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Abstract. Renal ischemia that occurs intraoperatively during procedures requiring clamping of the renal artery
(such as renal procurement for transplantation and partial nephrectomy for renal cancer) is known to have a sig-
nificant impact on the viability of that kidney. To better understand the dynamics of intraoperative renal ischemia
and recovery of renal oxygenation during reperfusion, a visible reflectance imaging system (VRIS) was developed to
measure renal oxygenation during renal artery clamping in both cooled and warm porcine kidneys. For all kidneys,
normothermic and hypothermic, visible reflectance imaging demonstrated a spatially distinct decrease in the rel-
ative oxy-hemoglobin concentration (%HbO2) of the superior pole of the kidney compared to the middle or inferior
pole. Mean relative oxy-hemoglobin concentrations decrease more significantly during ischemia for normothermic
kidneys compared to hypothermic kidneys. VRIS may be broadly applicable to provide an indicator of organ ische-
mia during open and laparoscopic procedures. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported

License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
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1 Introduction
Renal ischemia that occurs intraoperatively during procedures
requiring clamping of the renal artery (such as renal procure-
ment for transplantation and partial nephrectomy for renal
cancer) is known to have a significant impact on the viability
of that kidney.1–5 Two major modifiable intraoperative variables
known to affect renal function during ischemia are the length of
ischemic time and the temperature of the kidney at which ische-
mia occurred. Greater length of renal ischemia is associated with
subsequent worse recovery of renal function, whereas cooling of
the kidney allows for longer exposure to ischemia.6–12 There
remains much controversy as to the specific duration of ischemia
that results in renal injury and at what point cold ischemia
should be employed.

Measurement of direct renal oxygenation intraoperatively
during renal artery clamping has been explored to a small extent,
with promising results in determining subsequent renal func-
tion.13,14 By exploiting the different spectral properties of oxy-
genated and de-oxygenated hemoglobin, it is possible to
quantify the level of oxygenation in the blood by measuring
the wavelengths reflected off the kidney. To better understand
the dynamics of intraoperative renal ischemia and recovery of
renal oxygenation during reperfusion, a visible reflectance
imaging system (VRIS) was developed to measure renal

oxygenation during renal artery clamping in both cooled and
warm kidneys.

2 Materials and Methods

2.1 Large Animal Model for Ischemia/Reperfusion
Injury

2.1.1 Porcine model

Porcine laparotomies, as part of an animal protocol approved
by National Institutes of Health, National Cancer Institute,
the Institutional Animal Care and Use Committee, were used
to assess the extent of ischemic injury (i.e., decreased tissue oxy-
genation) incurred during surgery. A midline abdominal incision
was made in each animal (n ¼ 5), and the left kidney was
exposed. Intravenous mannitol (350 mg∕kg) and heparin
(50 units∕kg) were administered before vessel occlusion (via
vessel loops). Pigs were subjected to normothermic (33°C, n ¼ 2)
and hypothermic (5°C, n ¼ 3) ischemia. For hypothermic ische-
mia, the abdomen was filled with sterile ice slush; before reper-
fusion, the ice slush was removed from the abdominal cavity.
Hyperspectral images of the kidneys were collected noninvasively
at regular intervals for up to 30 min of renal ischemia. After the
vessel loops were released, images of the kidneys were acquired
at regular intervals for up to 30 min after reperfusion. All animals
were euthanized immediately after the operation.

2.1.2 Canine model

The canine experiment (n ¼ 1) was performed as a validation of
the correlation of visible reflectance imaging measurements
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with actual blood oxygenation. The canine laparotomy, as part
of an animal protocol approved by the Institutional Animal Care
and Use Committee, was used to assess the extent of ischemic
injury (i.e., decreased tissue oxygenation) incurred during sur-
gery. Standard open surgical techniques were employed to
expose the kidney and renal hilum. The renal artery and vein
were cross-clamped with Satinsky clamps. An angiocatheter
was inserted into the renal vein for subsequent blood draws
directly from the kidney. Mean region of interest (ROI) values
were calculated from the hyperspectral images of the surgery
collected using the VRIS and compared to measured venous
oxygen saturation values (saO2 and svO2). Hyperspectral
images of the kidneys were collected noninvasively at 5, 10,
20, and 30 min of normothermic renal ischemia. The animal
was euthanized immediately after the operation.

