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14.1 Introduction

Mini-PCNL (mPCNL) constitutes an advancing
fieldin active renal stone treatment. Manufacturers
have enriched our armamentarium with a variety
of instruments. At the same time, different study
groups have presented new techniques in patient
body positioning, kidney puncture, and stone
lithotripsy. Nevertheless, by decreasing instru-
ment caliber to prevent damage caused by
instrument access to the kidney, the water inflow—
outflow balance is compromised. To achieve bet-
ter visibility and improve stone clearance, the
surgeon must increase irrigation flow (IF). This
action results in an increase of inflow/irrigation
pressures (IPs). However, subsequent intraopera-
tive intrarenal pressure (IRP) increments can lead
to serious complications [1]. This problem
becomes more evident when utilizing extra-small
instruments. Nonetheless, the majority of endou-
rologists are not aware of normal and pathologi-
cal IRP ranges during mini-PCNL and their
impact on kidney physiology. In this chapter, we
will present ways to maintain optimal fluid man-
agement to effectively remove stone fragments
after lithotripsy and achieve perfect vision during
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the whole procedure. Furthermore, we are going
to discuss the influence of increased IRPs in com-
plication development and prevention measures
to control IRPs and, at the same time, maintain
optimal irrigation flow.

14.2 Adverse Events
Due to Increased IRPs

14.2.1 Fluid Backflow
and Absorption (Fig. 14.1)

Pyelorenal backflow occurs when pelvic or caly-
ceal fluid leaks into the sinus peripelvic tissue
(pyelosinous backflow), the collecting ducts and
tubules (pyelotubular backflow), the renal inter-
stitium (pyelointerstitial backflow), or the renal
vein (pyelointerstitial backflow) (pyelovenous
backflow). Animal studies have presented that it
occurs at pressures 40.8-47.6 cmH,O [2].
Backflow to the renal vein may complicate even
low pressures (13.6-27.2 cmH,0) [3, 4] and
becomes evident at 40.8-68 ¢cmH,O [5, 6]. At
IRPs of 81.6-95.2 ¢cmH,0, different research
groups have found a risk of pyelosinous backflow
or even fornix rupture in rabbits [7, 8] and at
272 emH,0 in pigs [9]. Irrigating fluid may reach
the retroperitoneum in considerable amounts
after renal pelvic perforation [10]. Low urine
flow, vesicoureteral reflux, ischemic damage are
possible pre-existing conditions that can lower
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Fig. 14.1 Backflow and fluid absorption during PCNL
demonstrated in a postoperative CT excretory phase

the backflow threshold [7, 11]. The direct intra-
vascular absorption via opened veins, or the
intraperitoneal space opening with subsequent
peritoneal resorption, lead to the so-called “acute
absorption syndrome” [3, 12]. Additional venous
hemorrhage and renal pelvis wall lesions are pos-
sible contributing factors. Fluid absorption can
occur directly into the opened veins or indirectly
as a result of a perinephric irrigating fluid accu-
mulation [13]. Reported fluid absorption during
conventional PCNL ranges 50-2200 ml [3, 14,
15], but no data exist regarding miniaturized
instruments.

14.2.2 Infections

Increased IRP, backflow, and urinary tract infec-
tions, fever, systemic inflammatory response syn-
drome (SIRS), and sepsis all have a direct link,
demonstrating antibiotics’ beneficial effect. The
amount of irrigation fluid used is also a potential

risk factor for SIRS [16]. In general, postopera-
tive fever after PCNL appears in 10.8% of the
cases [17]. Despite its low incidence rates (0.3—
1%), septic shock is associated with significant
mortality rates (66—80%) [18]. In addition, incre-
ments in IRP are a substantial risk factor for post-
operative fever and urosepsis [19]. Finally,
elevated IPs (272 cmH,0) trigger SIRS more fre-
quently (46%) than low IPs (108.8 cmH,0/11%)
[20]. However, information on the occurrence of
infections following mini-PCNL is limited.

