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ABSTRACT
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Endourology refers to a specific area of urologic surgery, where small internal
endoscopes and instruments are used to view and perform surgery on the urinary tract.
In this thesis study, we aimed to measure the intrarenal pressure during endourological
procedures. Since the increase in intrarenal pressure has potential to cause perioperative
complications, it is an important parameter to be monitored during the operation. Saline
solution is used for irrigation during endourologic procedures. The irrigation is crucial
to maintain a clear image inside the urinary tract, while transporting the emerging stone
dust and fragments. Increase in the intrarenal pressure can trigger pyelovenous reflux
and therefore the bacteria or other endotoxins in the collecting system may be
transferred to the systemic blood flow. This may result in bacteremia and septic
complications which may lead to prolonged antibiotic therapy, intensive care unit
admission, and even death. To prevent the mentioned complications, the intrarenal
pressure should be kept below 40 cmH,O. In this study, a pressure sensor was
integrated with ureteral catheter and ureteral access sheath to screen real-time pressure
value in different endourological procedures.

September 2021, 63 pages
Key Words: Intrarenal pressure, Urethral catheter, Percutaneous nephroscopy,

Endourology



OZET

Yiiksek Lisans Tezi

ENDOUROLOJIK ISLEMLERDE GERCEK ZAMANLI INTRARENAL BASINC
OLCUMU

Mahmure Giil SAKI

Ankara Universitesi
Fen Bilimleri Enstitiist
Biyomedikal Miihendisligi Anabilim Dali

Danisman: Prof. Dr. Hilal GOKTAS
Es Danisman: Dog. Dr. Mehmet flker GOKCE, MD

Endoiiroloji, kiiciik dahili endoskoplarin ve aletlerin idrar yolunda ameliyati
goriintiilemek ve gercgeklestirmek i¢in kullanildig belirli bir tiroloji uzmanligini ifade
eder. Bu tez ¢alismasinda endoiirolojik islemler sirasinda intrarenal basinct 6l¢timi
amaglanmistir. Intrarenal basingtaki artis perioperatif komplikasyonlara neden olma
potansiyeline sahip oldugundan operasyon sirasinda Onemli bir parametre olarak
izlenmelidir. Ameliyatlarda irrigasyon icin salin soliisyon kullanilir. Irrigasyon sivisi,
ortaya c¢ikan tas tozu ve parcalarini tagirken idrar yolunun iginde net bir goriintli saglar.
Intrarenal basingtaki artis piyelovendz reflilyii tetikleyebilir ve bu nedenle toplama
sistemindeki bakteri veya diger endotoksinler sistemik kan akisina aktarilabilir. Bu,
uzun siireli antibiyotik tedavisine, yogun bakima yatisa ve hatta 6liime yol acabilen
bakteremi ve septik komplikasyonlara neden olabilir. Bahsedilen komplikasyonlar
onlemek i¢in intrarenal basing 40 cmH,O'nun altinda tutulmalidir. Bu ¢alismada, farkl
endoiirolojik prosediirlerde gercek zamanli basing degerini taramak icin iireteral kateter
ve treteral girisim kilifi ile bir basing sensorii entegre edildi.

Eyliil 2021, 63 sayfa

Anahtar kelimeler: Intrarenal basing, Uretral kateter, Perkiitan Nefroskopi,
Endoiiroloji
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1. INTRODUCTION

Endourological upper tract treatments such as Percutaneous nephrolithotomy (PCNL)
and Retrograde intrarenal surgery (RIRS) constitute the main procedures of active renal
stone management. The new techniques, innovations and instrumentation open new
treatment options in endourology. One of the main aim of researches and biomedical
applications is the improvement of the image quality by achieving better irrigation flow
and irrigation pressures (Tokas, Herrmann, et al., 2019). During different
endourological procedures, there are possible ways to maintain lower pressure values
even working with high irrigation flow (Alsmadi et al., 2018; Rawandale-Patil et al.,
2019). During the procedures, the intrarenal pressures (IRPs) should be under control.
IRPs below the 40 cmH,O should be maintained to avoid post-op complications
(Monga et al., 2004).

In literature, there have been nine different studies that identified the IRPs during the
Retrograde Intrarenal Surgeries (Tokas, Skolarikos, et al., 2019). The in-vitro studies; in
vitro human cadaveric (Rehman et al., 2003) and in vitro mini-pig (Schwalb et al.,
1993) was performed. In longest duration of measurement, the study of Schwalb et al.
(1993) on pigs, was shown that prolonged exposure which is longer than 45 min, the
intrarenal pressure is exceeded 200 cmH,O. In addition, the high-pressure value was

associated with inflammation and renal scarring.

In-vivo studies on RIRS; in human (Cai et al., 2012; Doizi et al., 2021; Jung et al.,
2008; Schwalb et al., 1993; Shao et al., 2012), and in-vivo porcine study (Caballero-
Romeu et al., 2018) by using semi-rigid and flexible ureteroscopes (URS) was also
performed. The irrigation pressures reported are 68-272 c¢cmH,0O, where the IRPs
reported 8.27-199.35 cmH,O depending on the irrigation pressure. These studies also
show that the endourological instruments should have inflow and outflow channels that
solve image quality and intrarenal pressure problem by continuous flow property of the
channels (Michel et al., 2008; Suh et al., 2010). The continuous flow ureteroscopes
provide 100 times higher flow capacity while preserving intrarenal pressure during
procedure (Michel et al., 2008). In the recent study of Doizi et al. (2021), a digital



sensor was used as novel procedure real time, continuous monitoring of IRP
measurement. The intrapelvic pressure was recorded as mean baseline intrarenal
pressure was 6 cmH,0O. The mean intrarenal pressure with the use of on demand forced
irrigation during laser lithotripsy was 115.3 cmH,O. The highest-pressure peaks
recorded during lithotripsy ranged from 289.3 to 436.9 cmH,0 (Doizi et al., 2021).

The other procedure of endourology, the PCNL, is utilized by percutaneous
nephroscope for larger kidney stones. Since the introduction of PCNL in 1976, it is
preferred for renal stones larger than 2 cm in diameter (Fernstrom & Johansson, 1976;
Turk et al., 2016). The size of the instrument changes the name of the PCNL. The sizes
of 26-30 Fr is named as the standard PCNL where 20 Fr smaller instrument is called
mini-PCNL (Lahme et al., 2001). As an improvement in 2010, the 1 mm scope size
with 11 or 13 Fr sheaths is introduced with name ultra-mini-PCNL (Desai et al., 2013).

The IRPs during PCNL have been identified in literature (Theodoros Tokas, 2019). The
in-vivo studies were; in-vivo human (Alsyouf et al., 2018; Guohua et al., 2007;
Saltzman et al., 1987; Tepeler et al., 2014; Troxel & Low, 2002; Zhong et al., 2008) and
an in vivo porcine model (Loftus et al., 2018) was performed. Standard PCNL and
mini-PCNL were used in studies, the IRPs ranged between 3.0-41.21 cmH,0 in PCNL
with sheath sizes ranging 26-34 F. The 26-22 Fr PCNL have given results as 13-50
cmH,0. In one of percutaneous nephrolithotomy study, intrarenal pressures were
greater than 40.8 cmH,O (Theodoros Tokas, 2019).

An in-vitro human kidney model (Low, 1999), an ex-vivo human cadaveric model
(Landman et al., 2002) and in vitro artificial models (Goble & Hammonds, 1987; Mager
et al., 2015) was performed. In study of Mager et al. (2015), they were compared 15 F,
16.5 F, 21 F and 26 F conventional PCNL systems. With 16.5 F, 21 F, and 26 F PCNL
systems, the continuous low pressure under 25 cmH,O is obtained even the irrigation

flow pressure rose to 140 cmH,0 (Mager et al., 2015).

