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Abstract

Background Partial nephrectomy (PNx) can be associated with macrocirculatory and microcirculatory alterations, ultimately
leading to acute kidney injury (AKI). Measuring kidney tissue oxygenation (WHbO2) and microcirculation during open PNx
might be feasible to early detect these alterations and prevent postoperative AKI.

Methods pHbO2 and microcirculation were measured in 45 patients undergoing PNx by reflectance spectrophotometry
and laser Doppler flowmetry (O2C™, Lea, Germany), related to ischemia time and tumour size. Pre- and postoperative
creatinine levels were determined.

Results pHbO2 was lower after reperfusion than before clamping (72 vs. 75%), while microcirculation and regional haemo-
globin did not differ. Ischemia time was 15.7 min on average. pHbO2 was higher without ischemia (80 vs. 70%, p=0.109)
and in T1a- than T1b-tumours, independent of ischemia time and reperfusion. The renal collecting system (RCS) was opened
in 19/45 patients with pHbO2 of 68% after reperfusion compared to 74% with intact RCS. Postoperative complications
occurred in 6/45 patients (13%). pHbO2 was 68% before clamping vs. 75% without complications. Serum creatinine of
patients with T1b was higher compared to T1a (103 vs. 87 umol/L). Patients with larger tumours had higher postoperative
creatinine levels (173 vs. 124 ymol/L; p=0.052).

Conclusion We showed for the first time that the method is feasible to monitor renal tissue oxygenation at the level of micro-
circulation non-invasively and reproducibly during PNx. Tumour size seems to have a decisive influence on oxygenation
and postoperative renal function. Our results imply that postoperative complications may be predicted by low intraoperative
renal oxygenation and microcirculatory flow measurements.
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Introduction

The era of radical nephrectomy as the main treatment for
renal cell carcinoma (RCC) belongs to the past. In the past
20 years, organ preservation by nephron-sparing surgery

P4l Matthias Maruschke has become increasingly important. And partial nephrec-
matthias.maruschke @helios-kliniken.de tomy has become firmly established in current guidelines
) [1, 2] as the standard curative treatment option for T1a- and
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recurrence rates of partial nephrectomy compared to radical
nephrectomy have been intensively investigated and seem to
show a clear benefit for partial nephrectomy in most patients
[3,4].

The focus of perioperative hemodynamic monitoring dur-
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microcirculation is often dissociated from systemic hemody-
namics so that microvascular perfusion cannot be predicted
by any of the systemic variables. The microcirculation is,
however, a central part of cardiovascular function consisting
of blood vessels with a diameter of <150 um. The micro-
circulation delivers oxygen to the cells and maintains tissue
oxygenation (PHbO,). Thus, it has a central relevance for
organ function.

Partial nephrectomy is often performed with clamping of
the renal vessels interrupting the microcirculation. Mean-
while, monitoring tissue oxygenation and the microcircula-
tion has been recognized as an early indicator for the pres-
ence of impaired organ perfusion and allows a much earlier
intervention to improve the hemodynamic management and,
therefore, the outcome [5]. Currently, there is no established
technique for routine microcirculatory monitoring and there
is still a need to optimize this [6]. A recent development
for the measurement of microcirculation and pHbO, is the
0,C device (Oxygen to see©, LEA Medical technology
GmbH, Giessen), which was used in this study. In a previ-
ous study, we have shown that the intraoperative measure-
ments of microcirculation and pHbO, of the transplanted
kidney with this device could predict early postoperative
graft function [7].

In this study, pHbO, and microcirculation of the kidney
were measured intraoperatively during partial nephrectomy
for renal tumours to investigate the effects of different sur-
gical variables, especially ischemia time, tumour size and
complexity of the surgical procedure, as well as to determine
the effects on postoperative kidney function and potential
complications. That is, the main focus of the study was to
evaluate an intraoperative monitoring method for its practi-
cal feasibility and its prognostic ability to predict postopera-
tive kidney function in partial nephrectomy.

Methods

Ethical committee approval was obtained from the institu-
tional review board (number A01/2007). Informed consent
was obtained from all patients prior to surgery. Renal micro-
circulation and oxygenation was measured during surgery of
45 consecutive patients who underwent a partial nephrec-
tomy in the Dept. of Urology at Rostock University Hospital.

Experimental procedure: surgical technique
and intraoperative measurement

Partial nephrectomy was performed in cold ischemia; the
kidney was cooled with ice water and ice packs while the
renal artery was temporarily occluded with a bulldog clamp.
The tumour was excised in toto with a safety margin of nor-
mal renal parenchyma.
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The following relevant variables were recorded: tumour
size, ischemia time, complexity of renal surgery and
histopathology.

