two for
endoscopic assessment. CT-urograms were performed using a 64-channel tomography
machine with 0.625 mm thick slices. For the endoscopic procedure, the intravaginal
urethral meatus was cannulated using a cystoscope, followed by complete
urethrocystoscopy. The ureteric orifices were then cannulated and a retrograde

pyelogram was performed, followed by ureterorenoscopy.

Results:

CT and endoscopic findings showed two multirenculate multipapillate kidneys, each
receiving blood supply from a single renal artery that is further divided into cranial and
caudal branches. The delayed phase of the urogram showed distal ureters passing
posterior to the bladder and emptying into the bladder at the base. Urethroscopy revealed
an intravaginal urethral meatus ventral to the anus, positioned midway between the
mucocutaneous junction of the vulva and the cervix. Endoscopic view of the bladder neck
showing patulous ureteric orifices at the bladder neck with no distinct interureteric ridge

or trigone. Retrograde pyelogram showed a Group B drainage pattern in both pigs.
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Conclusion:
While there are numerous similarities between the urinary systems of humans and pigs,
there are important subtle differences that urologists and researchers need to be mindful

of before using the porcine model for urological research and training.
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Introduction

For centuries, humans have employed animal models to progress biomedical science, to
understand pathological and biological processes, and to develop and test drugs, vaccines,
and surgical techniques.?® Research on cows helped create the world’s first vaccine to
eradicate smallpox?7; in the 1940s and the 1950s, several monkeys died to develop the
polio vaccine.?8 Professor Christian Barnard, who pioneered the first human heart
transplant, initially gained expertise in orthotopic heart transplantation in canines.?® The
use of pigs in scientific studies, particularly as preclinical models, has experienced a
significant surge since the early 1980s. Pigs exhibit a high degree of biological similarity
to humans when considering their anatomical and physiological characteristics.?® The
porcine genome is also three times closer than the mouse genome to that of the human.100
Furthermore, there is a wealth of information available about their unique behavioral and
husbandry considerations and reproductive management.'”! They are also an
economically viable and freely available model due to the widespread commercial
breeding for the meat industry.!% In the field of urology, Sampaio and his colleagues from
Brazil were the pioneers in proposing that the porcine model is the most accurate
representation of the human kidney.103 This paper describes the relevant urinary anatomy
of female Landrace pigs based on endoscopy and computed tomography (CT) scans. It also

examines the parallels and differences between the urinary anatomy of pigs and humans.

Materials and Methods

The local Animal Ethics Committee approved this study (020_011). Veterinary and

paraveterinary specialists were employed to guarantee the well-being and clinical care of
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the animals. Four white Landrace female pigs (weight 50-60 kg) were used in this study.
Two were utilized for CT imaging, while an additional two were employed for endoscopic
evaluation. The animals were brought to the research facility and boarded for seven days
to allow a sufficient acclimatization period. The pigs were provided with a regular diet for

up to 12 hours before the study, but access to water was not restricted at any point.

Anaesthetic protocol

Identical anesthetic methods were used for both the CT scans and endoscopic procedures.
Prior to the procedure, the pigs were administered a diazepam patch for pre-medication.
They were then induced with a mixture of Zoletil (3 mg/kg IM), Medetomidine (0.06
mg/kg IM), and Butorphanol (0.15 mg/kg IM) then intubated, ventilated with anesthesia
being maintained using isoflurane (1.5-3% in oxygen). The animals were initially hydrated
with a saline bolus of 90 mL/kg, given over 5 minutes. Hydration was then maintained

during the surgery by administering saline (10 mL/kg/h) through an ear vein.

Computed tomography (CT) assessment

CT-urograms were performed using a 64-channel tomography machine with 0.625 mm
thick slices. The dual-phase study included an initial 50 mL bolus of intravenous non-ionic
iodinated contrast. After ten minutes, a portal venous phase enhancement study was
performed using 100 mL of contrast medium to optimally evaluate the arterial and venous
structures. This was followed by a delayed study performed after ten minutes for optimal
evaluation of the ureters and bladder.

The following parameters were measured:

(@) Renal length: the distance measured along the long-axis of the kidney, i.e. the

greatest distance between the cranial and caudal edges.
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(b)  Cranial and caudal pole width: from an axis, perpendicular to the length, drawn at
the broadest segment of the cranial and caudal renal poles.

(©) Kidney and bladder volumes: measured using the region of interest (ROI) tool.

(d)  Ureteral length: the sum of the length of the abdominal ureter (ureteropelvic

junction to pelvic brim) and pelvic ureter (pelvic brim to ureterovesical junction).

Endoscopic assessment

The pigs were positioned in the dorsal lithotomy position. A single-use cystoscope (9F,
WiScope®, OTU Medical) was introduced into the vagina to locate the urethral meatus.
The cystoscope was then advanced into the bladder, and following a thorough
examination, the ureteral openings were located and cannulated using conventional
guidewires (0.035 inch) with the assistance of fluoroscopy. The guidewire was exchanged
for an open-ended ureteric catheter (6F) through which contrast was administered to
completely opacify the ureter and renal collecting system (retrograde pyelogram) to
determine the calyceal configuration according to the Sampaio classification. The open-
ended ureteric catheter was exchanged for a standard guidewire, over which a single-use
ureteroscope (7.4 Fr, WiScope®, OTU Medical) was advanced to facilitate a complete
renoscopy and ureteroscopy. The procedure was then repeated on the opposite side. After
completing the assessment and determining that the pig model was suitable for urological
research, the researchers proceeded to use the same animals to pilot a novel drug eluting

guidewire to enhance the endoscopic management of renal stones.”+7>

Statistical analysis
The Statistical Package for the Social Sciences (SPSS) Version 28 was utilised for all

analyses, with a significance level of p < 0.05. The data is presented as the mean and
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standard deviation. Means, standard deviations, and coefficients of variation were
computed for each variable. The left and right kidney parameters were analysed by

conducting independent sample t-tests and Mann-Whitney U tests.
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Results

Computed tomography (CT) and endoscopy (including retrograde pyelography) showed
two multirenculate multipapillate kidneys, each receiving blood supply from a single renal
artery that divides into cranial and caudal branches. In the right kidney of pig 1, there was

an incidental finding of a large (2 x 2.5 cm) parapelvic cyst (Figure 10).

Right Left
ureter ureter

Parapelvic
cyst

Urinary
bladder

Figure 10
CT urogram and retrograde pyelogram images of the upper urinary tract showing two
multirenculate, multipapillate kidneys and their corresponding ureters [A-E]. Endoscopic

view of the renal pelvis from the ureteropelvic junction [F] and renal calyces [G].

CT measurements for the kidneys, ureters, and bladders of both pigs are summarized in

Table 1.
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Table 1

CT measurements for the kidneys, ureters, and bladders of both pigs in the study

. . o p value p value
KIDNEYS Pig1 Pig 2 Mean SD CV % (mean) (median)
Right renal length (cm) 10.87 10.50 10.69 10.69 2.45
0.534 0.655
Left renal length (cm) 10.79 12.00 11.40 11.40 7.51
Right renal cranial pole width (cm) 493 5.04 4.99 4.99 1.56
0.661 0.655
Left renal cranial pole width (cm) 5.21 3.96 4.59 4.59 19.28
Right renal caudal pole width (cm) 5.67 491 5.29 5.29 10.16
0.289 0.180
Left renal caudal pole width (cm) 5.45 4.27 4.86 4.86 17.17
Right kidney volume (cc) 164.00 150.00 157.00 157.00 6.31
0.033 0.180
Left kidney volume (cc) 155.00 140.00 147.50 147.50 7.19
. . c p value p value
URETERS Pig 1 Pig 2 Mean SD CV % (mean) (median)
Right total ureteral length (cm) 24.00 25.30 24.65 24.65 3.73
0.042* 0.180
Left total ureteral length (cm) 29.00 31.00 30.00 30.00 4.71
Right abdominal ureteral length (cm) 14.00 17.00 15.50 15.50 13.69
0.258 0.180
Left abdominal ureteral length (cm) 19.00 19.00 19.00 19.00 0.00
Right pelvic ureteral length (cm) 10.00 8.30 9.15 9.15 13.14
0.500 0.317
Left pelvic ureteral length (cm) 10.00 12.00 11.00 11.00 12.86
BLADDERS Pig1 Pig 2 Mean Median SD CV%
Bladder volume (cc) 700 365 532.50 236.88 532.50 44.48

The length of the kidneys ranged from 10.50 to 10.87 cm on the right side, with a mean of
10.69 cm, and from 10.79 to 12.00 cm on the left side, with a mean of 11.40 cm. There was
no significant difference in length between the two sides (p = 0.534). The width of the
cranial renal pole ranged from 4.93 to 5.04 cm, with a mean of 4.99 cm on the right, and
from 3.96 to 5.21 cm, with a mean of 4.59 cm on the left. There was no significant
difference in width between the two sides (p = 0.661). The width of the caudal renal pole
ranged from 4.91 to 5.67 cm, with a mean of 5.29 cm on the right side, and from 4.27 to
5.45 cm, with a mean of 4.86 cm on the left side. There was no significant difference in

width between the two sides (p = 0.289). The right renal volume ranged from 150 to 164
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cm3, with an average of 157 cm3, while the left renal volume ranged from 140 to 155 cm3,
with an average of 147.5 cm3. The volume of the kidney on the right side was significantly

higher (p =0.033).