The increase in IRP might have cause complications due to absorption of bacteria or

endotoxin to the systemic circulation. Even at low IRP during PCNL, absorption of



endotoxin or bacteria containing irrigation fluid may occur. Systemic absorption of
irrigation fluid containing endotoxin or bacteria may lead to urosepsis or fever after
PCNL as post-op complications (Troxel & Low, 2002). Intrapelvic pressure greater than
30 mmHg, which is equal to 40 cmH,0, has been shown to result in pyelovenous
lymphatic backflow, pyelotubular backflow and forniceal rupture (Tokas, Herrmann, et
al., 2019). In the study of Hinman (1928), pyelovenous backflow occurred at canines at
renal pressures above 40-47 cmH,O. Additional studies showed that pyelovenous
backflow may also occur at pressures as low as 13-27 cmH,0O. According to these
studies, during clinical practice maintaining IRP of less than 40 cmH,O is
recommended (Kukreja et al., 2002; Stenberg et al. 1988).

There is no study in the literature regarding the application of ureteral catheter-pressure
sensor and ureteral access sheath-pressure sensor combination, which is important in
controlling the effect of irrigation flow on intrarenal pressure. In in-vivo study of Doizi
et al. (2021), they were used digital sensor only for RIRS and they were inserted sensor
through the instrument channel. The current studies show, there is lack of proper
designed disposable with sensor channel and executed human studies. Therefore, in this
study, pressure sensor was combined with ureteral catheter and ureteral access sheath
for the first time, to be used in endourological procedures, especially percutaneous

nephrolithotomy, to prevent complications.



2. LITERATURE SURVEY

2.1 Urinary System

The urinary system filters blood where urea is carried then creates urine as a liquid
waste by-product. Urea is produced after protein contained foods are broken down
(Anonymous, 2020). The system keeps water and chemicals, such as sodium, potassium
in balance. The urinary system include the kidneys, ureters, bladder and urethra
(Standring, 2008b).

2.1.1 Kidney

The kidney sustains the body homeostasis by eliminating excess body fluid, salts,
foreign substances and byproducts of metabolism. The organ regulates blood
osmolarity, pH, blood volume and blood pressure and produces hormones (Elbadawi,
1996; Fowler et al., 2008).

Renal cortex

Renal medulla

|\ Renal artery Renal papilla

‘ Renal vein

: g = |~ Renal

-
" columns

Fibrous
capsule

Figure 2.1 Kidney anatomy (Medical, 2014)

The kidneys are bilateral organs placed in the upper left and right abdominal quadrants
retroperitoneally. They are between the transverse processes of T12-L3 vertebrae.
Typically, the left kidney positioned more superior than the right due to location of the
liver and the stomach (Standring, 2008b).



The kidney is surrounded by a thick layer of adipose tissue which called perirenal fat.
The layer protects the organ. The renal fascia is a connective tissue that hold the organ
in place. In the adult, each kidney is 12 cm long, 6 cm wide and 3 cm thick,
approximately. It is bean like shaped with a recess on the medial side that called the
hilum. The hilum is the beginning of the renal pelvis. The renal pelvis is where
the ureter and renal vein leave the kidney; also the renal artery enters the kidney
(Hickling et al., 2015; Standring, 2008b).

The renal cortex is outer surrounding of the renal medulla. The renal medulla forms of a
series of renal pyramids. Renal pyramids are striated due to presence of blood vessels
and straight tubular structures. The pyramids are ended in renal papillae where the
kidney pelvis is connected. The renal pelvis is a cavity of urine effusion. The calyces
are peripheral to renal pelvis and collects urine from each pyramid (Anonymous, 2009;
Hickling et al., 2015).

The renal cortex is enlarged to place between adjacent pyramids that called renal
columns and forms functional parenchyma of kidney. In parenchyma, millions of
nephrons are collected urine from afferent arteriole. An afferent arteriole is connected to
renal corpuscle of parenchyma that consist of capillaries called glomerulus
(Anonymous, 2009).

2.1.2 Ureter

Lumen

Mucosa
(transitional
epithelium)

Smooth muscle

Fibrous
connective
tissue

Figure 2.2 Ureter structure (Anderson 2012)
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The renal pyramids are the functional tissue that create urine. Whereas, the calyces are
the beginning of the ureter. The urine is transported by ureter from renal pelvis to
bladder. The ureters are approximately 25 cm long in narrow tube form, lies down on
the posterior abdominal wall. They reaches the posterior inferior surface of bladder
(Anderson, 2012).

The outer, middle and inner layer are structured the ureter. The fibrous outer layer is
surrounded by the middle muscular layer. The muscular coat of middle layer has outer
longitudinal smooth and inner circular muscle that drive urine downward (Anderson,
2012; Standring, 2008b). Approximately, every 10-15 seconds, a couple amounts of
urine are transported into the bladder. The inner layer is mucosa which is epithelium
that is also lining of the bladder and renal pelvis. The mucosa secretes mucus and

protects the surface of the cells (Hickling et al., 2015).

2.1.3 Urinary Bladder

Ureter

Detrusor
muscle

Ureteral

> Transitional epithelium
openings

Lamina propria

Internal urethral
sphincter

External urethral —————

sphincter

Figure 2.3 Schematic representation of urinary bladder (Weblogographic.com, 2019)

The urinary bladder is located in pelvic cavity, in lower abdomen and functions as
temporary storage of urine. The inner layer is mucous membrane of epithelium that
continues from ureters. The rugae structure in mucosa allows the bladder to expand



when urine accumulated inside. A typical healthy adult bladder can store urine for 2-5
hours. The submucosa is the second connective tissue layer with elastic fibers, supports
the mucosa. The urine is expelled from bladder by contraction of muscularis, the
smooth muscle layer. The outermost layer is parietal peritoneum that consists of fibrous

connective tissue (Macarak & Howard, 1999).

The bladder trigone is formed by 2 ureteral and 1 urethra openings. The ureteral
openings are covered by small flaps of mucosa to prevent urine from going back into
ureters and kidneys. These openings are called orifice. Adding to this, there is urethral
sphincter that is created by detrusor muscle (Standring, 2008a).

2.1.4 Urethra

The last station of the urinary system is urethra. The transition of urine from urinary
bladder to outside is occurred (de Groat & Yoshimura, 2001). The cross-sectional
structure consists of mucosal transitional epithelium and smooth muscle fibers
(Standring, 2008a).

The beginning of the urethra is surrounded by internal urethral sphincter, a smooth
muscle. Contrary, at the end is encircled by skeletal muscle that called external urethral
sphincter. The two sphincters control the urine flow along the urethra with brain signals.
In female, the urethra is shorter than males in size of 3-4 cm. The external urethral

orifices open to opening of the vagina (Chung, 2012; Park et al., 1997).

In males, the urethra is about 13-20 cm long with three parts where semen and urine are
transported. The first part is called prostatic urethra and passes through the prostatic
gland. This layer continues with membranous urethra and spongy urethra. The
membranous urethra is surrounded by striated muscle known as the external urethral
sphincter and in 2-2.5 cm long. The last portion, spongy urethra is the longest region,
extends along the external orifice, penis and the meatus enter to outside at the tip of it
(Chung, 2012; Park et al., 1997; Standring, 2008a).



2.2 Urinary Stone Disease

Urinary stone disease patients with ureteral stones present with symptoms of fever,
vomiting and loin pain in usual. In some of the cases renal stones might be
asymptomatic (Wimpissinger et al., 2007). The main biochemical examinations include
blood cell count, uric acid, calcium, creatinine and electrolytes. If urinary tract infection
is existed for patient, C-reactive protein also should be examined (Skolarikos et al.,
2015).

Ultrasound is preferring as the primary imaging tool for diagnosing that can identify
stones located in the urinary tract. The sensitivity and specificity in ultrasound imaging,
are 19-93% and 84-100%, respectively (Ray et al., 2010; Smith-Bindman et al., 2014).

2.2.1 Urinary Stone Disease Epidemiology and Aetiology

Stone incidence depends on ethnic, genetic factors, dietary, geographical and climatic.
Hypertension, type 2 diabetes, obesity and coronary heart disease risk factors are
associated with nephrolithiasis (Hamano et al., 2005; Ramey et al., 2004).