14.2.3 Kidney Damage

Animal studies have proven the direct correlation
of increased IRP with irreversible damage [6,
21]. Immensely increased IPs (>200 cmH,0O)
more probably have a detrimental effect on por-
cine kidneys in comparison with IPs less than
120 cmH,0. An IRP as high as 250 cmH,O can
lead to a rupture of the collecting system [21].
Furthermore, pyelosinous backflow caused by
fornical rupture can be the cause of perirenal
pseudocysts, edema and hemorrhage of the retro-
peritoneum, perinephritic abscess, and fibrolipo-
matosis [6]. Moreover, increased IRPs might lead
to congestion due to calyceal urothelium denuda-
tion, and submucosal edema formation [6, 21].
Even 4-6 weeks following a procedure, tubular
vacuolization, and degeneration, as well as peri-
calyceal vasculitis and metaplasia, have been
observed [6, 21].

Due to microvessel compression and insuffi-
cient venous flow, high IRPs can cause oxidative
damage to the kidney and subsequent loss of
renal function. Of note, due to ischemia/reperfu-
sion injury, venous outflow obstruction is more
harmful than arterial obstruction [22, 23].
Pyelovenous backflow causes venous stagnation
to some extent, resulting in perfusion pressure
compression of microvessels, reducing the blood
supply to the renal parenchyma. The resulting
condition may be a renal ischemia, or reperfusion
damage [24].
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14.2.4 Various Complications

Urine leakage is a powerful fibrotic response
causative factor [6, 25]. Furthermore, intrarenal
backflow may cause papillary damage and conse-
quent pathological stone growth development
[26]. Due to fornix or parenchymal rupture, high
IRPs can cause subcapsular hematomas [27] and
potentially life-threatening perirenal bleedings
[28]. The increase of the mean systolic and dia-
stolic blood pressures might be considerable.
Moreover, due to large elevations in renin, aldo-
sterone, and ACTH levels, a propensity to hypo-
natremia and metallic acidosis occurs. These
alterations could be attributed to the invasive
nature of kidney intervention and continuous irri-
gation, which has been linked to an increase in
IRPs [29, 30].

14.2.5 Role of Time

Procedure times independently correlate with
postoperative fever and SIRS rates [31, 32].
Additionally, infection risk and postoperative
fever rates increase when IRPs remain higher
than 40 cmH,O for more than 10 min [33]. In pig
models, renal cellular injury occurs within 1 h at
IRPs of 20 cmH,O or higher [34]. The volume of
fluid absorbed during PCNL increases as the
IRPs and procedure times increase [3]. After a
total irrigation period of 30 min, fluid absorption
reaches its peak. The volumes of absorbed irrig-
ant after 30 and 90 min are 154 and 1360 ml,
respectively [14]. From the 30th to the 120th irri-
gation minute, potassium levels drop and do not
recover until 24 h after surgery. Researchers dis-
covered an increase in Cl levels at the 120th min-
ute of irrigation, as well as a lowering trend in pH
from the beginning to the 120th minute of irriga-
tion, which abates 24 h after surgery [15]. As a
result of the prolonged irrigation durations, a
trend toward metabolic acidosis can be seen. As a
result, based on existing evidence, the total pro-
cess time should not exceed 2 h [15].

14.2.6 Kidney Injury: The Role
of Obstruction, Irrigation
Pressure, and Irrigation
Volume

Renal obstruction is detrimental because IPs
starting at 82 cmH,0 are more likely to cause
acute kidney damage in rats with substantially
obstructed kidneys. Not obstructed kidneys, on
the other hand, sustain no renal injuries, whereas
partially obstructed kidneys sustain injuries only
at pressures of 136 cmH,O [35]. When rabbits are
exposed to renal perfusion pressures of more than
82 cmH,0, severely obstructed kidneys are more
sensitive to oxidative damage and mitochondrial
injury than slightly obstructed kidneys. Both
obstructed and non-obstructed kidneys are dam-
aged by irrigation pressures of 136 cmH,O [24].
Current research advises keeping perfusion pres-
sure between 70 and 410 cmH,O during endouro-
logical procedures to keep the IRP limit below
30 cmH,0 and avoid kidney injury [36, 37].

