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Abstract. Reduction of warm ischemia time during partial nephrectomy (PN) is critical to minimizing ischemic
damage and improving postoperative kidney function, while maintaining tumor resection efficacy. Recently,
methods for localizing the effects of warm ischemia to the region of the tumor via selective clamping of
higher-order segmental artery branches have been shown to have superior outcomes compared with clamping
the main renal artery. However, artery identification can prolong operative time and increase the blood loss and
reduce the positive effects of selective ischemia. Quantitative diffuse reflectance spectroscopy (DRS) can pro-
vide a convenient, real-time means to aid in artery identification during laparoscopic PN. The feasibility of quan-
titative DRS for real-time longitudinal measurement of tissue perfusion and vascular oxygenation in laparoscopic
nephrectomy was investigated in vivo in six Yorkshire swine kidneys (n = three animals). DRS allowed for rapid
identification of ischemic areas after selective vessel occlusion. In addition, the rates of ischemia induction and
recovery were compared for main renal artery versus tertiary segmental artery occlusion, and it was found that
the tertiary segmental artery occlusion trends toward faster recovery after ischemia, which suggests a potential
benefit of selective ischemia. Quantitative DRS could provide a convenient and fast tool for artery identification
and evaluation of the depth, spatial extent, and duration of selective tissue ischemia in laparoscopic PN. © 2014
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1 Introduction

As the incidence of small renal masses increases, clinicians are
seeking new ways to optimize the therapy by improving the
technique and minimizing the harms of surgery, while focusing
on a goal of maintaining oncologic efficacy. For this reason, par-
tial nephrectomy (PN) was shown to have a number of advan-
tages to radical nephrectomy, including its preservation of
nephrons with equivalent oncologic control, even despite
increased surgical complexity.! Indications for PN are increas-
ing and generally fall into one of the several categories includ-
ing: chronic kidney disease (CKD), solitary kidney, perihilar
masses, endophytic tumors, bilateral tumors, and elective resec-
tion of tumors <4 cm or even <7 cm.'? As robotic surgery
evolves, new techniques will be developed in order to preserve
as much renal tissue and function as possible.

Because robotic or laparoscopic surgery does not easily
allow for cold ischemia of the renal tissue, the predominant
method is to perform resection under warm ischemia, with
inherent risks of renal injury with prolonged renal artery occlu-
sion. Further refinements in PN are now focused on reducing
blood loss, decreasing ischemia time, and improving renal func-
tion outcomes. Because open PN allows the surgeon to cool the
renal parenchyma whereas laparoscopic/robotic PN does not,
the warm ischemia time after clamping the renal artery is of par-
amount importance with respect to preservation of renal func-
tion. While many consider 30 min of warm ischemia the
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“safe” threshold, recent studies indicate that every minute of
hilar clamping may count.>* Several studies have shown that
the segmental or higher-order artery occlusion during PN
affords superior functional outcomes.”® These technical
modifications, however, may extend operating time and increase
the blood loss,” especially if artery identification is done
imprecisely.

Due to studies showing that every minute of global warm
ischemia counts toward renal function decline,® clinicians
have adapted many different techniques to limit ischemia
time; the evolution has progressed from total hilar clamping,
to early unclamping, and finally to “zero-ischemia” (aka selec-
tive ischemia).” The zero-ischemia approach refers to eliminat-
ing global renal ischemia by microdissection and clamping of
the higher-order segmental arteries feeding the tumor-containing
area only, rather than clamping the primary renal artery supply-
ing the entire kidney. In this way, nondiseased kidney tissue
experiences no ischemia (“zero-ischemia”), whereas the tumor-
containing region is devascularized so that it may be safely
removed with minimal blood loss. Zero-ischemia, which theo-
retically preserves the glomerular filtration rate (GFR) for all
nephrons outside the tumor watershed, has been shown to
have significantly better postoperative functional results than
global renal ischemia, regardless of surgical approach.!®
Renal function preservation is optimized with zero-ischemia
PN whether via robotics'! or laparoscopy'? compared with a
total hilar clamp control.
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In the zero-ischemia method, the fundamental principle of
“artery first, tumor second” requires imaging and localization
methods to ensure that the correct higher order artery is
occluded to ensure zero-ischemia.’ In other words, before the
tumor can be safely removed, the first step in the zero-ischemia
technique is to identify the artery vascularizing the tumor-con-
taining parenchyma and to ensure that the occlusion of that
artery selectively devascularizes the tumor region, while main-
taining adequate perfusion in the remainder of the kidney.
Methods used to confirm selective ischemia have included
color Doppler ultrasound imaging or intravenous indocyanine
green (ICG) injection with infrared imaging to determine the
tumor devascularization.” A pilot study of 34 patients demon-
strated that the near-infrared fluorescence with ICG during
robotic PN can characterize the renal vasculature in order to iso-
late the optimal artery for tumor ischemia.'* However, neither of
these methods reports specifically on vascular oxygenation,
which is the endpoint of interest in the zero-ischemia method.