According to epidemiological surveys have been reviewed the countries with a high
standard of life, like Sweden, Canada or the United States of America, the urinary stone
prevalence is higher than 10% (Trinchieri, 1996). In the United Kingdom, the lifetime
prevalence of urinary stones increased by 63% in 10 years, between 2000 and 2010,
according to data of the National Health and Nutrition Examination Survey (Turney et
al., 2012). In Western countries, due to the improved clinical diagnostic procedures,
nutritional and environmental changes, the incidence of urinary tract stones are
increasing. In some developing countries in tropical regions, prevalence showed parallel

results of Western countries, especially high in warm months (Trinchieri, 2008).

More frequently children patient with upper urinary tract stones were correlated with
metabolic disturbances more than urinary tract infections or abnormalities (Coward et

al., 2003). Nutritional risk factors for urinary stone diseases were differed by sex and



age of the patient. In younger women, reduced risk of stone formation was correlated
with dietary calcium and fluid intake. However, sucrose and animal protein enhanced
the risk of urinary stone (Curhan et al., 2004). In older patients, there were no relation
between stone formation and dietary calcium. Nevertheless, intakes of potassium,
magnesium and fluid reduced the risk, whereas intake of vitamin C enhanced (Taylor et
al., 2004; Trinchieri, 2008).

2.2.2 Urinary Stone Formation

Kidney stones are in size between a grain of a pearl to sand. The formation of a stones
starts from crystal nucleation. Then, continues to the formation and growth phases of
the developing stones (Khan & Hackett, 1993; McKee et al., 1995). The stone formation
has been identified as two mechanisms in multistep for initial development of stone.
The main differences between mechanisms are the places of the initial formation.
Regardless of the mechanism, the nucleation and crystal growth are necessary for the
initiation and stone development of any kinds (Khan et al., 2016; Robertson et al.,
1971).

Nucleation is a process of accumulation of solute molecules scattered in a solvent.
Stone formation is caused by an abnormal combination of factors, which influence the
thermodynamic driving force. It is called supersaturation. The principal of the
thermodynamic driving force is the degree of supersaturation of the fluid within which
initiation occurs (Finlayson & Reid, 1978; Khan et al., 2016).
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Figure 2.4 Urinary stone formation mechanisms: “free particle” (a), and “fixed particle”
(b) mechanisms (Khan et al., 2016)

One of the mechanisms is called “free particle”, in which uric acid, calcium phosphate
or cystine crystals form Randall’s plugs in renal tubules (Figure 2.4.a). After the
Randall’s plugs formation, it moves with the urine, cluster and plug the terminal
collecting ducts. The plugs are subjected to the pelvis urine while calcium oxalate
crystals depositing on the calcium phosphates plug to form calcium oxalate kidney
stones by encrustation (Finlayson & Reid, 1978; Khan et al., 2016; Kok & Khan, 1994).

“Fixed particle” mechanism is the second proposed formation. The stone is formed on
calcific plaques on the surface of the papillary (Khan & Canales, 2015). The plaques are
named Randall’s plaques and development is started with supersaturation of calcium
phosphate crystal formation and deposition in the renal tubules. It is occurred at the
beginning of the collecting duct system and at the end of the loop of Henle (Figure
2.4.b). In that point, two different pathways have been proposed that supersaturation is
occurred in the basement membrane of the loop of Henle and initiated the plaque
formation (Step 2) (Figure 2.5.a). In alternative, crystal formations may occur in the
renal tubules (Step 3) and calcium phosphate crystals translocate into the interstitium
(Step 4). Another possibility, the renal epithelial cell is produced reactive oxygen

species when exposed to calcium oxalate and calcium phosphate; osteogenesis is
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happened. Epithelial cells are produced matrix vesicles (Step 5) which is continued by
their calcification (Step 6) (Khan et al., 2016).

When calcium phosphate crystals have been accumulated in the collecting ducts or
basement membrane of the loop of Henle; mineralization continues (Figure 2.5.b).
Membranous vesicles and collagen fibers are calcified (Step 1). The subepithelial
plaque is established when mineralization front arrives the renal papillary surface (Step
2). The papillary surface epithelium is disrupted and plaques are ruptured. Explosion of
the calcium phosphate crystals to the pelvic urine is occurred (Step 3-4). Urinary
macromolecules are accumulated on the subjected calcium phosphate crystals. The
deposition of calcium oxalate on calcium phosphate base is promoted (Step 5) (Khan et
al., 2016).

(@ Supersaturation of the tubular fluid )

Figure 2.5 Randall’s plaque (a) and calcium oxalate (b) stone formation (Khan et al.,
2016)
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2.2.3 Urinary Stone Classifications

Stones can be classified by location, size, X-ray characteristics and etiology of
formation (Hesse et al., 2003; Kim et al., 2007; Leusmann et al., 1990). A CT can
identify inner structure, density and composition of stones that effect the treatment
decision of surgeon. Stones varies according to mineral composition which classified by
the kidney-ureter-bladder radiography (Kim et al., 2007).

Table 2.1 Stone classifications (Turk et al., 2016)

Classification Factors

<5 mm
Stone size >-10 mm
10-20 mm
>20 mm
Upper calyx
Middle calyx
Lower calyx
. Renal pelvis
Location Upper ureter
Middle ureter
Distal ureter
Urinary bladder
Calcium oxalate dihydrate
Radiopaque Calcium phosphates
Calcium oxalate monohydrate
Magnesium ammonium phosphate
Poor radiopacity Cystine
X-ray Apatite
Uric Acid
Xanthine
Radiolucent Ammonium urate
2,8-Dihydroxyadenine
Drug Stones
Calcium oxalate
. . Calcium phosphate including
Non-infection stones brushite and carbonate apatite
Uric acid
Magnesium ammonium phosphate
Aetiology Infection stones Ammonium urate

Genetic causes
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2.3 Urinary Stone Disease Treatments

2.3.1 Medical Expulsive Treatment (MET)

The urinary stones, smaller than 6 mm, can pass the urinary tract spontaneously.
However, medical expulsive treatments increase the chance of passage and stone-free-
rate. a-Adrenergic receptor antagonists, mainly tamsulosin is used, and calcium channel
blockers are demonstrated as an powerful medical expulsive therapy. These drugs

increase the stone passage by dilating the distal ureter.

The meta-analysis of Hollingsworth et al. (2006), medical expulsive treatments with
calcium channel inhibitors or a-blockers or reducing the time on stone expulsion. The
stones pass more easily in the patients with less pain episodes than whose not having
MET. Also, the treatment reduces the need of analgesics due to less pain episodes
(Hollingsworth et al., 2006; Seitz et al., 2009).

According to meta-analysis, MET relies on generic drugs, like doxazosin or
Tamsulosin, which are inexpensive. Surgical management of stones such as Retrograde
Intrarenal Surgery (RIRS), Extracorporeal Shockwave Lithotripsy (ESWL) or
Percutaneous Nephrolithotomy (PCNL) are costly, due to investment for ureteroscopy,

shock-wave lithotriptor or percutaneous nephroscope (Hollingsworth et al., 2006).

The MET might be supportive treatment option after ESWL, RIRS or PCNL. However,
the treatments should be ceased in case of pain, infection or disconcertion of kidneys’
function (Hollingsworth et al., 2006).

2.3.2 Laparoscopic or Open Surgery
Laparoscopic or open or surgery are possible treatment options, in case other treatment
modalities are not suitable. The process has innovated from open surgical lithotomy to

minimally invasive endourological surgeries over 30 years. The indications for

laparoscopic or open stone surgery are limited. However, in case of endourologic
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procedures have been performed without success, the surgery can be chosen especially
for centrally located renal stone mass (Alivizatos & Skolarikos, 2006; Turk et al., 2016).

