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Objective:  To compare kidney oxygenation profiles 
between partial and complete renal artery clamping during 
nephron sparing surgery (NSS) in a porcine model.
Materials and methods:  Twelve female farm pigs 
underwent a laparoscopic nephrectomy.  Subsequently, 
an open partial nephrectomy was performed on the 
remaining kidney using either total (n = 6, TC) or partial 
(n = 6, PC) clamping of the renal artery.  Real time renal 
partial oxygen pressure (rPO2) was monitored using a 
Licox probe (Integra, San Diego, CA).  Creatinine levels 
were measured prior to open partial nephrectomy and on 
POD #3 and #7.  The remaining kidney was harvested 
for pathologic evaluation.
Results:  Compared to TC, the PC group demonstrated 
a more favorable renal oxygenation profi le during the 

NSS.  Specifi cally, rPO2 decreased less from baseline (58% 
versus 84%, p = 0.03), took a longer interval to nadir 
(23.1 min versus 8.7 min, p = 0.04), and experienced 
a more rapid recovery to maximal or baseline values 
(4.8 min versus 10.4 min, p = 0.03) in the PC group.  
Furthermore animals undergoing TC had signifi cantly 
higher creatinine levels at POD #3 (2.2 mg/dl versus 
1.6 mg/dl, p = 0.03) and POD #7 (2.5 mg/dl versus 
1.7 mg/dl, p = 0.009).  Histological analysis demonstrated 
varying levels of acute infl ammation in the two groups.  
Finally, the intraoperative blood loss was greater in the 
PC versus TC group (40 cc versus 10 cc, p = 0.04).
Conclusions:  In this porcine model, partial clamping 
of the renal artery during NSS was feasible and 
demonstrated a favorable renal oxygenation profi le.  
Theoretically, intraoperative rPO2 monitoring may 
provide a novel means to allow real time assessment 
and titration of kidney perfusion during partial 
nephrectomy. 
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Introduction

Radical nephrectomy has historically been the gold 
standard therapy for the management of renal masses.  
More recently, the increased diagnosis of small kidney 
tumors coupled with good oncologic and kidney 
preservation outcomes have propelled nephron 
sparing surgery (NSS) to the forefront of therapy.1-3  
The technique of open partial nephrectomy (OPN) is 
well established.4  With improvements in minimally 
invasive surgery, laparoscopic partial nephrectomy 
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(LPN) has increasingly become a safe and effective 
alternative to OPN in centers of excellence.5-7 

Adequate tumor resection typically requires clamping 
of the renal vascular pedicle to ensure a bloodless fi eld.  
This, however, is at the expense of subjecting the kidney 
to anoxia and resultant ischemic injury.  Furthermore, 
laparoscopic reconstruction of the kidney is typically 
more challenging, leading to a longer ischemic time and 
potentially increased nephron injury.8,9  While kidney 
cooling increases ischemic tolerance, it is not routinely 
employed during minimally invasive surgery.10 

As more renal masses are managed by NSS, particularly 
by laparoscopic modalities, it is imperative to investigate 
technical refi nements that may reduce ischemic damage 
and offer better renal protection.  In theory, partial renal 
arterial occlusion, and thereby partial kidney perfusion, 
may be an attractive concept to decrease renal hypoxia 
and thus prolong the relative ischemic interval while 
maintaining an adequate operative field.  To better 
address this issue, we compared the impact of partial 
versus complete renal artery clamping on intraoperative 
renal oxygenation profi les and acute postoperative renal 
function outcomes during nephron sparing surgery in a 
solitary kidney porcine model.

Materials and methods

Study design
The study was performed following approval by our 
Institutional Animal Care and Use Committee (IACUC).  
Thirteen female farm pigs were included in this study, 
with one pig used to develop a reproducible model 
for intraoperative renal oxygenation monitoring.  The 
remaining 12 pigs underwent two surgical procedures.  
The initial operation was a right laparoscopic nephrectomy 
to create a solitary kidney model.  The second procedure 
was a contralateral open partial nephrectomy (OPN) 
performed 7 days thereafter.  The pigs were randomized 
into two groups; six underwent a partial nephrectomy 
with total clamping (TC) of the renal artery, while the 
remaining six underwent the same procedure with 
partial renal arterial clamping (PC).  Intraoperative 
hemodynamic parameters (blood pressure, heart rate, and 
core temperature) were monitored during all cases.

