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Abstract
Background and aims—Static and dy-
namic functions of the wall of large arter-
ies are largely unknown in cirrhosis in
vivo. The present study was undertaken to
determine arterial compliance (COMPart)
in relation to vasodilator and vasocon-
strictor systems in patients with cirrhosis.
In addition, vasoactivity was manipulated
by inhalation of oxygen.
Study population and methods—In 20
patients with alcoholic cirrhosis and 12
controls we determined COMPart (stroke
volume relative to pulse pressure), cardiac
output, plasma volume, systemic vascular
resistance, central circulation time,
plasma catecholamines, renin activity,
endothelin-1, and calcitonin gene related
peptide (CGRP) at baseline and during
oxygen inhalation.
Results—COMPart was significantly in-
creased in cirrhotic patients compared
with controls (1.32 v 1.06 ml/mm Hg; p<
0.05) and inversely related to plasma
adrenaline levels (r=−0.53; p<0.02) but
positively related to circulating levels of
CGRP (r=0.58; p<0.01). No significant
relation was found for plasma noradren-
aline, renin activity, or endothelin-1.
COMPart was positively related to plasma
volume (r=0.50; p<0.02) and inversely to
systemic vascular resistance (r=−0.69;
p<0.001) and central circulation time
(r=−0.49; p<0.02). During oxygen inhala-
tion, COMPart decreased (−13%; p<0.005)
and systemic vascular resistance in-
creased (+10%; p<0.001) towards normal
values without significant changes in
mean arterial pressure. Plasma adrena-
line (−16%; p<0.01) decreased and the
relation to COMPart disappeared. The
relation of COMPart to CGRP and circula-
tory variables remained unchanged.
Conclusion—Elevated arterial compliance
in cirrhosis is related to low adrenaline,
high CGRP, and systemic hyperdynamics
but not to indicators of the activated
vasoconstrictor systems (noradrenaline,
renin, endothelin-1). Thus the altered
static and dynamic characteristics of the
wall of large arteries are intimately associ-
ated with circulatory and vasodilatory
derangement in cirrhosis but biomanipula-
tion indicates that the changes are, at least

in part, reversible during isobaric condi-
tions.
(Gut 2001;49:112–118)
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In cirrhosis the circulation is hyperkinetic with
increased cardiac output (CO) and plasma vol-
ume and decreased systemic vascular resist-
ance and arterial blood pressure.1 According to
the “peripheral artery vasodilation hypoth-
esis”, systemic vasodilatation leads to arterial
underfilling and activation of compensatory
vasoactive and homoeostatic mechanisms.2 3

Thus the sympathetic nervous system (SNS),
renin-angiotensin-aldosterone system (RAAS),
and endothelin system (ETS) are activated in
addition to increased neuropituitary release of
vasopressin.4–6 Apart from an abnormal bal-
ance between vasodilatation and vasoconstric-
tion at the arteriolar level, the tonus of larger
arteries may be changed.7–9 Overall arterial
compliance (that is, change in luminal arterial
volume relative to change in transmural arterial
blood pressure), a variable of clinical signifi-
cance in cardiovascular disease, can be assessed
as stroke volume relative to pulse pressure.10 11

Determined thus, we recently reported that
arterial compliance was increased in patients
with decompensated cirrhosis,12 a finding that
would indicate changes in static arterial wall
composition or dynamic changes in smooth
muscle tone, and we hypothesised a relation to
elevated circulating levels of the vasodilator
calcitonin gene related peptide (CGRP).12

The relation between arterial compliance,
powerful vasoconstrictor systems (SNS,
RAAS, ETS), and haemodynamics is unknown
in patients with cirrhosis, and there are no
reports on isobaric manipulation of arterial
compliance in these patients. Hence the
present study was undertaken to determine
variation in arterial compliance with circulat-
ing levels of catecholamines, renin, and
endothelin-1, and also to establish a relation
with CGRP. Moreover, we manipulated vascu-
lar tonus by inhalation of oxygen to evaluate

Abbreviations used in this paper: COMPart, arterial
compliance; CGRP, calcitonin gene related peptide;
CO, cardiac output; SNS, sympathetic nervous system;
RAAS, renin-angiotensin-aldosterone system; ETS
endothelin system.
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potential dynamic changes in relation to circu-
lating levels of vasoactive substances.

