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ORIGINAL ARTICLE

Hepatic blood volume is decreased in patients with cirrhosis and does not
decrease further after a meal like in healthy persons

Michael Sørensena,b,c

aDepartment of Hepatology & Gastroenterology, Aarhus University Hospital, Aarhus, Denmark; bDepartment of Nuclear Medicine & PET,
Aarhus University Hospital, Aarhus, Denmark; cDepartment of Internal Medicine, Viborg Regional Hospital, Viborg, Denmark

ABSTRACT
Background & Aims: The aim was to measure fractional hepatic blood volume (HBV) and hepatic
blood flow (HBF) before and after a meal in patients with cirrhosis (n¼ 7) and healthy persons (n¼ 6).
Methods: Catheters were placed in a radial artery and a hepatic vein for blood sampling and a periph-
eral vein for indocyanine green (ICG) infusion. A 6-min positron emission tomography (PET) liver scan
was performed after inhalation of 1000 MBq 15O-CO and repeated after ingestion of a standard meal.
HBV was calculated as the 15O-CO concentration in liver tissue (PET) divided by that in arterial blood.
HBF was calculated from ICG infusion rate and arterial and hepatic venous blood concentrations
according to Fick’s principle.
Results: Mean fasting HBV was 14mL blood/100mL liver tissue in patients with cirrhosis and 21mL
blood/100mL liver tissue in healthy subjects (p< .01). Mean HBV did not change postprandially in
patients with cirrhosis (13mL blood/100mL liver tissue) but decreased in healthy subjects (17mL
blood/100mL liver tissue; p¼ .02). Mean fasting HBF was 1.5 L blood/min in patients with cirrhosis and
1.1 L blood/min in healthy subjects and increased in both groups of subjects to 1.8 L blood/min.
Conclusions: Fasting HBV was lower in patients with cirrhosis and did not decrease postprandially as
it did in the healthy controls although the HBF increased equally. Patients with cirrhosis thus have a
disturbed hemodynamic response to normo-physiological changes such as a meal.
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Introduction

Although comprising only 2–2.5% of the body weight, the
liver receives 20% of the cardiac output [1] and the splanch-
nic region, including the liver, contains a large blood reser-
voir [2] which is easily mobilized during normo- and
pathophysiological circumstances such as muscle exercise
and hemorrhage [1,3–5]. It is well-known that cirrhosis
causes a hyperdynamic blood circulation and that the prehe-
patic splanchnic and probably also the hepatic vascular
response to systemic changes in blood volume is impaired in
experimental models of cirrhosis [1,3–6]. So far, these fea-
tures have only been sparsely elucidated in patients with cir-
rhosis, but it is likely that the physiological response to e.g. a
meal is disrupted in cirrhosis.

Oxygen-15 labeled carbon monoxide (15O-CO) binds spe-
cifically to erythrocytes and is thus confined to the vascular
volume. Inhalation of 15O-CO can therefore be used to deter-
mine the fractional hepatic blood volume (HBV; mL blood/
mL liver tissue), calculated as the ratio between the concen-
tration of 15O-CO (kBq/mL liver tissue) in liver tissue meas-
ured by a positron emission tomography (PET) and that
measured in peripheral blood samples (kBq/mL blood). Using

this method, Taniguchi et al. found a mean HBV of 20.5mL
blood/100mL liver tissue in healthy human subjects, 18.2mL
blood/100mL liver tissue in patients with chronic hepatitis,
and 16.1mL blood/100mL liver tissue in patients with cirrho-
sis. In a recent 15O-CO PET study, Honka et al. found a minor
decrease in mean HBV in both obese patients and healthy
subjects after a meal [7], but the physiological effects of a
meal on HBV have not been determined in patients with cir-
rhosis. After a meal, there is a substantial increase in splanch-
nic and thus hepatic blood flow [7–10].

In the present study, 15O-CO PET/CT was used to deter-
mine the physiological effects of standard liquid meal on
HBV, HBF, and splanchnic oxygen consumption in both
patients with cirrhosis and healthy controls.

Subjects and methods

Seven patients with alcoholic cirrhosis, verified by liver
biopsy and/or by ultrasound of the liver combined with
laboratory and clinical findings according to standard clinical
practice, and six healthy subjects matched with respect to
age, body weight, and sex, were included in the study. The
patients were recruited from the Outpatient Clinic at
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Department of Hepatology & Gastroenterology, Aarhus
University Hospital, and the healthy controls after replying to
an advertisement in a local newspaper. All subjects gave
written informed consent before entering the study, which
was approved by the Central Denmark Region Committees
on Biomedical Research. No adverse effects were observed to
any of the procedures.

