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Abstract Objective: To study the
relation between the liver tissue
oxygenation index (TOI), transcuta-
neously measured with spatially re-
solved spectroscopy (a new method
of near-infrared spectroscopy or
NIRS), the mixed venous oxygen
saturation and the blood flow in the
different parts of the splanchnic cir-
culation in newborn piglets. Design:
Tissue oxygenation index of the liver
was measured in six newborn piglets
at 33�C, 35�C, 37�C and after a de-
crease in arterial carbon dioxide
pressure (PaCO2). Measurements:
Mixed venous oxygen saturation,
blood gas analysis and peripheral
oxygen saturation were measured at
each step. Gastric, proximal jejunal,
midgut, distal ileal, splenic and he-
patic arterial blood flow were mea-
sured by injection of coloured mi-

crospheres into the left atrium. NIRS
optodes were attached to the skin
over the liver and TOI was calculat-
ed. Results: No significant changes of
TOI of the liver were seen during the
increase in temperature or change in
PaCO2. TOI correlated well with
mixed venous oxygen saturation
(r=0.85), the mid-ileal blood flow
(r=0.57) and the distal ileal blood
flow (r=0.72). Conclusions: Mea-
surement of the TOI of the liver
might be a non-invasive way to
measure the distal ileal blood flow.
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Introduction

Spatially resolved spectroscopy (SRS) measures hae-
moglobin oxygen saturation in a non-invasive way [1, 2].
In contrast to differential near-infrared spectroscopy
(NIRS), this technique yields an absolute value [tissue
oxygenation index (TOI)]. Several reports have described
the transcutaneous measurement of TOI of the liver by
means of NIRO 300 [3, 4, 5]. When measuring the oxy-
genation of the liver, the blood in the total vascular net-
work of the liver will be measured. This vascular network
is supplied by three main vessels. The portal vein drains
the venous blood of the splanchnic system. The hepatic
artery and its branches join the branches of the portal vein

at the level of the sinusoids and are distributed to the same
territory in this way [6]. Seventy-five percent of the
global hepatic blood supply is derived from the portal
vein and 25% from the hepatic artery. Teller et al. [7]
were the first to draw attention to a decrease in TOI of the
liver during feeding in neonates, suggesting that this
could reflect the splanchnic circulation.

To investigate the TOI of the liver, the following hy-
potheses were tested:

1. The TOI of the liver correlates well with the mixed
venous oxygen saturation.

2. The TOI of the liver correlates well with the liver
blood flow.
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3. There is a relation between the splanchnic flow and the
tissue oxygenation of the liver.

The ethical committee for animal work of the KU
Leuven approved the experiment.

Methods

Animal preparation

Newborn piglets (6–36 h of age) were studied. Premedication was
given and intubation with a 3.5 mm ID uncuffed tube was per-
formed. The piglet was fully anaesthetised and ventilated with an
Engstr�m ventilator. Ventilation was started with an extra dead
space between the endotracheal tube and the ventilator circuit.
Peripheral oxygen saturation, ECG and rectal temperature were
measured at the start. Denudation of the right femoral artery was
performed. The probe was placed cutaneously over the liver region
after palpation of the liver. A NIRS patch was placed on the skin
over the anterior liver surface and fixed with a running suture. Left
thoracotomy was performed to insert a left atrial catheter and a
catheter in the pulmonary artery.

Experimental protocol

The experiment was performed in four steps. Firstly, the piglet was
further cooled to 33�C and in the second and third steps rewarmed
to 35�C and 37�C. As a fourth step the extra dead space was re-
moved to achieve a change in arterial carbon dioxide pressure
(PaCO2) without change in minute ventilation. At each step blood
samples (0.2 ml) were taken from the femoral and the pulmonary
arteries, just before the coloured microspheres were injected. Each
blood sample was analysed for PaCO2, arterial oxygen pressure
(PaO2), pH, haemoglobin and the bicarbonate radical HCO3. At
each step polystyrene microspheres of different colours (white,
eosin, blue, violet and yellow) were injected into the left atrium.
The microspheres were injected in a volume of 3 ml over 30 s.
Arterial reference blood was withdrawn from the aorta at a flow
rate of 10 ml/min for 90 s. On termination of the experiment 1 g of
tissue samples were isolated from the brain, the kidney, the liver,

the spleen, the stomach and the proximal, mid- and distal parts of
the jejunum. Organ blood flow was determined by means of the
coloured microspheres content [8, 9, 10].

