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Context: The impact of applying renal ischaemia during nephron-sparing surgery to avoid renal
damage in the treated kidney has gained importance in different surgical techniques.
Objective: The main objective of the present study is to point out the limit of renal ischaemia times
for warm and cold ischaemia approaches. Important results of research on renal ischaemia and
different surgical techniques as well as results of clinical studies concerning renal function after renal
ischaemia in partial nephrectomy are highlighted.
Evidence acquisition: A Medline literature research was performed, combining queries on the keywords nephron-sparing surgery, partial nephrectomy, and ischemia. Links to related articles and crossreading of citations in related articles were surveyed, as were reviews, letters to editors, and information collected from urologic textbooks. The references formed the basis of this review article, with
selection and deletion based on the relevance and importance of the content. In a ﬁnal step, interactive
peer review by the expert panel of coauthors completed the review.
Evidence synthesis: Renal ischaemia research showed an increasing renal damage proportional to
ischemic time. Current clinical data support safe ischaemia times, within 20 min of warm ischaemia
and up to 2 h of cold ischaemia, to minimise renal ischemic damage. To date, no ischaemia doseresponse curve or algorithm is available to predict the risk of acute kidney injury and chronic kidney
disease in patients undergoing intraoperative ischaemia. In general, there seems to be a higher risk for
comorbidity caused by renal damage in patients suffering from kidney tumour.
Conclusions: If ischaemia is required, the tumour should be removed within 20 min of warm
ischaemia, regardless of surgical approach. Efforts should be made to start immediately with cold
ischaemia, if the feasibility within this span of time seems to be jeopardised. Thus, cold ischaemia
times up to 2 h can be tolerated by the kidney, depending on the individual method. Nevertheless,
cold ischaemia with ice slush should be kept as short as possible—at best within 35 min. In ischemic
nephron-sparing surgery, one of the surgeon’s main aims should be to avoid loss of renal function.
Only after optimal preoperative appraisal and planning can the best postoperative outcomes for
renal function be achieved.
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Introduction

Open partial nephrectomy (OPN) has become the standard
procedure for management of small renal tumours,
especially since publication of the current European
Urological Association Guidelines on Treatment of Renal
Cancer in 2007 [1]. In addition, the incidence of small renal
masses fulfilling the prerequisites for nephron-sparing
surgery (NSS) has been steadily rising [2,3].
For larger tumours >4 cm in diameter, however, the
same guidelines recommend laparoscopic radical nephrectomy [1], despite recent studies on NSS demonstrating
improved renal function and life expectancy resulting from
the preservation of healthy parenchyma [4–7]. Furthermore, elective OPN for these larger tumours has shown
oncologic results equivalent to radical nephrectomy (RN) in
experienced centres [8–10]. Although these data support
the concept of organ-sparing surgery in localised renal
masses independent of tumour diameter, whenever possible and feasible, partial nephrectomy (PN) still appears to be
underutilised [11,12].
Whether laparoscopic PN (LPN) can combine preservation
of renal function by NSS with the minimal invasiveness of
laparoscopy remains to be seen. During LPN, cooling is more
complex, and mean ischaemia time seems to be longer than
in OPN. In the latter, cooling is being increasingly omitted
because ischaemia times within 20 min can be achieved in
general. In most instances, the mean diameter of tumours
treated by LPN is somewhat smaller compared with OPN (2.7
vs 3.5 cm [13] and 2.8 vs 3.3 cm [14], respectively).
Thus, the maximum tolerable ischaemia time in PN is
essential in the quest for the optimal approach. This review of
all organ-sparing procedures with appropriate experimental
data and clinical history of renal ischaemia attempts to
answer this question. Furthermore, data on a new technique,
robotic PN (RPN), are analysed because RPN appears to
combine a minimally invasive approach with the quality,
speed, and dexterity of OPN [15,16]. Warm ischaemia (WI)
and cold ischaemia (CI), renal tolerance time, medical
preservation of the clamped kidney, and the pathophysiology
of reperfusion injury following ischaemia are highlighted.
2.

Evidence acquisition

Literature research included Medline queries on the keywords nephron-sparing surgery, partial nephrectomy, and
ischaemia. Links to related articles and cross-reading of
citations in related articles were surveyed, as were reviews,
letters to editors, and information collected from urologic
textbooks. These references formed the basis of this review
article, with selection and deletion based on the relevance
and importance of the content. A literature list with 79
references remained. In a final step, interactive peer review
by the expert panel of coauthors completed this review [17].
3.

Evidence synthesis

In general, it has to be stated that only few well-designed,
scientifically performed studies in the realm of renal

ischaemia during PN are available that prove an optimal
approach. Every paper has to be analysed critically in terms
of methodology and content that could be driven by the
personal preferences of the author.
3.1.