The study started at 8 AM in the morning after an over-
night fast. A Venflon catheter (Becton Dickinson, USA) was
placed in the right median cubital vein for infusion of ICG.
Infusion of ICG was started at least 90min before start of the
experiment to ensure good approximation to steady state
[11]. For blood sampling, an Artflon catheter (Becton
Dickinson, USA) was placed percutaneously in the left radial
artery and a 6 F Torcon Advantage catheter (Cook, Denmark)
was inserted in a hepatic vein via an introducer catheter
placed percutaneously in the right femoral vein. Baseline
hepatic venous pressure gradient (HVPG; mm Hg) was meas-
ured as the difference between the wedged pressure (a
mean of 10 measurements) and the pressure in free position
in the hepatic vein. The position of the tip was verified by
fluoroscopy and injection of X-ray contrast (5–20mL
Omnipaque 240mg I/mL; Nycomed DAK, Denmark).

The subject was studied in supine position in a Siemens
Biograph 64 Truepoint PET/CT camera (Siemens AG,
Germany). A low-dose CT scan, used for definition of ana-
tomical structures and attenuation correction of PET data,
was performed using CareDose (50 mAs per kg, 120 kV, pitch
0.8 slice thickness 5mm). The CT scan was also inspected to
assure that the tip of the hepatic vein catheter had not been
displaced. Just before start of the PET scan, the subject was
asked to exhale and had a plastic tube connected to an in-
house built apparatus placed in the mouth. At the start of
the 6-min PET scan, 1,000 MBq 15O-CO was administered via
the plastic tube while the subject was instructed to inhale.
After administration of the tracer, the plastic tube was
removed, and the subject could breathe normally for the
remaining of the PET recording. The procedure was
rehearsed a few times with atmospheric air before the actual
PET experiments.

PET data were reconstructed using True-X with 4 itera-
tions, 21 subsets, a 336� 336 x 109 matrix, and a 2mm
Gauss filter. The final PET image voxel size was 2� 2 �
2mm3 and a central spatial resolution of 4mm. During the
PET scan, blood was collected from the radial artery and
hepatic vein at time points 1, 2, 3, 4, 5, and 6min for deter-
mination of the time-course of the blood concentrations of
15O-CO in arterial blood (CA; kBq/mL blood) and hepatic ven-
ous blood (CHV; kBq/mL blood) using a Packard well counter
(Perkin Elmer, USA). At time points 0, 2, 4, and 6min, blood
was collected from the radial artery and hepatic vein for
blood-gas analysis (Radiometer, Copenhagen) and determin-
ation of ICG in plasma (Milton Roy Spectronic 601) at 805 nm
and 900 nm and corrected for the blank density of the
plasma [12] and for haematocrit to determine blood concen-
tration of ICG (mmol/L blood).

After the first PET scan, the subject ingested a standard
liquid meal based on egg and milk (500mL; total energy

content 4291 kJ divided equally between protein, fat, and
carbohydrates). The meal was produced by the kitchen at
Aarhus University Hospital on the day of the examination
and was consumed over the time course of 3–7min. After on
average 18min, the 6-min PET scan was repeated with inhal-
ation of 1,000 MBq 15O-CO and blood samples as
described above.

Using the fused PET/CT images, a volume-of-interest (VOI)
was drawn manually in liver tissue in the right liver lobe
yielding a time-activity curve of the time course of the liver
tissue concentration of 15O-CO, Cliver(t) (kBq/mL liver tissue
vs. minutes). Large visible blood vessels were not included in
the VOI.

Calculations

The fractional hepatic blood volume (HBV; Vblood, mL blood/
100mL liver tissue) was calculated from 15O-CO data at
quasi-steady state as:

Vblood ¼ Cliver=CA: Eq. 1

Comparison of 15O-CO concentrations in CA and CHV
showed that there was no loss of tracer in the splanchnic
bed. The mean hematocrit in the liver was assumed to be
the same as that measured in arterial blood.