Both pigs exhibited a Group B pattern of drainage of the pelvi-calyceal system as revealed
by the retrograde pyelogram. The overall length of the ureter ranged from 24 to 25.3 cm
on the right side, with a mean of 24.65 cm, and from 29 to 31 cm on the left side, with a
mean of 30 cm. The overall length of the ureter was notably greater on the left side (p =
0.042). The length of the abdominal ureter ranged from 14 to 17 cm on the right side, with
a mean of 15.5 cm, and was 19 cm on the left side. There was no significant difference in
length between the two sides (p = 0.258). The length of the pelvic ureter ranged from 8.3
to 10 cm on the right side, with a mean of 9.15 cm, and from 10 to 12 cm on the left side,
with a mean of 11 cm. There was no significant difference in length between the two sides
(p=0.5).

In the delayed CT phase, the distal ureters passed posteriorly to the bladder and were
emptied into the base of the bladder. Urethroscopy and cystoscopy revealed two patulous
ureteric orifices at the bladder neck, 1-3 cm apart in both pigs (Figure 11). No bladder
trigones were observed. The estimated bladder volumes were 700 and 365 cc in pigs 1 and

2, respectively (Figure 11).
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ureters

Distal ureters

Urinary
bladder

Figure 11

Delayed phase of CT urogram showing distal ureters (A-C) passing posterior to the bladder
and emptying into the bladder (D and E) at its base. Endoscopic view of the bladder neck
showing patulous ureteric orifices at the bladder neck (and no interureteric ridge) [F and

G] which allowed easy passage of a 6F ureteric catheter [H].
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The urethral orifice was identified intravaginally (Figure 12).
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Figure 12

Graphical representation showing the genitourinary anatomy in the female [A] and male
[B] porcine model and notably the position of the urethral orifice. Vaginoscopy showing
both the urethral opening with [C] and without [D] a 6F ureteric catheter, and the cervical

opening.
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Discussion

The porcine model has often been used by researchers and urological surgeons for
advances in medicine. The model has proven ideal for understanding physiological and
pathological processes,’> preclinical trials!® and robotic, laparoscopic, and
endourological training.10> Although the porcine model presents numerous benefits,
precise anatomical knowledge that establishes it as the ideal model in urology remains
limited. This study is the first to describe the relevant endoscopic and CT-based urological

anatomy of female Landrace pigs.

In our study, the mean renal length measured from pole to pole was 10.70 cm on the right
side and 11.40 cm on the left side. The measurements fall within the range of what we
would expect in a human kidney.106107 The plausible hypotheses to account for the
discrepancy in size between the two sides is similar to the explanation in humans: the
presence of the liver on the right, which prevents the spatial expansion of the right kidney
and there is increased blood flow to the left kidney due to a shorter left renal artery.108
Gomez et al. and Arenas et al. reported mean renal lengths in pigs of 12 cm.!?!1° However,
the lengths were determined by surgically dissecting the kidneys of various breeds that
weighed much more than the pigs used in this study. In humans, the absolute renal length
is considered smaller in women.11! The mean renal lengths in our two female pigs were

longer than those measured on CT, by other authors in male pigs.112

Talhar et al. examined the CT scans of 140 anatomically normal kidneys of 70 individuals
and reported the mean renal volume to be 94.18 cm3 and 98.06 cm3 on the right and left,
respectively.113 The mean renal volumes in our study (157 cm3 on the right, 147 cm3 on

the left kidney) were much larger. Furthermore, the mean renal volumes in our female
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pigs were also greater than those measured on CT in male pigs (113.70 cm3 on the right,
109.70 cm3 on the left).112 Surprisingly, despite the mean renal length of the left kidney
being longer in our study, the mean renal volume of the right was higher. These differences
are likely due to variations in the size of animals and inter-observer variability while
measuring parameters. The presence of a large parapelvic cyst (2 x 2.5 cm) in the right

kidney of one of our pigs could possibly also have likely influenced the measurements.

Researchers who analysed 3-dimensional endocasts of the kidneys, noted that each of the
pigs had a single artery per kidney. In 93.4% of cases, this artery was divided into cranial
and caudal branches, while in 6.6% of cases, it was divided into dorsal and ventral
branches.114 In contrast, humans exhibit multiple renal arteries in almost a third of cases
(27-30%).11> Prior to entering the renal hilum, the human renal artery undergoes a
longitudinal division, resulting in an anterior and posterior division. Each division then
divides into segmental arteries. On the other hand, Evan et al. demonstrated that the
primary renal artery in pigs divides into two consistent patterns.11¢ In the predominant
pattern (I), the renal artery in pigs bifurcates into two polar arteries, namely upper and
lower, which further divide into anterior and posterior segmental arteries. This
anatomically separates the blood flow to the kidney into two separate areas that align with
the top and lower sections of the kidney, namely in a transverse direction. In our
investigation, we discovered a pattern where additional arteries originating from the
lower polar artery also supplied the upper pole.11¢ Clinically, the difference in this pattern
between human and pig kidneys is important, as the avascular plane in porcine kidneys is

transverse, whereas in human kidneys it is longitudinal.
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The kidneys of our pigs exhibited a genuine multirenculate, multipapillate structure, like
the calyceal structure found in humans. In their landmark work, Sampaio and
Aragao'!’ studied a porcine collecting system by injecting polyester resin into the ureter
to completely fill the collecting system. The casts of the collecting system were utilised to
classify the pig pelvicalyceal system into two distinct groupings. Group A exhibited two
prominent calyceal groups within the pelvicalyceal system, with the draining of the mid-
zone relying on either cranial or caudal calyceal drainage. In group B, the mid-zone
drainage was independent on the cranial or caudal calyceal drainage. Sampaio and Aragao
discovered that 40% of pig kidneys displayed Group A drainage and 60% displayed Group
B drainage, while 62% of human kidneys exhibited Group A drainage and 38% exhibited
Group B drainage, according to this classification. In our study, it was difficult to assess
this in the delayed CT phase. However, retrograde pyelogram images suggested a Group B
drainage pattern in both pigs (Figure 10 C-D). Furthermore, we noted a perpendicular
minor calyx that directly drains into the renal pelvis. This particular pattern is found in

18% of pig kidneys, but it is only present in 11.4% of human kidneys.!!”

The ureteric orifices drained into the bladder at the bladder neck with a distance of
roughly 1-3 cm between them. While some authors have described the ureteric orifices as
tight,118 we found them to be patulous, enabling smooth insertion of the 7.4 F ureteroscope
into the renal pelvis. Endoscopically, we found that there was no bladder trigone, and this
isin agreement with reports from other researchers.11° The absence of the ureteric orifices
at the trigone and, consequently, the interureteric ridge and Bell’s muscle would explain
this. The anatomical capacity of the bladder gradually rises with age, to a mean between
400 and 600 mL in adulthood.!2? Although our two female pigs had a comparable mean

volume of 533 mlL, there was a wide range, that is, 700 and 365 mL in pigs 1 and 2,
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respectively, probably because of the varying degrees of bladder fullness one would
expect. The porcine bladder is an intraperitoneal organ with the entire surface being
covered with peritoneum, as opposed to the extraperitoneal/subperitoneal position in
humans.1?! Furthermore, the bladder wall is thinner, and care should be taken during
urological procedures.1?2 Endoscopically and radiologically, it was difficult to confirm

these findings.

The human female urethra perforates the urogenital diaphragm, and its external orifice is
located right in front of the vaginal opening, making urethral catheterization
straightforward. Our examination revealed that the urethral orifice in the female pig was
located intravaginally, ventral to the anus, and distally positioned midway between the
mucocutaneous junction of the vulva and the cervix (Figure 12). Vaginoscopy was
therefore needed to identify the urethral opening and gain access to the urinary tract. In
contrast, the male pig has along, fibroelastic penis with an ‘S’-shaped sigmoid flexure
ventral to the pubic bone. The tip of the penis is spiral-shaped like a corkscrew, and there
is a pouch-like structure called the prepeutial diverticulum on the underside of the
abdomen. These anatomical features make the retrograde passage of catheters or

endoscopic tools technically very challenging.122

As a limitation of this study, we acknowledge that only one pig breed was used, only
females, and only four animals in total. This limits the wide extrapolation of these findings.
Secondly, a physiological validation of this animal model was not conducted. Nevertheless,
our study showed that using a porcine model is adequate for endourological research and
training. While there are numerous similarities between the urinary systems of humans

and pigs, comparative anatomical descriptions highlight the small but subtle differences
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that urologists and researchers need to be mindful of. The authors of this study were able
to use the knowledge gained from this research to conduct meaningful studies in the field

of endourology to advance the surgical management of patients with kidney stones.”475
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Chapter 4: Introducing an isoprenaline eluting
guidewire - report on its design and the results of

the dose-determining pilot study

Overview

To alleviate the challenges associated with increased IRP, surgeons may utilize diverse
approaches to regulate IRP. Pharmacologic therapies in the perioperative period to
mitigate IRP have been documented, although none of these strategies have been
integrated into clinical practice. This chapter delineates the design of an innovative
isoprenaline-eluting guidewire (IsoWire), a platform guidewire intended for the
administration of topical isoprenaline, a beta-receptor agonist, to the genitourinary
system. In this chapter, we discuss the findings of the initial in vitro release tests and the
first animal trials. This is the first study to report the delivery of isoprenaline using a drug-

eluting guidewire.
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Abstract

Objective:
We aim to describe the design of a novel isoprenaline-eluting guidewire (“IsoWire”) and
present the results from the first in vitro release studies and the first animal studies

showing its effect on IRP.