The spectral properties of hemoglobin (Hb) in response to
binding of oxygen allow for quantitative diffuse reflectance
spectroscopy (DRS) measurement of vascular Hb oxygen satu-
ration (sO,) in vivo.'* Spectroscopic tissue analysis has been
used to monitor local changes in tissue sO, and total Hb con-
tents during periods of tissue ischemia.'*!> A real-time spectro-
scopic measurement can confirm sufficient tumor ischemia!®!”
as well as reduce blood loss even in challenging tumor types.’
This would allow surgeons to determine if the target artery per-
fusing the tumor has been identified, as well as to gauge the
depth and spatial boundaries of ischemia. However, the feasibil-
ity of integrating quantitative DRS to quantify ischemia in real
time during renal artery clamping has not yet been studied. In
the present study, a fiber-optic-probe-based DRS system was
used to longitudinally assess the local tissue oxygenation in
vivo during normal perfusion, primary renal artery occlusion,
and segmental (tertiary) renal artery occlusion, allowing a deter-
mination of the velocity with which ischemia is reached and the
time to recovery following reperfusion. The feasibility of using
fiber-optic optical spectroscopy for real-time measurement of
renal ischemia during laparoscopic surgery is demonstrated in
a large animal model, and preliminary results comparing time
to ischemia and reperfusion in main versus segmental artery
clamping are presented, as well as results demonstrating the util-
ity of DRS for probing the depth and spatial boundaries of
locally induced ischemia are presented.

2 Materials and Methods

Upon approval by the Institutional Animal Care and Use
Committee, three Yorkshire swine (six kidneys) were allocated
and prospectively underwent intraoperative in vivo spectro-
scopic tissue analysis using a Zenascope PC1 diffuse reflectance
spectrometer (Zenalux Biomedical, Durham, North Carolina)
during laparoscopic induction of either global or regional
warm ischemia. The nonsurvival surgical procedures were
supervised by veterinary personnel from the Tulane
University IACUC.

The Zenascope PC1 spectrometer employs a broadband hal-
ogen light source to illuminate the target tissue. A bifurcated fiber
optic probe with stainless steel jacketing and terminating in a
0.25-in diameter stainless steel rigid common end delivers
light to the target tissue and collects the reflected optical signal,
and the optical properties (wavelength-dependent absorption and
scattering coefficients) of the tissue are quantitatively extracted
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from the measured reflectance spectra over the wavelength
range 500 to 650 nm, using a previously described inverse
Monte Carlo (MC) model.'® Briefly, optical properties (i.e., wave-
length-dependent absorption and reduced scattering coefficient
spectra) of the tissue under investigation are obtained by first gen-
erating a modeled diffuse reflectance spectrum for an initial set of
optical properties, using a lookup table generated from a scaled
MC simulation for the specific instrumentation and probe geom-
etry used in the study. This modeled diffuse reflectance spectrum
is compared with the calibrated diffuse reflectance spectrum mea-
sured from the unknown tissue, the input parameters are changed
and the process repeated iteratively until the modeled and mea-
sured diffuse reflectance spectra are matched. At this point, the
input optical properties (absorption and scattering coefficients)
giving rise to the best match between the modeled and measured
diffuse reflectance spectra are taken to be the optical properties of
the unknown tissue sample. This fitting/inversion process is per-
formed in about 0.5 s per spectrum on a low-end commodity lap-
top PC. The fiber-optic probe comprises a single 400-ym
illumination fiber and a single 400-um collection fiber, separated
by 2-mm center-to-center. The separation distance of 2 mm
offered a good balance between the reflectance signal and sensing
depth. Using the modified MCML MC code developed by Liu
et al.”” and optical properties extracted from renal tissue in
this study, the sensing depth of the probe for the wavelengths
used in this study was found to range from 0.9 to 2 mm, depend-
ing on tissue optical properties. From the extracted absorption
coefficient, the portable and standardized measurement hardware
achieves rapid, real-time quantitative analysis of oxy-Hb (HbO,),
deoxy-Hb (dHb), total Hb concentration (defined as
HbO, + dHb), and Hb oxygen saturation (sO,, defined as the
ratio HbO,/Hb). The optical reduced scattering coefficient
(u)) was also measured and reported by the instrument, which
allows measurements of tissue chromophores to be quantified
accurately and independently of changes in tissue scattering.
Integration times were automatically set by the system software
for each measurement to maximize reflectance signal, while stay-
ing within the linear response range of the detector, and typically
ranged from 100 to 200 ms. Reflectance calibration of the probe
using a 99% reflectance standard was performed prior to all
experiments and periodically during the procedures.