Hepatic blood flow (HBF, mL blood/min) was calculated
from the infusion rate and plasma concentrations of ICG in
arterial and hepatic venous blood according to Fick’s prin-
ciple of mass conservation and corrected for non-steady
state and individually measured hematocrit [11]. Metabolic
rate of oxygen in the splanchnic region (OMR, mmol oxy-
gen/min).

Statistics

Results between the two groups were compared using
Student’s t-test and changes within a group using the paired
t-test. A p-value < 0.05 was considered to indicate a statistic-
ally significant difference.

Results

One patient had trouble cooperating with inhaling the tracer
and in another patient, the Artflon catheter was displaced
into a vein. Accordingly, complete data included in the ana-
lysis comprised six healthy subjects and five patients with cir-
rhosis although HBV could be calculated in the sixth patient
using venous concentration of 15O-CO. Subject characteristics
and baseline demographic details are given in Table 1.

As shown in Figure 1(A), the mean fasting HBF was not
different between healthy subjects and patients with cirrho-
sis (1.1 L blood/min vs. 1.5 L blood/min, p¼ .12) and it rose
to a mean postprandial value in both groups of subjects of
1.8 L blood/min (p¼ .004 for healthy and p¼ .03 for patients).
The mean increase in healthy subjects was 60% and 20% in
patients with cirrhosis.

As shown in Figure 1(B), the mean fasting HBV was 50%
higher in healthy persons than in patients with cirrhosis
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Table 1. Subject characteristics.

Parameter Healthy subjects Patients with cirrhosis

Female/Male 2/4 2/5
Age (years) 59 (53–65) 53 (44–67)
Child-Pugh Class (A/B/C) N.A. 5/1/0
MELD score N.A. 10 (8–13)
ALAT U/L plasma (normal, 10–70§) 23 (16–42) 34 (23–63)
GGT U/L plasma (normal, 10–75) 27 (12–41) 167 (57–383)�
Bilirubin mmol/L plasma (normal, 5–25) 9 (5–13) 17 (6–34)
Albumin (g/L plasma, 36–45) 39 (36–41) 36 (34–42)
ALP U/L plasma (normal, 35–105) 61 (43–87) 111 (52–144)�
HVPG (mm Hg) 3.5 (0–7.0) 15.1 (7.7–25.5)�
All values are given as mean (range), except sex and Child-Pugh Class [13], which are given as numbers.
MELD, model of end-stage liver disease [14].
N.A.: not applicable; ALAT: alanine transferase (§normal range 10–45 for women, 10–70 for men); GGT: gamma-glutamyl
transferase; ALP: alkaline phosphatase; HVPG: hepatic venous pressure gradient.�p< .05 when compared to healthy subjects.

Figure 1. Paired observations before and after ingestion of a standard liquid meal in healthy subjects and patients with cirrhosis. (A) Hepatic blood flow measured
using indocyanine green (ICG) infusion and Fick’s principle. (B) Hepatic blood volume measured using inhalation of 15O-CO and PET/CT. (C) Metabolic rate of oxy-
gen in the splanchnic bed. (D) Systemic clearance of ICG.
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(20.7mL blood/100mL liver tissue vs. 14.2mL blood/100mL
liver tissue; p¼ .006). HBV decreased after the meal in both
groups of subjects, but only statistically significantly so in
healthy persons (17.4mL blood/100mL liver tissue, p¼ .017
vs. 13.3mL blood/100mL liver tissue, p¼ .371 in cirrhosis).
The postprandial HBV remained significantly lower in
patients with cirrhosis than in healthy subjects (p¼ .041). The
mean reduction in HBV was 15.8% in healthy subjects and
5.8% in patients with cirrhosis.

As shown in Figure 1(C), mean fasting OMR was
2.4mmol/min in healthy subjects and 2.9mmol/min in
patients (p¼ .179). OMR increased similarly in both groups to
a postprandial mean of 3.9mmol/min in healthy subjects
(p¼ .002) and 4.1mmol/min in patients with cirrhosis (p ¼
.008; p¼ .713 vs. healthy subjects). The mean increase in
OMR was 63.3% in healthy subjects and 40.7% in patients
with cirrhosis.

As shown in Figure 1(D), the mean fasting hepatic sys-
temic clearance of ICG was statistically significantly higher in
healthy subjects (0.84 L blood/min) than in patients with cir-
rhosis (0.51 L blood/min; p¼ .046). In healthy subjects, sys-
temic clearance increased statistically significantly after the
meal to mean 1.10 L blood/min (p¼ .006) but was unaffected
in patients with cirrhosis (0.54 L blood/min; p¼ .269 vs. base-
line, p¼ .012 vs. healthy). The mean increase in healthy sub-
jects was 31.4%.