Patients and methods
STUDY POPULATION

The study population comprised 20 patients
with cirrhosis referred for haemodynamic
investigation in order to diagnose and quantify
portal hypertension. All patients had biopsy
proven cirrhosis. The age range was 34–67
years (mean 51). All had a history of alcohol
abuse (that is, consumption exceeding 50 g/day
for more than five years). None had experi-
enced recent gastrointestinal bleeding or had
encephalopathy greater than grade I. All
patients abstained from alcohol and had no
withdrawal symptoms at the time of the study.
According to the modified Child-Turcotte
classification, five were class A patients, six
class B, and nine class C. Clinical and
biochemical characteristics are summarised in
table 1. None of the patients had signs of heart
failure, diabetes, cancer, or other major dis-
ease. Ultrasonography showed ascites in 12
patients and they received diuretics (spironol-
actone 100 mg and furosemide 40–80 mg/day)
and were started on a sodium restricted diet of
40 mmol/day. None of the patients received any
cardiovascular or vasoactive medication. The
diet of the eight patients without fluid retention
was not restricted.

The control group comprised 12 patients
undergoing diagnostic catheterisation for sus-
picion of intestinal ischaemia, although uncon-
firmed. The final diagnoses were irritable
bowel syndrome, post-cholecystectomy pain,
and fatty liver. Age range was 32–76 years
(mean 53).

All subjects consented to participate in the
study which was approved by the ethics
committee for medical research in Copenha-
gen (Jr No: V.100.2085-01.137/0). No compli-
cations or side eVects were encountered during
the study.

CATHETERISATION

Patients and controls underwent liver vein
catheterisation which was performed in the
morning after an overnight fast and at least one
hour in the supine position, as described previ-
ously.13 14 In brief, a Cournand catheter (7F) or
Swan-Ganz catheter (7F) was guided under
local anaesthesia into the right hepatic veins

and right atrium through the femoral venous
route under fluoroscopic control. A small in-
dwelling polyethylene catheter (5F) was intro-
duced by the Seldinger technique into the
femoral artery with its tip at the aortic bifurca-
tion.

Pressures were measured with a capacitance
transducer (Simonsen and Weel, Copenhagen,
Denmark), as previously described.15 The
midaxillary line was taken as zero pressure
level. Wedged to free hepatic vein pressure was
determined in diVerent vessels and the mean
values of repeated measurements were used.

Systolic arterial blood pressure was determined
as the average of maximum blood pressure over
20–30 seconds, and diastolic arterial blood pres-
sure as the minimum pressure. Pulse pressure—
that is, systolic minus diastolic blood
pressure—was measured as the average ampli-
tude of the oscillating pressure over 20–30 sec-
onds. Mean arterial blood pressure was deter-
mined independently by electronic integration
of the pressure signal and referred to an exter-
nal water column as reference.12 15 The fre-
quency characteristics and reliability of the
dynamic intravascular pressure measurements,
including determination of systolic, diastolic,
and pulse pressures, have previously been
evaluated in this set up.15

Arterial compliance (COMPart ml/mm Hg) was
assessed as stroke volume divided by pulse
pressure, as described in detail elsewhere.11 12

Stroke volume was determined as CO divided
by heart rate; CO was measured by the indica-
tor dilution technique after bolus injection of
150 KBq of 125I labelled human serum albumin
(Institute of Energy Technique, Kjeller, Nor-
way) followed by automatic arterial sampling,
and heart rate was assessed by ECG.16

Plasma volume was determined by another
indicator, independent of 125I indicator CO
determination. Quantitative injection of
1 MBq 99mTc labelled human serum albumin
(Vasculocis, CIS Bio International, Grif-Sur-
Yvette, France) was given into the right atrium,
followed by automatic arterial sampling for 60
seconds and a sample after 10 minutes, as pre-
viously described.16 Systemic vascular resistance
(dyn s/cm5) was determined as 80×(mean arte-
rial pressure minus right atrial pressure)
divided by the additionally measured cardiac
output (CO by the 99mTc indicator), pressures
being expressed in mm Hg and CO as l/min.

