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Abstract

Purpose To perform a review on the latest evidence related to normal and pathological intrarenal pressures (IRPs), compli-
cations of incremented values, and IRP ranges during endourology.

Methods A literature search was performed using PubMed, restricted to original English-written articles, including animal,
artificial model, and human studies. Different keywords were: percutaneous nephrolithotomy, PCNL, ureteroscopy, URS,
RIRS, irrigation flow, irrigation pressure, intrarenal pressure, intrapelvic pressure and renal pelvic pressure.

Results Normal IRPs range from zero to a few cm H,O. Pyelovenous backflow may occur at pressure range of 13.6-27.2 cm
H,O. During upper tract endourology, complications such as pyelorenal backflow, sepsis, and renal damage are directly
related to increased IRPs. Duration of increased IRPs and concomitant obstruction are independent predictors of complica-
tion development.

Conclusions IRP increase remains a neglected predictor of upper tract endourology complications and its intraoperative
monitoring should be taken into consideration. Further research is necessary, to quantify pressures generated during upper
tract endourology, and introduce means of controlling them.

Keywords Percutaneous nephrolithotomy - PCNL - Ureteroscopy - URS - RIRS - Irrigation flow - Irrigation pressure -
Intrarenal pressure - Intrapelvic pressure - Renal pelvic pressure

Introduction any procedure. Yet, only a few endourologists remain cog-
nizant and are aware of normal and pathological IRP values.
Endourological upper tract treatment constitutes a main field = Furthermore, the impact of increased IRPs in perioperative
in everyday urology. Retrograde intrarenal surgery (RIRS)  complications and the ways to prevent them by controlling
and percutaneous nephrolithotomy (PCNL) constitute the =~ IRPs remain obscure.
main means of active renal stone treatment and are char-
acterized by a huge variety of new techniques and instru-
mentation. To achieve better visibility during the procedure,  Materials and methods
irrigation flow (IF) and irrigation pressures (IPs) have to be
increased. Nevertheless, consequent intraoperative incre-  Evidence acquisition
ments in intrarenal pressures (IRPs) are able to deteriorate
A review of the literature was performed using PubMed.
54 Theodoros Tokas Original works restricted to the English language were
ttokas @yahoo.com identified. We included articles discussing IRP, IP, and IF.
All experimental and observational studies were judged as
eligible, but not restricted to controlled clinical trials, case
series, case—control and cohort studies. Reviews, com-
ments, and editorials were excluded. The literature search
was conducted by the first author using the keywords, per-
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URS, OR RIRS, and then restricted with the keywords
(AND) irrigation flow, OR irrigation pressure OR intra-
renal pressure OR intrapelvic pressure OR renal pelvic
pressure. This search identified 552 records (Fig. 1). After
excluding duplicate references, 511 unique references were
reviewed by title or abstract. A list of articles judged to
be highly relevant by the junior (T.T.) and senior (U.N.)
authors were distributed to the co-authors, to reach a final
consensus on the articles included and the structure of the
review. Eligible studies known to the authors, but not iden-
tified by the search were also evaluated for inclusion, add-
ing an additional 17 unique records. A total of 90 unique
references (experimental studies, controlled clinical trials,

i

Records after duplicates removed
(n=528)

Records screened
(n=500)

Full-text articles
assessed for eligibility ————————————>

(n=101)

case series, case—control and cohort studies) were included
in the qualitative synthesis. Due to study heterogeneity
and the nonstandardized quality appraisal, a narrative syn-
thesis was performed. The limitations of using a single
database for review are taken into account [1]. Moreo-
ver, outcomes may be limited by study heterogeneity and
selection bias. IRPs are measured in cm H,O, mm Hg, or
mbar. In this work, all pressures were converted to cm H,O
(1 cm H,0=0.73 mm Hg =0.97 mbar), which is the most
common IRP unit in the international literature. Due to
the journal word and reference restrictions, the review was
divided into two works. This first part deals with normal
and pathological IRPs, as well as possible complications
of increased IRP values.