Intention of renal preservation

Whereas resection of small tumours without clamping the
kidney vessels provides oncologically adequate surgery and
minimises perioperative complications or loss of renal
function, intraoperative ischaemia of the affected kidney
often becomes necessary. Ischaemia diminishes intraoperative renal haemorrhage and improves access to the
intrarenal collecting system by reducing renal tissue turgor.
Furthermore, ischaemia allows better visualisation of the
tumour extent and allows complete tumour resection,
sometimes without healthy margin. It also allows easier
closure of the parenchyma. Nevertheless, an understanding
of renal responses to ischaemia and knowledge of the
methods available for protecting the kidney if the period of
vascular occlusion exceeds the limit of safe tolerance are
indispensable [18].
The main challenge presented by PN and, consequently,
the main difference between PN and RN, is preservation of
renal function. It has been evident for some time that in
imperative indications, this aim can be reached because
most patients do not require permanent dialysis. The
benefit of elective NSS has been discussed controversially
for a long time. In recent years, evidence has been
accumulating that shows even minor loss of kidney function
can reduce life expectancy and increase cardiovascular
morbidity. Thus, the goal of preserving as much parenchyma as possible has gained priority [4,5].
The conclusion shared by all of the studies listed in
Table 1 comparing renal function after RN and PN is that
preservation of renal function is superior after elective
nephron-sparing approaches than after RN, given the same
conditions (healthy contralateral kidney and tumour <4 cm
in diameter). Although the criterion for evaluating kidney
function in several studies was solely serum creatinine rate
(sCR) in a healthy contralateral kidney—a method generally
considered to be imprecise—every single study showed
decreased renal function following RN, despite similar
oncologic results after both RN and PN, whether open or
laparoscopic [5–7,19,20].
Sorbellini et al even developed a nomogram from the
Memorial Sloan-Kettering Cancer Centre patient database
(PN: n = 161, including patients with raised preoperative
sCR; RN: n = 857) to predict the 7-yr probability of renal
insufficiency in patients undergoing RN or PN [21]. In their
cohort, renal insufficiency became evident in 12.3% of
patients after RN and in only 3.7% of patients after PN.
Unfortunately, renal insufficiency was defined as elevation
of sCR >2.0 mg/dl rather than glomerular filtration rate
(GFR) or creatinine clearance (CrCl). The probability of
developing renal insufficiency can be calculated on the basis
of the following factors: age, gender, American Society of
Anaesthesiologists score, preoperative creatinine level,
and percent of change in kidney volume after surgery.
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Table 1 – References comparing nephron-sparing procedures with radical nephrectomy
Study

Surgical techniques No. of patients

Renal function damage

Matin et al [19]

LN vs OPN

35 vs 82

25% vs 0% (sCR increase)

McKiernan et al [6]

RN vs OPN

173 vs 17

9% vs 0% (creatinine failure >2.0 mg/dl)

Huang et al [5]

RN vs OPN

204 vs 287

65% vs 20% (GFR <60 ml/min per 1.73 m2)

Clark et al [20]

RN vs OPN

37 vs 26

31.7% vs 6.1% (decrease of CrCl)

Thompson et al [7]

RN vs OPN

290 vs 358

Renal function not evaluated

Conclusions
Better perioperative outcome after LN
Better renal function 6 mo after OPN
No dialysis in either group
Higher risk of CKD after RN
RN a risk factor for developing CKD
RN not standard treatment for small
renal tumours
Baseline kidney function in small renal
tumours lower than previously thought
Renal function after OPN more favourable
than after RN
CrCl or GFR more accurate parameters
for renal function than sCR
Signiﬁcant factors predicting survival:
preoperative sCR, comorbidity index
(Charlson-Romano), symptoms at presentation,
diabetes, histologic subtype
Favourable CSS after OPN in patients
<65 yr of age explained by less renal
function damage

CKD = chronic kidney disease; CrCl = creatinine clearance; CSS = cancer-speciﬁc survival; GFR = glomerular ﬁltration rate; LN = lymph node; OPN = open partial
nephrectomy; RN = radical nephrectomy; sCR = serum creatinine rate.

The nomogram could be useful for the urologist in patient
counselling, clinical trial design, and creation of effective
follow-up strategies for patients.
The well-designed study by Huang et al, comparing 662
patients retrospectively after RN or PN, describes long-term
renal function measured by GFR [5]. It turned out that
patients with small kidney tumours had less preoperative
kidney function than generally expected. It is clear that
renal cell carcinoma (RCC) presents in many patients who
have comorbid disease affecting global renal function. Thus,
RN is a significant risk factor for the development of chronic
kidney disease (CKD) and should be avoided in cases of
small renal cortical tumours.
Thompson et al even cite favourable cancer-specific
survival after OPN compared with RN in patients <65 yr of
age [7]. The authors hypothesise that because OPN causes
less renal function damage and is associated with less
comorbidity, it has a significant impact on survival and
tumour biology. The consequences of CKD or renal function
damage have been described in detail by Go et al [4]. A
higher risk of death, cardiovascular events, and hospitalisation in a large community-based population was described
in patients with reduced estimated GFR.
The higher risk of CKD after nephrectomy contrasts with
observations on living kidney donors who showed no
evidence of progressive renal function deterioration after
kidney donation [22–24]. This is not surprising because
kidney donors for live donor transplantation are highly
selected and only undergo donor nephrectomy if they are
free of any comorbidities. In contrast, renal tumour patients
have a higher risk of developing CKD, and many of them
have preexisting damage to global renal function before
surgery.
NSS must be expected to become the standard approach
for kidney tumour surgery. The intention of renal preservation is avoiding CKD, which seems to be imminent in a

substantial number of patients with RCC. RN will be reduced
more and more to a desperate solution for advanced
disease.
3.2.