2.2 Visible Reflectance Imaging System

The VRIS comprised of several components (Fig. 1): light
source, mirror, filter system, charge-coupled device (CCD),
and personal computer. The light source is a 30 W quartz-hal-
ogen lamp (Oriel, Irvine, California) which is reflected onto the
area of interest via adjustable fiber-optic rings. The diffusely
reflected light from the surgical field is then reflected to a liquid
crystal tunable filter (LCTF) (Cambridge Research Instruments,
Woburn, Massachusetts) by a mirror angled at 45 deg incident to
the surgical plane. The CCD (768 × 512 pixels; Photometrics,
Tuscon, Arizona) acquires images (100 ms per image) as the
LCTF adjusts to each desired wavelength. The LCTF transmits
light from 420 to 700 nm. To improve the signal-to-noise ratio of
the spectra contained in the data set, the image is binned by 3
pixels. This ultimately results in a 256 × 170 pixel image plane.
Each image cube contains 126 image planes, with a single image
plane collected at single spectral increments of 1 nm from 520
to 645 nm. For background measurements, a 99% diffuse re-
flectance standard was used (Labsphere, North Sutton, New
Hampshire).

The image data sets are stored and analyzed using a personal
computer (Gateway, Irvine, California). Data analyses are

carried out using in-house and commercially available scripts
in Matlab™ (Mathworks, Natick, Massachusetts). Briefly, the
spectral response of the tissue examined is subjected to decon-
volution for calculation of various tissue parameters (oxy- and
deoxy-hemoglobin, water). Oxygenated hemoglobin exhibits
distinct spectral bands at 537 and 567 nm, whereas deoxygen-
ated hemoglobin exhibits a markedly different spectral band
at 553 nm.

2.3 Data Analysis

According to the Beer–Lambert law, the absorbance of a sample
(A) depends on three parameters: pathlength (l), concentration
(c), and the molar absorption coefficient (ε). Absorbance,
however, can also be defined as the logarithmic ratio between
the intensity of light incident on a sample (I0) and the in-
tensity of light transmitted through a sample (I1), where
A ¼ log10ðI0∕I1Þ. Finally, one can extrapolate concentration
of the sample from the ratio of light intensity, because
log10ðI0∕I1Þ ¼ εcl. Absorbance spectra were used in the pre-
diction of oxygenated hemoglobin concentration because of
the linear relationship between concentration and absorbance
spectra. Absorbance image cubes were created by referencing
each raw spectral cube (I0) by the reflectance of a standard refer-
ence material (I1). The relative concentration units for deoxy-
genated hemoglobin utilized throughout this study are
percentage oxygenated hemoglobin (%HbO2), which is defined
as the percentage of the concentration of oxygenated hemoglo-
bin divided by the total hemoglobin concentration.15 All data
analysis was performed using algorithms and software written
in-house using the programming languages Matlab and IDL/
ENVI (ITT Visual Information Solutions, Boulder, Colorado).