14.3 IRPs during Mini-PCNL

14.3.1 IRP Measurement

Using pressure transducers in animals and peo-
ple, researchers were able to get precise intralu-
minal pressure readings in the renal pelvis and
ureter [38—40]. The Pressure Flow (PPF)—or
Whitaker test—was introduced by Robert
H. Whitaker, who created the groundwork by
establishing an antegrade pressure measurement
of the upper urinary tract [41]. He first used this
technique on children, with the goal of identify-
ing obstruction as a cause of urinary tract dilata-
tion [41, 42]. Normal IRPs range from 12 to
15 cmH,0O, whereas pressures greater than
20 ¢cmH,O indicate an obstruction. Intermediate
values range from 15 to 20 cmH,O [43].
Nowadays, surgeons are able to measure intraop-
erative IRPs by placing a special catheter either
antegradely after a kidney punction in a way
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similar to the Whitaker test, or retrogradely after
catheterizing the ureteral orifice [44].

14.3.2 IRP Values during Different
Conditions

The flow of a fluid through a rigid tube is influ-
enced by the pressure gradient between its ends,
the fluid viscosity, the length, and the diameter of
the tube, according to the Poiseuille equation
(dP = 8VglL/pR4; V = FR through the tube,
g = fluid viscosity, L = tube length, and R = tube
radius) [45, 46]. Additional parameters, includ-
ing the difference between internal and exterior
pressures, external compression, wall tension,
and wall thickness, play an important part in a
collapsible tube. The transmural pressure equals
the tension per unit length over the radius, accord-
ing to the Laplace equation. The pressure gradu-
ally climbs to a certain capacity during the early
filling phase, indicating the upper urinary tract’s
natural elasticity. The rise of the curve is a proxy
for the compliance of the pelvic wall [46].

The IRPs at low urine FRs are not higher than
a few cmH,0 in a normal human kidney with no
obstruction [47]. During diuresis, however, IRPs
may exceed 27.2 cmH,0. They range from 68 to
95 cmH,O0 in chronic kidney blockage, and as a
result, the values fall until the kidney is no longer
functional [2]. In hydronephrosis, mean basal
IRPs of 12 cmH,O have been reported [48], and
at flow rates >10 mL/min, the pressure reaches
obstructive levels [49, 50]. Of note, there is also
direct relevance between changes in intravesical
pressure and IRP changes. In hydronephrotic kid-
neys, bladder pressure at 50% capacity is
8.9 = 3.1 cmH,0, whereas pelvic pressure is
20.8 £ 2.1 cmH,0, compared to 7.4 = 1.1 cmH,O
in non-hydronephrotic kidneys [51]. To avoid
further increases in IRPs, the urinary bladder
should be continually drained during endouro-
logical treatments.

14.3.3 IRPs during Mini-PCNL

In humans, IRPs have been tested in the follow-
ing mini-PCNL systems; 9.5 Fr, 12 Fr, 14 Fr,

16 Fr, and 18 Fr with scopes of 7.5-9.8 Fr [32,
52-55]. Additionally, one study group have tested
IRPs during micro-PCNL (4.8 Fr) [56]. Irrigation
pressures range from 40 to 340 cmH,O, with flow
rates ranging from 250 to 580 mL/min. Surgeons
usually utilize gravity to achieve adequate irriga-
tion flow. Usually, IRPs are remaining below the
critical level of 40 cmH,0O, and reach 30 cmH,0O
in 14 Fr, 20 cmH,0 in 16 Fr, and 15 cmH,0 in
18 Fr. Maximal IRPs of >40 cmH,O have been
documented with 9.5 F and 14 F sheaths [53, 57].

14.3.4 IRPs in Supine Versus Prone
Mini-PCNL

Limited data exist comparing the two techniques.
However, by taking into account the Poiseuille
equation (dP = 8VgL/pR4;) we conclude that the
generated IRPs are proportional to the length of
the access sheath (L) and reversely proportional
to the sheath radius (R). In prone PCNL, the
instrument angle ranges from +30° to +90° which
means that the sheath adds up 1520 cmH,O to the
estimated IRP. On the other hand, in supine
PCNL the instrument angle ranges from 0° to
—45°, which sometimes reduces pressures until
the collecting system collapses. Therefore, using
a slightly longer access sheath during supine
position with the absence of a collapsing system
may result in increased IRPs. Further research is
deemed necessary to support this hypothesis.