Ischaemia research and mechanisms of renal failure

The ischemic approach to kidney surgery goes back to the
1970 s and 1980 s, when experimental research was
undertaken to develop optimal procedures that preserve
kidney function in open caliceal exploration for stone
disease or in explanted kidneys being considered for renal
transplantation.
If open stone surgery without ischaemia was not feasible,
ischaemia was induced to minimise blood loss or create a
bloodless surgery field for meticulous preparation and
reconstruction of the kidney [18,25].
Renal transplantation surgery always attempted to
achieve the shortest possible time of ischaemia to minimise
renal reperfusion damage. Data derived from non-heartbeating donors describing renal tolerance of ischaemia
revealed that a WI period of 20 min significantly reduced
posttransplant kidney damage [26].
During the era of open stone surgery and the beginnings
of renal transplantation, mechanisms of acute renal failure
were experimentally explored [27] and are referred to up to
this day [28]. The mechanism resulting from renal
ischaemia primarily occurs at a vascular level, leading to
vaso-obstruction and reperfusion injury that reduces renal
blood flow and decreases organ activity.
On a vascular level, multi-inflammatory responses by
interleukins lead to vasoconstriction and vascular spasms. A
vicious cycle is activated by endothelial injury, causing the
activation of a cytokine cascade that results in arteriolar
vasoconstriction. The low renal blood flow releases
angiotensin II and eicosanoids. In this state of ischemic
insult, failure of oxidative phosphorylation and adenosine
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triphosphate (ATP) depletion cause cellular swelling by
passive water diffusion into the cells, and, consequently,
both the ‘‘no reflow’’ phenomenon and vascular obstruction
during renal reperfusion occur. Free radicals resulting from
ATP degradation cause further cell damage (reperfusion
injury, a well-known phenomenon in renal transplantation)
[27–32].
This led to the development of methods for prevention
and treatment of acute ischemic renal failure, which
included pharmacologic interaction with the renal vascular
system and surgical techniques of renal ischaemia with
minimum kidney manipulation [27]. Two different
approaches of renal ischaemia have become established:
WI and CI.
Experimental studies on human kidneys performed by
Rocca Rosetti demonstrated that cellular degeneration
begins mainly in the proximal tubules after 20–30 min of
clamping; after >60 min of WI, complete cellular degeneration of the nephron occurs. Based on these data, a
maximum time frame of 30 min was recommended for WI.
His conclusion based on CI experiments on surface cooling
with medullary temperatures at about 22 8C is that CI is not
tolerated for >60–70 min [25,33].
Other experiments on CI in the 1970 s attempted to
define the optimal temperature for prolongation of
ischaemia tolerance and prevention of renal freezing
damage. This damage derives from the reduced renal blood
flow and resulting increase in vascular resistance caused by
hypothermia [34]. Thus, an optimal temperature not <15 8C
was recommended by Ward after experiments on dog
kidneys [35].
Studying rats undergoing renal ischaemia in 1981, De
Maeyer et al described the optimal perioperative preparation to avoid renal injury: preischaemic hydration, intravenous application of mannitol, and infiltration of the
pedicle with diluted papaverine solution [36]. More recent
observations in a porcine model challenging the maximum
safe duration of WI suggest that renal pedicle clamping for
75–90 min is safe for renal function. However, animal
models, even if they approximate human renal physiology,
must be differentiated from the clinical setting [37,38].
Advantages of reducing renal temperature after clamping
the kidney were described by Ward in 1975 based on dog
experiments [35]. The optimum temperature for clinical
renal hypothermia seemed to be reached at 15 8C. No
additional protection was found below 15 8C, but severe
renal deterioration occurred at temperatures >22 8C [32].
Monitoring of renal temperature is very sophisticated, which
should be considered when contemplating these data.
In conclusion, avoidance of renal perfusion or reperfusion injury by pharmacologic preconditioning as well as
adherence to the experimentally confirmed renal tolerance
time for WI and CI were described by McDougal [27] and
Novick [18]. The approach least deleterious to renal
function is PN without ischaemia. If this appears unfeasible,
the choice of ischemic procedure should be made preoperatively. The maximum tolerable ischaemia time for NSS
in WI should not exceed 20 min. If a cooling strategy is
planned, CI should be completed within 70 min [18,27].