The calculation of relative oxygenated hemoglobin con-
centration was a two-step process. The first step involves
using the classic least squares method, sometimes referred to
as the K-matrix method,16 which is explained in detail in
elsewhere.17,18 In brief, the measured absorbance spectra and
concentration of pure components (oxygenated and deoxygen-
ated hemoglobin) are linearly proportional to each other via a
K-matrix, A ¼ CK, where A is the absorbance spectra matrix
(number of measured spectra × number of wavelengths), K is
the matrix of pure components (number of components in
the model × number of wavelengths), and C is a concentration
matrix (number of measured spectra × number of pure compo-
nents in the model) with relative concentration units of%HbO2.
In this method, the absorptivities usually defined in univariate
Beer law fitting are normalized to constant path length, resulting
in K being a normalized absorption coefficient matrix.18 These
pure component spectra were measured external to these in vivo
measurements. Also, the number of measured spectra in A and
number of concentrations in the C matrix vary with each data
set, because the number of pixels that include the kidneys varies,
but in every data set is >1000. One limitation of this K-matrix
method occurs when one or more spectroscopically active com-
ponents are not represented in the calibration set.17–19 In the case
of visible reflectance spectra of kidneys, both chemical and opti-
cal nonhemoglobin spectral contributions can limit the accuracy
of the concentration prediction. The second step in the concen-
tration determination is to overcome this limitation by applying
externally obtained relative oxygenated hemoglobin concentra-
tions to correct for these nonhemoglobin contributions using
augmented classic least squares, described elsewhere.19
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Fig. 1 Schematic of visible reflectance imaging system (VRIS). The light
is generated by a broadband quartz tungsten halogen lamp (200 to
1100 nm) and delivered to the operating plane (indicated by the kidney)
via fiber optics. A mirror directs reflected light to a tunable filter (420–
700 nm), which then passes the light to a thermoelectrically cooled
detector.
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Statistical significance was determined with the Student
t-test with the degrees of freedom modified by the
Greenhouse–Geisser correction.20 This correction was chosen
to provide more conservative estimates of the statistical signifi-
cance in this study by mitigating pixel-to-pixel spatial correla-
tions and temporal correlations. These correlation analyses were
carried out using the CAR package21 in the R statistical comput-
ing language.22

3 Results

3.1 VRIS Correlates with Measured Hemoglobin
Oxygenation

Figure 2 shows a comparison between the oxy-hemoglobin con-
centration predicted by visible reflectance spectroscopy and
catheter-drawn kidney blood oxy-hemoglobin concentration

determined externally (canine nephrectomy). These externally
determined oxy-hemoglobin concentrations (%HbO2) are
from single blood samples taken as a function of induced ische-
mia time (29%, 32%, 40%, and 96% HbO2, respectively). The
visible reflectance–determined oxy-hemoglobin concentrations
are spatially averaged concentrations (calculated for approxi-
mately 6000 individual pixels). The error bars represent one
standard deviation from the spatially averaged concentrations.
The predicted and the externally measured oxygenated hemo-
globin concentrations (%HbO2) correlate quite well (Fig. 2).
The dashed line demonstrates a linear regression with a slope
of 1.0 for reference. The cross-validation standard error of cal-
ibration was estimated for the calibration data, and the influence
of each calibration point is insignificant compared to the stan-
dard error of calibration estimated by including all calibration
data within a 95% confidence interval. This analysis suggests
that no point in the calibration set holds significant influence
or leverage over the calibration, and therefore, the calibration
is valid.18

Figure 3, a set of images of the canine kidney during ische-
mia injury, illustrate the ability of the visible reflectance images
to measure renal tissue oxygenation intraoperatively. The largest
image (left) is a visible-color image of the kidney. The sequen-
tial images A–E are concentration images of the kidney before
and during the ischemia/reperfusion injury. The intensity of the
grayscale in the images (A–E) corresponds to the oxy-hemoglo-
bin concentration scale shown in the lower right of the figure.
According to the image colormap, the highest concentration of
HbO2 is white, and the lowest concentration of HbO2 is black.
These intensity values were determined using algorithms devel-
oped in-house. The red shaded area in Fig. 3(a) indicates the
ROI from which mean and standard deviation oxy-hemoglobin
concentrations were determined. As indicated by the visible
reflectance images of the kidney during warm ischemia, the
%HbO2 decreases with ischemia time, and the kidney is darkest
after 30 min of ischemia, demonstrating significantly low-
ered %HbO2.
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Fig. 2 Calibration plot for deconvolution of percent oxygenated hemo-
globin (%HbO2). Mean oxyhemoglobin concentrations calculated from
the visible reflectance images are plotted versus actual oxyhemoglobin
concentrations (blood gas measurements).
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Fig. 3 Left, isolated right kidney; right, visible reflectance images indicating %HbO2 at baseline (a) and 5 (b), 10 (c), 20 (d), and 30 (e) min of warm
ischemia. The selected region of interest for calculated values is indicated in red.
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3.2 Effects of Regional Perfusion on Ischemia