14.4 Clearance of Fragments
and Maintaining Low IRPs by
Taking Advantage
of Different Hydrodynamic
Effects

The big caliber of standard PCNL systems allows
maintenance of IRPs below 40 cmH,O [56, 58—
62]. However, irrigation backflow via the access
sheath is not achievable with very small-caliber
instruments (less than 10 Fr), resulting in a mis-
match between in- and outflow. Due to mechani-
cal problems, the open sheath designs of the
first-generation miniaturized instruments (15-20
Fr) are sufficient for pressure control [63]. The
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smaller instrument diameter of miniaturized
instruments often results in an increase in the
number and decrease in the size of stone frag-
ments to be harvested. With an ever-increasing
quantity of microscopic fragments or even dust,
stone retrieval is shifting away from mechanical
methods and toward hydrodynamic effects. There
are numerous essential concepts of hydrodynamic-
assisted fragment removal that are independent
of access.

14.4.1 Passive Washout

It is the secondary natural removal of stones over
a period of time, usually specified as one week,
one month, or three months. It is commonly
accomplished by using a Mono-J stent for a few
days, a Double-J stent for a longer period, or even
without any stenting postoperatively.

14.4.2 Active Washout

It could be used in a variety of ways [64—066].
Transporting fragments within the continuous
irrigation backflow through the access sheath
alongside the scope is one option. During Chinese
mini-PCNL, the surgeon fills the collecting sys-
tem with high pressure with the nephroscope and
then quickly removes it, causing an immediate
inversion of irrigation flow and pressure, leading
in a spillage-like stone removal throughout the
access sheath. The irrigation flow pushes stone
particles down the ureter during micro-perc.
Finally, during ultra-mini PCNL, the surgeon
injects irrigation fluid with a syringe into an extra
channel within the access sheath and washes off
fragments through the main channel of the access
sheath without any pressure peaks.

14.4.3 Ureteral Sheaths
and Catheters

During conventional PCNL, the concept of a ret-
rograde ureteral catheter or ureteral access sheath
(UAS) placement was introduced [36]. When
compared to an empty ureter (11-38 cmH,0), a

ureteral catheter (15-52 cmH,0), or an occlusion
balloon application (16-56 cmH,0), researchers
found that using a 10/12 Fr or 12/14 Fr UAS
(5-22 ¢cmH,0) resulted in lower IRPs. In the case
of mPCNL, the inclusion of a suction device can
help with the fluid washing out. In a cadaveric
pork model, a combination of pressure irrigation
with sensor-controlled suction using a modified
transurethral 8-Fr mono-J catheter with expanded
drainage holes resulted in enhanced irrigation
flow and lower IRP [67].

Purging effect [67] is a pressure-controlled
irrigation process that transports fragments
through a percutaneous entry and outflows
through a Mono-J catheter or UAS (Fig. 14.2). It
provides a high irrigation fluid turnover as well as
effective fragment transportation without causing
pressure overload in the collecting system. This
approach is particularly appealing for stone clear-
ance in small-caliber percutaneous instruments,
where adequate simultaneous in- and outflow
irrigation via the same access is not usually pos-
sible due to construction and stability issues.
IRPs could be reduced by 14% at 100 cmH,O
(19-14.5 cmH,0) and 28% at 150 cmH,O input
pressure (37-26.5 cmH,0) due to the purging
action.

14.4.4 Vacuum Cleaner Effect
(Fig. 14.3) [68]

In a cadaveric pork model, the minimally inva-
sive PCNL (MIP) idea was initially tested using
an 18 Fr nephroscope sheath with an open proxi-
mal end [63]. In low-pressure settings, the
vacuum-cleaner effect is the active and purpose-
ful entrapment of fragments in a hydrodynamic
pseudo cavity in front of the scope. The effect
resembles mechanical forceps, such as an invisi-
ble grasper, and it is not simply a washout phe-
nomenon. It emerges when a slipstream forms in
front of the distal end of a round-shaped nephro-
scope, which is caused by an excursive shift in
the width of the fluid flow at the flushing canal’s
exit. It is determined by the relationship between
the diameter of the nephroscope and the diameter
of the inner sheath. The greatest benefit is
obtained with a 12 Fr nephroscope and a 15 Fr
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Fig. 14.2 The purging effect is the fragment transportation process by pressure-controlled irrigation using inflow
through the percutaneous access and outflow through a Mono-J catheter or UAS

inner sheath diameter; however, utilizing a
16.5 Fr sheath with a 12 Fr scope creates an ideal
combination (pressure/stone clearance) at the
cost of a high IRP [68].