Each animal subject underwent standard general anesthetic
followed by insufflation with carbon dioxide to establish pneu-
moperitoneum. Three Laparoscopic trocars were placed and the
renal capsule was exposed for each kidney followed by meticu-
lous dissection of the hilar vasculature using standard laparo-
scopic techniques. The optical probe was inserted down one
laparoscopic trocar and guided to the location of interest
under endoscopic guidance. The probe was placed in gentle con-
tact with the tissue (as assessed visually), and each kidney
underwent both sO, measurement and total Hb concentration
measurement in multiple locations on the surface of the kidney.
Figure 1 shows a screenshot of the endoscopic video feed
showing the optical probe interfaced with the kidney during
an intraoperative laparoscopic measurement. The endoscopy
light source was turned off during spectroscopic measurements
to prevent the contamination of the spectroscopic signal.
The probe was placed onto the kidney surface using video guid-
ance, ensuring that the probe was not placing pressure on the
tissue by confirming that there was minimal deformation of
the kidney surface (Fig. 1). To ensure that there were no effects
of probe pressure on tissue physiology, several baseline
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Fig. 1 Screenshot of live video feed taken during intraoperative lap-
aroscopic renal ischemia measurements. The optical probe was
inserted through a 12-mm trocar and placed in contact with the
desired location on the kidney using video endoscopy guidance.

measurements were made in the same location before starting
each clamping challenge to ensure that they were repeatable.
In four kidneys, the main renal artery was occluded using a lap-
aroscopic bulldog clamp, while the remaining two kidneys
underwent dissection and selective clamping of a tertiary seg-
mental artery. To monitor the time course of ischemia and reper-
fusion, spectroscopic renal measurements were obtained at
baseline (prior to clamping), approximately every 12 s during
warm ischemia (approximately 2 to 5 min clamp duration)
and every 12 s following reperfusion of the kidney. To determine
the ability of the system to aid in artery identification, a segmen-
tal artery in the lower pole of the kidney was clamped, and spec-
tra were acquired from multiple locations in the lower pole, the
midpole, and the upper pole of the kidney, respectively. Spectra
were analyzed in real time by the Zenascope software and end-
points were displayed on the computer screen; data were
exported after the experiments for analysis in MATLAB and
Microsoft Excel.

3 Results

Figures 2(a) and 2(b) contain calibrated reflectance spectra from
normoxic (sO, = 82%) and ischemic (sO, = 0%) kidney tissue,
respectively, along with the corresponding fits to the reflectance
given by the inverse MC inversion algorithm. As observed in the
figures, the inverse MC model provides excellent fits to the cali-
brated reflectance data. The troughs in the reflectance curve of
Fig. 2(a) at 542 and 576 nm correspond to the f and a absorption
bands of oxygenated Hb, respectively, and are characteristic of
tissues containing significant oxy-Hb content. Conversely, in the
reflectance curve for ischemic kidney tissue in Fig. 2(b), these
troughs are replaced by a single broad trough at 556 nm, cor-
responding to a significant contribution of deoxygenated Hb.
From the inverse MC fit, the absorption coefficients of the tis-
sues were extracted and are shown in Figs. 2(c) and 2(d). In
order to compare the shape of the extracted absorption coeffi-
cients with expected Hb absorption curves, known absorption
spectra for oxygenated and deoxygenated human Hb were nor-
malized to their values at 500 nm and then linearly combined to
obtain the expected absorption coefficients for sO, = 82%
[Fig. 2(c)] and sO, = 0% [Fig. 2(d)]. Comparison of the calcu-
lated absorption coefficient spectra, with the absorption coeffi-
cient spectra extracted from reflectance of the tissue, shows
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close agreement in spectral line shape, providing strong evi-
dence for the validity of the extracted Hb saturation values.