Table 1 Clinical and biochemical data in control subjects and in patients with cirrhosis

Controls (n=12) Cirrhosis (n=20) p Value

Age (y) 52.6 (4.3) [32–76] 51 (2.3) [34–67] NS
Sex (M/F) 8/4 13/7 NS
Body height (cm) 169 (3.3) [150–193] 171 (2.0) [157–190] NS
Body weight (kg) 67 (5.9) [40–115] 70 (3.8) [49–115] NS
Child-Turcotte (A/B/C) 5/6/9
Haemoglobin (mmol/l, 7.5–10.9)† 8.8 (0.5) [7.1–10.5] 7.3 (0.3) [5.3–9.2] <0.05
S-albumin (µmol/l, 540–800) 609 (28) [524–685] 456 (20) [295–670] <0.01
S-aspartate aminotransferase (U/l, 10–40) 23 (3) [14–31] 96 (17) [23–357] <0.01
S-bilirubin (µmol/l, 2–17) 11 (3) [5–21] 53 (12) [5–201] <0.01
S-alkaline phosphatase (U/l, 50–275) 234 (39 [134–364] 598 (168) [132–3585] <0.01
Coagulation factors 2, 7, 10 1.02 (0.08) [0.72–1.30] 0.63 (0.05) [0.24–1.13] <0.01

(index, 0.70–1.30)
S-Na (mmol/l, 136–146) 141 (1) [137–144] 134 (1) [125–141] <0.01
S-creatinine (µmol/l, 49–121) 79 (9) [48–104] 76 (50) [45–678] NS

Values are mean (SEM) [range].
†Unit and reference interval.
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Central circulation time was determined as the
weighted time average of the 99mTc indicator
dilution curve, as described elsewhere.16 17

BIOCHEMICAL ANALYSIS

Routine biochemical tests were performed in
an autoanalyser (SMAC; Technicon Instru-
ments, Tarrytown, New York, USA). Data on
bioactive substances have been published in
part.14

Analysis of CGRP was performed by radio-
immunoassay, as previously described.14 18 The
detection limit was 1 pmol/l, and intra- and
interassay coeYcients of variation were 4% and
7%, respectively. Noradrenaline and adrenaline
were determined by high performance liquid
chromatography, as previously described.14 19

The detection limit was 10 pg/ml, and intra-
and interassay coeYcients of variation were less
than 9% for both analyses. Plasma renin activity

was determined by an assay involving genera-
tion of angiotensin I, as described elsewhere.14

The detection limit was 4 nU/l, and intra- and
interassay coeYcients of variation were 9% and
10%, respectively. Measurement of endothelin-1
was performed by radioimmunoassay, as de-
scribed previously.14 20 The detection limit was
0.6 pg/ml, and intra- and interassay coeYcients
of variation were 5% and 8%, respectively.

Arterial oxygen saturation and tension and car-
bon dioxide tension were measured by an ABL
300 blood gas analyser and OSM-2 hemoxime-
ter (Radiometer, Copenhagen) as described
elsewhere.14

PROTOCOL

Baseline values of COMPart, arterial blood
pressure, heart rate, stroke volume, CO,
systemic vascular resistance, plasma volume,
and wedged to free hepatic venous pressure

Table 2 Haemodynamics and circulating vasoactive substances in controls and in patients with cirrhosis

Controls (n=12) Cirrhosis (n=20) p Value

COMPart (ml/mm Hg) 1.06 (0.09) [0.00–1.5] 1.32 (0.10) [0.5–2.2] 0.03
Arterial blood pressure

Systolic (mm Hg) 144 (7) [90–185] 139 (5) [103–175] NS
Diastolic (mm Hg) 72 (3) [56–85] 61 (2) [48–80] <0.01
Pulse pressure (mm Hg) 73 (5) [30–100] 78 (4) [44–105] NS
Mean (mm Hg) 100 (4) [78–115] 88 (3) [68–120] 0.02