2.3.3 Extracorporeal Shockwave Lithotripsy (ESWL)

Extracorporeal Shockwave Lithotripsy (ESWL) is a non-invasive transfer of high
energy acoustic waves for fragmenting the urinary stones. The electromagnetic, electro-
hydraulic or other types of energy sources is created a shockwave. The shockwaves are
focused on the urinary stones by acoustic lens. When the wave passes through the
calculus, energy is delivered and stone is fragmented (Ordon et al., 2014; Scales et al.,
2014).

The number of shockwaves can be applied at different sessions. It depends on the types
of shockwave power and lithotripter (Ordon et al., 2014). In studies of Pace et al. (2005)
and Semins et al. (2008), best clinical practice in shockwave lithotripsy have success by
lowering the frequency. The frequency is decreased from 120 to 60-90 shockwaves/min

and frequency are set to 1.0-1.5 Hz to improve the stone-free-rate.

ESWL have success in good rate of stone-free for stones smaller than 2 cm, except for
lower pole stones which are more suitable for endourology, RIRS and PCNL. In
addition, the shockwave resistant stones, like brushite, cystine and calcium oxalate
monohydrate and is not suitable for ESWL, they are resistant to fragmentation (Wignall
et al., 2008). In addition to location and stone’s composition limitations, ESWL may
requires repeated treatments to match the effect of endourological procedures.
Compared to PCNL and RIRS, there are less complications with ESWL which have
higher satisfaction scores, faster return to work and shorter recovery times (Pearle et al.,
2001). ESWL also has a low complication profile, the rate for urinary tract infection and
steinstrasse is 2% and 5%, respectively. The steinstrasse refers to multiple small ureteric

stones, seen aligned in the ureter (Muller-Mattheis et al., 1991).

The contraindications of ESWL are pregnancy, uncontrolled urinary tract infection and

severe obesity, bleeding diatheses, anatomical obstruction distal to the stone and severe
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skeletal malformations (Turk et al., 2016). Deep sedation or general anesthesia is
commonly used during procedure. The success of ESWL is determined after 1-3
months. The small residual fragments that the size is smaller than 4 mm are considered
to pass ureter. The patients with these stones referred as stone-free. The medical
expulsive therapies after ESWL might increase expulsion rate, rate of stone-free and
reduce additional analgesic requirements (Pearle et al., 2001).

2.3.4 Retrograde Intrarenal Surgery (RIRS)

The technical availabilities and improvements of wide range of disposables are
increased the usage of ureteroscopies (URS). Miniaturization of endoscopes and
improved optical quality in both flexible and rigid URS resulting in shorter operation
times (Binbay et al., 2010; Wendt-Nordahl et al., 2011). Moreover, digital flexible URS
(f-URS) demonstrates brief operating times because of the image quality improvement
(Binbay et al., 2010).

URS have lower rate of stone-free for stones greater than 2 cm. Also, the harder stones
composed of brushite, cystine or calcium oxalate monohydrate are more effective for
URS. A systematic review of renal stones which are greater than 2 cm showed stone-
free-rate of 91% with 1.45 procedures/patient (Binbay et al., 2010; Geraghty et al.,
2015).

Rigid or flexible URS might be used through the ureters depend on patients’ anatomy
(Figure 2.6). Ureteroscopies have retrograde passage of an endoscope from the urethra
towards the kidney and ureter. When scope reach to the stone, other instruments, such
as guidewires, balloon dilators, laser fibres and baskets can be delivered from scope’s

working channel (Wignall et al., 2008).

The non-invasive ureteroscopy procedures require general or spinal anesthesia to
decrease the pain and visceral response to dilation (Cybulski et al., 2004). The
fluoroscopic equipment should be ready in the operation room due to safety reasons.

During procedure, placement of a safety guidewire is highly recommended. In case of
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difficulty during insertion of a f-URS, using rigid URS firstly might be helpful for
optical dilation (Dickstein et al., 2010). A double J (JJ) stent insertion before the
operation is offered also as an alternative to dilation to obtain ureteral access (Ge et al.,
2016; Pace et al., 2017). Ureteral access sheaths (UASS) can be inserted by a guidewire
to obtain easy access for upper urinary tract. The inner diameter of the sheath is
available from 9F and thicker. Use of a hydrophilic-coated UAS reduces intrarenal
pressure, also improves operation vision by sustaining the continuous flow of irrigation
fluid (L'Esperance J et al., 2005; Stern et al., 2007). As a result, it reduces operating
time. RIRS is removal of stones completely from urinary tract and they can be extracted
by endoscopic baskets or forceps (Santiago et al., 2017). The nitinol endoscopic baskets
might be used for f-URS (Bach et al., 2008). The holmium yttrium-aluminum-garnet
(Ho:YAG) and Thulium fiber laser (TFL) systems are preferred method of lithotripsy.
The fibers of the systems are inserted through the working channel with different
diameter options in micron and use for fragmentation and dusting of all kind of stones
(Leijte et al., 2008; Pierre & Preminger, 2007).

{ Symptomatic kidney stone ]

|

[ Elective stone removal ]
|

2 y

[ Lower pole } { Upper or middle pole ]
|
\2 ] R \ \
-
<lcm ] {171.5cm} [ >1.5cm ] [ <Zcm ] =2cm or staghorn
Low High
attenuation attenuation

I snsn'iS

s N
Shockwave lithotripsy ‘ Ureteroscopic retrieval] [Percutaneous nephrolithotomy]

‘ (O Stone location O Stone size or morphology O CT evaluation O Treatment

Figure 2.6 Algorithm for the most common approaches for treatment options (Khan et
al., 2016)

Rigid URS are used for distal ureteral stones, whereas f-URS are used to reach each of

the calyx by chance of their manoeuvre and deflection ability up to 275 degree. The
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complications rate of RIRS is 9-25% and mostly minor complications that not require
intervention (Geavlete et al., 2006; Perez Castro et al., 2014).

A meta-analysis of seven randomized controlled trials which is involved more than
1200 patients have showed that RIRS have higher rate of stone-free and less need for
second treatment than ESWL did (Aboumarzouk et al., 2012). As in the Table 2.2, for
urinary stones smaller than 1 cm in size, ESWL and RIRS are considered as primary
therapy. For urinary stones greater than 1 cm in size, RIRS result in higher stone-free
rates. Compared with ESWL, RIRS is associated with more rates of complication and
longer stay in hospital (Geavlete et al., 2006; Lamb et al., 2011).

Many of the symptoms which increase the rates of complications are associated with the
ureteral stents that is placed after the procedure. These polyurethane stent tubes are
designed with distal and proximal coils to stay at their positions between the bladder
and kidney. In spite of stents’ advantages, the distal bladder coils might be felt by the

patient and caused irritative voiding symptoms and haematuria (Pearle et al., 2005)

Table 2.2 Treatment algorithm of renal stones

Renal Stones
(all locations except lower pole stone in size of 10-20 mm)

1. PCNL

> 20/mm - 2. RIRS or ESWL
10-20 mm — Endourology or ESWL
<10 mm . 1. ESWL or RIRS

2. PCNL

Table 2.3 Treatment algorithm of lower-pole renal stones

The lower pole Stones (>20 mm & <10 mm)

- 1. Endourology
10-20 mm Unfavorable factors YES 2. ESWL
for ESWL -

NO ESWL or Endourology
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2.3.5 Percutaneous Nephrolithotomy (PCNL)

Percutaneous nephrolithotomies are mainly performed for stones greater than 20 mm in
size (Figure 2.6). Different endoscopes, rigid and flexible, are suitable and the selection
depends on the surgeon experience. Standard access tracts are 24 to 30F. Smaller access
sheath which is thinner than 18 F, miniPCNL, were primary introduced for pediatrics
but currently also in use for adults (Khan et al., 2016). For PCNL, the efficacy of
miniaturized systems seems to be greater than standard PCNL, but the benefit on stone-
free-rate has not been demonstrated yet. The miniPCNL can be associated with less loss
of blood, but the operation time is longer (Ruhayel et al., 2017).

