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Abstract To quantify the changes in optical properties of

in vivo rat liver tissue, we applied diffuse reflectance

spectroscopy (DRS) system using single-reflectance fiber

probe during ischemia and reperfusion evoked by hepatic

portal occlusion (hepatic artery, portal vein and bile duct).

Changes in the reduced scattering coefficient ls0, the

absorption coefficient la, the tissue oxygen saturation StO2,

and the oxidation of heme aa3 in cytochrome c oxidase

(CcO) OHaa3 of in vivo rat liver (n = 6) were evaluated.

Heme aa3 in CcO were significantly reduced (P\ 0.05)

during ischemia, which indicates a sign of mitochondrial

energy failure induced by oxygen insufficiency of liver

tissue. We found that OHaa3 obtained from the proposed

method was unchanged immediately after the onset of

ischemia and started gradually decreasing at 2 min after the

onset of ischemia. Difference in the time course between

OHaa3 and the conventional ratio metric analysis with

la(605)/la(620) reported in literature demonstrates that the

proposed method is effective in reduction of optical cross

talk between hemoglobin and heme aa3. Our results suggest

that DRS technique is applicable and useful for assessing

in vivo tissue viability and hemodynamics in liver

intraoperatively.

Keywords Diffuse reflectance spectroscopy � Absorption
coefficient � Reduced scattering coefficient � Tissue oxygen
saturation � Cytochrome c oxidase � Liver ischemia–

reperfusion

1 Introduction

Liver ischemia–reperfusion could induce hepatocellular

injury such as apoptosis, cell death and necrosis, that

usually occur as a consequence of partial hepatic resection

surgery, liver transplantation and hemorrhagic shock with

fluid resuscitation [1]. Post-transplant complications such

as hepatic artery occlusion, portal vein thrombosis, primary

non-function, and acute graft rejection cause impairment of

liver graft microcirculation and tissue hypoxia with even-

tual loss of the graft without early intervention [2].

Clamping of hepatic portal during partial liver resection

leads to ischemia in the remnant liver, while during

reperfusion, additional liver injury is added to the damage

already sustained during reperfusion. As liver function

depends on tissue oxygen supply, measurement of hepatic

tissue oxygenation has been shown to correlate signifi-

cantly with the microcirculatory liver failure and liver

dysfunction induced by ischemia–reperfusion injury [3]. In

hepatocytes, about 90 % of the oxygen taken up is con-

sumed by heme aa3 in CcO in mitochondria [4]. Therefore,

assessment of the redox state of heme aa3 in cytochrome

c oxidase (CcO) could be used as a potential indicator of

cellular energy level [5] and the severity of hepatic

ischemia–reperfusion injury [3].

In general, optical measurements, including in vivo

spectroscopy, have been widely used for monitoring tissue

hemodynamics in liver tissue [6]. Diffuse reflectance spec-

troscopy provides a wealth information about tissue
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composition, which is minimally invasive or non-invasive to

the in vivo biological tissue, and can be fine-tuned for the

specific clinical application by changing the source-detec-

tor-separation, the fiber geometry, and/or the wavelength

range [7]. The spectral shape and magnitude are reflective of

the absorption and scattering properties of the tissue. Thus,

the wavelength dependent absorption and reduced scattering

coefficients of the tissue (la and ls0, respectively) can be

extracted using various theoretical and numerical models.

Subsequently, the collected spectral information is further

translated into morphologic and physiologic information.

We have investigated a method with a single-reflectance

optical fiber probe to evaluate the reduced scattering coef-

ficient spectrum ls0(k), the absorption coefficient spectrum

la(k), the tissue oxygen saturation StO2, and the reduction of

heme aa3 in CcO of in vivo liver tissue [8]. The method

calculated StO2 based on the regression coefficients

obtained from the multiple regression analysis using the

estimated absorption coefficient spectrum la(k) as a

response variable and the extinction coefficient spectra of

oxygenated hemoglobin and deoxygenated hemoglobin as

predictor variables. On the other hand, the ratio of la at

605 nm and that of at 620 nm was used to evaluate the

oxidation of heme aa3 in CcO. Basically, optical evaluation

of a chromophore in vivo can suffer from optical cross talk

from absorption signals by the other chromophores. There-

fore, the measurements of StO2 derived from the method

could be varied with the changes in the concentrations of

oxidized heme aa3 and reduced heme aa3. Similarly, the

value of la(605)/la(620) could be fluctuated by the changes
in the concentrations of oxygenated hemoglobin and

deoxygenated hemoglobin. To perform more accurate

evaluations of the tissue oxygen saturation and the redox

state of heme aa3, the above four chromophores should be

taken into account in the analysis of the estimated la(k).
In the present study, we newly propose a method of the

multiple regression analysis for the estimated la(k) with

the extinction coefficient spectra of oxygenated hemoglo-

bin, deoxygenated hemoglobin, oxidized heme aa3, and

reduced heme aa3. To confirm the validity of the method

for evaluating the tissue oxygen saturation and the oxida-

tion of heme aa3 in CcO of liver tissue, we performed

in vivo experiments using exposed rat liver before and

during ischemia–reperfusion induced by the occlusion of

the hepatic portal.