Figure 4 shows a set of sequential oxy-hemoglobin concentra-
tion images of a left porcine kidney during ischemia/reperfusion
injury. The intensity values in these images were determined
using algorithms developed in-house described in the Data
Analysis section and correspond to the scale on the right of
the figure. In Fig. 4(a), three regions of the kidney are defined
by two diagonal lines corresponding to the superior, middle, and
inferior poles of the kidney. These three regions are used to cal-
culate the mean regional oxy-hemoglobin concentration as a
function of ischemia/reperfusion clamping and unclamping
times (shown in Fig. 5). It is clear in Fig. 4(b)–4(h) that the
superior pole of the kidney remains more oxygenated than
the middle or inferior poles during ischemia. After reperfusion
[Fig. 4(i)–4(o)], however, kidney oxygenation appears to be

relatively homogeneous. The average %HbO2 concentrations
have been plotted in Fig. 5.

Figure 5 is the scatter plot of the oxy-hemoglobin concen-
trations calculated for the entire kidney [Fig. 5(a)] and each kid-
ney segment [Fig. 5(b)] and is representative of all kidneys
examined in this study. Although the regional differences in tis-
sue oxygenation are not readily apparent in the image of the
kidney itself [Fig. 4(b)], examination of the calculated
%HbO2 values clearly demonstrate a difference in the mean
oxy-hemoglobin concentrations of the superior pole and middle
and inferior poles (91.9%� 4.5%, 88.5%� 3.9%, and
88.0%� 1.8%, respectively; P < 0.05). This spatial difference
in oxy-hemoglobin concentration persists for the duration of
the ischemia, with an average %HbO2 of 75.8%� 19.9% for
the superior pole and 58.9%� 12.0% and 57.3%� 10.2%
for the middle and inferior poles, respectively (P < 0.05).
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Fig. 4 Sequential oxygenation images of a left kidney at baseline (a) and during cold ischemia (b–h) and reperfusion (i–o). Ischemia time points: 5, 10,
15, 20, 25, 30, and 35 min after vessel clamping. Reperfusion time points: 5, 10, 15, 20, 25, 30, and 35 min after vessel unclamping. SP, superior pole;
MP, middle pole; IP, inferior pole.
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After reperfusion, statistically significant differences in oxy-
hemoglobin concentrations abate and the final mean oxy-hemo-
globin concentrations of the superior, middle, and inferior poles
are 73.4%� 17.1%, 82.5%� 26.4%, and 76.0%� 15.4%,
respectively (P > 0.05). For Figs. 4 and 5, the means and stan-
dard deviations were calculated from ROIs (not shown for
clarity) that encompass approximately 60% of the visible
area in each kidney pole.

3.3 Effects of Cold Ischemia on Tissue Oxygenation

Additionally, mean oxy-hemoglobin concentrations were com-
pared for cold and warm ischemia cases. In Table 1 are means
and standard deviations for baseline, ischemic, and reperfused
kidney oxy-hemoglobin concentrations from all cold and warm

ischemia/reperfusion injuries. The average baseline values were
89.0%� 4.0% and 85.0%� 10.0% HbO2 for hypothermic and
normothermic kidneys, respectively; note that these values were
acquired before the addition of the ice slush for the hypothermic
kidneys. The oxy-hemoglobin concentrations of hypothermic
kidneys after 30 min of ischemia are significantly higher
than those of normothermic kidneys (64.0� 10.0 versus
24.1� 20.0, P < 0.05). The renal oxygenation of the hypother-
mic kidneys after 30 min of ischemia is approximately 70% of
the baseline oxy-hemoglobin concentration, whereas the normo-
thermic kidneys retain only 30% of the baseline oxy-hemoglo-
bin concentration after 30 min of ischemia. After approximately
30 min of reperfusion, the mean oxy-hemoglobin concentrations
of hypothermic and normothermic kidneys is comparable
(77.2� 8.0 versus 63.5� 20.0) and returns to within 80% of
the average baseline %HbO2 values.

For all kidneys, normothermic and hypothermic, visible
reflectance imaging demonstrated a spatially distinct decrease
in the oxy-hemoglobin concentration of the superior pole com-
pared to the middle or inferior pole of the kidney. Mean oxy-
hemoglobin concentrations decrease more significantly during
ischemia for normothermic kidneys compared to hypothermic
kidneys.