Records excluded

—> Not English written
(n=28)
- Records excluded
(n=399)

Full-text articles excluded
Commentary, editorial only,
no outcome data
(n=11)

Articles included in
qualitative synthesis
(n=90)

Fig. 1 Flowchart of the literature search
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Outcomes
How to measure IRPs

By utilizing pressure transducers in animal and human
studies, many researchers have recorded accurate intra-
luminal pressures in the renal pelvis and ureter [2—4].
However, it was Whitaker who laid the foundations by
introducing an antegrade pressure measurement of the
upper urinary tract, the Pressure Flow (PPF)—or Whi-
taker test [5]. The test aimed to identify obstruction as
an established cause of urinary tract dilatation and was
initially used in pediatric patients [5, 6]. Its basic principle
is based on the antegrade perfusion of the whole upper
urinary tract with saline or contrast medium, at a constant
FR of 10 mL/min through a percutaneous needle or an,
already existing, nephrostomy tube. In that way, the IRP,
namely, the pressure needed to push the fluid through the
urinary system at a fixed flow rate, is recorded. The resist-
ance created by the tubing of the percutaneous needle is
also taken into account. The site of access should always
be above a suspected obstruction. The perfusion is main-
tained until the pressure stabilizes, and at this point, the
FR down the ureter and into the bladder is also approxi-
mately 10 mL/min. In case of a complete obstruction, the
pressure continues to rise with a rate depending on the FR
and the degree of dilatation. The absolute or final pressure
is related to the atmospheric pressure at a point outside
the patients’ body and at the kidney level. By subtracting
the empty bladder pressure from the absolute pressure,

we obtain the relative pressure, which is in fact the pres-
sure drop across the ureteric orifice. Differential pressures
ranging 12—-15 cm H,O are considered normal, whereas
pressures of over than 20 cm H,O indicate obstruction.
Values ranging 15-20 cm H,O are considered to be inde-
terminate (Table 1) [7].

IRP values during normal and obstructive
conditions (Table 1)

The flow of a fluid through a rigid tube is influenced by the
pressure gradient between the ends of the tube, the fluid vis-
cosity, the length, and the diameter of the tube. The relation-
ship of these variables is described by the Poiseuille equa-
tion (dP=8VgL/pR4), where V represents the FR through
the tube, g is the viscosity of the fluid, L is the length, and
R the radius of the tube [8, 9]. External compression con-
stitutes an additional factor that affects flow. However, in a
collapsible tube, the transmural pressure is better expressed
by the Laplace equation. Important factors are the differ-
ence between the internal and external pressures, external
compression, wall tension, and wall thickness. According to
the Laplace equation, the transmural pressure equals the ten-
sion per unit length over the radius. During the early filling
phase, the pressure increases in a gentle curve up to a certain
capacity which represents the inherent elasticity of the upper
urinary tract. The rise of the curve is the indirect measure of
the ureteral or pelvic wall compliance [9].

In human unobstructed kidneys, the IRPs at low urine
FRs range from zero to a few cm H,O [10]. During diu-
resis, IRPs may exceed 27.2 cm H,O. In chronic kidney

Table 1 IRPs in different
conditions

Condition

Values (cm H,0)

Pressures during the PPF test
Normal

Intermediate

Increased

Human unobstructed kidney
Maximum IRP during diuresis
Chronic kidney obstruction

12-15 [7]
15-20 [7]
>20[7]
0-2[10]
>27.2[11]
68-95.2 [11]

Minimum measured IRPs during obstruction

Mean basal IRP during hydronephrosis

IRPs at 50% bladder capacity (intravesical pressure: 8.9 + 3.1 cm H,0)
Non-hydronephrotic kidneys

Hydronephrotic kidneys

Measured IRPs that can cause pyelovenous backflow

Minimum measured IRPs that can cause pyelovenous backflow
Measured IRPs that can cause pyelosinous backflow/forniceal rupture

Measured IRPs that can cause kidney injury and arterial blood flow reduction

20[12]
12.1 [13]

74 +1.1[16]
20.8 £2.1[16]
40.8-47.6 [11]
13.6-27.2 [17, 18]

81.6-95.2 [21, 22]
272 [23]

20-40 [41]

IRPs intrarenal pressures PPF pressure flow test
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obstruction they range 68-95.2 cm H,O, and consequently,
the values decrease until the kidney atrophies [11]. However,
values of 20 cm H,O in cases of severe obstruction have
also been recorded [12]. In hydronephrosis, mean basal IRPs
of 12.1 cm H,0 have been presented [13] and the pressure
reaches obstructive levels at flow rates > 10 mL/min [14,
15]. Of note, changes in intravesical pressure are reflected
in IRP changes, as bladder pressure at 50% capacity reaches
8.9 + 3.1 cm H,0, and corresponding pelvic pressure is
20.8 +2.1 cm H,O0 in hydronephrotic versus 7.4 + 1.1 cm
H,O0 in non-hydronephrotic kidneys [16]. Hence, the urinary
bladder should be continuously drained during endourologi-
cal procedures to avoid additional increments of IRPs.