14.4.5 Pressure/Suction Connected
with the Nephroscope

During mPCNL, Song et al. introduced a unique
irrigation and clearance method (16 Fr). The irri-
gation volume was 600-800 mL/min, the irriga-
tion pressure was 340410 cmH,O, and the
suction pressure was 140-340 cmH,O. The IRP
remained below six cmH,O on average [69].
Different settings included an irrigation volume
of 600-800 mL/min, irrigation pressure of 340—
410 cmH,O, and suction pressure of 140—
340 cmH,0. IRPs remained below six
cmH,0. Yang et al. [70] demonstrated a mini-

PCNL (12 Fr) setup with intelligent monitoring
and control of IRPs below three cmH,0.

14.4.6 Stone Clearance in Small
and Extrasmall Instruments
(Ultraminiperc, Superperc,
Super-Mini Perc, MIP S,

MIP XS)

The MIP S system (Karl Storz, Germany) is the
smallest instrument with regular backflow via the
access sheath in percutaneous surgery, and it was
also the smallest percutaneous OR system to cre-
ate a vacuum cleaner effect in a low-pressure set-
ting [68]. Because irrigation backflow via access
sheath was not possible due to the mechanical
features of the instruments, all smaller systems,
such as the Microperc (Polydiagnost, Germany)
and the MIP XS system by Nagele (Karl Storz,
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Fig. 14.3 Vacuum cleaner effect. In front of the distal end
of the round-shaped nephroscope a slipstream is develop-
ing induced by the excursive change of width of the fluid
flow on the outlet of the flushing canal (a). This allows the

Germany), rely on an outflow utilizing a ureteric
catheter. The MIP XS system uses a sensor-
controlled dual action pump with purging effect
and active pressure control, whereas the
Microperc system depends on both active and
passive washout without pressure control.

The ultraminiperc uses a 13-Fr access sheath
and a 3.5-Fr nephroscope in a 6-Fr inner sheath as
a final step in downsizing (Schoelly Fiberoptics
GmbH, Denzlingen, Germany) [64]. MIP 2.0, a
MIP set expansion by Nagele, is now available in
sizes “S” and “X.S.” with access sheath diameters
of 8.5/9.5 and 11/12 Fr and a nephroscope diam-
eter of 7.5 Fr (Karl Storz GmbH). The isotonic
saline can flow beside the inner sheath through the
outer sheath due to the unique construction of
these instruments [64]. However, this effect can
only be achieved with an 11/12 Fr sheath, not an
8.5/9.5 sheath. Following the removal of the inner
sheath with the nephroscope during ultramini-
perc, the surgeon flushes stone fragments by
injecting saline through the integrated channel

adhesion of a stone fragment in the eddy while the fluid
flow is circulating around the stone (b). By pulling the
scope through the sheath the stones are spontaneously
evacuated through the proximal end (c)

inside the sheath with a syringe, causing a jet in
the calyx and the stones to escape, resulting in the
so-called whirlpool effect [64, 71].

The super-miniperc (8 Fr scope, 12 Fr or 14 Fr
double-layer metal sheath) [54, 55], superperc
(4.5/6 Fr scope, 10/12 Fr sheath, Richard Wolf)
[72] and ClearPetra (12 Fr scope, 16 Ch dispos-
able sheath, Well Lead Medical Co., Ltd., China)
[73] systems achieve a stone clearance depending
on an irrigation-suction mechanism. Stone frag-
ments are removed through an additional tube
connected to a negative pressure aspirator.

All currently available small and extra small-
caliber instruments offer attractive options in the
armamentarium of modern percutaneous stone
surgery. Nevertheless, the absence of high-quality
data limits their wide distribution and implemen-
tation in the everyday clinical praxis. Furthermore,
all hydrodynamic benefits are also applicable in
conventional modern PCNL instruments, which
leads to the term minimally invasive PCNL (MIP)
[63, 68].
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