CO (l/min) 5.74 (0.44) [2.7–7.9] 7.48 (0.37) [4.34–9.96] <0.01
Heart rate (beat/min) 75 (4) [50–96] 79 (3) [56–108] NS
Stroke volume (ml) 77 (5) [39–101] 97 (6) [60–141] <0.04
Plasma volume (l) 2.89 (0.17) [2.10–3.95] 3.82 (0.19) [2.47–5.39] <0.005

(ml/kg) 45 (3) [31–64] 55 (2) [41–70] <0.01
Arterial O2 saturation (%) 98.2 (1.5) [95–100] 97.0 (1.1) [94–99] NS
Arterial O2 tension (kPa) 11.1 (0.56) [9.2–13] 11.0 (0.33) [5.7–15] NS
Arterial CO2 tension (kPa) 5.10 (0.18) [4.5–5.8] 4.34 (0.13) [3.4–5.2] <0.005
Wedged to free hepatic vein pressure (mm Hg) 3.4 (1.0) [2–6] 17 (1.5) [5–27] <0.001
Plasma noradrenaline (nmol/l) 371 [133–663] 660 (79) [60–1215] <0.02
Plasma adrenaline (nmol/l) 94 [24–199] 177 (23) [46–503] <0.01
Plasma renin activity (U/l) 33 [6–59] 656 (273) [4–4813] <0.0001
Plasma endothelin 1 (pg/ml) 1.5 [0.8–2.1] 7.3 (1.1) [4.3–21.4] <0.0001
Plasma CGRP (pmol/l) 37 [24–50] 142 (46) [28–944] <0.0001

Mean (SEM) [range].
COMPart, arterial compliance; CGRP, calcitonin gene related peptide; CO, cardiac output.

Figure 1 (A) Arterial compliance (COMPart ), and arterial oxygen (pO2 ) and carbon dioxide (pCO2 ) tensions, and (B)
systemic vascular resistance (SVR) in patients with cirrhosis during baseline conditions and oxygen inhalation. Values are
mean (SEM).
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were determined while subjects breathed room
air. Blood samples for oxygen and carbon diox-
ide tension, and vasoactive peptides and
amines were collected from the femoral artery.

As oxygen alters haemodynamics and modi-
fies release of vasoactive substances,14 an
oxygen mask was subsequently placed over the
nose and mouth, and oxygen was inhaled for
one hour. At the end of this period, the above
measurements were repeated.

STATISTICAL EVALUATION

Data are expressed as mean (SEM). Statistical
analysis was performed by the unpaired/paired
Student’s tests or Mann-Whitney/Wilcoxon
rank tests where appropriate. Correlation
analysis between independent variables was
performed with the Pearson regression test
(method of least squares) or by the Spearman
rank correlation test; p<0.05 was considered
significant.

Results
BASELINE (ROOM AIR)
Haemodynamic results are summarised in
table 2. COMPart was significantly increased in
patients with cirrhosis compared with controls
(1.32 v 1.06 ml/mm Hg; p<0.05).

Mean arterial blood pressure, diastolic pres-
sure, and systemic vascular resistance were sig-
nificantly decreased in patients with cirrhosis.

CO, stroke volume, plasma volume, circulating
CGRP, adrenaline, noradrenaline, renin activ-
ity, and endothelin-1 were significantly in-
creased.

OXYGEN INHALATION

As illustrated in fig 1, a highly significant
decrease (−13%; p<0.005) in COMPart was
observed during oxygen inhalation whereas
systemic vascular resistance increased (+10.%;
p<0.001). Significant changes in CO (−12%;
p<0.005) and stroke volume (−8%; p<0.05)
were found but arterial blood pressure was
unchanged (+1%; ns).

No significant change was observed in circu-
lating CGRP or endothelin-1 levels during
oxygen inhalation. A borderline significant
decrease was seen in plasma renin activity
(−18%; p=0.07), and circulating adrenaline
and noradrenaline decreased significantly
(−16% (p<0.01) and −13% (p<0.02), respec-
tively).

