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Abstract

Objectives: In a swine model of renal ischemia, we compared the effectiveness of the transureteral retrograde cold
saline perfusion technique to the traditional method of renal cooling with ice slush, in achieving adequate pa-
renchymal temperatures for functional preservation of the organ. Physiological and histological effects were also
assessed.
Methods: Twenty-four domestic male pigs were sampled into four groups to be submitted to a 60-minute
ischemia of the left kidney without cooling, with either one of the two cooling techniques (cold saline retrograde
perfusion or ice slush), or sham surgery. All of them had also a concomitant right nephrectomy. Renal cortical
and medullary temperatures were recorded throughout the experiment. Urinary output was measured, and
serum renal function tests were carried on, pre- and postoperatively. After 5 days, the animals were euthanized
and their kidneys were submitted to histological analysis.
Results: Mean renal temperature fell in both groups submitted to kidney cooling. With ice slush, a faster drop
was observed and a lower minimum temperature was achieved (5.08C in the cortex and 6.38C in the medulla, vs.
25.48C and 24.98C with retrograde cooling). In the other groups, temperature was unchanged. Urinary output
and serum creatinine worsened after the experiment, but without significant differences among groups. The
histological analysis showed no differences among the four groups, for the studied ischemia time.
Conclusions: Ice slush and retrograde perfusion of cold saline are both effective for cooling the kidney during
ischemia. Ice slush is faster in doing so, and it allows much lower temperatures to be achieved in the renal
parenchyma. With ischemia time of 60 minutes, no significant differences on the occurrence of functional and
histological alterations were detected, even for the group without a cooling procedure.

Introduction

Renal procedures such as partial nephrectomy, renal
transplantation, and renovascular surgery are clinical

situations that may require transitory interruption of renal
blood flow. To preserve renal function from injury caused by
renal ischemia and reperfusion, different methods to decrease
renal metabolism have been described. However, cooling the
kidney proved to be one of the most efficient alternatives.
Although there are several methods to achieve renal hypo-
thermia, it is usually obtained by involving the kidney with
ice slush after clamping the renal artery.1–3

Laparoscopic urological surgery greatly evolved in the
last decade, and it can be considered as a surgical option to
open surgery in most renal procedures, including partial ne-
phrectomy.4 However, the ice slush technique becomes very
cumbersome and technically challenging, if performed

through this approach.5 An option could be the perfusion
of cold solution in the renal artery, but it is not widely ac-
cepted, because of the risks of major damage to the renal
vessels.6

Landman et al7 and Crain et al8 reported models of endo-
scopic retrograde renal perfusion with cold saline. They have
the potential advantage of easiness to perform, while allowing
an operative field without ice and avoiding the cooling of
adjacent organs. However, this technique may not be able to
provide temperatures low enough to decrease renal metabo-
lism and hence ischemic injury, especially in the proximal
convoluted tubule, as it tends to cool the renal medulla better
than the renal cortex.9

This experimental study intends to compare the effective-
ness of the transureteral retrograde cold saline perfusion
technique to the traditional method of renal cooling with ice
slush, in achieving adequate parenchymal temperatures for
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functional preservation of the organ, as well as to evaluate
some of their physiological and histological effects.

Materials and Methods

The experimental protocol was approved by the Ethics
Committee for Animal Experimentation of our institution.
Twenty-four domestic male pigs, weighing 15 to 20 kg, were
sampled into four groups. After preoperative fasting of
12 hours, they were submitted to sedation with ketamine
(12 mg=kg) and xylazine (2 mg=kg), inhalatory anesthesia
with isoflurane, and were intubated for mechanical ventila-
tion. Vital signs and pulse oximetry were monitored every
15 minutes. Prophylactic enrofloxacin (30 mg=kg) was ad-
ministered, and venous hydration with saline (2 mL=kg=h)
was ensured throughout the procedure. In all animals, a
Gibson incision was performed, and the left kidney was
submitted to the experimental conditions described below,
followed by nephrectomy of the right kidney:

� Group A: Retrograde ureteral infusion of saline at 48C (eight
animals). After cystotomy and identification of the left
ureteral meatus, a 6F double-lumen ureteral catheter
was placed. After occluding the renal pedicle with vas-
cular clamps, retrograde perfusion of saline at 48C was
initiated through the catheter, with an infusion pump, at
a rate of 30 mL=minutes. Pelvic drainage occurred
through the second lumen of the catheter.

� Group B: External renal cooling with ice slush (eight ani-
mals). A sterile surgical glove was adapted as a reservoir
for the ice slush, involving the kidney. Right after oc-
clusion of the renal pedicle, the kidney was covered
with ice slush (inside the reservoir only, to protect the
surrounding structures), which was refilled as needed.

� Group C: Occlusion of the renal pedicle without renal cooling
(four animals). Occlusion of the renal pedicle was per-
formed without kidney cooling.

� Group D: Surgical control (four animals). The animals were
submitted to the same renal dissection of the previous
groups, but without inflicting ischemia or hypothermia
on the kidney.