Complications of increased IRPs
Backflow and fluid absorption

Pyelorenal backflow may be defined as a condition in which
the contents of the renal pelvis and calyceal system pen-
etrate beyond their limits, either to the peripelvic sinus tissue
(pyelosinous backflow), renal vein (pyelovenous backflow),
collecting ducts and tubules (pyelotubular backflow), or
renal interstitium (pyelointerstitial backflow). The last two
conditions may be termed as intrarenal backflow. Hinman
and Redewill [11] demonstrated in dogs, that pyelovenous
backflow occurs at pressures 40.8-47.6 cm H,O. Subse-
quent studies showed that pyelovenous backflow occurs
at pressures as low as 13.6-27.2 cm H,O [17, 18], and at
40.8-68 cm H,O pyelovenous backflow becomes evident
[19, 20]. Risk of pyelosinous backflow/forniceal rupture has
been recorded at pressures of 81.6-95.2 cm H,O in rabbits
[21, 22] and at 272 cm H,O in piglets [23]. Pre-existing
factors such as low urine flow, ischemic damage, and vesico-
ureteral reflux lower the critical pressure for backflow [22,
24]. A serious complication of pyelovenous backflow is the
excessive irrigation fluid absorption, which can be extra- or
intra-vascular [25] and may result in fluid overload, electro-
lyte imbalance and cardiovascular instability [26].
Reported fluid absorption during PCNL ranges
50-2200 ml [17, 27, 28]. In one study, fluid absorption
occurred in 78% of patients, and in 28% of the cases,
absorbed volumes were in excess of 1 L [27]. Renal pelvic
perforation results in passage of large volumes of irrigating
fluid into the retroperitoneum [29]. The acute absorption
syndrome occurs in case of a rapid irrigating fluid absorption
due to direct intravascular absorption through opened veins,
or after opening of the intraperitoneal space with peritoneal
resorption [17, 30]. Additional intraoperative bleeding from
opening veins, or lesions in the wall of the renal pelvis can
be a contributing factor and at the same time a warning sign
for irrigation fluid absorption. More specifically, fluid may
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be absorbed either directly into the opened veins or from a
perinephric accumulation of irrigating fluid [31].

On the other hand, fluid absorption during RIRS usually
remains low, mainly due to the smaller instrument caliber
and the small irrigation channel, which result in a reduced
FR. However, by increasing the flow to maintain optimal
view, some form of high-pressure irrigation should be uti-
lized resulting, indeed, to a risk of fluid extravasation in
case of a wall defect [32]. In a study recruiting 23 patients,
and by measuring fluid input (irrigation fluid and contrast
medium) and output (irrigation fluid, contrast medium, and
urine output), calculated fluid absorption reached a mean
value of 54 mL (range 4—-137 mL) [33]. Of note, authors
used pressurized irrigation, and there may be variations in
fluid absorption according to whether unpressurized irriga-
tion, syringe irrigation, or mechanically pressurized irriga-
tion is utilized.

Infectious complications

During endourological procedures, urinary tract infections,
including sepsis, are probably directly related to IRP and
backflow, highlighting the role of antibiotics, especially for
stone treatment. Irrigation volume appears to be an inde-
pendent risk factor for SIRS [34]. During RIRS [34], SIRS
occurs in 8.1% of the cases. Along with other factors, such as
patient age and stone size, irrigation flow rate and increased
irrigation volume with consecutive IRP increase are inde-
pendently correlated with increased SIRS rates. Fever also
complicates PCNL with an overall incidence of 10.8%
[35]. Septic shock after PCNL has a low reported incidence
(0.3-1%), but a high mortality (66-80%) [36]. Increased
IRP constitutes a major predisposing factor for postopera-
tive fever and sepsis [37]. High IP (272 cm H,0) has been
associated with a higher risk of SIRS (46%) compared to low
IP (108.8 cm H,0/11%) [38].

Kidney damage

From animal studies, it is proven that kidneys subjected
to high pressures can be irreversibly damaged [20, 39].
IPs greater than 204 cm H,O have been demonstrated to
produce significant pathological changes in the kidneys
of pigs compared with IPs less than 122.4 cm H,0. Rup-
ture of the collecting system has been noted at 448.8 cm
H,O0 [39]. Forniceal rupture with pyelosinous backflow
has been associated with perirenal pseudocysts, retrop-
eritoneal edema, fibrolipomatosis, perinephritic abscess,
and perirenal hemorrhage [20]. High pressures can result
in calyceal urothelium denudation, submucosal edema
formation, and congestion [20, 39]. In the acute phase of
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increased pressures, the renal tubules show marked vacu-
olization and degeneration, as well as histological signs
of metaplasia and pericalyceal vasculitis. These findings
can be present even 4—-6 weeks after a procedure [20, 39].
In a pig angiography kidney study [40], delays in arte-
rial filling at increased IRPs were documented. Addition-
ally, perfusate flow measurements demonstrated a corre-
sponding fall in perfusion flow. In another porcine study
[41], at pressures of 20—40 cm H,O (Table 1), kidney inju-
ries and arterial blood flow reduction were documented.
High pressures can also induce renal oxidative damage and
secondary loss of renal function due to insufficient venous
flow and compression of microvessels. Renal venous out-
flow obstruction is more detrimental to kidneys than arte-
rial obstruction due to ischemia/reperfusion injury [42,
43]. Pyelovenous backflow limits venous outflow to a cer-
tain extent, and renal microvessels become compressed
by the perfusion pressure, which decreases the blood sup-
ply to the renal parenchyma. Both of these factors lead to
ischemia/reperfusion damage of the kidney [44].