Laser, pneumatic and ultrasonic systems are mostly used for rigid nephroscopy
(Ruhayel et al., 2017). Before the operation, ultrasonography or computed tomography
support the identification of the tissue between the kidney and skin, then calyceal
puncture is operated. This technique reduces the incidence risk of bowel and visceral
injury (EI-Shaer et al., 2019; Turk et al., 2016; Zhu et al., 2017). After access into the
kidney is succeeded, a guidewire is inserted to the bladder antegrade for maintaining
passage of balloon dilators or single dilator to expand the tract (Osman et al., 2005).
When dilation and placement of the working sheath is done, both flexible and rigid

nephroscopes might be passed for lithotripsy (Akman et al., 2011).

The contraindications of PCNL are untreated urinary tract infections, pregnancy and
kidney tumors (Violette et al., 2016). The patient with a stone greater than 20 mm or
staghorn calculi; percutaneous nephrolithotomy is the standard while decreasing the
length of hospital stay by 75% in compare of open surgery (Preminger et al., 1985).
PCNL is preferred as more efficient than RIRS or ESWL for many kinds of stones.
However, the procedure is more invasive (Turk et al., 2016).

During the operation, irrigation pressure should be under 30 mmHg for preventing
postoperative sepsis and other complications (Wu et al., 2017). Most commonly seen
postoperative complications are urinary leakage, fever, bleeding and presence of
residual stones (Turk et al., 2016).
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2.4 Intrarenal Pressure during Endourology

According to international guidelines, the flexible ureteroscopes (f-URS) are the
primary treatment option of kidney stones up to 20 mm (Assimos et al., 2016) (Pradere
et al., 2018). To achieve better visibility during procedures, irrigation maintains clear
image inside the urinary tract, while transporting the emerging stone dust and

fragments. This irrigation relates with parameters of the irrigation inflow and outflow.

The irrigation inflow relates with the irrigation pressure set. In addition, it depends on
the sizes of the working channel diameter for instruments. On the other hand, the

irrigation outflow depends on the usage of a UAS and the size of the f-URS.

High level of intrarenal pressure might be reached in case inflow and outflow are not in
equilibrium. The increase in the intrarenal pressure can trigger pyelovenous reflux and
therefore the bacteria or other endotoxins in the collecting system may be transferred to
the systemic blood flow. This may result in bacteremia and septic complications which
might lead to prolonged antibiotic therapy, intensive care unit admission and even
death. To prevent the mentioned complications, the intrarenal pressure should be kept
below 40 cmH,0.

In the study of Doizi et al. (2021), continuous monitoring of IRP during f-URS with use
of a sensor wire is performed. Intrapelvic pressure is recorded at different conditions:
Baseline pressure (a); pressure when scope is inserted with stable irrigation flow with
the irrigation pressure calibrated at 80 cmH,O (b); the pressure when manual irrigation
ceased in small brisk movement (c); the pressure when manual irrigation applied

continuous and gradually (d); the pressure during lithotripsy (e) (Doizi et al., 2021).

They employed the 0.014" PressureWireX guidewire (St. Jude Medical, USA) that have
indication for cardiology as assessing fractional flow reserve (FFR) procedures in
coronary arteries. PressureWireX guidewire have a digital sensor located at 3 cm
proximal of the wire end for measuring the pressure. The soft platinum and distal 3 cm

part are floppy, radiopaque and hydrophilic that allows minimal trauma during
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positioning. The polytetrafluoroethylene coated main shaft, the last 28 cm part, is
hydrophilic and flexible.

The console, QUANTIEN system, receives the pressure signal wirelessly from the wire.
The screen of QUANTIEN system can display the pressure and temperature values. The
pressure values are displayed in mmHg, at the range from -30-300 mmHg which is -
40.8 to 407.9 cmH,0 (Doizi et al., 2021).

After placement of the pressure sensor guidewire, IRP measurements were obtained in
five cases. The average baseline of intrarenal pressure (a) was 6 cmH,O. During flexible
URS and irrigation pressure was at 80 cmH,0O, without forced irrigation, the average
intrarenal pressure (b) was 63 cmH,0O. Mean intrarenal pressure during laser lithotripsy
(e) with on demand forced irrigation was 115.3 cmH,0. The highest pressures recorded
during lithotripsy ranged from 289.3 to 436.9 cmH,0 (Doizi et al., 2021).

The maximum-minimum, mean, peak pressure values, pressure patterns with and
without the f-URS and the effect of on demand irrigations were examined in the study
of Doizi et al. (2021). However, the pressure peaks only observed and reported for short
durations. The longest duration of measurement, the study of Schwalb et al. (1993) on
pigs, was shown that prolonged exposure which is longer than 45 min, the intrarenal
pressure is exceeded 200 cmH,O. The high-pressure value was associated with

inflammation and renal scarring.
In literature, there is no evaluation of irrigation methods such as gravity-based or

automatic irrigation systems. Thus, no irrigation method is recommended as the best

option.

20



3. MATERIALS AND METHODS

3.1 Materials

3.1.1 Pressure sensor

PressureWire™ X Guidewire is a catheter inserted through a blood vessel for measuring
the physiological parameters in the cardiac and peripheral blood vessels by
cardiologists. The PressureWire™ X Guidewire can measure blood pressure and blood
temperature via integrated sensor element at the tip. The cardiologists use
PressureWire™ X Guidewire to assess Fractional Flow Reserve (FFR) in coronary
vessels in Cath Lab (Figure 3.1).

Figure 3.1 The system integration of PressureWire™ X Guidewire system in Cath Lab

In this thesis study, the pressure sensor and console that called QUANTIEN system,
was used as intrarenal pressure monitoring device. The sensor wire has diameter of
0.014", 1Fr. The digital sensor is placed at the 3 cm distal of the wire and this area is
made of soft floppy, hydrophilic and radiopaque platinum. Proximal
polytetrafluoroethylene coated side of the wire is flexible and hydrophilic (Figure 3.2).
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The signal of pressure is transmitted wirelessly to QUANTIEN system where the
pressure and temperature can be displayed simultaneously. The pressure is measured in
range from -30 to 300 mmHg. All pressure values in cmH20 is converted by
multiplying value in mmHg by 1,35. The accuracy of sensor wire is < 2mmHg or + 2%.

Fortunately, sensor is digital and can be calibrated quickly.

i
z

Figure 3.2 The PressureWire™ X Guidewire (A), packaging coil (B), sensor element
close-up view (C) and wireless transmitter (D)

3.1.2 Imaging System

Imaging system was used for visualizing the cavities where the pressure values were
measured. The cavities were 3D printed kidney model, sheep and patient kidney. During
3D model and sheep kidney experiments, URF-P5 (Olympus, Japan) and Flex-X2S
(Karl Storz, Germany) were used. These flexible fiberscopes were connected to
laparoscopic camera head which was inserted to Olympus and Storz video processors
(Figure 3.3).
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Figure 3.3 The imaging system

3.1.3 Flexible Ureteroscope

The URF-P5 flexible fiber ureteroscope (Olympus, Japan) was used access to the
kidney in endourologic operation and in-vitro experiments. The scope is designed to
pass the ureter; examine the entire kidney with 275° of down angulation and 180° of up
angulation. The tip of scope is 5.3 Fr and the working channel is 3.6 Fr. The length of
the scope is 1050 mm; working length is 700 mm.

3.1.4 Percutaneous Nephroscope
The 16.5/17.5 Fr PCNL Sheath, Optimum PNL (MIG Optimal Medical, Turkey) was

used during PCNL in operating room. The 12Fr nephroscope (Karl Storz, Tuttlingen,
Germany) was inserted into the PCNL sheath and connected to imaging system.
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3.1.5 Flushing Pump

Obtaining certain flow rate during in-vitro test with sheep kidneys and 3D printed
model, the flushing pump OFP-2 (Olympus, Japan) was used. The pump was for
gastroenterological procedures to clean the gastrointestinal tract with sterile water for
clearer image during the endoscopies.