Materials and Methods:

The IsoWire comprises a Nitinol core surrounded by a stainless-steel wire wound into a
tight coil. The grooves created by this coil provided a reservoir for adding a hydrogel
coating into which isoprenaline, a beta-agonist, was loaded. Animal studies were
performed using a porcine model. For the control, IRP, heart rate (HR), and mean arterial
pressure (MAP) were measured continuously for 6 minutes with a standard guidewire in
place. For the experiment, the standard hydrophilic guidewire was removed, the [soWire

was inserted into the renal pelvis, and the same parameters were measured.

Results:

In vitro analysis of the isoprenaline release profile showed that most (63.9-5.9%) of the
loaded drug mass was released in the 1st minute, and almost all of the drug was released
in the first 4 minutes exponentially. Porcine studies showed a 25.1% reduction in IRP in
the IsoWire that released 10 pg in the 1st minute; however, there was a marked increase
in HR. The average percentage reduction in IRP was 8.95% and 21.3% in the IsoWire that

released 5 and 7.5 pg of isoprenaline, respectively, with no changes in HR or MAP.
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Conclusion:

The IsoWire, which releases 5 and 7.5 pg of isoprenaline in the 1st minute, appears to be
safe and effective in reducing the IRP. Further studies are needed to establish whether the
isoprenaline-induced ureteral relaxation will render easier insertion of a ureteral access
sheath, reduce IRP during sheathless RIRS, or even promote the practice of sheathless

RIRS.
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Introduction

Urolithiasis is considered the third most common disease in urology>” and changes in
lifestyle, diet, comorbidities, climate, and the increased use of abdominal imaging have
contributed to its increased prevalence.’®*® The pendulum has shifted from open
procedures to more minimally invasive techniques such as RIRS. A flexible
ureterorenoscope is inserted into the kidney to visualize the stone. If the stone is small, it
may be snared and removed with a stone-extracting device. In cases where the stone is
large or the diameter of the ureter is narrow, the stone can be fragmented or dusted with

laser lithotripsy.

Numerous technological advancements in endoscopy have contributed to the growing
popularity of RIRS, which is reflected in the recent guidelines of prominent urological
societies, including the European Association of Urology (EAU) and American Urology

Association (AUA), both of which have expanded the role of RIRS.#78

However, RIRS is associated with complications, many of which are related to IRP. Normal
physiological IRP in an unobstructed kidney ranges from 0 to 15 mmHg (0-20 cmH20).6
During RIRS, dangerous IRPs are often encountered, resulting in complications that lead
to pyelorenal reflux resulting in the retrograde translocation of uropathogenic bacteria
and endotoxins from the urinary system into the bloodstream predisposing to
urosepsis.'®!? Although mortality after ureteroscopy is rare, a recent multi-institutional
case series of six post-ureteroscopy mortalities revealed that four patients died due to
urosepsis.2! While the patient’s age, comorbidities, stone size, positive pre-operative urine
culture, and the presence of an indwelling stent contribute to the incidence of urosepsis in

RIRS,20 elevated IRP seems to be as important a risk factor.20.123 Forniceal rupture is
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another complication of elevated IRP in RIRS. As the pressure rises within the collecting
system the collecting system ruptures at the renal fornix causing intraoperative bleeding
and subsequently, poor vision for the surgeon.24 Postoperative pain, acute kidney injury,
and fluid overload are other complications of increased IRP that have been reported. '3
To mitigate these complications, surgeons can employ various techniques to control IRP.
Perioperative pharmacological interventions using intravenous or endoluminal
isoprenaline, a 3-receptor agonist, and intravenous parecoxib, a selective cyclooxygenase-
2 (COX-2) inhibitor, have been shown to reduce IRP.26:104124125 However, despite

promising results, neither intervention has formed part of clinical practice.

This paper describes in detail the design of a novel isoprenaline-eluting guidewire
(“IsoWire”) and presents the results of the first in vitro release studies and the first animal
studies showing its effect on IRP. Confirmation of coating lubricity, adherence, and

durability and guidewire performance of the [soWire is also presented.

Materials and Methods

Guidewire design (Figure 13A)

The IsoWire is composed of a central core made of nitinol. This renders the guidewire
super-elastic, offers good flexibility, stability, and torque while navigating the
genitourinary system, and is kink-resistant. The body of the wire surrounding the core
consists of a high-quality stainless-steel wire wound into a tight coil around the core. The
distal tip is a conically grounded core wire that tapers distally with an atraumatic ball at

the end. The wires are coated with polytetrafluoroethylene (PTFE) polymer to decrease
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the coefficient of friction and increase the lubricity. Distally, the hydrophilic coating

reduces the friction during deployment and allows easier steering.

central nitinol
core

atraumatic
distal wire tip stainless steel coil

distal hydrophilic coating proximal portion
with PTFE coating
Non-cpated Hydrogel-coated, isoprenaline loaded
[ [
1111 -
L s 15.5 cm ® 40 cm = J

Guidewire

Open-ended
ureteric catheter

Hydrogel-coated,
No isoprenaline loaded

Figure 13

Schematic representation of the structure of the IsoWire (A) and the hydrogel coating with

(B) and without isoprenaline (C). PTFE = polytetrafluoroethylene.

Hydrogel-drug coating synthesis
As mentioned earlier, the stainless-steel wire is wound into a tight coil around the core.
The grooves created by the coil provided areservoir for the hydrogel. The hydrogel coating

on the base wire was produced in a series of steps.

Pre-treatment of the guidewire: The distal 55.5 cm length of the guidewire was pre-treated
by wiping it with ethanol and immersing it in hexane for two minutes (min).
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Preparation of the first hydrogel coating: The polyvinylpyrrolidone (PVP) hydrogel coating
was produced on a 40 cm length of guidewire (Figure 13B) using a method described by
Butruk et al.12¢6 This length of guidewire, which would be in direct contact with the
urothelium, was immersed in a solution of 4% cumene hydroperoxide and 5% ethylene
glycol dimethylacrylate in hexane for 10 seconds and then left to dry at room temperature
for 2 min to allow the solvent to evaporate. It was then immersed in a solution of 3%
polyvinylpyrrolidone (average molecular weight 360 kDa), 0.05% iron (II) chloride, and
0.1% ascorbic acid in a solvent mixture of water and propylene carbonate at a volume ratio
0f 90:10 for 15 min. The coated product was washed in deionized water for 10 min with

agitation and dried at 45°C for 30 min.

Drug loading: The hydrogel-coated guidewires were immersed in an aqueous isoprenaline
solution for 60 min at room temperature to load isoprenaline. They were then left to dry
overnight at room temperature. Based on the previously determined release profile, the
isoprenaline concentration in the solution was selected to obtain the desired amount of
drug released in the first minute. Guidewires with hydrogel coatings that released 5.0, 7.5
and 10.0 pg of isoprenaline in the first minute were used for animal studies. Only a 40 cm
length of guidewire in direct contact with the ureteric mucosa was loaded with

isoprenaline.

Determining the release profile of isoprenaline: Ultraviolet-visible spectroscopy was used
to determine the release profile of isoprenaline from the hydrogel coating. Fragments of
guidewire with a length of 10 cm and hydrogel coating loaded with different amounts of

drug were placed in 10 mL of artificial urine at 37°C (98.6°F), which was transferred to a
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fresh portion of artificial urine every minute for a total of 10 min. The artificial urine
composition proposed by Kénigsberger et al.127 was used, and the pH of this solution was
adjusted to 5.5. The concentration of released isoprenaline was then determined by
measuring the light absorbance at a wavelength of 291 nm using a SPECTROstar Nano
instrument (BMG Labtech, Germany) in 10 x 10 mm optical path quartz glass cuvettes
(Hellma Analytics, Germany). The release profile of isoprenaline was determined for
samples loaded with the drug from aqueous solutions of isoprenaline at concentrations of
(m:v) 1, 2.5, 4, and 5%. Measurements were performed on three independent guidewire

samples for each amount of drug loaded (n = 3).