Measurement of kidney oxygenation
and microcirculatory blood flow

pHbO, was measured by white light reflectance spectro-
photometry and microcirculatory kidney perfusion by laser
Doppler flowmetry (820 nm) (O2C™, Lea, Germany). This
device combines both optical techniques in one optical fibre
without interference due to different wavelengths used. In
this study, we used a flat probe with a measurement depth
of 4-6 mm for the kidney surface (Figs. 1, 2) and a micro-
light-guide (measurement depth 0.2 mm) for the reference
measurement of the buccal mucosa. Briefly, the tissue is
illuminated by the probe with visible light (500-630 nm) and
the backscattered light is analyzed by the spectrophotometer
at a rate of 100 Hz giving the pHbO, values (Fig. 3). The
values are averaged and displayed every 2 s.
Measurements were performed at three time points
(ToM—time of measurement): immediately before clamping
the renal vessels after exposing the kidney (ToM 1), 5 min
(ToM 2) and 30 min after release of the vascular clamp-
ing and reperfusion of the kidney (ToM 3). Each measure-
ment was performed on the surface of the kidney at three
pre-defined sites: the upper pole of the kidney, the lower
pole and the convexity opposite to the renal hilum. Each
area was measured for 10 s and the values obtained at each
measurement point were averaged for each kidney. As the
reference, a second probe was placed intraorally to meas-
ure microcirculation and pHbO, at the buccal mucosa. As a

Fig.1 Left: flat probe LF-1, ©OLEA Medizintechnik GmbH Giefen,
Germany. This probe was used to measure the renal tissue
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Fig. 2 Intraoperative measurement of microcirculation and renal tis-
sue oxygenation on kidney surface with the flat probe LF-1
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Fig. 3 Intraoperative microvascular haemoglobin oxygen saturation
(pHbO,) over time (ToM time of measurement, ToM 1 before clamp-
ing of renal artery, ToM 2 5 min after start of reperfusion, ToM 3
30 min after start of reperfusion)

clinical parameter of kidney function serum creatinine was
used. The preoperative creatinine levels were determined
regularly 1 day before surgery, the postoperative controls
mostly within the first 6 postoperative days.

Statistical data analyses

Data were analyzed using a standard software package
(SPSS 15.0, SPSS Inc., Chicago, USA). Normal data dis-
tribution was tested using Kolmogorow—Smirnow-test.
With normal distribution, data are presented as means + SD
and further analysis was performed with Student’s 7 test or
ANOVA. Otherwise, data are presented as medians +range
and analysis was performed by Mann—Whitney-U test and
Wilcoxon-test. Correlation analysis was performed accord-
ing to Pearson (normal data distribution) or Spearman.
A multivariate analysis was performed according to the

equation: y = (Bixi) + £ +a. A p value <0.05 was considered
statistically significant.

Results

Measurements were performed on 45 patients, 76% of whom
had a RCC. Patients and tumour characteristics are shown
in Table 1.

Microcirculation and tissue oxygenation

There were no significant differences between the mean val-
ues of the measured variables of microcirculatory blood flow
and kidney oxygenation before and after clamping the renal
vessels. pHbO, tended to be lower 5 min after reperfusion
than before clamping (72 vs. 75%), while the variables of
microcirculatory blood flow and regional haemoglobin level
did not differ.

30 min after release of the renal vessels and the start of
reperfusion (ToM 3), the mean values of pHbO,, flow and
velocity were higher than after 5 min (ToM 2).

After 30 min of reperfusion, pHbO, had recovered
slightly. The initial values before cross-clamping were
almost reached again (Fig. 3). However, there was a signifi-
cant increase of microcirculatory blood flow by 15% (¢ test,
p 0.026) in terms of reactive hyperemia. In summary, pHbO,
initially decreased slightly as a result of vascular clamping
and immediately after the start of reperfusion (ToM2) but
then recovered during the reperfusion phase (ToM3) back
to baseline levels (Fig. 3).