Endoscope

|| £ 45
ZAN

Instrument channel port

Insvumebt

channel use
|

Figure 3. 4 The connection of scope and flushing pump

The pump was connected to scope, URF-P5, through the working channel (Figure 3.4).
The reusable tubing set was used, the container was filled with saline. The flushing
pump was connected to scope then scope was connected to camera head of imaging
system (Figure 3.5). The device had 9 levels of flow rate, each level can be seen on
front panel. Due to probability of loosening on tubing set, the flow rates were measured
manually. The flow rates of each level are given in Table 3.1.
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Figure 3.5 The flushing pump was connected to URF-P5 through the working channel
and f-URS was connected to camera head of imaging system

Table 3.1 The flow rates of each levels on OFP-2 Flushing Pump

FLOW RATE
LEVEL (ml/min)
Level 1 135
Level 2 150
Level 3 210
Level 4 240
Level 5 300
Level 6 360
Level 7 420
Level 8 420
Level 9 420
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3.1.6 Fluid Pump

A medical fluid pump (Vimex Endoscopy, Poland) designed to deliver fluid under a
given pressure to an operative field (Figure 3.6). The device provides working modes of
arthroscopic, hysteroscopic and urologic surgeries. The pump was connected to scope,
URF-P5, through the working channel. The reusable tubing set was used, the saline was
hung. The device has adjustment for pressure in mmHg and flow in I/min; in range

between 10-150 mmHg and 0,1-1,0 I/min, respectively.

Figure 3.6 The fluid pump with saline connection

3.1.7 Designed Ureteral Access Sheath (UAS)

Olympus ureteral access sheath, UROPASS (Olympus, Japan) was used during in-vitro
tests. The size of UAS was 10/12Fr. and 54cm in length. The UAS was assembled
together with 4Fr. ureteral catheter (Cook Medical, USA). Ureteral catheter was used as

pressure sensor channel during experiments (Figure 3.7).
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Figure 3.7 Designed ureteral access sheath with pressure sensor guidewire

3.1.8 Designed Ureteral Catheter

Ureteral catheter, Dual Lumen Ureteral Access Catheter, 10 Fr, (Cook, Bloomington,
Ca) was used during endourological procedure, PCNL. The catheter has two port; one
for balloon insufflation and second for pressure sensor, PressureWire™ X Guidewire

(Figure 3.8).

Figure 3.8 Designed ureteral access sheath with pressure sensor guidewire
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3.1.9 Animal Kidneys

6 sheep kidneys were used for in-vitro tests with designed UAS. The sizes of the

kidneys were shown in Table 3.2.

Table 3.2 The Wide (W), length (L) and height (H) of the sheep kidneys

Kidney size (cm)

Model
W L H
1 5.60 3.30 1.70
2 5.50 3.30 2.10
8 5.30 3.00 2.00
4 5.30 3.10 2.10
5 4.80 2.90 1.70
6 4.50 2.90 1.60

3.1.10 3D Printed Kidney Model

The 3D printed kidney model was used for primary tests to get an initial measurement
from pressure sensor. The 3D mechanical drawing of the model for f-URS was
illustrated in Figure 3.10-11. The ureter and kidney were printed in 8 hours. The 3D
printer was constructed piece by piece so that brand name cannot be given (Figure 3.9).
The PLA was used for printing and pieces were resembled with hot glue gun. Leakage

for liquid was tested after resemble process.

28



Figure 3. 9 3D Printer

110,00
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Figure 3. 10 The mechanical drawing of kidney for 3D Printer
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8,80

@6,00 1

Figure 3.11 The mechanical drawing of ureter for 3D Printer

3.2 Methods

3.2.1 Pressure Monitoring in 3D Printed Model with UAS

The 3D printed kidney model was obtained from 3D printer for primary tests to
examine the pressure sensor accuracy. The PressureWire X guidewire was opened as
sterile package and used during tests in operation room. The sensor guidewire was
calibrated after the sensor inserted through the ureteral access sheath inside the 100ml
syringe (Figure 3.12).

30



Figure 3.12 Sensor guidewire calibration

The UAS was inserted into the 3D kidney model then the ureteroscope, URF-P5 was
driven inside the sheath. During the 3D model test due to stiffness of the PLA, ureter
cannot be expanded so that there was limited diameter. The catheter could not be used
for sensor coverage, so that the sensor inserted through the UAS. The URF-P5 was
attached to camera head of imaging system (Figure 3.13). The position of the sensor

was confirmed simultaneously along the measurements (Figure 3.14).
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Figure 3.13 The 3D printed model with UAS test setup

Figure 3.14 The image of the pressure sensor inside the UAS
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In the other experiment on 3D printed model, the fluid pump (Vimex Endoscopy,
Poland) was utilized. The UAS was inserted into the 3D kidney model then the
ureteroscope, URF-P5 was driven inside the sheath, next to sensor guidewire (Figure
3.15). The fluid was adjusted to 0.20 I/min. The pressure value was increased from 10 to

30 mmHg; 3 different pressure value was examined (Figure 3.16).
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Figure 3.16 The fluid pump pressure adjustment
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3.2.2 Pressure Monitoring in Animal Kidney with UAS

The imaging system Evis Exera Il (Olympus, Japan) and the ureteroscope, URF-P5
(Olympus, Japan) were used as imaging systems during the tests. The QUANTIEN
system was placed on the imaging tower. The flushing pump OFP-2 was connected to
URF-P5 through the working channel with reusable tubing set, the green lid container
of the pump was filled with saline (Figure 3.17). The PressureWire X guidewire was
opened as sterile package and used during tests in laboratory. The sensor guidewire was
calibrated after the sensor inserted through the ureteral access sheath inside the 100ml

syringe.

The UAS was inserted into the 6 sheep kidney model then the ureteroscope, URF-P5
was driven inside the sheath. The sizes of sheep kidney is given in Table 3.2. The size
of animal kidney and the ureter diameters were thinner than human kidney. As a result,
the 10/12Fr with catheter was extensive. The pressure sensor was inserted through the
UAS.

Figure 3.17 The setup of the experiment
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The 6 sheep kidney’s ureter was dilated with dilator of the UAS. The 54 cm UAS was
placed after dilation process, the ureteroscope and sensor guidewire inserted meanwhile.
Avoiding the separation of UAS and ureter with irrigation pressure, the distal of the
ureter was knotted by suture (Figure 3.18). The position of the sensor was confirmed

simultaneously along the measurements (Figure 3.19).

Figure 3.18 The placement of UAS and animal kidney

Figure 3.19 The location of sensor through the UA
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3.2.3 Pressure Monitoring During PCNL with Ureteral Catheter

The operation was performed by Assoc. Prof. Dr. Mehmet llker GOKCE, MD in
Ankara University Ibn-i Sina Hospital, Department of Urology. The male patient was
under general anesthesia. The stone burden can be seen in the C-arm fluoroscopy
monitor. The calyx structure can also be seen on the image, the darker spot was the
kidney stone (Figure 3.20).
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Figure 3.20 C-arm fluoroscopy monitor

The ureteral catheter was inserted retrograde to urinary tract to perform retrograde
pyelography during Percutaneous Nephrolithotomy (PCNL). Renal access was
performed under fluoroscopy guidance and tract was dilated with a metallic dilator to 16
Fr and a 17 Fr metallic sheath (MIG Optimal medikal, Ankara, Turkey) was inserted
over the dilator. A 12 Fr nephroscope was used to access the kidney. The percutaneous

access and operation layout were given in Figure 3.21.
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Figure 3.21 The percutaneous access and operation layout

The kidney stones were fragmented by Ho:YAG laser (Dornier Medilas H Solvo 35,
Germany). The pressure measurements were started after the stone lithotripsy. The
measurements were taken from emptied renal cavity. The sterile package PressureWire
X guidewire was opened on sterile desk (Figure 3.22). Firstly, the sensor was calibrated,
syringe with saline was attached to distal end of guidewire’s packaging coil. After the
saline was filled into the packaging coil through the flushing port, the transmitter was
turned on (Figure 3.23). The system was zeroed and guidewire was removed from

packaging coil.