Visualization of the guidewire surface: The guidewire surface was visualized before and
after the synthesis of the hydrogel coating, after loading the coating with isoprenaline, and
after drug release using stereoscopic microscopy (Leica M125C; Leica Microsystems,

Germany) and scanning electron microscopy (SEM).

Before SEM observations, samples were cut into 1 cm pieces and fixed to microscope stubs
with conductive carbon adhesive tape (Agar Scientific). Next, the samples were coated
with a 6 nm layer of gold-palladium (Quorum Q150 TS, Quorum Technologies Ltd).
Subsequently, the samples were examined using a Hitachi SU8230 ultrahigh-resolution
scanning electron microscope (Hitachi High-Technologies Corporation) with secondary
electron detectors at an accelerating voltage (10 pA). The samples were imaged at a

magnification of 80X.

Determining the friction coefficients of the guidewire: The friction coefficients between the

guidewire and porcine ureter were measured using a tribometer developed for this
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purpose and described elsewhere.128 Briefly, a 20 cm long sample of guidewire was placed
between two polymer elements to which the porcine ureter was glued. The device
chamber was filled with artificial urine, and measurements were performed at room
temperature. Before starting the measurements, each sample was immersed in deionized
water for 10s. The product was set to move in a parallel plane at a constant speed of 1
cm/s. The force of friction between the sample and the animal tissue was registered using
a force meter KM202 K 3N (Megatron, Munich, Germany) and acquired in a PC using an
A/D converter DAQPad-6015 (National Instruments, Austin, USA). The signal from the
force meter was collected using an application made in the LabView 8 (National
Instruments, Austin, USA) environment for 3s before and 7s after the start of product
movement. The friction coefficient was calculated as the ratio of the measured friction
force to the normal force (which is the difference between the force of gravity of the
pressing element and buoyancy force). The maximum friction force measured at the
beginning of product movement was used to determine the static friction coefficient. The
dynamic friction coefficient was determined using the mean value of the friction force after
the peak at the beginning of motion. Three samples of each product were used to
determine the coefficient of friction (n = 3). The normality of the distribution of static and
dynamic friction coefficient measurement results was tested using the
Kolmogorov-Smirnov test (p < 0.05). The difference between the mean values of
measured parameters was tested in one-way ANOVA (p < 0.05) with post hoc Tukey’s test
for multiple comparisons. Statistical analysis was performed using OriginPro 8 software

(OriginLab Corporation, Northampton, USA).
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IsoWire assembly

This coated isoprenaline-loaded guidewire was inserted into the 5F open-ended ureteral
catheter. A 2 cm length of the atraumatic “floppy tip” was left protruding from the open-
ended ureteral catheter. The distal 10 cm, which includes the “floppy tip,” and the junction
of the open-ended catheter and guidewire was also covered with hydrogel (Figure 13C).
This prevents the inadvertent release of isoprenaline and reduces friction, allowing easier

cannulation of the ureteric orifice and seamless steering into the pelvicalyceal system.

Animal studies

Animal model

Porcine studies were approved by the local animal ethics committee (AEC 020_011). Three
female pigs (white, Landrace breed, weight of 50-60 kg) were transported to the study
facility and housed for seven days to allow an adequate acclimatization period. The pigs
were fed a standard diet for up to 12 hours before the investigation but had free access to
water. They were pre-medicated with a diazepam patch then induced with zoletil (3
mg/kg IM), medetomidine (0.06 mL IM) and butorphanol (0.15 mg/kg IM), and intubated
and mechanically ventilated (GE Healthcare S5 Avance). Anesthesia was maintained using
isoflurane 1.5-3% in oxygen. They were pre-hydrated with an initial bolus of saline
administered at 90 mL/kg/h for 5 min, and hydration was maintained throughout the
procedure with saline at 10 mL/kg/h through an ear vein. A central venous catheter and
femoral arterial catheter were inserted under ultrasound guidance to allow blood

sampling and invasive blood pressure (BP) and heart rate (HR) monitoring (Figure 14).
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Figure 14

Graphical demonstration of the animal model. ECG = electrocardiogram.
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Endourological procedure

In the lithotomy position, both ureteric orifices were cannulated with hydrophilic
guidewires (0.035 in). An open-ended ureteric catheter was inserted into the left renal
pelvis over the second hydrophilic guidewire. The second guidewire was removed, and a
Touhy-Borst Y-connector was attached to the end of the open-ended ureteric catheter.
Saline irrigation was started at 10 mL/min through the first port, and a 300 um fiber optic
pressure sensor (FISO Technologies Inc., Quebec, Canada) was inserted through the
second port for continuous IRP monitoring. Size 10 French urethral catheter kept the
bladder empty. As controls, IRP, HR, and MAP were measured continuously for six min
during constant saline infusion. For the experiment, the standard guidewire was replaced
with the IsoWire with the tip of the IsoWire positioned in the renal pelvis, confirmed on
fluoroscopy. The protective ureteric catheter over the IsoWire was then removed to
enable isoprenaline release. The IRP, HR, and MAP were measured continuously for six
min. Blood samples were obtained to measure the plasma isoprenaline levels every minute
after IsoWire insertion. Once the experiment and control were performed on one side, the
same procedure was followed on the contralateral side, after ten min. Ureteroscopy was

performed bilaterally to evaluate ureteric injuries.

Results

The IsoWire surface before and after synthesizing the hydrogel coating, after loading the
coating with isoprenaline, and after drug release are visualized in Figure 15. Immersing
the guidewire in an artificial urine solution degraded the hydrogel coating, probably

because of the ionic strength of the solution.
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Before hydrogel coating After hydrogel coating

After isoprenaline loading After isoprenaline release
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Figure 15

Stereomicroscopic and scanning electron microscopy images of guidewire with and

without hydrogel coating.

Analysis of the isoprenaline release profile from the hydrogel-coated guidewire (Figure
16) showed that most (63.9 + 5.9%) of the loaded drug mass was released in the first
minute, and almost all the drug was released exponentially in the first 4 minutes. These

data allowed us to determine the concentration of isoprenaline solution used to load the
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drug into the hydrogel coating to obtain a given amount of drug released in the first

minute.
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Figure 16

Isoprenaline release profile from hydrogel-coated guidewire into artificial urine solution.

The effect of the hydrogel coating on the friction between the guidewire and urinary tract
tissue is shown in Figure 17. The frictional force was significantly reduced when the
surface of the product was modified with hydrogel coating. The calculated static and
dynamic friction coefficients were 0.084 + 0.028 and 0.066 + 0.020, respectively, for the
guidewire without coating and 0.012 + 0.005 and 0.006 * 0.002, respectively, for the
product with hydrogel coating. Static as well as dynamic friction coefficients were

statistically different (p < 0.05) for the uncoated and coated guidewires. The hydrogel
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coating led to a seven-fold reduction in the static friction coefficient and an eleven-fold

reduction in the dynamic friction coefficient.
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Figure 17

Graph showing the frictional force between the guidewire and porcine ureter. N= newton.

The animal study was comprised of six renal units. One renal unit was excluded because
of failed access to the renal pelvis due to a tortuous proximal ureter. In this case, both the
standard guidewire and the IsoWire could not be advanced into the renal pelvis and it was
decided not to attempt other described techniques which may inevitably have affected the
IRP readings in that renal unit. Therefore, these studies were conducted in 5 renal units.
The use of the IsoWire resulted in a decrease in the IRP in all renal units (Table 2). The
percentage reduction in IRP was related to the isoprenaline dose. The largest percentage
reduction was observed for the IsoWire, which released 10 pg (25.1% reduction). The

average percentage reduction in IRP was 8.95% and 21.3% in the IsoWire that released
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5ug and 7.5 pg of isoprenaline in the first minute, respectively. In the IsoWires that
released 5 pg and 7.5 pg of isoprenaline in the first minute, no changes in MAP or HR were
observed. In the IsoWire, which released 10 pg of the drug in the first minute, no change
in MAP was observed; however, a marked increase in HR was observed. Plasma
isoprenaline levels were all below the level of quantification. No ureteric lesions were

identified by ureteroscopy.

Table 2

Outcome measures for the entire sample of five renal units in the pilot study

STUDY | DOSE! MEAN IRP (mmHg) MAP (mmHg) HR (bpm)
P o [ sowns | oA | SO | iowins | Sysonne | isown
1 10 43.9 32.9 25.1 87 87 90 103
2 5 26.4 24.4 8.2 89 89 84 83
3 5 331 29.9 9.7 84 84 79 78
4 7.5 26.4 19.9 24.6 71 70 91 91
5 7.5 27.1 22.2 18 72 72 94 94

1 dose refers to the amount of isoprenaline released from the [soWire in the first minute.