4 Discussion
In 1999, the numbers of hospital discharges for partial nephrec-
tomies and transplant-related complete nephrectomies in the
United States were 4171 and 12,765, respectively.23,24 Over
the next decade, this number increased moderately by 31.8%
for transplant-related complete nephrectomies, with >35% of
the primary transplants requiring a repeat transplant. The num-
ber of hospital discharges for partial nephrectomies in 2009 was
>200% greater than 10 years prior.23 In 2009, >16; 000 partial
nephrectomies and transplant-related complete nephrectomies
(32,000 total nephrectomies) were performed in the United
States. As the number of nephrectomies increases, the need
to understand renal ischemia and oxygenation as it relates to
kidney function also grows.

Vascular occlusion and subsequent renal ischemia are neces-
sary to provide a bloodless operating field during nephrectomies
for tumor excision and after kidney extraction. Unfortunately,
ischemia and corresponding reperfusion induce a cascade of
inflammatory events, resulting in tissue damage and acute
kidney injury as a consequence of tissue hypoxia. Techniques
to minimize tissue damage include reduction of normothermic
ischemia or induction of hypothermic ischemia. In healthy kid-
neys with good baseline glomerular filtration rates (GFRs), these
events can often be reversed after a period of reperfusion (either
in situ with partial nephrectomies or in the recipient with trans-
plants) once tissue oxygenation has been restored. In patients
with comorbidities and/or chronic kidney disease, however,
reduced GFR directly impacts renal oxygen consumption,25

and even normal ischemia times (<30 min) may compromise
kidney function.4

In spite of numerous studies exploring various ischemia con-
ditions (normothermic, hypothermic, duration, partial clamping,
etc.), rigid values for determining critical ischemia have not
been resolved. This is partly because animal studies may not
always corroborate results from human studies, different surgi-
cal techniques are simply not utilized by all medical staff for
every case, and current metrics for kidney function (serum cre-
atinine) can be greatly affected by factors such as body mass,
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Fig. 5 Profiles of kidney oxygenation before vessel clamping, during
ischemia, and after reperfusion. (a), Mean HbO2 concentrations for
the entire kidney. (b) Mean HbO2 concentrations for the superior
pole, middle pole, and inferior pole.

Table 1 Comparison of mean baseline, ischemic, and reperfused kid-
ney HbO2 concentrations for cold and warm ischemia.

Baseline
(%HbO2)

Ischemic
(%HbO2)

Reperfused
(%HbO2)

Cold ischemia 89.0� 4.0 64.0� 10.0a 77.2� 8.0

Warm ischemia 85.0� 10.0 24.1� 20.0a 63.5� 20.0

aSignificant difference (P < 0.05).
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sex, ethnicity, age, and hydration status.1 Thus, there exists a
need for technology that is able to measure renal oxygenation
during renal ischemia and reperfusion independent of animal
model, surgical technique, and patient demographics.

Visible light spectroscopy is capable of making measure-
ments of tissue oxygenation and even blood flow noninvasively,
directly from the visible spectrum of hemoglobin. The benefits
of this type of technology are that the measurements can be
made noninvasively, quickly, repeatedly, and clinically.26

Several technologies have been developed that utilize visible
light spectroscopy for extracting tissue oxygenation measure-
ments. Benaron and coworkers27–29 used various probe configu-
rations, including a hand-held wand, an endoscopic catheter, a
clip-on surface probe, an oral-esophageal catheter, and a flexible
rectal probe, to make tissue oxygenation measurements in ani-
mals and humans. Tissue oximeter measurements were collected
concurrently and correlated well with visible light spectroscopy
tissue oxygenation measurements.27,28 More recently, Scheeren
et al.14 employed a fiber-optic probe design to make renal tissue
oxygenation measurements in renal transplant recipients. Not
surprisingly, tissue oxygenation was higher in kidneys from liv-
ing donors compared with deceased donors and correlated
directly with ischemia time.14 In that study, the authors noted
that the tissue oxygenation measurements did not correlate
with the surgeon’s observations of mottling. The disadvantage
of making measurements in a probe format, however, is the loss
of regional information unless multiple measurements are made
across the tissue. This type of sampling becomes time consum-
ing, and it is impossible to make simultaneous measurements of
different regions.