3.3.

Clinical studies

3.3.1.

Partial nephrectomy with warm ischaemia

Several clinical studies suggest that the maximum period of
WI time for preservation of renal function should not
exceed 20 min, whether LPN, OPN, or RPN is attempted
[25,39–41] (Table 2).
Laparoscopic techniques have recently been developed
that reduce intraoperative WI time and that attempt to
approximate the mean ischaemia times of OPN [54–56].
Nguyen and Gill [54] describe an ‘‘early unclamping’’
technique, halving the previous ischaemia time from 31.1
to 13.9 min but bearing a certain risk for bleeding and
ischaemia (in case of reclamping). Consequently, acceptable
WI times could be maintained in centres experienced with
laparoscopy. Whether robotic-assisted LPN can reach these
ischemic times remains to be seen. Whether it affords
similar or even more favourable ischemic times remains to
be proven. Early results have reported satisfactory ischaemia times but must be documented by further large
multicentric studies [15,16]. If WI does not exceed
20 min, the least damage to the kidney can be expected [39].
3.3.2.

Partial nephrectomy with cold ischaemia

Efforts have been made to improve the technique of
intraoperative kidney cooling. For clinical practicability, a
temperature of 20–25 8C appeared to provide complete
renal protection for up to 3 h of arterial occlusion [18].
Laying ice slush around the kidney was the most
common technique used in OPN for surface cooling.
Methods of surface cooling have also been developed for
LPN and are recommended if WI is expected to exceed
20 min. After an exposure time of about 10 min by ice slush,
the kidney can be clamped, and a safe CI time for a
maximum of 35 min has been described [13,18,45,51].
Another technique initially developed for OPN is
transarterial cooling by perfusion through the clamped
renal artery with cooled Ringer’s solution. This allows
kidney cooling down to 5–10 8C and is reported as
minimising ischemic damage by an abrupt switch of renal
cells from aerobic to anaerobic processes. Theoretically, this
homogeneous cooling should achieve more effective renal
preservation with less ischemic and reperfusion damage
than surface cooling, where a heterogeneous temperature
profile of 5–19 8C is achieved [57]. These data are contrary
to the experimentally defined optimum hypothermia
temperature of 15 8C by Ward [35] and remain to be
proven by scientifically performed studies. Cold perfusion,
developed in dog experiments in the 1970 s, was proposed
to replace elaborate CI approaches like autotransplantation
because it allows ischaemia time up to 70 min [58].
Autotransplantation after work bench surgery is a
sophisticated technique commonly used in the past for
treatment of renal artery stenosis, reportedly achieving CI
up to 2 h [18,59]. Today, autotransplantation has been
widely abandoned, but it can still be successful as a last
resort in very complex cases [60].
For laparoscopy, a number of new technical approaches
to optimise and facilitate CI have been proposed because

Table 2 – Recent studies on renal function after tumour surgery
Study
OPN
Fergany
et al [42]

Subject matter

n

Mean ischaemia time

Mean tumour size

400

38.1 min

4.18 cm

Ghavamian
et al [43]

OPN in solitary kidneys

76

NA

4.8 cm

Iida et al [44]

Effect of CI (ice slush) on renal
function after OPN; 3 groups
(<30 min, 30–60 min, and >60 min CI)

131

NA

2.8 vs 2.9
vs 3.9 cm

Thompson
et al [45]

Multicentric study on impact of
ischaemia time in solitary kidneys

537

NA

2.0 vs 3.5 vs 4.0 cm
(n = 85 no ischaemia;
n = 174 WI; n = 278 CI)

Yossepowitch
et al [46]

Description of GFR course after
OPN in solitary and/or healthy
contralateral kidneys

662

35 vs 31 min
(two functioning
kidneys vs solitary
kidney)

2.5 vs 3.5 cm
(two functioning
kidneys vs solitary
kidney)

Renal function comparison of 12 WI
patients vs 14 CI patients after LPN

26

31.5 vs 44.5 min

2.31 vs 2.16 cm

Renal function after LPN (without
ischaemia [n = 42], WI <30 min
[n = 48], and WI >30 min [n = 28])
Comparison of LPN (WI <30 min
[n = 74] or WI >30 min [n = 105])

118

0 vs <30 min
vs >30 min
(max 55 min)
31 min (22 vs 37 min)

2.4 vs 2.5 vs 2.8 cm

2.9 cm (2.8 vs 3.1 cm)

Comparison of LPN (without
ischaemia, WI, and CI) by
long-term CrCl change
5-yr outcome after LPN

98

0 vs 27 min (WI)
vs 38 min (CI)

2.4 vs 3.1 (WI)
vs 2.9 cm (CI)

557

NA

2.9 cm

18

39.0 min (WI)

3.4 cm

22.5 min (WI)

3.0 cm

LPN
Abukora
et al [47]
Bhayani
et al [48]
Desai
et al [49]