An electronic thermometer (700=4S Gulton) was used to
monitor the temperature of the left kidney throughout the
procedure. Its steel probes were inserted in the superior and
inferior poles of the left kidney, both into the cortex and
the medulla (total of four probes), guided by ultrasonogra-
phy with a 3-MHz linear probe. Temperature was serially
measured every 5 minutes, in groups A, B, and C, during the
60 minutes of ischemia. After clamp releasing and, in groups A
and B, stopping the cooling method, the temperatures were still
measured for 10 more minutes. For group D, temperature was
also measured every 5 minutes, for a total time of 70 minutes.

After surgery, opioids were used for postoperative anal-
gesia, and the animals were left in cages that allowed strict
measurement of the daily urinary output. Samples of blood
and urine were obtained preoperatively and in postoperative
days (PODs) 1 and 5, for measurement of serum creatinine
and to obtain urine culture.

In POD 5, the animals were sedated (ketamine 12 mg=kg
and xylazine 2 mg=kg) and euthanized with potassium chlo-
ride, followed by the removal of their kidneys and ureters
en bloc. Cortical and medullary tissue specimens were taken

from the upper pole, middle section, and lower pole of each
kidney for histopathological study. All specimens were stained
with hematoxylin and eosin. Two pathologists performed a
blinded semiquantitative analysis, and the following alter-
ations were analyzed: tubular hyperplasia, tubular epithelium
degeneration, tubular necrosis and dilation, intraluminal pro-
tein, mononuclear infiltrate, and congestion. These alterations
were graded according to the following criteria: 0—no alter-
ations, 1—mild alterations, 2—moderate alterations, 3—severe
alterations. The average of points for each variable was ob-
tained in the different groups and used for analysis.

Statistical analysis of the results for each group was per-
formed using variance analysis, for the continuous variables,and
Fisher’s exact test, for the histological parameters. Differences
were considered significant when the p-value was <0.05.

Results

The mean renal temperature (MRT) was considered as the
average of upper and lower pole temperatures, either cortical
or medullary, at each 5-minute interval. During the experi-
ment, the MRT showed a significant drop, in groups A and B
(retrograde perfusion and ice slush), both in the cortex and
medulla (Fig. 1). This drop was faster and more intense for
group B. Nevertheless, the achieved MRTs in group A were
significantly below those of groups C (ischemia without
cooling) and D (sham).

In group A, the MRT fell at an average rate of 0.378C=
minutes, in the medulla, and of 0.288C=minutes, in the cortex,
for the first 20 minutes. Thereafter, the medullary temperature
stabilized between 26.28C and 24.98C, and in the cortex be-
tween 27.68C and 25.48C. After renal reperfusion and stopping
the saline perfusion, return to initial temperatures occurred at
0.588C=minutes at the medulla, and 0.538C=minutes at the
cortex. On the other hand, in group B, the MRT fell at an av-
erage rate of 1.378C=minutes in the medulla, and 1.448C=
minutes in the cortex, for the first 20 minutes. Then the med-
ullary temperature stabilized between 6.58C and 7.88C, and in
the cortex between 5.08C and 6.88C. After renal reperfusion
and withdrawal of the ice slush, return to initial temperatures
occurred at 2.38C=minutes at the medulla, and 2.48C=minutes
at the cortex. In the warm ischemia (WI) and sham surgery
groups, there was no decline in MRT whatsoever, remaining
close to 358C throughout. The lowest MRTs achieved in the
cortex and medulla are presented in Table 1, for each group.
Among them, the lowest ones were observed in the animals of
group B (ice slush), as previously stated.

A fall in the mean volume of diuresis occurred, in POD 1,
followed by progressive normalization, without significant
differences among the groups. The mean values of serum
creatinine (in mg=dL) ranged from 0.81 to 1.34, before sur-
gery; from 1.55 to 2.68, at POD 1; and from 1.07 to 2.43, at POD
5. These values were not statistically different among the four
groups, at each moment ( p> 0.05). Urine cultures were all
negative.

In the histological analysis, no animal presented severe
alterations, for each of the studied histological variables. The
mean scores for these variables were mostly equal or less than
0.75 and did not go beyond 1.25, indicating that the histo-
logical alterations, in this experimental setting, were mild.
There was no statistically significant difference among the
four groups, for any histological variable.
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Discussion

In 1975, in a study with dogs, Ward10 defined 158C as the
ideal cooling temperature to protect the kidneys against
ischemia and reperfusion injuries. Wickham et al11 showed
that, from 158C to 208C, the kidneys of rabbits did not present
functional alterations, even for periods up to 3 hours of cold
ischemia. In none of our groups in which renal hypothermia
was performed it was possible to keep the temperatures close
to 158C, as temperatures stabilized between 5.08C and 7.88C in
the ice slush group, and between 24.98C and 27.68C in the
retrograde perfusion group. Nonetheless, no significant his-
tological or functional changes occurred in either group.