HR - heart rate; IRP - intrarenal pressure; MAP - mean arterial pressure

Discussion

Guidewires, initially developed for vascular procedures, have become an essential tool in
the armamentarium of endourologists. Many guidewires are available commercially, but
they all serve a single purpose to function as a track over which catheters, ureteral stents

and scopes can be passed into the collecting system of the kidney or bladder. The right
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guidewire can lead to improved outcomes and reduced procedure times. Several drug-
eluting implants or medical devices have been reported.!?'3° Forman et al. described the
only drug-eluting guidewire. The “Adenowire” allowed for the release of pharmacologic
amounts of adenosine directly into the microvasculature during a PCI procedure.131 Here,
we introduce the “IsoWire” - a platform guidewire to deliver topical isoprenaline to the
genitourinary system. Isoprenaline, a drug that has a structural resemblance to
epinephrine, is immediately active upon infusion and has a half-life of 2.5 to 5 minutes.
Conjugation in hepatic and pulmonary tissues is the major method of metabolism. Excretion
occurs via urine in the form of sulphate conjugates. '3? Stimulation of B-adrenergic receptors
by isoprenaline, activates adenylate cyclase and increases cyclic adenosine
monophosphate (cAMP), which in turn activates protein kinase A, causing ureteric

relaxation'*? and subsequently lowering IRP.

Although a similar effect on IRP has been observed in other studies with endoluminal
administration of isoprenaline, this is the first study to report the delivery of isoprenaline
using a drug-eluting guidewire. Danuser et al.,, in 2001, showed that intravenous and
endoluminal infusion of isoprenaline affected the frequency and amplitude of ureteric
contractions.12> [n a porcine model, isoprenaline (0.1 mg/mL) added to the irrigation fluid
significantly reduced the increase in renal pelvic pressure during ureterorenoscopy.
Jakobsen et al. performed ureteroscopy in pigs while perfusing the renal pelvis at different
rates (0, 4, 8, 12, 16, 25, and 33 mL/min) using either saline alone or saline mixed with
isoprenaline at 0.1 pg/mL. At all irrigation rates, the perfusion with isoprenaline reduced
IRP, with the maximum percentage reduction (52 mmHg to 38 mmHg - 27%, p < 0.001) at

a 4 mL/min infusion rate.19%4 A similar effect on IRP with endoluminal isoprenaline
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(irrigation with isoprenaline at 0.1 mg/mL) was reproduced in humans, without any

adverse effects.134

The in vitro results showed the ability of the hydrogel coating to load isoprenaline and
release it quickly. In addition, we have shown that the hydrogel coating reduces the
friction between the guidewire and urinary tract tissues. Our animal studies trialled three
different doses, and we found that IRP was reduced at all three concentrations. The
IsoWire that released 10 pg in the first minute, showed potential systemic effects, as
reflected in an increase in HR after insertion. The IsoWire that released 5 pg and 7.5 pg in
the first minute, recorded no changes in MAP, HR, ECG, or any measurable isoprenaline

levels in the blood.

Apart from only reducing IRP, there are several other potential clinical applications for the
IsoWire. The majority of endourologists routinely use a ureteric access sheath (UAS) in the
management of renal stones.*? Due to the failure rates of UAS insertion?3>138 and the
possible ureteric injuries during UAS placement,'3%!% surgeons opt to passively dilate the
ureter by pre-stenting the patient with a ureteric stent and returning one to two weeks
later to manage the stone. The use of our [IsoWire may result in ureteric muscle relaxation
rendering easier insertion of an UAS in the first surgical sitting and therefore reducing the

need to pre-stent the ureter. It may also promote the practice of sheathless RIRS.

Conclusion

The IsoWires, which releases 5 pg and 7.5 pg of isoprenaline in the first minute, appears

to be safe and effective in reducing the IRP. The IsoWires have passed bench testing for
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lubricity, adherence, integrity, and tracking. Further studies are needed to establish how
long this promising pressure-modulating effect will be sustained during RIRS and if the
ureteric relaxation will render easier insertion of a UAS, reduce IRP during sheathless RIRS

or even promote the practice of sheathless RIRS.
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Chapter 5: Pharmacological modulation of
intrarenal pressure in a porcine model using a

novel isoprenaline-eluting guidewire

Overview

In the preceding chapter, we introduced the design and initial in vitro release assessments
of an isoprenaline-eluting guidewire (IsoWire) and its impact on IRP. This initial in vitro
pilot study indicated that the IsoWire, which dispenses 7.5 pg of isoprenaline within the
first minute, is safe, exhibiting no alterations in MAP, HR, or any aberrant ECG
abnormalities. Additionally, the examination of the isoprenaline release profile from the
hydrogel-coated guidewire indicated that the majority of the loaded drug mass was
released during the initial minute, with nearly all of the drug being released exponentially
during the first 4 minutes. Using the porcine model (17 renal units), this chapter goes on
to further describe the effect the IsoWire, which releases 7.5 ng isoprenaline during the

first minute, has on IRP, the duration of this effect, and its safety in a pig model.
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Abstract

Objective:
To describe the impact of an isoprenaline-eluting guidewire that releases 7.5 pg of

isoprenaline in the 1st minute on the IRP and to evaluate its safety.

Materials and Methods:

This study was performed in 17 renal units using a porcine model. As controls, the IRP, HR,
and MAP were measured for a duration of six minutes with a standard guidewire placed
in the renal pelvis. For the experiment, the conventional guidewire was substituted with
the IsoWire, and the same parameters were measured. Blood samples were taken at one-
minute intervals to measure plasma isoprenaline levels. This procedure was repeated on

the opposite side.

Results:

The mean intrarenal pressure reduction was 29% (95% CI: 13-53%). The mean
isoprenaline effect time was 174 seconds. No changes in heart rate (p = .908) or mean
arterial pressure (p =.749) were recorded after IsoWire insertion. Plasma isoprenaline
levels were below the quantitation threshold. Isoprenaline concentrations in the plasma

were below the quantification threshold. Ureteroscopy revealed no ureteral lesions.

Conclusion:

The IsoWire demonstrated a safe and effective reduction of intrarenal pressure. Additional
research is necessary to determine whether ureteral smooth muscle relaxation generated
by isoprenaline facilitates easier insertion of a UAS, decreases the incidence of ureteral
access sheath-related ureteral lesions, or even encourage the practice of sheathless

retrograde intrarenal surgery.
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Introduction

The prevalence of urolithiasis has steadily increased in the recent decades. The lifetime
risk is 7 and 13% in women and men, respectively, with a recurrence rate of 50% within
10 years.”’ Increased prevalence leads to increased costs for both the patient and
healthcare system. The use of flexible ureterorenoscopic devices and lasers for RIRS has
gained traction, so much so that prominent urological societies, including the European
Association of Urology and the American Urology Association, continue to expand its use

in their guidelines.#78

However, RIRS is associated with several complications. Normal physiological IRP in an
unobstructed human kidney ranges from 0 to 15 mmHg (0-20 cmH20)¢ and this IRP is
comparable to pressures in pigs.14! During RIRS, intraluminal renal pelvic pressure ranges
from 35 (x10) mmHg during simple diagnostic ureterorenoscopy to 54 (x18) mmHg
during stone management. Maximum pelvic pressure peaks of 288 and 328 mmHg were
recorded during forced irrigation with a 20 mL syringe and holmium laser use,
respectively.® Dangerous increases in IRP beyond the safety threshold result in pyelorenal
reflux and forniceal rupture. The former predisposes the patient to fever, urosepsis, and
postoperative pain and was initially thought to occur when pressures exceed 30-
45 mmHg.? However, recent work by Lildal et al. showed that intrarenal reflux may occur
at IRPs as low as 16 mmHg (range 16-25 mmHg, mean 21 mmHg) in normal, non-

hydronephrotic kidneys.15

We recently presented the design and first in vitro release tests of an isoprenaline-eluting
guidewire (“IsoWire”). This IsoWire has a nitinol core and a fine stainless-steel wire

twisted tightly around it. The spiral grooves created by the coil served as a reservoir for
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the loading of hydrogel and isoprenaline. This hydrogel-coated isoprenaline-loaded
guidewire was sheathed into a 5F open-ended ureteral catheter. Hydrogel was
strategically applied to seal the junction between the open-ended catheter and guidewire
to prevent the unintended release of isoprenaline, allow easy cannulation of the ureteric
orifice, and allow smooth guidance into the pelvicalyceal system. After fluoroscopy
confirms the accurate position, the protective sheath is removed and the drug diffuses
from the coating when it becomes hydrated. Isoprenaline is a beta-agonist which
stimulates beta-adrenergic receptors in the renal pelvis and ureters causing relaxation of

the smooth muscle.52

Our preliminary in vitro pilot demonstrated that the IsoWire, which releases 7.5 pg
isoprenaline during the first minute, is safe, with no changes in MAP, HR, or ECG
alterations. Furthermore, analysis of the isoprenaline release profile from the hydrogel-
coated guidewire showed that most (63.9 * 5.9%) of the loaded drug mass was released
in the first minute, and almost all the drug was released exponentially in the first 4
minutes. All plasma isoprenaline levels were below the quantitation limit. 74 The aim of
this study was to investigate the effect the IsoWire, which release 7.5 pg isoprenaline
during the first minute, has on IRP, how long this effect lasted for and to determine its

safety in a porcine model.