Laparoscopic nephrectomy
All laparoscopic nephrectomies were performed via a 
transperitoneal approach.  Briefl y, following induction 
of general anesthesia, the pigs were placed in a left 
lateral decubitus position and three trocars were utilized 
(12 mm lateral to the rectus muscle, 12 mm in the right 
lower quadrant, and a 5 mm below the costal margin).  
The hilum was dissected and transected en bloc with 

an endovascular stapler.  The ureter was clipped and 
divided and the kidney mobilized from its remaining 
peritoneal attachments.  The specimen was extracted 
in a laparoscopic sac by extending one of the trocar 
incisions. 

Licox measurements and open partial nephrectomy
Renal tissue oxygen partial pressure (rPO2) was 
monitored in real time using the Licox brain tissue 
oxygen monitoring system (Integra, San Diego, CA), 
Figure 1.  The system consists of one oxygen catheter 
probe and one temperature probe that was inserted 
through a double lumen bolt into the cortex of the 
kidney, Figure 2.  The oxygen catheter has a diameter 

Figure 1.  Licox brain tissue oxygen monitoring system 
(Integra, San Diego, CA) consisting of one oxygen 
catheter probe and one temperature probe.

Figure 2. Licox oxygen monitoring probe inserted into 
renal cortex.
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of 0.5 mm with a measurement area of 5 mm.  Both 
probes are linked to a monitoring device that displays 
both rPO2 and temperature curves in real time. 
Reproducible Licox oxygenation measurements were 
obtained in one pig that only underwent an open renal 
exploration and not a partial nephrectomy operative 
procedure.  The probe was inserted 1 cm through the 
kidney capsule into the renal cortex and confi rmation 
of probe depth in this pig was obtained by bivalving 
the kidney.  Steady state oxygenation levels were 
achieved within 2-3 minutes and remained constant 
for a 30 minute observation period. 

Partial nephrectomy was performed through 
an extraperitoneal fl ank incision.  The kidney was 
mobilized with careful dissection of the renal artery to 
minimize vasospasm.  In all 12 cases, only a single renal 
artery was identifi ed.  The Licox probe was inserted 
into the upper pole of the renal cortex at a site distinct 
from surgical resection.  The rPO2 was allowed to reach 
a steady state baseline prior to initiating vascular 
clamping.  Thereafter, either complete or partial renal 
arterial clamping was performed using a conventional 
curved Satinsky vascular clamp.  In all cases, the 
Satinsky was placed entirely across the renal artery 
and was fully clamped in pigs undergoing TC.  For 
PC, the renal artery was clamped by approximately 
50% of its outer diameter as measured by an electronic 
microcaliper.  The renal vein was not clamped in either 
of the surgical arms.  The renal artery was clamped 
(PC or TC) for a period of 10 minutes prior to initiating 
partial nephrectomy.  Subsequently, a lower pole 
partial nephrectomy was performed and the base of 
the resection was oversewn with a 2-0 vicryl suture 
for hemostasis and closure of the collecting system.  
The parenchyma was closed with interrupted sutures 
over a gauze bolster.  The artery remained totally or 
partially occluded for a set period of 30 minutes in 
each pig, even though the partial nephrectomy was 
completed in less time.  The abdominal wall was then 
closed without drainage. 

Licox monitoring started when the renal artery was 
initially dissected and concluded after renal artery 
unclamping when the rPO2 reached its preocclusion 
baseline or after 10 minutes of stable unchanged values, 
Figures 3 and 4.  Given the profound decrease in rPO2 
levels within a few minutes of arterial clamping, a total 
clamping interval of 30 minutes seemed reasonable 
for a surgical endpoint in this acute phase study.  The 
following parameters were recorded: percentage 
decrease from baseline rPO2, interval to nadir rPO2 

after arterial clamping, percentage of rPO2 recovery 
after unclamping, interval to recover to baseline rPO2 or 
maximum rPO2 after unclamping.  Nadir was defi ned as 

Figure 3. Licox tissue oxygenation profi le during a 
partial nephrectomy with total clamping (TC) of the 
renal artery.  Following clamping (t = 0 min), rPO2 drops 
rapidly to a nadir value of less than 10% of baseline 
measurement.  Following unclamping (t = 30), rPO2 
remains unchanged and fails to increase to baseline 
while measured for an additional 10 minutes.

Figure 4. Licox oxygenation profi le during a partial 
nephrectomy with partial clamping (PC) of the renal 
artery.  Following clamping, rPO2 promptly decreases 
to a nadir value of 20% of the baseline measurement.  
However, following unclamping (t = 30 min), the rPO2 
rapidly recovers to baseline values.

the lowest rPO2 value monitored during the clamping 
period.  Because of potential interanimal variability, 
results are expressed as percentage change from baseline 
values observed for each pig. 