Foyil
et al [50]
Lane and
Gill [51]
Porpiglia
et al [52]
Shekarriz
et al [53]

Prospective study analyzing
renal function after WI >30 min
Prospective study describing
postoperative renal function
(MAG3)

179

17

Renal function quantiﬁed by sCR
Satisfactory long-term renal function: no increase of sCR in 21%, only minor increase
in 41%; increase of sCR >50% of preoperative value in 38%; 14% permanent dialysis
Signiﬁcant factors for postoperative renal function: age, size of resected parenchyma,
time interval after contralateral nephrectomy
Late renal insufﬁciency in 12.7%; acute renal failure in 12.7%
Renal insufﬁciency declared as sCR >2.0 mg/dl
12.7% ex vivo resection
Renal function compared by eGFR (pre- and >12 mo postoperatively)
Cutoff time for signiﬁcantly higher late-stage CKD in CI was 44 min
Other risk factors for late-stage CKD: operation time, imperative indication,
preoperatively elevated eGFR, age
CI performed by ice slush; sCR measurement
Higher complication rate after clamping (WI and CI)
Higher incidence of acute renal failure in WI >20 min or CI >35 min
WI >20 min resulted in increased risk of renal insufﬁciency and permanent dialysis
GFR measurement: preoperative, 1 and 12 mo postoperative
Length of CI time determines short-term postoperative GFR (particularly in solitary kidneys)
Long-term GFR seems to be unaffected by ischaemia time

No difference in postoperative MAG3 renal function tests up to 6 mo after both procedures
No signiﬁcant mean renal function loss after both procedures
CI by cold arterial perfusion
No statistically signiﬁcant difference in sCR increase (+0.05 vs +0.06 vs +0.08 mg/dl)
in all groups; no renal insufﬁciency; no permanent dialysis
WI up to 55 min has no inﬂuence on long-term renal function (median: 28 mo)
Measured by MAG3 before and 1 mo after surgery
Data suggest that clinical sequelae are minimal in WI <30 min
WI >30 min, especially in advancing age and preexisting renal insufﬁciency,
is associated with greater ischemic renal dysfunction
Recovery of renal function is delayed the longer WI is required
Measurement of CrCl (Cockcroft-Gault)
Direct correlation between time of ischaemia and degree of acute renal damage
Safe WI time before permanent renal damage was <45 min
Mean sCR elevation from 0.9 to 1.0 mg/dl
4.1% abnormal postoperative renal function
2.0% CKD; 1.8% kidney loss
Measurement of sCR, eGFR, and MAG3 within ﬁrst postoperative year
Recommendation: keep WI within 30 min to avoid partial renal damage
MAG3 and GFR follow-up until 3 mo postoperatively
No signiﬁcant negative association between clamping time and renal function change
Clamping up to 44 min WI acceptable

EUROPEAN UROLOGY 56 (2009) 625–635

OPN in solitary kidneys

Comments

CI = cold ischaemia; CKD = chronic kidney disease; CrCl = creatinine clearance; eGFR = estimated glomerular ﬁltration rate; GFR = glomerular ﬁltration rate; LPN = laparoscopic partial nephrectomy;
MAG-3 = mercaptoacetyltriglycine; OPN = open partial nephrectomy; SCR = serum creatinine rate; WI = warm ischaemia.

629

630

EUROPEAN UROLOGY 56 (2009) 625–635

mean ischaemia times tend to be significantly longer than
during OPN. LPN is a challenge reserved for dedicated
laparoscopic surgeons to achieve haemostasis and reconstruction of the preserved kidney in an acceptable time
frame [54].
In LPN, the application of cold perfusion is feasible and
leads to acceptable functional results, even with a mean
ischaemia time of 40 min (up to 101 min), but it remains a
clinically sophisticated procedure [61,62].
Another technique of renal hypothermia can be achieved
by retrograde intracavitary saline perfusion, as described by
Landman et al in a porcine model as well as in case reports
[63,64]. It seems to be an alternative to cold arterial
perfusion or slush ice around the kidney, as described by
Gill et al [57].
CI has clear benefits in protecting the kidney during long
ischemic periods but should be used only if absolutely
necessary, that is, if expected clamping time exceeds
20 min. Although there is no clear evidence of a postoperative benefit in ischemic periods <30 min, it is
recommended, however, that WI be restricted to a
maximum of 20 min [41,45]. This recommendation is based
on the available clinical and experimental evidence. Only
when ischaemia time is expected to exceed 30 min should
CI be used a priori [30].
3.4.

Other kidney-preserving methods and myths regarding the

technique of partial nephrectomy
3.4.1.