Near-infrared spectroscopy

Near-infrared spectroscopy NIRO 300 (Hamamatsu, Hamamatsu
City) was used. TOI of the liver was computed with SRS. An inter-
optode distance of 4 cm was used. TOI is calculated according to
the diffusion equation as follows [1, 2]:

kHbO2

kHbO2 þ kHbR
¼ TOI %ð Þ

where k is the constant scattering contribution.
Mean arterial blood pressure (MABP), ECG, pulse rate and pe-

ripheral oxygen saturation were recorded in an analogue way by the
data acquisition system Codas (Dataq Instruments, USA). Since the
NIRS measurements are digital with a sampling rate of 6 Hz, they
were converted to analogue signals with a sample-and-hold function
before their introduction in the Codas system. The mean TOI was
calculated over 1 min, just before the blood sample and before the
injection of microspheres to avoid any interference.

Statistics

Statistica (Statsoft) was used. Repeated measures ANOVA test was
used to assess the change in the different parameters between 33�C
and 35�C and between 35�C and 37�C (steps 1–3). Paired t-tests
were calculated to describe the effects of change in PaCO2 (step 4).
The relationship between variables was assessed using Pearson’s
correlation coefficients (mean, 95% C.I. and p value) over the total
experiment. To correct for the repeated observations, we used the
ANCOVA test [11].

Results

The total procedure was performed in six newborn piglets.
The results for the total experiment are described in Ta-
ble 1. Regarding the oxygenation parameters, we could not

Table 1 Different parameters measured during the increase in temperature

33�C 35�C 37� Base PaCO2 Decreased PCO2

TOI of the liver (%) 52.6 (8.4) 53.8 (8.1) 50.6 (8.1) 49.5 (8) 49.9 (8.8)
Mixed venous saturation (%) 71.8 (16.9) 67 (20.9) 60.8 (18.8) 65.5 (18) 53.6 (19)
Spleen blood flow (ml/100 g per min) 295 (326) 186 (170) 139 (69) 114 (55) 76 (40)
Liver blood flow (ml/100 g per min) 41 (43) 55 (57) 25 (15) 25 (15) 45 (27)
Gastric blood flow (ml/100 g per min) 51 (32) 59 (44) 28 (15) 31 (32) 35 (28)
Proximal jejunal blood flow (ml/100 g per min) 154 (97) 176 (150) 89 (69) 74 (47) 104 (89)
Midgut blood flow (ml/100 g per min) 118 (21) 97 (61) 74 (59) 80 (33) 109 (100)
Distal ileal blood flow (ml/100 g per min) 83 (46) 78 (55) 60 (41) 56 (40) 68 (40)
PaO2 (mmHg) 192.6 (127) 232.3 (118) 210 (106) 211 (106) 222 (118)
PaCO2 (mmHg) 41.7 (14) 43.5 (18.3) 48 (20.9) 49.6 (20) 39 (15)
DPaCO2 �10.8 (€4.1)
MABP (mmHg) 50 (13) 52.2 (12.1) 52.5 (13.5) 52 (12) 49 (15)
Heart rate (bpm) 92.6 (12.1) 98.6 (11.7) 106.3 (15.2) 106.5 (15) 111.8 (15)
Haemoglobin (g/dl) 7.7 (2.4) 7.2 (2.2) 6.5 (1.4) 6.5 (2.1) 6.4 (2.6)

TOI tissue oxygenation index, PaCO2 arterial carbon dioxide pressure, PCO2 carbon dioxide pressure, PaO2 arterial oxygen pressure,
MABP mean arterial blood pressure
Means and standard deviation are given. Values are overall values from all animals (n=6). No significance was found with repeated
measures ANOVA test for change in temperature and with a paired t-test for change in PaCO2
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find a significant change in TOI or the mixed oxygen
saturation during change in temperature or change in
PaCO2. Regarding the organ flow, we found a decrease in
intestinal blood flow at each step of the rewarming pro-
cedure and an increase in intestinal blood flow after the
change in PaCO2. These changes, however, were not
significant. No significant changes were found in PaO2,
PaCO2, MABP or haemoglobin during the rewarming
procedure. During the hypocapnia procedure no signifi-
cant changes in PaO2, MABP or haemoglobin were found.
Although no significant decrease in PaCO2 was seen over
the whole group, DPCO2 was �10.8 mmHg (�6.7 to
�4.8 mmHg).