Figure 3 demonstrates a typical time-course experiment with
measurements of sO, and Hb plotted against time in relation to
clamping the primary renal artery. The mean time to ischemic
steady state following clamping of the main renal artery was
22.3 s, with a range of 15 to 38 s. The mean time to recovery
(time from unclamping at steady state until saturation reached
maximal steady state) was 58.8 s with a range of 50 to 66 s.
Inspection of the total Hb trace reveals reactive hyperemia fol-
lowing release of the renal artery, with the Hb concentration
overshooting the initial preclamp value before returning to pre-
clamp levels. The mean (wavelength averaged) reduced scatter-
ing coefficient was observed to be highly correlated with the Hb
concentration, but not always in the same direction (for instance,
the drop in scattering was negatively correlated with the spike in
Hb concentration just after release of the clamp, but both scat-
tering and Hb concentration were elevated compared with their
respective clamped values, indicating a positive correlation).

Figure 4 shows a typical time-course experiment for a tertiary
artery occlusion trial. The mean time to ischemic steady state
following clamping of the tertiary renal artery was 45.5 s
(range 26 to 65). When compared with the kidneys following
primary renal artery occlusion, the kidneys undergoing selective
ischemia recovered more quickly, with a mean recovery time of
42.5 s (range 37 to 48). Interestingly, although reactive hyper-
emia following release of the primary renal artery was consis-
tently observed, the same was not true for the tissues perfused by
the tertiary arteries in the small sample set studied. Also, in this
case the postdissection baseline, Hb saturation before and after
clamping was overall lower than the predissection baseline, per-
haps due to the effects of dissection.

Figure 5(a) summarizes the Hb saturation time course results
for all six of the clamping trials grouped into the preclamp value
(selected as the max sO, just prior to clamping, but after dis-
section to expose the artery), the clamped value (min sO, during
clamping), and the released value (max sO, after release of the
clamp). The individual data points for each trial are shown in
gray dots, the mean is shown as a horizontal red line, the red
box indicates the 95% confidence interval, and the blue box
indicates 1 standard deviation from the mean. The sO, values
in the clamped regime were significantly lower (p < 0.05)
than the preclamp and released values. However, the preclamp
and released values were not significantly different from each
other, indicating a stable return to baseline values after release
of the clamp. Since each clamping experiment was taken over
slightly different time scales and sampling frequencies, it was
not possible to exactly overlay the time-course results for all
time points on the same plot. Therefore, the same data from
Fig. 5(a) are shown in Fig. 5(b) as three-point time-course
curves, so that the sO, behavior for each primary or tertiary
clamping trial may be directly observed. Each trial resulted
in a drop in sO, during clamping, with return to baseline values
after clamping. Table 1 demonstrates the differences in time to
ischemia as well as recovery time between the two experimental
models. The mean time to ischemia trended toward longer times
with tertiary clamping, whereas the mean time to recovery
trended toward shorter times with tertiary clamping.

Figure 6 shows the results of selective tertiary artery
clamping in the lower pole of the kidney on vascular oxygena-
tion in the lower, middle, and upper poles of the kidney. As
expected, measurements taken proximally to the clamped
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Fig. 2 Measured calibrated reflectance curves and corresponding inverse Monte Carlo (MC) fits for
(a) normoxic kidney with extracted sO, = 82% and (b) ischemic kidney with extracted sO, = 0%.
Corresponding absorption coefficient spectra, extracted from the reflectance measurements of the tis-
sues in (a) and (b), are shown in (c) and (d), respectively. Expected absorption coefficient spectra, cal-
culated using the extracted sO, measurements and the known absorption spectra of human oxy-Hb and
deoxy-Hb, are shown in (c) and (d) for comparison.
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at left). The time course begins at the time of clamping (00:00:00); the time point at which the clamp was
released is indicated in the plot.
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Table 1 Mean time to ischemia and mean time to recovery for the six
kidneys examined in this work, for primary renal artery (4) versus
tertiary segmental branch (2) clamping.