Artery versus pedicle clamping and effect of

pneumoperitoneum

Orvieto et al [65] analysed these techniques in a solitary
kidney porcine model. The result was a slight increase in
sCR immediately following OPN (days 1 to 3). No increase in
sCR was seen after LPN, suggesting a beneficial effect of
venous compression by pneumoperitoneum. Furthermore,
the different clamping techniques did not result in
functional differences in this study.
No other clinical study to date has demonstrated an
improvement in WI time or functional outcome after any
modification of clamping technique (eg, clamping of the
affected segment artery vs main artery). If only the artery
and not the whole pedicle is clamped, the hypothetical
effect of partial oxygenation of parenchyma caused by
retrograde venous backflow must be weighed against the
potentially higher risk of intraoperative venous parenchymal haemorrhage and, consequently, higher blood loss and
reduced visibility.
An influence of pneumoperitoneum on functional outcome has not been evaluated systematically but appears
rather unlikely under the typical low pressure of approximately 15 mm Hg [38].

renoprotective effect has not been confirmed by controlled
clinical studies, this may reduce the risk of vascular injury to
the pedicle [38].
Sequential intermittent clamping with preconditioning
intent has shown no benefit to renal function in animal
studies but also no harm [66,67]. Concerning intermittent
clamping during resection, Marberger recommends strict
avoidance on the basis of older results dating back to the era
of stone surgery research [25]. It disguises information
about the duration of ischaemia and increases the risk of
arterial damage.
3.4.3.

3.5.
3.4.2.

Pharmacologic and other preservation strategies

Indispensable tools for reduction of ischaemia damage
are sufficient preoperative hydration to facilitate vascular
perfusion and stimulate diuresis [25] and intraoperative
administration of furosemide, which promotes postperfusion diuresis and, theoretically, decreases energy
requirements of cells in the thick limb of Henle loop [38].
In addition, intravenous administration of mannitol
(1 ml/kg) in animal studies and clinical application has
been proven to be beneficial for optimal reperfusion. It is
filtered through glomeruli and inhibits tubular reabsorption
of water and leucocytes by raising the osmolarity [2,57,68].
Some authors describe the use of an angiotensinconverting enzyme inhibitor, such as enalapril (1.25 mg
intravenously [IV]). It is intended to induce vasodilatation
that may increase renal blood flow and to prevent
vasospasm caused by ischaemia or manipulation
[2,58,59]. Furthermore, it can be argued that vasospasm
can be avoided by careful dissection of the pedicle before
clamping [25].
To prevent thrombosis of the vessels, some authors
recommend the application of heparin (2000–3000 IU IV)
before clamping [2,59], but no data are available to prove
this benefit.
Other vasodilatatory agents, such as dopamine or
diltiazem, have likewise been examined in animal
studies to prohibit acute renal failure or increase renal
blood flow after ischemic injury. In fact, these agents do
not provide a renoprotective effect or clinical benefit
[69,70]. The renoprotective effect of inosine (a purine
nucleotide), described years ago, appears to have had no
clinical impact because the drug is not in use for NSS
[61,71].
It is a fundamental task of the anaesthesiologist to
maintain intraoperative blood pressure at a normal level
(systolic blood pressure: >120 mm Hg; mean blood
pressure: 80 mm Hg) and to guarantee haemodynamic
stability. This promotes kidney perfusion during the
extension and maintenance phases of surgery [25,38].
Monitoring postoperative renal function

Manual versus vascular occlusion and intermittent versus

continuous clamping

Manual compression of the kidney rather than vascular
clamping may sufficiently reduce blood loss during resection of small exophytic tumours, but it is only feasible
during OPN or hand-assisted laparoscopy. Although a

Renal scintigraphy with technetium-99m-mercaptoacetyltriglycine (MAG3) using estimated split renal function is
currently the best method for exact determination of renal
function loss after tissue resection and ischemic injury [72].
On the basis of changes in MAG3 reuptake and parenchymal
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retention, studies have demonstrated postoperative recovery of renal function within the first year after NSS [73].
MAG3 scintigraphy, however, is an extensive, expensive,
and invasive investigation not considered justifiable for
ethical and cost-effective reasons.
In the presence of a healthy contralateral kidney, renal
function estimation by sCR is imprecise. Thus, determination of GFR by 24-h urine CrCl is recommended for
improved monitoring of pre- and/or postoperative renal
function. An even more simplified method is calculation of
an estimated GFR (eGFR) by sCR (www.nephron.com/
MDRD_GFR.cgi) [38,74].
In the hopes of establishing a more precise clinical
method for monitoring acute renal injury and renal failure,
studies on biomarkers that detect subclinical injury have
been done. The following serum and urine biomarkers were
found to be of some use in indicating acute renal injury, but
they have not as yet gained clinical importance: Na+/H+exchanger isoform 3, neutrophil gelatinase-associated
lipocalin, kidney injury protein 1, and proatrial natriuretic
peptide [31,75]. Further studies are necessary to determine
the importance of these molecules.
3.6.