Table 2 shows the correlation of TOI with the dif-
ferent oxygenation parameters. TOI correlated well with
the mixed venous saturation (r=0.85 and p<0.0001) and
this remained significant after correction with ANCOVA.

The correlation between TOI of the liver and the organ
blood flows is also shown in Table 2. There was a pos-
itive correlation with the flow in the mid portion of the
small bowel (r=0.57 and p=0.01) and this remained sig-
nificant after correction with ANCOVA (Fig. 1). There
was also a positive correlation with the blood flow in the
distal ileum (r=0.72 and p=0.0005) and this remained
significant after correction with ANCOVA. There was no
significant correlation between TOI of the liver and
temperature, PaCO2, MABP and haemoglobin after cor-
rection with ANCOVA.

Discussion

We found a positive correlation between TOI and mixed
venous oxygen saturation, measured in the pulmonary

Table 2 Correlations between
tissue oxygenation index (TOI)
of the liver and the different
parameters measured

Correlation
with TOI over the
total procedure

p value p value after
ANCOVA test

Mixed venous saturation (%) 0.85 <0.0001 <0.0001
Liver blood flow 0.17 0.54 0.11
Spleen blood flow 0.15 0.55 0.17
Gastric blood flow 0.32 0.18 0.10
Proximal jejunal blood flow �0.05 0.83 0.11
Midgut blood flow 0.57 0.01 0.03
Distal ileal blood flow 0.72 0.0005 0.03
Arterial carbon dioxide pressure 0.78 0.008 0.46
Hemoglobin 0.47 0.049 0.93
Temperature �0.11 0.23 0.07
Mean arterial blood pressure 0.54 0.013 0.45

Pearson’s correlation coefficients and p values are given in the first and second columns. Values are
overall values from all animals (n=6). In the third column, p values after correction for the repeated
measurements in different subjects (ANCOVA test) are given

Fig. 1 The scatter plots of the
relation between tissue oxy-
genation index and the distal
ileal blood flow. Nineteen
measurements were performed.
The regression lines are shown
on the graph. Pearson’s corre-
lation coefficient was r=0.72
with p=0.0005 and, after cor-
rection with ANCOVA, p=0.03
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artery. This confirms the studies of Schultz and Weiss,
who described a good correlation between the TOI of the
liver measured with NIRO 300 and the central venous
oxygen saturation measured in the right atrium in children
during cardiac catheterisation [3, 4].

The second hypothesis regarding the relation between
TOI of the liver and the splanchnic circulation could not
be confirmed. Only the blood flow delivered by the he-
patic artery is measured with the coloured microspheres.
The portal vein will not contain coloured microspheres
because they are retained in the intestinal microcircula-
tion. The absent correlation between hepatic arterial blood
flow and TOI confirms the former NIRS studies on the
liver as described by Tokuka et al. [12].

The third hypothesis regarding the relation with in-
testinal blood flow revealed a positive correlation be-
tween the blood flow in the distal ileum and the TOI of
the liver. The start of oxygen supply dependence occurs
earlier in the gut than in the rest of the body [13]. If there
is an important decrease in oxygen delivery while oxygen
consumption remains stable or decreases less, an increase

in oxygen extraction is expected. This will first occur in
the ileum because there is less autoregulation and the
oxygen extraction is less effective compared with the
stomach and the proximal jejunum [14, 15, 16]. The in-
crease in oxygen extraction results in a decrease in venous
mesenteric oxygenation and, consequently, a decrease in
venous portal oxygenation. In this way, the measurement
of TOI of the liver might be a good and early predictor of
intestinal ischaemia. Further larger studies must be per-
formed to confirm this relation before any clinical ap-
plication, like using TOI of the liver as a trend monitoring
for intestinal ischaemia, can be studied.

Acknowledgements The research of Gunnar Naulaers was sup-
ported by FWO: Clinical Doctoral Grant A6/5 – CM. D 11.354. The
research of Sabine Van Huffel was supported by the Belgian Pro-
gramme of Inter-university Poles of Attraction (IUAP Phase V-22)
initiated by the Belgian State, Prime Minister’s Office, Federal
Office for Scientific, Technical and Cultural Affairs, of the Con-
certed Research Action (GOA) projects of the Flemish Government
MEFISTO-666 (Mathematical Engineering for Information and
Communication Systems Technology) and of the IDO/02/009
project (KU Leuven).