Postoperative care
The animals were observed for a 7 day period after the 
OPN.  Serum creatinine measurements were obtained 
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on day 0 just prior to OPN, on POD #3 following the 
partial nephrectomy, and on POD #7 prior to euthanasia.  
At day 7, the pigs were euthanized and the remaining 
kidney specimen was harvested and submitted for 
pathologic evaluation.  Histological analysis was 
completed by a uropathologist blinded to clinical 
outcomes and study design.

Statistical analysis
Results between groups were compared using the 
non parametric Mann-U-Whitney test.  All statistics 
were completed with SPSS version 13.0 (SPSS Inc., 
Chicago, IL) with p < 0.05 considered statistically 
signifi cant. 

Results

Animal characteristics
Mean animal weight was 35 kg in the TC group and 33 
kg in the PC group.  All laparoscopic nephrectomies 
were performed successfully with an uneventful 
postoperative recovery, and all pigs survived the 
OPN without complications.  Table 1 summarizes 
the operative parameters.  The mean percentage of 
resected kidney tissue (calculated by the ratio weight 
of the partial specimen/total weight of the kidney) 
was similar between the PC (mean 13.1%, range 7-17) 
and TC specimens (mean 12.2%, range 9.5-15).  The 
mean reduction in renal artery diameter during partial 
clamping was 50% (range, 35% to 65%).  There was no 
difference in operative duration, although estimated 
blood loss (EBL) was higher in the PC group (10 cc 
versus 40 cc, p = 0.04). 

rPO2 measurements
rPO2 profi les are summarized in Table 1.  Following 
arterial clamping, mean rPO2 decrease from baseline 
was greater in the TC group compared to the PC 
group (84% versus 58%, p = 0.03).  Furthermore, in 
one case of PC, we did not observe any decline of rPO2 

during the clamping interval.  The mean interval to 
reach the nadir rPO2 was longer in the animals that 
underwent PC than in the animals with TC (23.1 min 
versus 8.7 min, p = 0.04).  Following unclamping, 
rPO2 returned to baseline value in 50% of the cases 
from PC compared to 20% of the cases in the TC 
group.  Finally, the interval to recover baseline rPO2 or 
reach the maximum postclamping value was shorter 
in the PC group (mean, 4.8 min versus 10.4 min, 
p = 0.03).

Serum creatinine levels, Figure 5 
Baseline serum creatinine measured 7 days after 
the laparoscopic nephrectomy and just prior to the 
partial nephrectomy was comparable in both groups 
(mean, 1.6 mg/dl versus 1.5 mg/dl, p = 0.24).  At 
day 3 following partial nephrectomy, mean serum 
creatinine was higher in the TC group (2.2 mg/dl 
versus 1.6 mg/dl, p = 0.03).  By day 7, while the mean 
serum creatinine continued to increase in the TC 
group to 2.5 mg/dl, the creatinine remained stable 
in the PC group at 1.7 mg/dl (p = 0.009).  Changes 
in serum creatinine from day 0 to 3 and day 0 to 7 
were both higher in the TC group compared to the 
PC group (mean, 0.5 mg/dl versus 0.07 mg/dl and 
0.86 mg/dl versus 0.16 mg/dl, respectively, p = 0.01 
and p = 0.009).

TABLE 1.  Summary of operative parameters and rPO2 profi les

Operative parameters Total clamping Partial clamping p value

OR duration (min) 94 81 0.94
Mean (range) (63-117) (48-131) 

EBL (cc) 10 40 0.04
Mean (range) (5-20) (20-110) 

Decline from baseline rPO2 (%) 84% 58% 0.03
Mean (range) (26%-98%) (0%-84%)

Interval to nadir rPO2 (min) 8.7 23.1 0.04
Mean (range) (2.4-24.8) (14.7-28.4)

Recovery of baseline rPO2 (%) 57% 83% 0.24
Mean (range) (23-100) (53-100) 

Interval to recover baseline or
maximal  rPO2 (min) 10.4 4.8 0.03
Mean (range) (4.9-15.7) (1.2-7.9)
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Histological analysis, Table 2. 
There was no histological evidence of tubular 
necrosis in either groups.  All harvested kidneys 
showed patterns of acute inflammation except 
for two pigs in the PC group and one in the TC 
group.  Overall, histology demonstrated varying 
levels of acute infl ammation (ranging from none 
to significant) with no clear difference between 
the two groups.  There was no evidence of intimal 
damage of the renal artery from either of the 
clamping procedures. 