Figure 3.22 The package of PressureWire X guidewire.
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Figure 3.23 Zeroing the guidewire

The first measurement was performed from the renal pelvis, while the ureteral catheter
with sensor was placed through the ureter with the tip of the pressor sensor was located
in the renal pelvis. The sensor placement was simultaneously controlled by nephroscope
image, also the sheath location was controlled at intervals by fluoroscopy (Figure 3.24).
The irrigation was attached to inflow valve of nephroscope sheath. The pressure
measurement was taken in two different way: the nephroscope sheath is closer and far
away from nephroscope (Figure 3.25). So, the outflow of the system was changed. In
the location of sheath was pulled back from nephroscope (Figure 3.25a), due the
outflow was supplied from the valves on the sheath, there was reduction of outflow.

The active aspiration was also activated, the changes on the pressure were monitored.
The second measurement was taken when the f-URS was inserted antegrade from

PCNL sheath. The irrigation was sustained from working channel of f-URS. With and

without aspiration, the pressure values were monitored.
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Figure 3.24 The simultaneous image of sensor guidewire

A B

Figure 3.25 The locations of nephroscope and sheath (Gokce et al., 2021)



4. RESULTS

To obtain accurate results of pressure sensor guidewire with designed ureteral access
sheath and ureteral catheter, experiments were performed in 3 different setups. The
primary experiments were performed with UAS in 3D printed kidney model which
produced as approximate to human kidney sizes. Second experiment was on animal
kidney. The sheep kidney was used to test UAS in narrow renal cavity. The last but
most important experiment was performed on human kidney during endourological
procedure, percutaneous nephrolithotomy. The performance of pressure sensor

guidewire within the ureteral catheter was examined.

4.1 Pressure Measurement in 3D Printed Model with Designed UAS

In the first experiment on 3D printed model, the fluid pump (Vimex Endoscopy,
Poland) was utilized. The setup was given in Figure 3.15. The pressure value was
increased from 10 to 30 mmHg while the fluid flow was set to 0.20 I/min. The pressure
results were given in Table 4.1. This experiment was performed to confirm the sensor

guidewire accuracy.

Table 4.1 The pressure values of 3D printed model with fluid pump

Fluid Pump Flow Fluid Pump Pressure  Pressure Sensor Pressure Sensor
(I/min) (mmHg) (mmHg) (cmH,0)

0.2 10 9 12,15

0.2 20 21 28,35

0.2 30 29 39,15
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The second experiment setup was given in Figure 3.13, in Section 3.2.1. The results
were captured from QUANTIEN monitor with USB. In the data screen, “Pd” value was
the instant pressure value that acquired from the sensor element (given at Figure 4.2).
“Pa” values only had importance during FFR procedure, in cardiology. In “FFR”
segments of the QUANTIEN screen were shown the calculation of “Pd/Pa”.

Table 4.2 The pressure values of 3D printed model with flushing pump

Flushing Pump Flow Rate Pressure Pressure
Level (ml/min) (mmHg) (cmH0)
Level 1 135 9 12,15
Level 2 150 18 24,3
Level 3 210 29 39,15
Level 4 240 37 49,95

The pressure values were taken after the model was filled with saline by using OFP-2,
the flushing pump. First 4 level of pump was used, however the pump had 9 levels, the
experiment was terminated when pressure was reached approximately 40 cmH,0. The
pressure value was the critical level to cause post-op complications. PressureWire X
was calculated pressure in units of ‘mmHg’ so that all the test data were converted to

cmH,0 by multiplying 1,35.

As expected, it was observed that the pressure measurements increased with the
increase of the flushing pump’s flow rate (Figure 4.2). At the minimum flow rate, 135
ml/min, the pressure was measured as 12,15 cmH,0. The flow rates at 150, 210 and 240

ml/min resulted in 24, 39 and 50 cm H,0 pressure, respectively (Table 4.2).
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Figure 4.1 The pressure readings of 3D Printed Models

The graph of the results is given in Figure 4.2. As mentioned before, the experiment
was terminated when the system pressure was reached to 40 cmHO. In the graph,
critical level was indicated with red line, in Level 3 with 210 ml/min, almost the

maximum pressure value was reached with automatic pump.
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Figure 4.2 The graph of pressure values

4.2 Pressure Measurements in Animal Kidney with Designed UAS

The sizes of the sheep kidney were significantly smaller than human kidney. The mean
weight, length and height dimensions were 517, 308 and 187 mm, respectively. As a
result, the pressure in 6 sheep kidneys reached the critical value between the Level 2 to
3. The kidneys were filled with saline by flushing pump and the pressure readings were
started, after the determined base pressure 4.0 mmHg was obtained. The pressure inside

the renal cavity was increased by the increase of flow rate (Table 4.2).
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Table 4.3 The pressure changes in animal kidneys

Kidney size (mm) Pressure (cmH,0)
Model Base Level 1 Level 2 Level 3
L H - 135 150 210
ml/min ml/min ml/min
1 560 330 170 5,4 9,45 28,35 109,35
2 550 330 210 5,4 20,25 39,15 83,7
3 530 300 200 5,4 24,3 37,8 83,7
4 530 310 210 5,4 8,1 32,4 91,8
5 480 290 170 5,4 17,55 37,8 89,1
6 450 290 160 5,4 10,8 27 76,95

The pressure readings were recorded in 20 second in each level. The QUANTIEN
system were calculated the average pressure value in that 20 seconds and displayed. The
displayed images given in Figure 4.3 were obtained at level 2 with 150 ml/min flow
rate. The mean pressure was 33,75 + 4.80 cmH,0. The whole pressure data and critical

level of IRP is given in Figure 4.4.
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Figure 4.3 The pressure readings of animal models in Level 2
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Figure 4.4 The graph of pressure values in animal models

4.3 Pressure Results During PCNL with Designed Ureteral Catheter

The final experiment was on the human kidney, during endourology. The pressure
readings were started after the stone free status was established by Dr. Gokce. Pressure
measurements in 2 different procedures and settings were mentioned in Section 3.2.3 in
detail.

First pressure measurements were obtained in 4 different time intervals (Figure 4.5).
Time interval “1” was the base pressure when nephroscope and sheath were in the same
positon and pressure guidewire was inserted from ureteral catheter. Adding to this,

gravity irrigation was used.

The renal base IRP was measured as 5,4 cm H,O. After the manual irrigation was
executed, the pressure was increased to maximum of 12,15 cm H,0 as showed in time

interval “2”. The third time interval is the replacement of nephroscope and sheath.
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During the measurement, the sheath which sustained the outflow of the irrigation was
pulled back from nephroscope, the pressure was increased approximately to 30 cm H-0.
In that point, without reaching to critical level, the active aspiration was supplied. With
the active aspiration, the decrease of the pressure was achieved. Unfortunately, the
sensor element was collapsed within the renal collecting system due to aspiration and
caused increase in the pressure (Figure 4.6). The aspiration was paused, the sensor
relocated within the cavity and the measurements were continued. With the aspiration,

the instant IRP was lowered in time interval “4”.

Patient Pressure Values with PCNL
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Figure 4.5 The graph of patient pressure values during different time intervals in PCNL
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Figure 4.6 The collapse of the sensor within the renal collecting system

In the second procedure, the 5.3 Fr. ureterenoscope was inserted antegradely from
nephroscope sheath (Figure 4.7). The gravity-based irrigation inflow was supplied from
3.6 Fr working channel of ureterenoscope. The base IRP pressure was 10 cmH,0,
approximately (Figure 4.7-1). When the irrigation increased manually, the pressure was
reached to 16 cmH,O (Figure 4.7-2). Due to thinness of working channel, the pressure
increase was limited compared to nephroscope irrigation inflow capacity. After the

active aspiration was turned on, the pressure was decreased (Figure 4.7-3).