Material and Methods

Ethical statement

This study adhered to the institutional protocol for animal experimentation and was
approved by the Animal Ethics Committee of the Faculty of Health Sciences of the

University of Cape Town (020_011).
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Study Design
Animal Model (Figure 14, Chapter 4)

Nine female pigs (white, Landrace breed, weight 50-60 kg) were transferred to the study
site and kept for a period of seven days to adapt to the new surroundings. The subjects
were provided with a conventional pig diet for up to 12 hours before the investigation, but
their access to water was unrestricted. Before transfer to the operating room, the pigs
were premedicated with diazepam using a transdermal patch. They were administered
Medetomidine (0.06 mg/kg IM), Zoletil (3 mg/kg IM), Medetomidine (0.06 mg/kg IM), and
Butorphanol (0.15 mg/kg IM) to induce anaesthesia. Subsequently, they were intubated
and ventilated using the GE Healthcare S5 Avance system. Anaesthesia was maintained
with Isoflurane 1.5-3% in oxygen. To maintain proper hydration, an initial rapid infusion
of saline was administered at a rate of 90 mL/kg/hour for 5 minutes. Hydration was then
sustained during the procedure by administering saline solution (9 g/L sodium chloride)
at a rate of 10 mL/kg/hour continuously through an ear vein. Under ultrasound guidance,
a central venous catheter and a femoral arterial catheter were placed to facilitate blood
sampling and monitoring of invasive blood pressure and HR. Baseline HR and MAP were
measured, and any anomalies on the three-electrode ECG were documented. Blood was

drawn for baseline isoprenaline levels.

Endourological procedure

Both ureteral orifices were first cannulated using hydrophilic guidewires (0.035 inches).
A 6F ureteric catheter was inserted over one guidewire. Retrograde pyelography was
performed to identify any congenital abnormalities. Thereafter, a Y-connector was
attached to the end of the ureteric catheter to allow passage of a 300 um fibreoptic

pressure measurement device (FISO Technologies, Inc., Quebec, Canada) into the renal
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pelvis through one port. Saline irrigation was initiated through the second port at a rate of
10 mL/min. The bladder was kept empty using a 10F urethral catheter. In the control
group, a standard guidewire was inserted into the renal pelvis on one side, and the IRP,
HR, and MAP were measured continuously for six minutes. The conventional guidewire
was replaced with an IsoWire for the experiments. Once the IRPs had stabilised during the
exchange of guidewires and fluoroscopy confirmed that the correct position of the IsoWire
was in the renal pelvis, the protective covering of the IsoWire was removed to allow for
discharge of isoprenaline and exposure of the drug to the urothelium. The IRP, HR, and
MAP were measured continuously for six minutes. Blood samples were obtained every
minute, for six minutes to measure plasma isoprenaline levels. Once collected, they were
centrifuged at 1000 x g for 15 min and stored at -80°C (-112°F) until analysis. To stabilise
isoprenaline in the serum, 30 pL of an aqueous solution containing 6.5M citric acid and
0.568M ascorbic acid was added to 6700 pL of plasma. On the day of the analysis, freshly
prepared working solutions in water containing 0.1% acetic acid and 1 g/L ascorbic acid
were spiked into the plasma. Following a validated method42 set by the Federal Drug
Association (FDA) and European Medicines Agency (EMA), 10 pL of extracted plasma was
injected for analysis using liquid chromatography-tandem mass spectrometry. This

method yielded a minimum quantifiable limit of 0.488 ng/mL.

Ten minutes after the experiment and control were completed on one side, the same
procedure was repeated on the contralateral side. This ten minute interval was
determined after considering the short half-life of isoprenalinel43 and findings from our
release profile investigations showed that almost all the drug was released exponentially
in the first 4 minutes and . 74 The conclude the experiment, bilateral ureteroscopy was

performed to detect any ureteric injuries.
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Statistical analysis

All analyses were performed using Statistical Package for the Social Sciences Version 28,
and the significance level was set at p < 0.05. Data are reported as the mean, median, and
standard deviation (SD). Dependent sample t-tests compared the mean pressure between
the standard guidewire and IsoWire for the entire sample and each kidney. Pearson’s
correlation analyses were used to assess the relationship between isoprenaline effect time
and pressure reduction for the whole sample and for each kidney. Dependent sample t-

tests were used to compare the MAP and HR before and after [soWire insertion.

Results

Eighteen renal units were included in this study. Neither the standard guidewire nor the
IsoWire could be advanced into the renal pelvis in one renal unit. These investigations
were conducted in 17 renal units. The IRP decreased across all renal units, overall and in
both the left and right kidneys (p < 0.001; see Table 3). The mean IRP reduction was 29%
(95% CI: 13- 53%) (SD = 13%), ranging from 13 to 55%. The mean isoprenaline effect time
was 174 seconds (SD = 60.6) (Table 4). There was no significant correlation between the
isoprenaline effect time and pressure reduction in the whole sample (r = -194; p = 456),
left (r = -0.381; p = .312), or right (r = -0.078; p = .854) kidneys. No changes in HR (p =
.908) or MAP (p =.749) were recorded after the insertion of the IsoWire (see Table 3). The
concentration of isoprenaline in the plasma was below the quantification threshold.

Ureteroscopy revealed no ureteral lesions.
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Table 3

Outcome measures for IRP for the entire sample, and by kidney

Total Sample t p d
Mean IRP: Whole Sample
i i H .84 (6.
Standard G1.11dew1re (mmHg) 33.84 (6.53) 8.56 < 001 464
[soWire (mmHg) 24.21 (6.83)
Mean IRP: Left Kidney
i i H 42 (7.
Standard G1.11dew1re (mmHg) 33.42 (7.07) 6.46 < 001 4.90
[soWire (mmHg) 22.87 (5.97)
Mean IRP: Right Kidney
Standard Guidewi H 34.31 (6.31
andard Guidewire (mmHg) (631) | 551 | <001 | 441
IsoWire (mmHg) 25.71 (7.81)

IRP - intrarenal pressure; mmHg — milimeters of mercury

Table 4

Table showing the isoprenaline effect time and percentage IRP reduction for the entire

sample and by kidney
Total Sample Left Kidney Right Kidney
Isoprenaline effect time (s)
Mean (SD) 174.12 (60.60) 168.33 (40.31) | 180.63 (80.29)
Range 75-320 120-220 75-320
IRP reduction (%)
Mean (SD) 28.65 % (12.53) | 31 % (12.45 %) 26 % (12.90)
Range 13-55% 18-55% 13-53%

s - seconds; SD - standard deviation, IRP - intrarenal pressure
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Discussion

The physiological IRP in an unobstructed kidney typically falls within the range of 0 to 15
mmHg (0-20 cmH20).6 Harmful IRPs are frequently attained during RIRS, leading to
patient morbidity. Retrograde translocation of uropathogenic bacteria, caused by
pyelorenal reflux, contributes to postoperative pain, acute kidney injury, and fluid
overload.'®!° In addition, the renal fornix, which is the weakest component of the
collecting system, ruptures due to the precipitous increase in pressure.24 For the surgeon,
forniceal rupture results in intraoperative bleeding and, consequently, impaired vision.
Appropriate strategies for mitigating unsafe IRPs include minimising irrigation pressure
by regulating the flow rate, employing a UAS, ensuring an empty bladder throughout the
procedure, and more recently, utilising real-time IRP monitoring.

The pharmacological modulation of IRP using 3-receptor agonists such as noradrenaline
and isoprenaline has been explored. Danuser et al. demonstrated that the frequency of
ureteric contractions was reduced by both intravenous (0.01 to 10 mg/kg) and
endoluminal (0.1 to 200 pg/mL at a flow rate of 2 mL/minute) isoprenaline infusions.
Topical administration altered the amplitude of contractions. However, both drugs
exhibited adverse systemic effects.125 Experimental data were obtained from colleagues in
Denmark. Following a dose-response investigation in pigs, Jakobsen et al. concluded that
smooth muscle function of the renal pelvis was inhibited by endoluminal administration
of isoprenaline at a concentration of 0.1 pg/mL at a perfusion rate of 8 mL/min. Systemic
adverse effects and detectable plasma isoprenaline levels were not observed.124 The same
author subsequently performed a ureteroscopy on pigs using a 7.8 F semirigid
ureteroscope while perfusing the renal pelvis at various rates with either saline alone
(control) or saline mixed with 0.1 pg/mL isoprenaline (experiment). Isoprenaline

perfusion decreased renal pelvic pressure at all irrigation rates, with the greatest
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percentage relaxation (from 52 mmHg to 38 mmHg, or 27%, p < 0.001) occurring at an
infusion rate of 4 mL/min.104 This effect of endoluminal isoprenaline (irrigation with
isoprenaline at 0.1 pg/mL) on IRP was then replicated in humans by the same research
team, with no systemic effects.134

In a porcine model, our study demonstrated that an isoprenaline-eluting guidewire can
safely decrease the IRP. There are two potential explanations for this finding. First, it is
believed that B-receptors are abundant on the luminal surface of the upper urinary
tract.144 Endoluminal stimulation of these receptors by isoprenaline, a 3-agonist, induces
ureteric relaxation by activating protein kinase A and adenylate cyclase, thereby
increasing cAMP levels (Figure 18).*3 Secondly, Jung et al. also postulated that
isoprenaline may affect the pacemaker cells of the upper urinary tract, thereby reducing

the amplitude of the ureteric contractions.134

<:> Isoprenaline

AC

ATP(%AP

/ PKA
Ga) |

Ureteric Relaxation

Figure 18

Graphical representation of the mechanism of action of isoprenaline.