2 Principle

2.1 Reflectance fiber probe system

The reflectance fiber probe system with the two source-

detection geometries developed by Nishidate et al. [10] was

used in the present study. The system consists of a light

source, bifurcated fiber, a reflectance fiber probe, and two

spectrometers under the control of a personal computer. The

bifurcated fiber has two optical fibers of the same diameter

of 400 lm placed side by side in the common end. The

reflectance fiber probe has a 600-lm-diameter fiber in the

center surrounded by six 600-lm-diameter fibers. One end

of the center fiber of the reflectance fiber probe is connected

to the common end of the bifurcated fiber through a fiber

connector. A halogen lamp light source (HL-2000, Ocean

Optics Inc., Dunedin, FL, USA), which covers the visible to

NIR wavelength range, is used to illuminate the liver tissue

via one lead of the bifurcated fiber and the central fiber of

the reflectance fiber probe. Diffusely reflected light from the

sample is detected by both the central fiber and the six

surrounding fibers. The center-to-center distances between

the central fiber and the surrounding fibers are 700 lm. The

light detected by the central fiber is delivered to a multi-

channel spectrometer (USB4000, Ocean Optics Inc.) via

another lead of the bifurcated fiber, whereas that detected by

the six surrounding fibers is delivered to the other multi-

channel spectrometer (USB4000, Ocean Optics Inc.). A

solution of Intralipid 10 % [9] was used to calibrate the

spectral responses of both spectrometers as a reference

material. Diffuse reflectance spectra Rc(k) and Rs(k) ranging
from 500 to 800 nm were calculated from the spectral

intensities of light detected by the central fiber and the six

surrounding fibers, respectively, based on the spectra of

reflected light intensity from the reference material.

2.2 Determination of empirical formulas

for estimating ls
0 and la

Figure 1a shows the flowchart of the process for estimating

ls0 and la from the measurements of Rc and Rs. We con-

sider the following empirical formula based on the results

of the Monte Carlo simulation:

l0s
la

" #
¼ ac as

bc bs

� �
Ac

As

� �
ð1Þ

where Ac = -log10Rc and As = -log10Rs are the apparent

absorbances for the recording by the center fiber and the

surrounding fibers, respectively. To improve the accuracy

of Eq. (1), we used the higher-order terms of Ac and As in

Eq. (1) as follows:

l0s

la

" #
¼

a0 a1 a2 a3 a4 a5
b0 b1 b2 b3 b4 b5

� �

1 A2
c A2

s AcAs Ac As

� �t ð2Þ

where []t represents the transposition of a vector. Coeffi-

cients ai and bi (i = 0, 1, 2, 3, 4, 5) in Eq. (2) can be
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determined statistically by multiple regression analysis of

the results of the Monte Carlo simulations as shown in

Fig. 1b. The details of the Monte Carlo simulation model

were published previously [8, 10]. In the Monte Carlo

simulations, Rc and Rs were calculated for the ranges of

la = 0.1–80 cm-1 and ls0 = 5.0–80 cm-1. The values of

ls0(k) and la(k) can be estimated by applying Eq. (2) to

each wavelength point of Ac(k) and As(k).

2.3 Evaluation of tissue oxygen saturation

and redox state of heme aa3 in cytochrome

c oxidase from la(k)

The absorption coefficient spectrum is given by the sum of

absorption due to oxygenated hemoglobin, deoxygenated

hemoglobin, oxidized heme aa3, and reduced heme aa3.