Discussion

Limiting warm ischemic interval during NSS has 
always been a paramount clinical concern, especially as 
LPN has become a reliable option for the management 
of small renal tumors.5,6,8  Although it duplicates the 
open technique,11 the laparoscopic procedure is more 
challenging and harbors a higher morbidity.8  Moreover, 
even when accomplished by the most experienced 
surgeons, ischemic duration of laparoscopic partial 
nephrectomy is still 50% longer than that of OPN.8  
Therefore, there is a need for technical refi nements and 
novel approaches to improve intraoperative ischemic 
monitoring that may improve kidney preservation 
during NSS. 

Our study demonstrated that compared to total 
arterial clamping with resultant kidney anoxia, partial 
renal arterial clamping may decrease acute ischemic 
insults to the kidney during nephron sparing surgery 
in a porcine model.  Indeed, both the improved 
oxygenation confi rmed by intraoperative tissue oxygen 
tension monitoring (by Licox) and postoperative serum 
creatinine measurements support this potential benefi t 
of partial clamping.  Pathologic results, however, were 
less conclusive.  No animals displayed patterns of 
tubular necrosis, although the majority demonstrated 
histological signs of acute infl ammation.  This may 
be explained by the fact that the clamping time was 
limited to 30 minutes, which is well under the 120 
minutes warm ischemia tolerance of a porcine kidney.12  
Given our focus on renal oxygenation measurements 
and the profound decrease in rPO2 levels observed 
within a few minutes of arterial clamping, a total 
clamping interval of 30 minutes seemed reasonable for 
a surgical endpoint in this acute phase study.  Indeed, 
future work with longer ischemic intervals would 
better address this histological endpoint.

Renal perfusion has an important impact on the 
ischemic injury to the kidney.  Specifi cally, metabolic 
activities in the kidney occur predominantly in an 
aerobic environment, and therefore the kidney is 
highly sensitive to hypoxia and anoxia.  Determinants 
such as hypotension, dehydration and arterial spasm 
can increase ischemic insult.13  Clamping of the renal 
artery results in severe hypoperfusion of the kidney 
which responds by arteriolar vasoconstriction to limit 
fi ltration and maintain tubular function.14  If this blood 
fl ow reduction is sustained, it can lead to acute tubular 
necrosis with severe ischemic damage secondary to 
intracellular accumulation of calcium, generation of 
oxygen species, depletion of adenosine triphosphate 
and apoptosis.15  The impact of acute tubular necrosis 
on long term renal function outcomes, however, is not 

Figure 5. Mean serum creatinine changes in pigs 
undergoing nephron sparing surgery using either 
partial or total renal arterial clamping.

TABLE 2. Summary of histological analyses for 
harvested kidney specimens

Pig Type of Extension of Infl ammation
  clamping infl ammation intensity

1 Total Patchy Moderate

2  Patchy Moderate

3  Patchy Mild

4  Patchy Mild

5  Focal Mild

6  None None

7 Partial Patchy Moderate

8  None None

9  Patchy Mild

10  None None

11  Patchy Marked

12  Patchy Moderate
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clearly understood.  Renal cells can undergo repair, 
regeneration and proliferation after ischemic damage, 
but there are no precise prognostic factors that can 
predict the degree of recovery, although it is well 
known that a longer ischemia time is deleterious.9,16  As 
all of these mechanisms are initiated by the absence of 
perfusion, the concept of partial occlusion of the renal 
artery to maintain some blood fl ow through the kidney 
is an attractive refi nement. 

In fact, many technical modifi cations have been 
reported to minimize the consequences of total 
clamping of the renal pedicle.  The majority involve 
avoiding hilar control.  Initially, most laparoscopic 
surgeons performed the operation without pedicle 
clamping, limiting their indications to small exophytic 
tumors. Others have advocated renal parenchymal 
clamping either in the open17 or laparoscopic18 
setting.  However, these techniques are limited to 
polar peripheral lesions.  We have also reported our 
experience with radiofrequency assisted laparoscopic 
partial nephrectomy to preclude clamping of the renal 
artery for select renal tumors though this is limited to 
small exophytic tumors.19  Recently, Baumert suggested 
that early arterial unclamping diminishes warm 
ischemia time without increasing blood loss.20  Nguyen 
et al have similarly shown that in experienced hands 
early unclamping laparoscopic partial nephrectomy 
technique signifi cantly decreases ischemia time by 
more than 50% and also trends toward decreased 
complications.21  Our concept of partial clamping 
is different in that it avoids any anoxic insult by 
permitting a continuous low level of renal perfusion.  
Furthermore, by maintaining a consistent reduced 
blood fl ow rate, adverse intraoperative events that can 
occur by early unclamping as described by Baumert et 
al are avoided.  We found that with partial renal arterial 
occlusion, the EBL was higher in the PC group, though 
this subjectively did not affect resection visualization or 
technique or objectively impact operative duration.