Comparison of different ischaemic approaches

Table 2 contains a list of recent clinical studies describing
the effect of ischaemia on renal function after PN, OPN, LPN,
and RPN. OPN still seems to be the gold standard because
mostly acceptable ischemic times are achievable and it
allows every possible ischemic approach without additional
technical complexity. Even in larger tumours, resection can
often be achieved within 20 min of WI [2]. The Cleveland
Clinic Foundation has not used CI for OPN since 2002

because resection was usually practicable without any
ischaemia or within acceptable WI times [42].
Even if CI with ice slush is performed, a higher risk of
late-stage CKD can only be expected if cutoff time exceeds
44 min, as described by Iida et al [44]. These authors define
late-stage CKD as eGFR <45 ml/min per 1.73 cm2, a cutoff at
which an increase of long-term cardiovascular events can
be anticipated. Other risk factors for late-stage CKD after
OPN were age, operation duration, imperative indication,
reduced preoperative eGFR, and decrease of eGFR 1 yr after
surgery.
After comparing different OPN techniques (without
ischaemia, WI, and CI) in a large multi-institutional study,
Thompson et al concluded that whenever pedicle clamping
is expected, WI must be completed within 20 min and CI
(ice slush) within 35 min [45]. This paper, however, must be
analysed critically because groups divided by different
surgical approaches had different clinical features, only
patients with a solitary kidney were included, and only
serum creatinine levels were estimated to define renal
insufficiency.
Particularly in solitary kidneys, OPN seems to be the
safest surgical access with acceptable postoperative renal
function. An interesting factor that influences postoperative
renal function in solitary kidneys is the time since loss of the
contralateral kidney. Patients with congenital solitary
kidneys or with loss of the contralateral kidney 1 yr
before surgery have more favourable postoperative renal
function, explained by the development of a compensatory
kidney hypertrophy that seems to develop within the first
year after surgery [42].
LPN can also be performed with acceptable ischaemia
times in experienced high-volume laparoscopic centres.

Table 3 – Recent studies comparing laparoscopic partial nephrectomy with robotic or open partial nephrectomy
Study

No. of
patients

Techniques
compared

Mean
ischaemia time

Mean
tumour size

Aron et al [15]

24

RPN vs LPN
(matched pairs)

23 vs 22 min

2.4 vs 2.9 cm

Gill et al [13]

1799

OPN vs LPN
(n = 771 vs
n = 1028)

20.1 vs 30.7 min

3.5 vs 2.7 cm

Lane et al [41]

199

OPN vs LPN
(n = 169 vs
n = 30)

21 vs 29 min (WI)

3.8 vs 2.8 cm

Comments

All procedures in WI
Conﬁrms feasibility of RPN but no clear advantage or difference
‘‘Port-in-port technique’’ described for RPN
No difference in renal function loss after both procedures
(loss of eGFR: 13 ml/min in both groups)
Multicentric retrospective study
More frequently in OPN group: higher risk group,
symptomatic disease, worse performance status, larger tumours,
centrally located tumours, malignant tumours, impaired renal
function, or solitary kidney
More frequently in LPN group: longer ischaemia time, shorter
surgical time, decreased blood loss, and shorter hospital stay
Outcome of renal function similar in both groups
OPN remains the preferred approach (particularly in more
complicated renal tumours)
LPN should be performed only in experienced centres
Only solitary kidneys (imperative indication); eGFR evaluation
LPN: longer mean WI time, higher proportion of WI >20 min,
higher proportion of dialysis required after surgery
(temporary or permanent), higher risk of postoperative
complications
OPN should be the preferred approach in an imperative setting

eGFR = estimated glomerular ﬁltration rate; LPN = laparoscopic partial nephrectomy; OPN = open partial nephrectomy; RPN = robotic partial nephrectomy;
WI = warm ischaemia.
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Two prospective studies using MAG3 scintigraphy in only
small numbers of patients surprisingly claimed preservation of renal function with WI times up to 44 min. The
authors conceded that keeping WI time within 30 min
avoids renal damage, but this still differs from the
recommended 20-min WI for OPN [52,53].
In contrast, Foyil et al recommend CI rather than WI
during LPN, particularly in patients with hypertension and
diabetes. Their analysis favours treatment with CI because it
resulted in no long-term renal damage in patients with
these two risk factors [50].
Time will tell if shorter ischaemia times can be achieved
by the minimally invasive RPN. Early results of about 65
published cases report WI times of 21–26 min. The authors
confirm the feasibility of RPN and specify that this method
is easier to learn even for surgeons who are inexperienced in
laparoscopy [16]. Based on a direct comparison of only
small numbers of RPN patients and >2000 patients with
LPN, no clear advantage was demonstrated but at least
comparable results and adequate ischaemia times could be
expected for RPN [15].
The importance of other therapeutic options in the
management of small renal tumours, as ablative or
observing methods, is anticipated in the future because
long-term oncologic outcomes are lacking. No ischemic
damage is applied to the kidney with such methods, and
previous results are promising [76].
Table 3 lists the current literature directly comparing
different surgical techniques and covering renal function
and ischaemia. One study compares RPN with LPN but
includes only 12 patients undergoing each approach, so
further studies are needed to demonstrate the advantages
of RPN [15].
Large series comparing OPN and LPN demonstrate higher
complication rates after LPN as well as longer ischaemia
times, even though mean tumour diameters were smaller.
Negative aspects of OPN are higher blood loss, longer
operation time, longer hospital stay, and higher analgesic
requirement. Nevertheless, renal function after both
procedures seems to have been equivalent in these series
from highly experienced laparoscopic centres [13,77,78]. If
a high risk of CKD is expected, OPN should be the preferred
approach because a multivariate analysis showed a
decrease of 2.2 ml/min per 1.73m2 for every 5 min of WI.
Thus, ischaemia time should be kept as short as possible
[41].
The most important aspect of all surgical techniques is to
aim for limited ischaemia without compromising oncologic
efficacy. Ischaemia is the strongest modifiable surgical risk
[78,79].