Ga = g-protein alpha-subunit; GB = g-protein beta-subunit; Gy = g-protein gamma-subunit
AC = adenylyl cyclase; ATP = adenosine triphosphate; cAMP = cyclic adenosine

monophosphate; PKA = protein kinase A
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While previous studies have documented a comparable impact of topical or endoluminal
isoprenaline administration on IRP, this study is the first to document the use of a drug-

eluting guidewire for isoprenaline delivery.

In addition to the reduction in IRP with the use of endoluminal isoprenaline, it confers
another benefit. UAS have become an important weapon in the armamentarium of
endourologists. This is reflected in a recent survey of practice patterns of endourologists,
which showed that 76% of endourologists routinely use a UAS to aid in treating renal
stones.#? The failure rates of UAS insertion in patients with stones have been reported to
be 8.8% for 10/12 Fr UASs and 13% to 20% for 12/14 Fr UASs.136138 The failure rates are
even higher in patients without stones.14> Even in the case of a successful UAS insertion,
there is a concern for ureteral wall injury and ureteral trauma with an excessive force of
UAS insertion.'*” To limit this complication, urologists use a strategy to dilate the ureter,
either passively or actively. The active form of dilatation involves the use of various
ureteric dilators. These dilators produce a linear shearing force, which causes incisions in
the ureteral mucosa. This results in the extravasation of urine and fluid, which can result
in fibrosis.146 A more favoured approach is passive dilatation of the ureter by pre-stenting
the patient with a ureteric stent and returning one to two weeks later to manage the stone.
An indwelling ureteric stent makes the ureter more distensible and subsequent RIRS
easier.147 However, this pre-stenting strategy is not without detractors. This entails a two-
stage procedure, with time and cost implications. Stent-related symptoms are problematic
and can result in reduced quality of life in up to 80% of patients.148 The presence of an

indwelling stent has also been shown to increase the incidence of urosepsis in RIRS.20
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To confer this benefit of passive ureteric dilatation and simultaneously avoid the need to
pre-stent a patient and return for a second procedure, Lildal et al. examined the effect of
endoluminal isoprenaline on the success of UAS insertion. Pigs that had initially failed UAS
insertion were randomised to endoluminal irrigation with either isoprenaline (0.1 pg/mL)
or saline before a second attempt at UAS insertion by surgeons who were blinded. They
observed greater success of UAS insertion in the isoprenaline group than in the saline
group (63% vs. 27%).149 Similarly, the use of our IsoWire will lead to subsequent ureteric
muscle relaxation, which may facilitate easier insertion of a UAS. It may also decrease IRP
during sheathless RIRS or even encourage the adoption of sheathless RIRS as a standard

procedure. This finding warrants further investigation.

This study is not without its limitations. For dependent sample t-tests, with a medium
effect size and power of 0.8, a sample size of 27 was suggested. With our sample size of 18,
the power was only 0.65. Although the study was slightly underpowered, we found
significant results with a smaller sample size. Furthermore, the researchers felt the need
to adhere to the “three R" principles of animal research (i.e. replacement, reduction, and
refinement).!>° These values uphold the principles and practice of using the most humane
methods on the smallest number of animals that will permit valid scientific information to
be acquired. As previously described, in clinical practice, IRPs can reach thresholds that
promote intrarenal reflux. In our study, plasma isoprenaline levels were not detected and
no changes in HR or MAP were observed. Even low doses of isoprenaline, as used in our
study, can theoretically reach systemic circulation. However, considering that IsoWire
releases 7.5 pg of isoprenaline in the first minute, and that the half-life of isoprenaline is
brief, this seems unlikely. Lastly, due to the short half-life of isoprenaline (2-5 minutes143),

the mean duration of the effect of eluted isoprenaline in our study was limited to 174 s,
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after which the IRP seemed to return to baseline. This may not allow sufficient time to
place a UAS. Further studies are needed to explore techniques to prolong this effect time
or develop possible technologies for slower elution to prolong effective timeAlternatively,
other exciting opportunities for further research include developing a drug-eluting
guidewire with a different, longer-acting agent or developing a drug-eluting access sheath

to improve peri-UAS outflow.

Conclusion

Endoluminal isoprenaline administration using an isoprenaline-eluting guidewire

(IsoWire) can safely reduce the IRP.
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Chapter 6: Conclusion and Reflection

Overview

This provides a conclusion and reflection to this thesis highlighting the novel contributions

this thesis has provided to the field of urology and touching on potential areas of future

research.
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IRP has recently emerged as a prominent topic in endourology for two reasons. First, while
IRP and pyelorenal reflux were first described in the early 1920s,151 we have only lately
began to comprehend the clinical significance of unfavourable IRPs for our patients. In
particular, despite the use of antibiotic prophylaxis and adherence to sterile methods,
fever and urinary tract infections remain the most common sequelae, with the potential to
progress to sepsis, which is the leading cause of mortality associated with
nephrolithiasis.z1.152 Second, our ability to assess IRP in real time was limited. A systematic
review by Pauchard et al. reported on existing tools available. Options include ureteral
catheters connected to a pressure transducer, an IRP measuring ureteric access sheath
(UAS), or pressure sensing guidewires.1>3 Shu et al. also described an irrigation system for
noninvasively estimating IRP during flexible ureteroscopy.’>* All of these have their
inherent limitations - and therefore have failed to be incorporated into guidelines, so
much so that many urologists are not even aware of their existence.1>> The United States
Food and Drug Administration recently approved a scope for real-time IRP monitoring. A
clinical trial comparing this pressure-monitoring ureteroscope with non-pressure-
monitoring devices, with safety as the primary endpoint, is expected to be completed in

June 2025.156

This data and data from other promising studies will continue to give us insight into many
unanswered questions. Despite these challenges, a recent online survey of 522 urologists
from six continents assessing their beliefs and practice patterns regarding IRP found that
the majority of respondents believed IRP was clinically important, and many took

appropriate measures to mitigate increases in IRP.155
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In this thesis, we detailed how an isoprenaline-eluting guidewire (IsoWire) that releases
7.5 pg of isoprenaline is both safe and effective in lowering IRP in a porcine model.
[soprenaline, a B-agonist, stimulates endoluminal (-receptors, resulting in ureteric
relaxation and reduced frequency and amplitude of contractions.!33 We further
hypothesised that this would facilitate easier insertion of a UAS. While this thesis
concludes, it is not the end of the IsoWire. We have submitted an application to the South
African Health Products Regulatory Authority (SAHPRA) to conduct a human safety trial
using the IsoWire. Once this phase is completed, we intend to progress to phase 2 trials to
confirm whether the efficacy demonstrated in the porcine model can be replicated in
human participants and whether it would allow easier UAS insertion. While our study has
focused on lowering IRP in RIRS with this guidewire, we hope that it has paved the way
for future researchers to investigate coating guidewires with different medications and
compounds. This could allow for local drug delivery, thereby reducing systemic side

effects and toxicity.

In addition to the IsoWire, this thesis has produced two further novel projects that will
focus on increasing urological research, education, and training. In Chapter 3, we
described the endoscopic and CT-based urological anatomy of female Landrace pigs. The
knowledge gained from this ground-breaking study will help other researchers consider
the porcine model for future endourological research. In Chapter 2, we described how we
designed and validated an RIRS trainer. This low-cost, portable, long-lasting, and reusable
model convincingly reproduces all RIRS components and will undoubtedly enable high-
fidelity teaching in endourology. For these reasons, this trainer was utilized at the
endourology workshop during the recently concluded 16th Pan African Urological

Surgeons' Association Congress (PAUSA) and 34th Biennial Congress of the South African
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Urology Association (SAUA) in Johannesburg, South Africa. Furthermore, since its
creation, the model has been utilised to instruct at the annual South African Urology
Registrars Masterclass in 2023 and 2024. This masterclass is a two-day session designed
to prepare final-year residents for their urology exit exams. The College of Urology, which
is affiliated with the Colleges of Medicine of South Africa, the custodian of the quality of
medical care in South Africa, made a unanimous council decision to allocate funds for me

to produce this RIRS trainer for each urology division in the country.