The QUANTIEN system was captured the pressure measurement as a graph at the end
of the examination. The complete pressure values in chart format and graph can be
sustained from the system. As shown in Figure 4.8, after neglecting the peak values
originated during the insertion and relocation of sensor guidewire, the critical level of

40 cmH-,0 was tried not to exceed.
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Figure 4.8 The overall graph of the pressure readings during PCNL
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5. DISCUSSION AND CONCLUSION
5.1 Discussion

This thesis study aimed to generate a real time pressure monitoring during
endourological process. For this reason, a ureteral catheter for percutaneous
nephrolithotomies and ureteral access sheath for retrograde intrarenal surgeries was
implemented. The pressure sensor guidewire, which was mainly in use for cardiology,
was utilized as digital sensor element that monitoring the pressure inside the intrarenal
cavity. A 3D printed model, animal kidney and patient were the 3 different experiment

setups for examining the endourology disposables with sensor.

Endourological procedures aim to clear stones without causing post-op complications
(Gokce et al., 2021). The main aim of researches and biomedical applications in
endourological procedures were the improvement of the image quality by achieving
better irrigation flow and irrigation pressures (Tokas, Herrmann, et al., 2019). During
procedures, there are possible ways to maintain lower pressure values even working
with high irrigation flow (Alsmadi et al., 2018; Rawandale-Patil et al., 2019). During
the procedures, the intrarenal pressures should be under control, below the 40 cmH,0 or
30 mmHg should be maintained to avoid post-op complications (Monga et al., 2004).
Unfortunately, an in-vivo human and ex-vivo animal experiment which pressure
measurement on designed disposable with digital sensor cannot be found in literature. In
this respect, the experiments and design of disposables might be significant. The studies
in literature were performed to analyze the prolonged exposure of irrigation; cause of
post-op renal scarring and inflammation; pressure in different locations of scopes; the
pressures differences between baseline and lithotripsy; effect of PCNL sheath size on

pressure.

In literature, all the experiments were performed by system of urodynamic pressure
measurement except the study of Doizi (2021). In that study, they performed f-URS
with PressureWire in 4 patients. The baseline pressure, pressure during therapeutic
period were measured. In this thesis, the accuracy of the digital pressure sensor

guidewire was first tested with a 3D printed model experiment in 2 different setups. The
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implemented sensor guidewire showed that the sensor can be utilized as real time

pressure monitoring system.

Initial experiment on 3D model was with fluid pump in urology mode. With constant
irrigation flow rate of 0.2 I/min, the pressure on system was set to vary from 10 to 30
mmHg. The real time pressure values on QUANTIEN monitor significantly showed that
the relative error of the sensor at around 10 mmHg is around 10%. However, while the
pressure increased to 20-30 mmHg, the relative error is around 5%. The pressure
accuracy rate in the Abbott’s Instruction for User Manual is £2% for cardiological
systems which is more isolated environment inside the arteries. The preferred pressure
values in operations such as 20-30 mmHg have 5% of accuracy rate which is an
acceptable result during endourology measurements due to leakages throughout the
experimental setup. Second experiment’s results given in Figure 4.2 showed that the
pressure increases with the increase of the flushing pump flow rate. The flushing pump
operating for gastroscopes, colonoscopes for cleaning the upper and lower
gastrointestinal tract. The system had 9 level with increasing flow rate. The monitoring

was terminated when the pressure reached to critical pressure value of 40 cmH,0.

During 3D model experiments, due to the stiffness of the printing material, the PLA, the
ureteral access sheath cannot be inserted with sensor catheter. So that the catheter was
separated and the sensor was inserted next to the flexible scope, through the UAS. The
reason of experiments was to test the accuracy of the sensor. The model was printed to
an approximate size of human kidney; however, the model did not have calyx structure,
inside of the model which was empty. The pressure was not increased the same as the
in-vivo human tests. There may also be air leaks from the joints. The relatively slow

increase in pressure may be result of these realities.

To evaluate the accuracy of the sensor and disposables, further experiments were
performed. The second experiment setup was constituted with ex-vivo animal kidneys.
In experiment of Schwalb et al. (1993), rising the flow rate of the hydraulic pump
during ureteroscopy at a stable pressure resulted in increased by 13 to 40 cmH,O when
flow was increased from 120 to 200 cc per min at a constant pressure. The maximum

IRP in 16 ex-vivo pig kidneys was 596 cmH,0, at inflow pressures 300 mmHg. The
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renal rupture was produced by gradually increasing the inflow pressure above 300
mmHg. In this thesis, the sheep kidney was preferred. The sheep kidneys were
significantly smaller than human kidney, however the calyx structure and tissue were
more likely than 3D printed model. Since the sheep ureter is narrow, the ureteral access
sheath cannot be inserted with sensor catheter simultaneously. That’s why the ureters
were dilated by dilator of ureteral access sheath. The flushing pump was utilized during
monitoring; the pressure was increased by increasing the flow rate of the device. In all 6
kidneys, the critical level between Level 2 to 3 were reached with flow rate of 150 to

210 ml/min, respectively.

The flushing pump was not used in in-vivo human experiments due to high flow rates.
The endourological procedure was performed with gravity-based irrigation. The
irrigation flow was measured as 570 ml/min. However, the gravity-based system cannot
reach irrigation pressure same as automatic pump. In our study, Dr. Gokce performed
PCNL and the baseline pressure was 5 cmH,0O. The pressure was increased to 9 cmH,0
when manual irrigation was done. In this study, one in-vivo experiment was performed
due to the sensors’ stock limitations. The prices of the sensors were increased by 300%
in Turkish market which cause decrease in the demand and effect the stock of the

products.

In literature, in the study of Gokce et al. (2021), the effect of location of nephroscope
and percutaneous sheath on intrarenal pressure was investigated. When the nephroscope
was inside the sheath and the sheath located in the pelvis, the lowest IRP was observed.
To confirm this fact, also relocation of the sheath and nephroscope was examined. The
sheath was pulled back from nephroscope. The pressure increase was observed due to
reduce of outflow. The outflow was supplied from the valves on the sheath. The
pressure was ascended about to 30 cmH,0. In study of Gokce et al. (2021), the mean
pressure was 35 cmH,O in the scope location. The effect of the active aspiration on

system was also observed, the pressure was declined quickly.

Change of pressure due to irrigation flow rate change was also observed during the
experiment. Thus, instead of nephroscope, FURS was inserted antegradely. The flexible
scope had 3.6 Fr working channel and irrigation was sustained from the channel. The
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irrigation flow was diminished with narrower channel. The results showed that, the

manual irrigation can be increased the pressure maximum of 16 cmH,0.

5.2 Conclusion

At the beginning of the study, it was thought that a disposable ureteral catheter or
ureteral access sheath with pressure monitoring feature, can be used for avoiding
complications related to elevated intrarenal pressures in endourology. However, during
the study, we kept in mind that different endourological procedures required different
disposables. So that, 2 different disposables; a ureteral access sheath for RIRS and a
ureteral catheter for PCNL were designed. A pressure sensor with 1Fr diameter was
inserted to measure the pressure that should be kept under 40 cmH,0. The increase of
intrarenal pressure might have caused absorption of endotoxin or bacteria that may lead

to fever and urosepsis.

3 setups were organized; a 3D printed kidney model, an ex-vivo animal and an in-vivo
patient experiment. The results from these experiments showed that the disposables can
be used for real time pressure monitoring during endourology. The disposable with
sensor can be used mainly for critical patients with older age, cardiac disease, etc.

Current findings of the study also lead to future aspects of connecting the disposables
with pressure sensors to an active irrigation pump that can alarm the surgeon when the
maximum level was reached. Moreover, an irrigation flow system that work in
coordinate with sensor can be achieved. The system can also adjust the irrigation flow
according to real time pressure value that can be limited to maximum pressure value of
40 cmH,0.
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