with <20 min in WI, which is currently recommended,
regardless of surgical approach. Efforts should be made to
start immediately with CI if the feasibility of completing WI
within this span of time seems to be jeopardised. Thus, CI
times up to 2 h can be tolerated by the kidney, depending on
the individual method. However, CI should also be kept as
short as possible, ideally within 35 min. The CI technique
used (in situ cold arterial perfusion, ice slush around the
kidney, retrograde caliceal perfusion, or ex situ cold arterial
perfusion with autotransplantation) depends on preoperative findings, surgical technique (open, laparoscopic, or
robotic) and institutional experience. Only after optimal
preoperative appraisal and planning can the best postoperative outcomes for renal function be achieved.
Author contributions: Frank Becker had full access to all the data in the
study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.
Study concept and design: Becker.
Acquisition of data: Becker.
Analysis and interpretation of data: Becker, Van Poppel, Hakenberg, Stief,
Gill, Guazzoni, Montorsi, Russo, Stöckle.
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Editorial Comment on: Assessing the Impact of
Ischaemia Time During Partial Nephrectomy
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Nephron-sparing surgery (NSS) for renal cell carcinoma
(RCC) is a well-established surgical approach with
excellent long-term oncologic results. Although the
number of cases suitable for NSS is continuously rising,
due both to increasing RCC incidence and to efforts
expanding the surgical indication to almost all T1 tumors,
statistics clearly show that this elegant operation is still
underutilized [1]. In the era of laparoscopy and robotics,

this phenomenon is rather surprising and at odds with
developments in the field of radical prostatectomy.
One speculative explanation for this phenomenon
could be the challenging nature and resulting steep
learning curve of the operation, especially when performed laparoscopically. Although this difficult procedure
has already been mastered by many, it remains the most
demanding laparoscopic operation to perform. Consequently, this difficulty might influence the less experienced laparoscopic surgeon to favor laparoscopic radical
nephrectomy over a relatively difficult laparoscopic NSS
for a T1b or central tumor instead of offering the patient
the open procedure. From the patient’s perspective, this
recommendation is mostly acceptable, since an open
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procedure occasionally harbors the risk of undergoing
‘‘undesirable’’ open exploration and still losing the kidney.
In this respect, the most important limiting factor for
the operation is the bleeding from the tumor bed. To avoid
it, laparoscopists mostly prefer to control the pedicle—in
toto or just the artery—if the tumor is not too small or
exophytic, and this control inevitably results in ischemia
with subsequent reperfusion trauma. This outcome would
usually be avoided during open surgery because simple
manual compression of the parenchyma would suffice to
control most of the bleeding.
Although there are no controlled studies defining the
safety limits of both warm and cold ischemia, 20 min and
120 min, respectively, are well-established cut-offs
derived from clinical experience with open transparenchymal stone surgery and animal studies [2]. It is clear that
the laparoscopic adaptation of the parenchyma with the
occasional repair of the collecting system is definitely
more time consuming compared to open surgery. Yet this
fact should not cause the upper limit of warm ischemia to
be redefined as 40 min [3]. It is a relief to see that most
groups performing laparoscopic NSS challenge this notion.
Kidney damage occurring beyond 30 min is significant
and mostly irreversible, even in completely normal
systems. Gill et al [4] reported 18% kidney function loss
when 32 min of warm ischemia time was needed; kidney
function loss was clearly was reduced to 11% by lowering
the ischemic period to 14 min. Although data in the
literature are missing, one can easily assume that even
30 min of warm ischemia could be very critical in patients
with preexisting risk factors (eg, age, hypertension,
diabetes mellitus) or already compromised renal function
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[5]. Unfortunately, there are no studies comparing
different techniques with respect to temporary or
permanent dialysis rate or creatinine clearance loss in
elderly patients with diabetes and/or hypertension and/or
compromised renal function.
Once again, it is not the technique itself warranting the
optimal results but the experience of the individual
surgeon using it. Mastering the technique should be the
ultimate goal, but until then, we have to be fully aware of
all possible limitations.
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