Other complications

Extravasation of irrigating fluid in the presence of infec-
tion is the most likely cause of ureteric stricture formation
[45]. The reno-renal reflex characterizes potential changes
in baseline IRP and diuresis in the contralateral kidney
during conditions of increasing IRP and perfusion with
isotonic saline in the ipsilateral renal pelvis. This reflex is
supposed to allow either of the kidneys to share an extra
load of the other one by increasing the contractile activity
of the renal pelvis, thus assumedly assisting the regulation
of urine flow [46]. The mean systolic and diastolic blood
pressure levels are significantly increased during PCNL
compared to post-procedure levels. Additionally, a ten-
dency to hyponatremia and metabolic acidosis develops in
addition to significant increases in renin, aldosterone and
ACTH levels. These changes may be due to the invasive
nature of the intervention to the kidney and the continuous
irrigation with consecutive rises of IRPs [47, 48]. Addi-
tionally, urine appears to be a strong causative agent of
fibrotic reaction, when escaping from its normal pathway
[20, 49]. Moreover, intrarenal backflow may be responsible
for development of a pathological site for stone growth by
causing papillary damage, forming, in that way, a vicious
circle [50]. High IRPs, probably due to forniceal or paren-
chymal ruptures, can lead to subcapsular hematomas [51]
and even life-threatening perirenal bleedings [52]. Finally,
high IRPs during RIRS for urothelial cancer could cause
tumor seeding [53, 54]. Nevertheless, this hypothesis has
not been yet confirmed by high-power literature evidence
and further investigation is deemed necessary.

Role of different factors in complication
development

Despite the values reported above, many experts postulate
that during endourological procedures, different compli-
cations appear with much higher IRPs. These differences
could be explained by several important confounders.

Duration of elevated IRPs

In pigs, renal cellular injury becomes evident within as
little as 1 h at IRPs of 20 cm H,O or greater [41]. During
RIRS, approximately 1 mL of irrigation fluid is absorbed
per minute [33]. Additionally, the procedure time is inde-
pendently correlated with increased postoperative fever
and SIRS rates [34, 55, 56]. During PCNL, the volume
of fluid absorbed also increases with increased IRPs and
procedure times [17]. Maximum fluid absorption appears
after a total irrigation time of 30 min, and, after 30 and
90 min the volumes of irrigant absorbed are 153.8, and
1361.9 ml [27], respectively.

Furthermore, decrease in potassium levels is reported
from the 30th to 120th irrigation minute and does not
recover until 24 h later after the operation. An increase
in Cl levels is reported at the 120th minute of irrigation
and there is a decreasing trend of pH from the start to the
120th minute of irrigation, and 24 h after operation this
trend attenuates [28]. Finally, although hemodynamic and
electrolyte changes during PCNL remain stable, a trend
towards metabolic acidosis is obvious as the irrigation
time goes by [28]. Hence, current evidence suggests that
overall procedure time should be limited to 2 h [28].

Role of obstruction, irrigation pressure, irrigation volume
in kidney injury

Rats with severely obstructed kidneys are more likely to
suffer acute kidney injuries by IPs starting from 81.6 cm
H,O [57]. In contrast, not obstructed kidneys suffer no
renal injuries and less obstructed kidneys only suffer inju-
ries at pressures of 136 cm H,O. In a similar rabbit study
[44], severely obstructed kidneys were more susceptible
to oxidative damage and mitochondrial injury than mildly
obstructed kidneys when subjected to kidney perfusion
pressure > 81.6 cm H,O. IPs of 136 cm H,O cause oxida-
tive damage in both obstructed and non-obstructed kid-
neys. Current recommendations suggest the maintenance
of perfusion pressure during endourological procedures,
between 68 cm H,O and 408 cm H,O to maintain a lower
IRP limit that does not exceed the 30 cm H,O that can
cause kidney injury [58, 59].
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