Primary Tertiary

clamping clamping
Mean time to ischemia 22.3+10.8 455 +27.6
(10% max “pre” sO,) (s) (range) (15 to 38) (26 to 65)
Mean time to recovery 58.8 £ 6.6 425+7.8
(90% max “post” sO,) (s) (range) (50 to 66) (37 to 48)

renal segment were more poorly oxygenated and spatially
heterogeneous (mean = standard deviation = 21 £ 3.3% s0O,),
compared with the measurements taken from the opposite
(upper) pole of the kidney (mean + standard deviation =
75 £1.2% sO,). Measurements taken from the middle pole
of the kidney exhibited an intermediate oxygenation
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(mean = standard deviation = 33 & 1.9% sO,). All postclamp
sO, measurements were lower than the preclamp, predissection
baseline, perhaps due to blood loss effects during dissection.

4 Discussion

The question of comparing selective tertiary artery clamping
with total renal artery occlusion is important in minimizing post-
operative renal function decline. With CKD prevalence increas-
ing in the patient population, any intervention supporting renal
function must be explored. Complications such as increased
hospital stays, cardiac events, and even death have all been
attributed to compromised renal function.’’ Outcomes for
super selective artery occlusions have been shown to be better
than or at least equivalent to total hilar clamping in relation to
many different metrics.!! Most studies focus on three areas of
comparison: immediate and long-term GFR preservation, onco-
logic control in terms of margin status and recurrence, and com-
plications with special attention to bleeding and operative times.

October 2014 « Vol. 19(10)



Goel et al.: Feasibility of quantitative diffuse reflectance spectroscopy for targeted measurement. ..

Quantitative DRS may represent a simpler, more direct, and
more cost-effective system to be used in the future of the
zero-ischemia technique than previously investigated methods.
While this study is the first to show the feasibility of quantitative
DRS in renal porcine models laparoscopically, tissue oximetry
and spectroscopy measurements have been shown to be effica-
cious in assessing renal function and local tissue ischemia in
open nephrectomy.'>?! In renal tissue specifically, investigators
have previously shown with hyperspectral imaging during
open nephrectomy that the tissue oxygenation is heterogeneous
in opposing poles of the kidney even when the primary artery is
occluded.?? Another spectral imaging study demonstrated the evi-
dence of heterogeneous ischemia due to main renal artery clamp-
ing.?® Quantitative DRS during PN as demonstrated in this work
focuses on using the probe in real time in various locations around
the tumor to determine if ischemia is adequate and selective. Our
study is the first to our knowledge to use a spectroscopic tech-
nique to monitor ischemia in real time due to clamping of the
main renal artery versus clamping of tertiary segmental arteries.
Our results in this laparoscopic porcine model indicate a slower
recovery from ischemia when the main renal artery was occluded
compared with a tertiary artery. This is potentially significant
given the need to reduce warm ischemia time in laparoscopic
or robotic PN. The segmental artery occlusion showed slower
time to ischemia and faster recovery time. Because the main
renal artery was not occluded but rather only a tertiary branch,
one possible explanation of our findings is the preservation of
venous circulation causing a pressure buildup and backflow
from the other kidneys. While we were not able to obtain enough
samples for tertiary clamping to test for statistical significance of
these ischemia and recovery response time results, our observa-
tions nonetheless are consistent with current qualitative under-
standing and suggest a potential use for the device in future
studies aiming at quantifying these effects.