Using the absorption coefficient spectrum la(k) as a

response variable and the extinction coefficient spectra of

eHbO(k) [11], eHbR(k) [11], eHmO(k) [12] and eHmR(k) [12]

as predictor variables, the multiple regression model can be

express as follows:

la kkð Þ ¼ aHbO � eHbO kkð Þ þ aHbR � eHbR kkð Þ þ aHmO

� eHmO kkð Þ þ aHmR � eHmR kkð Þ þ a0 þ e kkð Þ
ð3Þ

where aHbO, aHbR, aHmO, aHmR, and a0 are the regression

coefficients, e(kk) is an error component, and kk indicates
discrete values in the wavelength range treated in the

analysis. Subscripts HbO, HbR, HmO, and HmR denote

oxygenated hemoglobin, deoxygenated hemoglobin, oxi-

dized heme aa3, and reduced heme aa3, respectively. By

executing the multiple regression analysis for one sample

of the absorption coefficient spectrum consisting of p dis-

crete wavelengths, one set of the three regression coeffi-

cients is obtained. In this case, the regression coefficient a0
is a constant component or an intercept and expressed as

follows:

Given values for Monte Carlo simulations
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Fig. 1 Flowchart of the process for estimating ls0and la from the measured diffuse reflectance Rc and Rs. a Main process for ls0 and la and
b preparation work for determining empirical formulae
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a0 ¼ �la � �eHbOaHbO � �eHbRaHbR � �eHmOaHmO � �eHmRaHmR

ð4Þ

where �la, �eHbO, �eHbR, �eHmO, and �eHmR are the averages of

la(kk), eHbO(kk), eHbR(kk), eHmO(kk), and eHmR(kk) over the
wavelength range, or k = 1–p. In the present study, we

used the spectrum of absorption coefficient in the range

from 520 to 600 nm at intervals of 10 nm for the multiple

regression analysis to evaluate both the oxidation of heme

aa3 in CcO and the tissue oxygen saturation because the

spectral features of oxygenated hemoglobin, deoxy-

genated hemoglobin, oxidized heme aa3, and reduced

heme aa3 notably appear in this wavelength range. The

regression coefficients aHbO, aHbR, aHmO, and aHmR

describe the degree of contributions of eHbO(k), eHbR(k),
eHmO(k), and eHmR(k), respectively, to the absorption

coefficient spectrum la(k) and, consequently, are closely

related to the concentrations of oxygenated hemoglobin,

deoxygenated hemoglobin, oxidized heme aa3, and

reduced heme aa3, respectively. The oxygen saturation of

hemoglobin, StO2, is defined as the ratio of the oxy-

genated hemoglobin concentration in the total hemoglobin

concentration. In this study, the oxygen saturation is

estimated from the regression coefficients aHbO and aHbR
as follows:

StO2 ¼
aHbO

aHbO þ aHbR
ð5Þ

Similarly, we also used the estimated absorption coefficient

spectrum la(k) to evaluate the oxidation of heme aa3 in

CcO. In this study, we newly propose the method to

evaluate the oxidation of heme aa3 (OHaa3) using the

regression coefficients aHmO and aHmR as follows:

OHaa3 ¼
aHmO

aHmO þ aHmR

ð6Þ

Thus, the current analysis on the oxidation of heme aa3
is different from the ratio metric analysis proposed pre-

viously [8] in terms of the use of the regression coeffi-

cients aHmO and aHmR. The current analysis uses the

regression coefficients aHmO and aHmR derived from the

multiple regression analysis to evaluate the redox state of

heme aa3 in CcO whereas the previous analysis [8] relies

on the ratio of la (605) and la (620). On the other hand,

there are two similarities between the current analysis and

previous one [8]. One is the process for estimating ls0 and
la from the diffuse reflectance Rc and Rs measured by the

reflectance fiber probe system developed by Nishidate

et al. [10]. The other is the use of wavelength-depen-

dences of absorption by both reduced heme aa3 and oxi-

dized heme aa3 to evaluate the redox state of heme aa3 in

CcO.

3 Experiments

Six male Wister rats weighing from 132 to 458 g were

maintained at 27 �C with a 12/12-h dark/light cycle and

allowed food and water ad libitum. Experiments performed

in the present study were approved by the Animal Research

Committee of Tokyo University of Agriculture and Tech-

nology. Rats were anesthetized by intraperitoneal injection

of a mixture of a-chloralose (50 mg/kg) and urethane

(600 mg/kg). After laparotomy was performed by a

transversal incision, the ligaments around the liver lobes

were dissected to mobilize the left lobe. At the same time,

the hepato-duodenal ligament was taped in preparation for

further clamping. Hepatic ischemia was induced by

clamping the hepatic portal (the hepatic artery, the portal

vein, and the bile duct) for 30 min, followed by declamp-

ing. Anoxic condition was induced by nitrogen breathing at

60 min after the onset of reperfusion to sacrifice the rats.