In group A, the retrograde perfusion method was more
effective in cooling the renal medulla than the cortex, and the
renal temperature declined slower than in the ice slush group.
After 20 minutes of ischemia, the temperature in the cortex

remained between 25.48C and 27.68C. Landman et al7 re-
ported 27.38C as the lowest temperatures achieved in the
cortex with this method. They chose to control the inflow by
gravity, keeping the bag of cool saline 60 cm above the animal,
which provided an infusion rate of 85 mL=minutes. Crain
et al8 obtained 26.18C as the lowest cortical temperature. In
our experiment, the infusion rate was 30 mL=minutes, and in
the article by Crain et al8 it was 16.7 mL=minutes. Therefore, it
seems that cold irrigant flow beyond 16.7 mL=minutes does
not provide significant additional cooling effect. In the three
studies, the mean temperature in the cortex was at least 108C
over ideal, with the method of cold saline retrograde perfusion.

In group B of our study, the ice slush technique cooled the
renal cortex better and faster than the renal medulla, reaching
a minimum temperature of 58C at the cortex, similar to the
results of Crain et al,8 but very distinct from the ones achieved
by Landman et al,7 who obtained 23.78C as the minimum
temperature achieved in the cortex with the ice slush method,
as well as a slower decline in renal temperature, when com-
paring this method to the retrograde saline perfusion. Dif-
ferences in the weight of the animals may account for these
striking differences, as we used smaller pigs, whose smaller
kidneys could be possibly more easily cooled, although this
was not verified with the retrograde cooling. Anyway,
Wickham et al11 showed that temperatures between 58C and
308C, during 45 minutes of ischemia, induced little harm to
renal function in rabbits. Moreover, in a retrospective study in
humans submitted to hypothermia with ice slush, Metzner
and Boyce3 observed that temperatures around 58C in the
renal cortex did not have an impact on renal function.

Table 1. Lowest Mean Temperatures

(Average of the Upper and Lower Pole

Temperatures) in Renal Cortex and Medulla

of Animals in Groups A–D

Lowest mean temperature (8C)

Groups Medulla Cortex

A 24.9 25.4
B 6.3 5.0
C 35.1 35.1
D 35.3 35.3
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FIG. 1. Mean temperature at the renal cortex and medulla, during the experiment, in groups (A–D).
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The comparison of data from group A (retrograde perfu-
sion) and group B (ice slush) did not show statistically sig-
nificant functional or histological differences between them,
similar to the previous studies.7,8 Additionally, when com-
pared with the WI and sham groups, no statistically relevant
differences arose among the four groups. It is noteworthy that
the animals in group 3 (WI without cooling), submitted to
60 minutes of WI, presented functional and histological re-
sults statistically similar to those found in the other groups,
including the sham group. However, Landman et al7 have
obtained different results concerning this issue, as their study
group submitted to WI without cooling presented evident
histological findings, such as venous congestion, chronic in-
flammation, and periarteriolar hemorrhage, which we have
not observed even with a longer WI time (WIT) (30�60 min-
utes). Unfortunately, they did not perform any concomitant
functional evaluation, which could provide further informa-
tion on this process. Others have also demonstrated that
porcine kidneys can stand WIT of 60 minutes or more.12,13 We
attribute the initially diminished urinary output, which was
similar in all groups, to surgical stress and to the concomitant
performance of right nephrectomy.

Rama Raju et al9 have suggested that WIT above 30 min-
utes may induce irreversible renal damage, but recent studies
in the porcine model suggest that the kidneys of these animals
tolerate WIT up to 90 minutes.12,13 The WIT that a mammal
kidney tolerates may vary according to species. Rats tolerate
up to 2 hours of renal WI,14 and lambs up to 90 minutes.15

In rabbits, the renal WIT above 2 hours is fatal.16 In humans,
30 minutes is still currently acknowledged as the upper
WIT limit, beyond which renal function compromise starts
to occur.17 The possibility that the human renal cells could
tolerate a WIT higher than 30 minutes, like the pig renal cells,
would provide enough time to perform laparoscopic
nephron-sparing surgery in more complex renal tumors
without submitting the kidney to any cooling technique. The
WIT affordable by the human kidney without presenting ir-
reversible lesions from ischemia and reperfusion is still con-
troversial. In a recent retrospective study in humans,
Thompson et al18 evaluated the impact of WIT in 537 patients
with solitary kidneys that underwent open nephron-sparing
surgery. They concluded that 20 and 35 minutes are the
maximum time that solitary kidneys tolerate WI and cold is-
chemia, respectively.

Although the porcine kidney is anatomically similar to the
human kidney, it is very unlikely that this is the same in
regards to renal function.19 We believe that establishing the
occurrence of ultrastructural cellular alterations because of
different renal WIT may help to achieve a better under-
standing of this process and, possibly, more accurately
compare the animal models to human beings. Additionally,
long-term studies of renal function after temporary WI are
lacking.

Conclusions

Both ice slush and retrograde infusion of cold saline are
effective for cooling the kidney. However, ice slush is faster in
doing so and provides much lower renal parenchymal tem-
peratures. Neither technique is able to keep the renal temper-
ature close to 158C. In spite of this, functional or histological

alterations have not been detected. In the absence of a cooling
procedure, such alterations were not observed as well, sug-
gesting that the porcine kidney can stand a 60-minute WI
without significant damage. So, additional research should be
directed to further clarify this issue.
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