Table 1 Patients’ and tumour characteristics of 45 examined patients

Patients and tumour characteristics
Patients (n=45)

Age (years; M +SD) 64.4+11.9
Sex (male/female) 32/13
Weight (kg; M +SD) 84.1+15.8
BMI (kg/m?; M +SD) 28.4+5.0
ASA-status (n; I/II/IIT) 3/25/17
Tumour size (cm; M +SD) 27+13
Tumour localization (Ip/kc/up/hi) 9/22/12/1
Ischemia time (min; M + SD; range) 15.7+9.2; 040
Histological findings (%)

Renal cell carcinoma 76

Cysts 11

Oncocytomas 7

Angiomyolipomas

Leiomyomas 2

M mean value, SD standard deviation, BMI body mass index, Ip lower
pole, kc kidney centre, up upper pole, Ai hilum
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Surgical factors
Opening of the renal collecting system

The renal collecting system was opened in 19/45 patients
during the surgical procedure. After reperfusion (ToM 2),
the measured pHbO, was on average 68% in the patients
with previously opened collecting system compared to 74%
in patients with intact collecting system, however, this differ-
ence was not significant (z test, p=0.124). However, at ToM
3 pHbO, was approximately equal in both groups again.

Influence of ischemia time

The surgical procedure was carried out without clamping of
the renal vessels in seven patients. For the 38 patients with
intraoperative renal ischemia, average ischemia time was
15.7 min (range 0—40). Patients without clamping tended
to have a higher pHbO, than patients with ischemia (80 vs.
70%, p=0.109). However, there was no significant differ-
ence between the groups (Table 2).

Influence of tumour size

The measured values of pHbO, tended to be higher in
Tla-(<4 cm) than in T1b-tumours (4-7 cm) at all times,

independent of ischemia time and reperfusion. However,
a significant correlation between tumor size and pHbO,
was not seen (Table 3).

Postoperative course
Incidence of postoperative complications

Postoperative complications occurred in 6/45 patients
(13%). In 2 patients a renal abscess was diagnosed, in one
patient a retroperitoneal abscess. A postoperative urine
fistula or urinoma occurred in two cases and a soft tissue
emphysema in another patient. Revision surgery was per-
formed in two patients for the treatment of complications,
in two other patients a percutaneous abscess drainage was
necessary. Eventually, two of the patients with compli-
cations given above underwent nephrectomy. No patient
required hemodialysis.

In the group of the patients who experienced complica-
tions, the average of pHbO, before clamping of the renal
vessels at ToM 1 was 68% compared to 75% in the group
without postoperative complications (p =0.194). However,
this finding was not statistically significant. (Table 4).

Table 2 Table showing the kidney tissue oxygenation (1HbO,) after beginning of reperfusion and at different times of ischemia

Influence of ischemia times on tissue oxygenation

Ischemia None <20 min p

n M SD n M SD
ToM 2 4 80 9 20 70 12 0.109
ToM 3 1 79 - 20 73 12 0.616
Ischemia <20 min >20 min p

n MW SD n MW SD
ToM 2 20 70 12 12 74 12 0.402
ToM 3 20 73 12 13 73 12 0.977

M mean value, SD standard deviation

Table 3 Tissue oxygenation

Influence of tumour size on tissue oxygenation

(uHbO,) of the kidney in T1a-

and T1b-tumours Tla (<4 cm) T1b (4-7 cm) V4
n M SD n M SD
ToM 1 30 76 10 7 71 12 0.269
ToM 2 30 72 12 7 70 12 0.734
ToM 3 27 74 11 7 69 13 0.284

M mean value, SD standard deviation, ToM time of measurement
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Table 4 .Tissue oxygenation Tissue oxygenation in relation to complications

of the kidney (pHbO,)

depending on the occurrence Complications No complications p

of postoperative urological

complications n M SD n M SD
ToM 1 4 68 12 33 75 10 0.194
ToM 2 5 76 12 32 71 12 0.377
ToM 3 4 76 16 30 73 11 0.584

M mean value, SD standard deviation, ToM time of measurement

Relationship with renal function

Serum creatinine levels of patients with T1b tended to be
higher pre- and postoperatively than those in patients with
Tla-tumours. The mean preoperative creatinine level was
103 umol/L in patients with T1b and 87 pmol/L in those
with Tla (p =0.x). Postoperatively, a similar increase in
serum creatinine was seen in both groups. However, postop-
erative creatinine levels tended to be higher in patients with
larger tumours (173 vs. 124 ymol/L; p=0.052), and were
also increased more markedly when complications occured,
but this was not significantly different (p =0.268) (Table 5).

Multivariate analysis

A complex model for the representation of the relationship
between each variable and outcome parameters has been
established by means of a multivariate analysis (Table 6). A
mild non-significant influence on the intraoperative measure-
ment of microcirculation and pHbO, was noted by gender,
hematocrit and tumour size. A negative influence (negative
S value) was found for hematocrit, i.e. kidney oxygenation
decreased with increasing hematocrit values. There was no
relationship between pHbO, and MAP (Table 6).