The caudate lobe of the liver was kept as a passage for the

portal blood. The reflectance fiber probe was placed on the

surface of the liver lobe. Measurements of Rc(k) and Rs(k)
were obtained simultaneously in the wavelength range of

from 500 to 800 nm at 30 s intervals for 100 min: oxygen

breathing for 5 min, normal air breathing for 5 min,

ischemia for 30 min, and reperfusion for 60 min. Estima-

tion of ls0(k) and la(k) was performed based on the process

described above. Data are presented as mean ± SD. An

unpaired t test was performed to compare the average

values over the samples between the normal (Air breath-

ing) and the other periods (oxygen breathing, ischemia, and

reperfusion) and P\ 0.05 was considered significant.

4 Results and discussion

Figure 2a shows the typical time courses of OHaa3 during

the period of pre-ischemia (oxygen breathing and air

breathing), ischemia, and reperfusion. Enlarged view of the

part enclosed by a dashed blue square in Fig. 2a is also

shown in Fig. 2b. The average values of OHaa3 averaged

over six samples are averaged over each period and are

summarized in Fig. 3. In the previous study [8], the tissue

oxygen saturation StO2 was rapidly dropped immediately

after the onset of ischemia and was decreased to around

0 % at 1 min after the onset of ischemia. In contrast,

OHaa3 obtained from the proposed method was unchanged

immediately after the onset of ischemia as shown in

Fig. 2b. The value of OHaa3 was significantly decreased at

2 min after the onset of ischemia, representing a reduction

in heme aa3, which is a sign of mitochondrial energy

failure. After 40 min of reperfusion, the value of OHaa3
reverted to the pre-ischemic level. It should be noted that

Opt Rev (2016) 23:354–359 357

123



OHaa3 started gradually decreasing at 2 min after the onset

of ischemia and was not synchronized with the tissue

oxygen saturation. This may be due to the difference in

oxygen affinity between the heme aa3 in CcO and hemo-

globin and corresponds to the relationship between the

relative oxidation state of cytochrome c oxidase with

respect to the relative oxygenation state of hemoglobin

[13]. Hoshi et al. [13] have shown that the redox state of

cytochrome c oxidase was remained unchanged and inde-

pendent of the oxygen state of hemoglobin until the relative

change in oxygen state of hemoglobin decreased to

approximately 40 %. In the range of lower than this level

of the relative change in oxygenation state of hemoglobin,

the cytochrome c oxidase was decreased almost linearly

with the decrease in the oxygen state of hemoglobin. In our

previous report [8], immediately after the onset of ische-

mia, the index of reduction of heme aa3 defined by the ratio

of la(605)/la(620) was rapidly increased and was syn-

chronized with the tissue oxygen saturation StO2. Differ-

ence in the time course between OHaa3 during ischemia

shown in Fig. 2 and la(605)/la(620) reported in the pre-

vious study [8] demonstrates that the proposed method with

OHaa3 is effective in reduction of optical cross talk

between hemoglobin and heme aa3. The average value of

OHaa3 was 0.82 ± 0.03 during oxygen breathing,

0.79 ± 0.02 during normal air breathing before ischemia,

0.75 ± 0.03 during ischemia, and 0.79 ± 0.03 during

reperfusion. The results showed that the current DRS sys-

tem could effectively monitor the reduction of heme aa3 in

CcO resulting from the hepatic occlusion, which reflects

the ischemia-induced microcirculatory dysfunction in the

liver [14, 15]. Liver transplantation would be one useful

clinical application of this technology because an adequate

blood supply and tissue oxygenation of the graft is essential

to its initial functioning [16, 17]. The results of OHaa3
indicate that the method applied in the present study is

reliable and has potential application in the intraoperative

assessment of graft tissue viability.

5 Conclusions

We investigated a method for evaluating the reduced

scattering coefficient, the absorption coefficient, the tissue

oxygen saturation, and the oxidation of heme aa3 in cyto-

chrome c oxidase of in vivo liver tissue using a single-

reflectance fiber probe system. Difference in the time

course between OHaa3 and the conventional ratio metric

analysis with la(605)/la(620) demonstrates that the pro-

posed method could effectively reduce optical cross talk

between hemoglobin and heme aa3. The results of the

present study indicate the potential application of the cur-

rent DRS system in evaluating the oxygen levels and

pathophysiological conditions of in vivo liver tissue. Since

the proposed method can be used to simultaneously eval-

uate changes in hemodynamics, mitochondrial energy
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level, and tissue morphology, this method will be effective

for studying pathophysiological conditions of in vivo liver

tissue. We intend to further extend the proposed method to

monitor tissue viability resulting from liver transplantation.
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