Discussion

The main findings of the present study were that the mean
fasting hepatic blood volume (HBV) in patients with cirrhosis
was clearly lower than in healthy subjects than in healthy
controls and did not decrease postprandially as it did in the
latter group. Mean total hepatic blood flow (HBF) and meta-
bolic rates of oxygen (OMR) were similar in patients with cir-
rhosis and healthy subjects and both increased equally after
ingestion of the meal in accordance with increased meta-
bolic demand of the splanchnic region, including the liver.

The lower mean HBV in patients with cirrhosis is in agree-
ment with the observation by Taniguchi et al. [15] and likely
related to the hyperdynamic blood circulation in cirrhosis [6].
This is supported by the fact that the meal, i.e. the induction
of a normo-physiological hyperdynamic state, caused a
decrease in HBV in healthy subjects to values comparable to
the baseline values in patients, whereas the patients evi-
dently were unable to mobilize more blood from the liver.
The ability to mobilize blood from central organs is an
important physiological response to normo- and patho-
physiological circumstances such as muscular exercise and
hemorrhage [1–5], but the liver’s ability to compensate for a
blood loss was attenuated in bile-duct ligated cats when
compared to sham-operated cats [3]. The present study sup-
ports that the ability of the liver to compensate for a blood
loss is compromised in patients with cirrhosis. Other factors,
like structural changes including sinusoidal capillarization
and displacement of healthy pliant liver tissue by fibrosis as
well as increased tone of the stellate cells, may also play a
role [16].

The second PET-scan was started on average 18min after
ingestion of the meal and the mean increases in HBF and
OMR in the healthy subjects are comparable to the peak
increases found in middle-aged healthy humans [8]. The pre-
sent study was thus performed when the hemodynamic
changes are likely to be most pronounced.

One of the limitations of the study is that the hepatic
venous pressure gradient was not measured during the
second PET study because the subjects were placed in the
PET/CT-camera. Reliable postprandial measurements of HVPG
could not be obtained because the subject had to be moved
out of the scanner which interfered with the measurements
and sometimes caused displacement of the hepatic venous
catheter into the vena cava. A postprandial increase in HVPG
of up to 33% and a decrease in hepatic vascular resistance
of 31% in patients with cirrhosis has been demonstrated by
others [9]. The present results are in accordance with those
observations since an increased blood flow would increase
the vascular pressure. A compensatory decrease in vascular
resistance would allow blood to be mobilized from the liver
and seek to counteract the increased pressure. This is further
supported by the vascular resistance across the liver primar-
ily being post-sinusoidal [17]. The present findings in con-
junction with other studies could thus indicate that normal
hemodynamic changes caused by a meal could induce a risk
for patients with cirrhosis and portal hypertension as the liv-
er’s ability to adjust is ameliorated and the meal itself may
increase the portal pressure. This could potentially increase
the risk of gastric and esophageal varices and thus bleeding.

Li et al found that isolated perfused livers from bile-duct
ligated rats had larger sinusoids and post-sinusoidal venules
than SHAM rats and concluded that the blood volume thus
had to be larger in cirrhosis [5]. That conclusion does not
agree with the present findings or those of Taniguchi et al.
[15], but this is probably because an increased post-sinus-
oidal venule diameter allows blood to be mobilized from the
liver causing a decrease in the blood volume [1,3–6] and not,
as concluded in the original paper by Li et al., an increased
blood volume. It may also, of course, simply be due to spe-
cies differences. In conclusion, the fasting hepatic blood vol-
ume was considerably lower in patients with cirrhosis than in
healthy subjects and did not decrease further postprandially
as it did in healthy subjects. These findings suggest that the
cirrhotic liver has impaired ability to adjust to normo-physio-
logical requirements for re-distribution of blood compart-
ment volumes such as the postprandial increase in
splanchnic blood flow which could represent a risk for
splanchnic congestion, worsened portal hypertension, and
increased risk for variceal bleeds. This raises the question if
the hyperdynamic systemic circulation may be a way for the
body to protect the liver by attempting to mobilize blood
from the central organs and thus lowering the pressure.
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