This study is among the fi rst, to our knowledge, to 
utilize the Licox monitoring system to evaluate renal 
oxygenation in real time during partial nephrectomy.22  
Tissue oxygen tension refl ects the balance between 
oxygen supply and demand.  Currently, clinical 
experience with such monitoring is only available 
in the neurological domain.  Measurement of brain 
oxygen tension affords the possibility for continuous 
monitoring of cerebral oxygenation and early detection 
of ischemia.  Although measurements detect local 
tissue oxygen tension, such values accurately refl ect 
the global cerebral oxygenation if the catheter is 
positioned in a relatively undamaged part of the 
brain.23  Depth and duration of tissue hypoxia after 

traumatic brain injury have been shown to predict 
unfavorable outcome and death, with the likelihood 
of death increasing when brain oxygen tension drops 
below 15 mmHg.24  With similar techniques, oxygen 
tension can be measured in all human tissues.  We 
hypothesize that rPO2 profiles in the renal cortex 
would correlate with ischemic damage.  We observed 
a corresponding signifi cant difference in both rPO2 

profiles and renal function outcome between PC 
and TC groups, suggesting that percentage change 
from baseline rPO2 values and longer recovery time 
following unclamping may be reliable markers of 
ischemic kidney damage.  Of course, further work in 
a larger scale study is necessary before we can further 
extrapolate that the rPO2 profi le can predict ischemic 
insults to the kidney.  

There are several avenues for future direction.  With 
regards to type of ischemia, we elected to utilize warm 
ischemia in this model for two reasons.  Firstly, data 
from Schuler and colleagues suggests that in a porcine 
renal ischemia model, pigs that were treated with 
retrograde renal cooling had a slower recovery of pO2 
to baseline values (by Licox monitoring) following hilar 
unclamping.22  These authors postulated hypothermic 
vasospasm.  Due to this potential confounding variable, 
we elected not to use cold ischemia in the initial model.  
Furthermore, as laparoscopic partial nephrectomy is 
almost universally performed under warm ischemia, 
we felt that this may be a more applicable starting 
point for ischemia studies.  However, undoubtedly, 
the role of cold ischemia must be better elucidated.  In 
addition, our study evaluates oxygenation and serum 
creatinine changes following a fi xed ischemic interval 
of 30 minutes.  We elected for this duration based upon 
contemporary data from human series.  However, it 
will be necessary to evaluate this longitudinally over 
a longer ischemic interval.  Longer time points will 
allow us to ascertain the true amount of time “gained” 
by partial clamping. 

Finally, there are several limitations in our study.  
Firstly, tissue oxygenation is by defi nition heterogeneous 
and can be infl uenced by many vascular parameters 
such as the number, diameter, and spatial distribution 
of the renal vasculature.  While all of our cases only 
had a single renal artery, rPO2 can also be affected by 
the presence of functional shunting resulting from 
microcirculatory disruption.  Furthermore, renal blood 
fl ow is not uniformly distributed within the kidney.  
Most of the renal blood supply is directed to the cortex.  
By contrast, in the outer medulla, countercurrent 
oxygen exchange occur leading to a progressive fall 
in pO2 from cortex to medulla.15  For this reason, we 
systematically placed the probe in the cortical region 
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of the kidney.  Secondly, as with most animal studies, 
there is also concern regarding the translation of results 
to human care.  During our resection, we did not have 
to take into account the location of the tumor and the 
proximity of vascular or collecting system structures 
all of which are very important in the clinical setting.  
Moreover, although the porcine kidney is a close model 
of the human organ, physiological differences remain 
and the response to renal injury may differ.  Thirdly, 
future work will require more precise measurements 
of blood fl ow regulation through a partially clamped 
renal artery.  Indeed, Doppler ultrasound would better 
quantify fl ow through the artery and would offer 
better precision than measurements of renal arterial 
diameter.  Finally, although there was more blood loss 
with partial clamping, the subjective level of operative 
diffi culty was the same in cases of PC or TC.  However, 
we cannot extrapolate that such conditions would 
similarly exist in the human.

Conclusion

In this acute recovery porcine model, partial clamping 
of the renal artery during nephron sparing surgery 
was feasible and demonstrated a favorable renal 
oxygenation profi le when compared to total clamping.  
Theoretically, intraoperative rPO2 monitoring may 
provide a novel means to allow real time assessment 
and titration of kidney perfusion during partial 
nephrectomy.  Future studies with larger numbers of 
animals, longer warm ischemia times, and subsequently 
human phase I investigations are warranted to better 
address this issue.
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