Visible light imaging offers the same advantages as visible
light spectroscopy but in a global format, capable of capturing
regional measurements concurrently. Rather than probing one
point along the surface of the kidney, the entire kidney is exam-
ined in a single snapshot. We have used 3-CCD contrast
enhancement to monitor the effects of pneumoperitoneum on
renal oxygenation during partial and complete nephrectomies.13

Although renal blood flow may be depressed during minimally
invasive procedures, there was no indication of significantly
decreased renal oxygenation even after 4 h of pneumoperito-
neum application.13 Additionally, 3-CCD contrast enhancement
was used to compare renal oxygenation post-reperfusion to renal
oxygenation before hilar clamping.13 Zuzak and coworkers30,31

have monitored tissue oxygenation intraoperatively with a
DLP® hyperspectral imaging system, at near–video frame
rates, to study the effects of artery-only clamping and ice
slush application on renal oxygenation.32 Their results indicated
that artery-only clamping and 7–10 min of ice slush application
can help to minimize the decrease in renal oxygenation during
partial nephrectomies. In this pilot study on renal ischemia, we
utilized hyperspectral imaging, specifically a visible reflectance
imaging system (VRIS), to examine renal parenchyma oxygena-
tion during 30 min of normothermic and hypothermic ischemia.
All calculated tissue oxygenation values were validated with
blood gas measurements of the renal parenchyma. Five kidneys
were subject to 30 min of normothermic or hypothermic
ischemia.

Data analysis revealed that the hypothermic kidneys experi-
enced an attenuated decrease in renal oxygenation (−28%,
n ¼ 3) compared to normothermic kidneys (−71%, n ¼ 2)
after hilar clamping, but that both normothermic and hypother-
mic kidneys returned to renal oxygenation levels near 80% of

baseline after 30 min of reperfusion. These results corroborate
an earlier study performed by Holzer et al.32 Though the normo-
thermic renal oxygenation measurements were further from
baseline measurements than the hypothermic renal oxygenation
measurements post-reperfusion, there was no statistical differ-
ence between the baseline renal oxygenation values and the
reperfused renal oxygenation values. These findings support
the clinical practice of maintaining donor kidneys on ice in
the window before and during the transplant operation.
Interestingly, we also observed regional differences in renal oxy-
genation for both normothermic and hypothermic kidneys.
Throughout the duration of ischemia, the superior pole of the
kidneys remained more oxygenated than the middle and inferior
poles (approximately 75% versus 60% HbO2). Almost immedi-
ately after reperfusion, all poles of the kidney exhibit similar
oxygenation levels (75% to 80% HbO2). This phenomenon
has been reported previously in one study of renal arterial
blood flow in a canine model; the study revealed that an autor-
egulatory resistance change occurred when a particular arterial
segment of the renal vascular bed was altered.33

Regional oxygenation of the kidney has particular signifi-
cance for the segmented clamping of vessels during partial
nephrectomies. Selective control during vessel clamping may
reduce the overall effects of ischemia/reperfusion injury during
partial nephrectomies.34 Additionally, the observed relatively
decreased lower pole oxygenation may partially account for
the incidence of ureteral complication such as stricture after
transplantation.

We present preliminary results for a technique that has the
potential to diagnose tissue ischemia in real time and in an
organ-specific manner during open surgery. In addition, we
demonstrate that hypothermic ischemia significantly attenuates
renal oxygenation during hilar clamping and the ability to mon-
itor regional differences in renal oxygenation. One limitation of
this study is the lack of temporal correlation between images
collected at different time points. Image registration methods
would correct for deviations in measurements based on temporal
variation. Although the calculations presented in this study were
performed offline, efficient programming will allow automatic,
real-time incorporation of the calculation to the VRIS. We rec-
ognize that an expanded study would allow the development of a
training set by which an inflection point for critical ischemia
could be determined by exploring longer renal ischemia
times in a survival model. The developed training set would
be the foundation for a clinical validation study. Furthermore,
this technique may be broadly applicable to provide an indicator
of organ ischemia during open and laparoscopic procedures.
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