We are now entering an exciting period in endourology, and we hope that the results

provided in this thesis will encourage additional research. We look forward to more data

on IRP appearing in the future, both from our own work and that of others.
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Appendix 1 - Ethical clearance certificate 1

e UNIVERSITY OF CAPE TOWN
, ‘ : Faculty of Health Sciences i
: 6/ : Animal Ethics Committee
ey, " Room E53-46 Old Main Building
Groote Schuur Hospital
Observatory 7925
Website: www.health.uct.ac.za/fhs/research/animalethics/forms

27 July 2020

Prof J. Lazarus
Department of Urology
E26 GSH

Faculty of Health Sciences
University of Cape Town

Dear Prof Lazarus
PROTOCOL TITLE: Isoprenaline eluting guidewire project in white Landrace porcine model “Isowire”
FHS AEC REF NO: 020_010

Thank you for submitting your protocol to the Faculty of Health Sciences (FHS) Animal Ethics Committee
(AEC) for review.

| am pleased to inform you that the FHS AEC has approved your protocol, which will terminate on 31 July
2023.

Number of animals & species: 22 Pigs
Please quote the FHS AEC REF NO (above) in all future correspondence.

Please note that the approval of this protocol imposes the following obligations on the principal
investigator (Pl):

1. To submit an annual mandatory progress report. The first annual report for this protocol is due on
28 February 2021. The forms can be accessed from
http://www.health.uct.ac.za/fhs/research/animalethics/forms

2. To submit a final mandatory report on the 31 March 2023, please access the final report form
from: http://www.health.uct.ac.za/fhs/research/animalethics/forms

3. Ensuring that all study participants perform within the confines of the procedures and
experimental design of the protocol as approved, or as amended.

4. Ensuring that all study participants comply with all applicable national legislation, UCT policies,
FHS AEC policies and standard operating procedures (SOPs) and national standards (SANS 10386:
2008).
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5. Ensuring that you as the Pl immediately alert the FHS AEC to any event involving the welfare of
the animals which has occurred during the course of the study, as well as the actions that were
taken to respond to these events.

6. Ensuring that you as the Pl alert the FHS AEC to any new or unexpected ethical issues that arose
during the course of the study, and how these issues were addressed.

7. Ensuring that all study participants are registered with or have been authorised by the South
African Veterinary Council (SAVC) to perform the procedures on animals or will be performing
the procedures under the direct and continuous supervision of SAVC-registered veterinary
professionals or SAVC-registered para-veterinary professionals.

8. |If the Pl or any study participant is in any way uncertain how to respond to any of these
obligations or deal with any of the issues referred to above, they must consult with FHS AEC.

9. All animals found dead must be reported to the RAF on the appropriate form:
http://www.health.uct.ac.za/fhs/research/animalethics/forms

10. All animals found in distress must be reported to the RAF on the appropriate form.

My best wishes for successful research and /or teaching endeavour.

Yours sincerely

| Signed by candidate |

PROF G. LOUW
CHAIR, FHS AEC
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Appendix 2 - Ethical clearance certificate 2

EASTERN CAPE PROVINCE

N\

V2

o S

DEPARTMENT OF HEALTH ISEBE LEZEMPILO
CECILIA MAKIWANE AND FRERE HOSPITALS RESEARCH ETHICS
COMMITTEE

NHREC PROVISIONAL REGISTRATION NUMBER: REC-260219-056

DEPARTMENT OF INTERNAL MEDICINE Assoc Prof AG Parrish
PRIVATE BAG X 9047 Cell: 082 5765930
EAST LONDON E-mail: andygp@mweb.co.za
5200
Enquiries:
18 August 2023

Protocol Title: Introducing the FIST (Frere Intrarenal Surgery Trainer) —a
novel 3D-printed trainer for RIRS

Protocol Reference Number: FCMHREC/A0175/2023

Protocol Status: Approved

To Dr John

Dear Jeff

The proposed study takes the form of a survey of clinicians, and as such does not entail
clinical risk. Compliance with standards of Good Clinical Practice in terms of
anonymizing information and data security are still essential in terms of collection,
storage and publication of results.

Explanation of protocol status: ‘approved’ — the study may proceed with the
conditions listed below; ‘amendments required’ — the suggested amendments are
needed before the study will be approved and in the interim the study may not proceed;
‘study not approved’ — the study protocol was felt to contain substantive issues which will
be spelt out below and the study may not proceed.

Period of approval: one year from the date of this letter. At the end of the approval
period, please notify the committee of the status of the project (completed, discontinued
or need for a further approval period). Also notify the committee at completion of the
project on how you intend to feedback results to the local clinical and/or patient
community.
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Conditions of approval: Please inform the FCMREC in writing on the appropriate form
if any of the following occurs: proposed protocol changes (FCMHREC/F056/2021);
serious or unexpected adverse events (FCMHREC/F046/2021); unforeseen events that
may affect the continuing ethical acceptability of the project. Urgent issues should also
be communicated promptly either electronically or telephonically.

If you wish to appeal a decision of the FCMHREC, please do so using form
FCMHREC/F047/2021.

Please note that the clinical governance structure of the institution(s) in which you intend
to perform this study still need to be contacted both for permission to work within their
clinical domain, and also so that they are aware of your activity on site.

Yours sincerely

| Signed by candidate |

Assoc Prof AG Parrish
MBChB, DA(SA), MMed(Med), MMedSci, FCP(SA)
Chair, CMH and Frere Research Ethics Committee
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Appendix 3 - Evaluating the FiST model:
Participant consent form and questionnaire.

v
Evaluating the FiST
Participant Information/Consent Sheet

Participant Number Frere Intrarenal Surgery Trainer

University

What is the study about?

To shorten the retrograde intrarenal surgery (RIRS) learning curve, various models - such as the
Coloplast K-box and Cook Endourology Model, have been developed. While both have been validated
- they are produced internationally and associated with high costs. We have designed a novel, the
FiST (Frere Intrarenal Surgery Trainer) — a 3D printed training model.

What will happen to me in the study?

As with routine RIRS, you will first insert the scope into the bladder, identify and cannulate the ureteric
orifice and insert the guidewire into the kidney. Thereafter, a ureteric access sheath will be inserted.
Aflexible, disposable ureteroscope will be inserted into the kidney through the ureteric access sheath.
A nephroscopy to navigate the various calyces, and thereafter, laser lithotripsy was performed. Stone
fragments will be removed using a standard stone basket.

There are no financial implications for taking part in this research.

Why is the study being done?

To conduct an assessment and validation study of the FiST model against real-life experience.

Where will the study take place?

The study will be done at the Karl Storz Offices, Homestead Place, Corner 12 Rivonia, Sandton.

When will the study begin and possibly finish?

The study will be performed during the weekend of 18 - 20th August 2023. Each participant will have a
dedicated time slot to perform the procedure, assess and evaluate the FiST Model. me.

Why have | been selected?

You are one of the participants of the annual South African Urology Association (SAUA) Registrar
masterclass. We invite all participants to participate in the study. You can ask questions about the
study before deciding whether or not you would like to participate, and you may freely withdraw
yourself/data from the study at any time.

Who will lead the study?
For any concerns and clarifications, please contact Dr Jeff John (jeffveenajohn@gmail.com), Professor
John Lazarus or the Ethics Committee of the University of Cape Town.

PARTICIPANTS CONSENT

l, do hereby consent to take part in the study.
Email:

Signature: Date:
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Evaluating the FiST

Participant Number

FiST

Frere Intrarenal Surgery Trainer

University

Position Consultant Yes (J No [J

Registrar Yes O No O Year of Study

When do you plan on writing FC Urol (SA) finals?

Would you consider yourself a “super-user” (i.e., more than 75 RIRS)? Yes (] No (I

Kindly evaluate the FiST model based on the Likert scale rating from 1 (strongly disagree) to 10 (strongly agree).

Value of FiST in understanding RIRS-related procedures?

10 |20 [30 [40 [sO0 |eO |70 [80 |90 [|10O |

Value of FiST in stimulating contextual anatomy?

|1E| |2E1 |3D |4EI |5E1 |6D |7E| |8|Z1 |9E| |10E| |

How realistic was it in cannulating the ureteric orifice?

110 |20 |30 |40 |50 60 |70 |80 |90 [10O |

How realistic is it to insert the ureteric access sheath?

"0 |20 [30 [40 [s0 |eO [70 [80 |90 |10 |

How realistic is it to perform a nephroscopy and evaluate the calyces?

"0 |20 [30 |40 [s0 |eO |70 [80 |90 |00 |

How realistic is it to perform laser lithotripsy?

"0 |20 |30 [40 [s0 |eO |70 [sO0 [9O [wO |

How realistic is it to perform manual stone retrieval with a stone basket?

"0 |20 [30 [40 [s0 |eO [70 [80 |90 [10O |

How realistic was the FiST model overall?

"0 |20 [30 J[40 [s0 |eO [70 [80 |90 [10O |

FiST model’s perceived ability to enhance the trainee’s confidence in performing RIRS?

"0 |20 |30 |40 [s0 [eO |70 |80 |90 |10 |
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