These data were easily reproducible and consistent across all
kidneys, as demonstrated in Fig. 5. Given the utility and ease-of-
use of the tissue spectrometer used in this work, these measure-
ments can be standardized and used in real time during surgery.
For the time-course experiments, sO, nadir values during
clamping were low (between 0% and 10%), except for one pri-
mary artery trial, where the sO, nadir during clamping was 53%.
We believe that in this case we unwittingly placed the probe at
the boundary of the devascularized region—this speculation is
supported by the results of Fig. 6, where we found that the selec-
tive clamping of a tertiary artery in the lower pole of the kidney
resulted in a gradient of oxygenation, from poorly perfused in
the ipsilateral (lower) pole, to moderately perfused in the mid-
pole, to well-perfused in the contralateral (upper) pole. We
observed that the clamping of a tertiary artery in one pole
decreased the Hb saturation of the opposite pole (Fig. 6),
although to a lesser extent than locally to the clamped artery.
We also noted that the vascular oxygenation measurements of
the perfused kidney were lower after dissection and clamping
compared with baseline measurements taken before dissection
of the kidney. This suggests that quantitative DRS could be used
to determine whether lasting effects of surgery on perfusion in
the remaining kidney are present, which could have implications
for prognosis related to postoperative kidney function in the
zero-ischemia technique. Although, due to our limited sample
size, we can draw no definitive statistical conclusions about
the spatial extent of ischemia due to segmental artery clamping,
these data demonstrate the utility of a real-time system for
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fidence interval, and the blue box corresponds to 1 standard
deviation.

assessing the same, which could be useful in identification of
arteries afferent to the tumor region, for delineating the depth
of ischemia, and for mapping the areas of the tissue rendered
ischemic by clamping, as demonstrated in Fig. 5.

One advantage of the device used here, in comparison with
noncontact hyperspectral imaging systems, is that it provides a
real-time quantitative measurement of tissue absorption and
scattering coefficients independently of each other with minimal
calibration and complexity. This is enabled by the contact probe,
which provides well-defined illumination and collection geom-
etries at the tissue surface, combined with the inverse MC opti-
cal property extraction algorithm. A disadvantage compared
with imaging systems is that it is limited to point measurements;
however, the speed of the measurement and simplicity of inter-
pretation could still provide an attractive and useful tool for
quickly “spot checking” devascularization during selective
ischemia. Although in this study we focus primarily on param-
eters related to tissue absorption, namely Hb concentration and
sO,, the tissue scattering coefficient was also determined and
was found to be correlated with the Hb concentration during
the time course clamping trials, although not in consistent direc-
tions. We do not currently have a hypothesis as to the mecha-
nism behind these observations. However, we note that the
ability to measure scattering independent of ischemia measure-
ments could provide additional information, for instance serving
as an aid in distinguishing tumor tissue from normal tissue prior
to induction of ischemia during PN.'*?* This will be the subject
of future study.

One limitation of this nonsurvival study is the lack of corre-
lation of our intraoperative findings to postoperative measures of
renal function. Another limitation was that this methodology
was not extended for PNs, and measures such as blood loss,
transfusion rates, or operative times were not compared.
Finally, our study is further limited by the small number of sub-
jects and, thus, serves primarily as a feasibility study. However,
we have demonstrated that the use of quantitative DRS may be a
cost effective and logistically uncomplicated tool to assess
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adequate ischemia with selective arterial clamping during PN. In
addition, our results indicate a quicker recovery from ischemia
with selective arterial clamping, which may partially explain the
mechanism behind renal function preservation with selective
clamping compared with total hilar clamping. It is important
to note that the vascular Hb sO, results reported here are for
warm ischemia at physiological temperatures. The use of this
(or similar) technology for measurement of vascular oxygena-
tion in cold ischemia would require additional care in interpre-
tation, due to the substantial increase in the Hb oxygen binding
affinity with decreasing temperature.”> We plan to investigate
further the use of quantitative DRS during PN with correlation
to postoperative renal function outcomes.

5 Conclusion

Quantitative VIS-NIR DRS is a useful and noninvasive method
with which clamping status, segmental ischemia confirmation,
and recovery from ischemia can be assessed in real time. Warm
ischemia time may ultimately be reduced with the use of DRS to
guide implementation of selective ischemia via hilar dissection
and higher-order artery clamping. Further study is necessary in
order to validate DRS-assisted ischemia and recovery velocities
as predictors of postoperative renal function as well as logisti-
cally optimizing DRS for robotic or laparoscopic PN platforms.
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