Discussion

In this study, we have shown that renal tumour size seems to
have a decisive influence on pHbO, and function. For T1a-
tumours, better pHbO, levels were seen and serum creatinine
levels were preoperatively distinctly lower than in patients

with T1b-tumours. Furthermore, our findings suggest a cor-
relation of pHbO, with postoperative complications; these
patients tended to have lower pHbO, before renal surgery.

The monitoring of the microcirculation and pHbO,
increasingly gains clinical relevance since disturbances at
the level of the microcirculation are an important corner-
stone of pathophysiological processes. Thus, the early detec-
tion of such disturbances becomes possible by measurements
of microcirculation which are a prerequisite for timely and
adequate treatment interventions [8, 9].

The two methods of measurement with the O,C ©-device
have already been successfully used in previous studies
[10-12]. A particularly important advantage of the O,C
©-device is its non-invasiveness. The tissue assessed is
not traumatized by the measuring probes because they are
placed on the measured area without applying any pressure.

The O,C ©-probes measure the tissue to a depth of
approximately 8 mm [13]. Thus, in the present study espe-
cially the microcirculation of the renal cortex is measured
which is approximately up to 10 mm wide [14]. Thus, the
measurement assesses mainly the renal tissue most affected
by ischemia as shown by electron microscopy in an animal
study [15]. As expected, our data show a slight decrease
in pHbO, immediately after the start of reperfusion (ToM
2), which was not statistically significant, in our interpreta-
tion probably due to the short duration of ischemia (16 min
on average). In the measurements 30 min after the start of
reperfusion, the pre-clamping baseline values were almost
reached again, suggesting that there was a rapid recovery of
renal tissue and no irreversible ischemic damage.

We also found a slight decrease of the microcirculatory
flow after the relatively short ischemia time at ToM 2 which,

Table 5 Comparison of

Creatinine levels in relation to complications

creatinine levels in patients

with and without post-surgery Serum creatinine Complications No complications p
complications
n M SD n M SD
Preoperatively 5 84 13 39 91 30 0.611
Postoperatively 6 156 75 31 127 53 0.268

M mean value, SD standard deviation
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Table 6 Effect of different
variables on the intraoperative

Influence of different clinical and laboratory parameters on intraoperative tissue oxygenation and microcir-

tissue oxygenation and culation

microcirculation of the kidney Influence factors uHbO, rHb Flow Velocity

(ToM 2)

B p B p B p B p

Age -0.743 0.112 -0.730 0.631 -0.577 0.741 -0.555 0.662
Sex -1.176  0.075 -0.950 0566 -0.552 0.762 —-0.469 0.719
BMI 0.006  0.970 0.565  0.696 0.620 0.719 0.771 0,558
ASA-classification -0.592  0.172 0213 0903 -0.573 0.789 -0.553 0.720
Ischemia time —1.046 0.118 0362 0.862 —0.007 0.998 0.199 0.910
MAP 0.609 0.105 -0.552 0.634 0.562  0.682 0.449  0.646
pH-value 0.760  0.125 0254 0.875 -0362 0.853 -0.394 0.777
Hematocrit -1.604 0.066 -0.642 0.727 -0.215 0919 -0.301 0.842
Creatinine preoperative -0.118 0.719 -0.273 00918 1.113  0.736 1.190 0.625
Creatinine postoperative 1.286 0.153 -0.580 0.864 —-0.514 0.899 -0.685 0.812
GFR 1.172  0.169 —1.246 0.723 0235 0954 -0.076 0.979
Tumour size 0984 0.078 -0.327 0.802 -0224 0.885 -0.299 0.788
R?2 0.997 0.786 0.689 0.846

Listed are the p and f3 values, i.e, the significance value p and the regression coefficient /3, and coefficient of

determination R?

BMI body mass index, MAP mean arterial pressure, GFR glomerular filtration rate, ASA American Society
of Anesthesiologists, rHb regional hemoglobin, microcirculation, pHbO, tissue oxygenation

however, was reversed at ToM 3. This might be interpreted
as reactive hyperemia after previous ischemia.

As expected, pHbO, did not at any time correlate with
the MAP (Table 6). This is most likely an expression of the
preserved autoregulation of renal blood flow and glomerular
filtration rate (GFR), the so-called Bayliss effect [16, 17]. In
contrast, as we have shown in a previous study with renal
transplantation, pHbO, of the (denervated) kidney depended
on MAP, which was attributed to loss of renal autoregula-
tion [7].

The tumour size in our patient population was on average
2.7 cm, probably too small to cause compressive effects on
the microcirculation and oxygenation of the remaining renal
parenchyma and thus on the autoregulation of renal blood
flow. With Tla-tumours, we found higher levels of pHbO,
of normal renal tissue than with T1b-tumours at all meas-
urement times independent of ischemia or reperfusion. One
possible explanation could be that the tissue of kidneys with
large tumours is somehow influenced preoperatively by the
tumour, its vascularization and angiogenesis. Thus, pHbO,
of the normal renal parenchyma of tumour-bearing kidneys
was already impaired at the level of microcirculation before
clamping the renal vessels. Moreover, the more complicated
and extended resection of larger tumours also may result in
a significant injury to the remaining renal parenchyma. In
previous studies, it has been shown by Doppler sonogra-
phy that RCC have a marked neovascularization [18]. The
tumour size also correlated with renal function. A temporary
increase in serum creatinine is generally seen after renal
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surgery but we observed a clear difference between groups
with different tumour size. Patients with T1b-tumours
had higher creatinine levels compared to those with T1a-
tumours both pre- and postoperatively. This suggests that
larger tumours already reduce renal function in advance.
Other studies have also reported this correlation and have
hypothesized that the tumour can damage normal renal
parenchyma by invasive growth with displacement/compres-
sion of healthy parenchyma directly. Moreover, a primarily
limited renal function and the outpouring of growth factors
could promote tumour growth which in itself triggers an
inflammatory response which further impairs renal function.
The fact that marginal chronic renal failure increases the
risk of urogenital malignancy generally may support this
hypothesis [19].

Concerning ischemia time, we saw a trend that the group
without clamping of the renal vessels had slightly higher
values of pHbO, at ToM 2 and ToM 3. In recent studies,
it has been reported that both in robotic and laparoscopic
partial nephrectomy (without any renal ischemia) compared
to open partial nephrectomy less postoperative impairment
of renal function was seen (GFR — 1.8 vs — 14.9%) although
the overall surgical time was on average longer (256 vs.
212 min) [20]. The reported complication rate was also
significantly lower in the absence of renal ischemia (10 vs.
20%) [21]. However, there were no significant differences
when the clamping time of the open partial nephrectomy
group was under 30 min [21]. According to data from a
multicenter study, partial nephrectomy with a maximum
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of warm ischemia of 20 min and of cold ischemia under
35 min is considered safe [22]. It seems important to note
that opening the renal collecting system during surgery had
a negative influence on tissue oxygenation. This fact can be
seen as an indicator of the complexity of the procedure. This
also corresponds with the fact that the collecting system is
often opened in kidneys with a centrally located or very large
tumour. Thus, there is an increased risk of postoperative
complications [23].

Clamping time and thus the duration of ischemia also
corresponded with tumour size and thereby the complexity
of the procedure. This in turn leads to a decrease in perfu-
sion and oxygenation of the renal tissue. The different pre-
operative oxygenation values suggest on the one hand that
an adequate pHbO, protects the kidney from postoperative
complications. On the other hand, an already damaged kid-
ney which can be recognized by lower preoperative pHbO,
has a higher risk of postoperative complications [24].

A limitation of our study is the relatively small number
of patients. A post hoc sample size calculation based on our
findings revealed that 612 patients would be necessary to
show an effect size of 10% and 2467 patients to indicate a 5%
difference in tissue oxygenation and renal function. Another
point of criticism concerns the intraoperative measurements.
The probe was held for about 10-20 s by the surgeon to
the defined renal regions until stable values were recorded.
To avoid environment-related disturbances, motion artifacts
have to be excluded and the surgical lights were turned away
during the measurements. An automatic ambient light cor-
rection on the device must be performed and the probe must
be positioned steadily and without any pressure. In our
study, the O,C ©-device was therefore re-calibrated before
each measurement. Furthermore, we restricted the handling
of the measuring probes to two experienced surgeons to
minimize user-related artifacts. Naturally, it was impossible
to perform long-term postoperative measurements.

Conclusions

In summary, our results suggest that tumour size seems to
have a decisive influence on kidney oxygenation and postop-
erative renal function. There were better oxygenation values
for smaller tumours and lower preoperative creatinine levels
than in patients with larger tumours. Our results indeed sug-
gest a correlation of renal oxygenation and postoperative
renal complications in the sense that a worse renal oxygena-
tion prior to resection is associated with a higher risk of
postoperative complications.

In conclusion, we showed for the first time that moni-
toring tissue oxygenation non-invasively at the level of the
microcirculation is feasible and reproducible during partial
nephrectomy.
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