RELATION BETWEEN COMPart AND

VASODILATORS/VASOCONSTRICTORS

During baseline conditions, a significant in-
verse correlation was found between COMPart

and plasma adrenaline (r=−0.53; p<0.02) but
this disappeared during oxygen inhalation (see
table 3). No significant relation was found
between systemic vascular resistance and
plasma adrenaline (r=−0.05; ns). No signifi-
cant correlations were established between
COMPart on the one hand and circulating nor-
adrenaline, renin activity, and endothelin-1 on
the other. Oxygen inhalation did not change
the absence of significant relations between
COMPart and these vasoconstrictors. As illus-
trated in fig 2 and table 3, a significant positive
relation was found between COMPart and
circulating CGRP (r=0.58; p<0.01), and this
relation continued during oxygen inhalation
(r=0.47; p<0.01).

RELATION TO HAEMODYNAMICS

A positive relation was found between COMPart

and an independent determination of plasma

Table 3 Correlations between arterial compliance (COMPart ) and vasoactive substances
in patients with cirrhosis breathing room air and oxygen (O2 )

Room air (r) p Value O2 (r) p Value

COMPart versus
Plasma noradrenaline −0.20 NS −0.08 NS
Plasma adrenaline −0.53 <0.02 −0.28 0.09
Plasma renin activity 0.16 NS 0.29 NS
Plasma endothelin-1 −0.27 NS −0.05 NS
Plasma CGRP 0.58 <0.01 0.47 <0.01

r, correlation under baseline conditions (room air) and O2 inhalation; CGRP, calcitonin gene
related peptide.

Figure 2 Relation between circulating levels of calcitonin
gene related peptide (CGRP) and arterial compliance
(COMPart) in patients with cirrhosis during baseline
conditions (filled symbols) and oxygen inhalation (open
symbols). Child, Child-Turcotte class A, B, and C
(baseline: r=0.58; p<0.01; +oxygen: r=0.47, p<0.01). The
cross indicates normal mean (SD) value.
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volume (r=0.50; p<0.02), and this remained
during oxygen inhalation (fig 3).

A highly significant inverse relation was
found between COMPart and systemic vascular
resistance (r=−0.69; p<0.001) and this re-
mained during oxygen inhalation (fig 4).

As illustrated in fig 5, COMPart was inversely
related to central circulation time (r=−0.49;
p<0.02). No change was seen during oxygen
inhalation.

COMPart and portal pressure, as determined
by wedged to free hepatic vein pressure, were
not significantly related.

Discussion
The present study shows that: (1) elevated
arterial compliance (COMPart) in cirrhosis is
inversely related to circulating adrenaline but
not to indicators of the potent vasoconstrictor
systems (noradrenaline (SNS), renin activity
(RAAS), and endothelin-1 (ETS)); (2) oxygen
inhalation almost normalises COMPart and
increases systemic vascular resistance with a
significant inverse relation between compliance
and resistance without changes in mean

arterial blood pressure; (3) increased COMPart

is significantly related to indicators of circula-
tory hyperdynamics (plasma volume, central
circulation time); and (4) a direct relation with
elevated circulating levels of CGRP is con-
firmed.

The concept of arterial compliance is
complex21 22 and wall characteristics of large
and small arteries may be diVerent.23 In the last
few years attention has focused on large artery
mechanics in cardiovascular disease and disor-
ders with changes in arterial blood pressure.10

Arterial compliance is an important determi-
nant of afterload which is likely to add to our
understanding of the coupling between the
heart and arterial system.21 22 Moreover,
measurement of arterial compliance can be
performed in vivo. Most investigations on large
vessels have hitherto been performed in
experimental cirrhosis and in in vitro
settings.7–9

Compliance can be determined in a specific
segment of the arterial tree or as total arterial
compliance.21–24 It has recently been substanti-
ated in a large population group that an index
of total arterial compliance can be derived as
the ratio between stroke volume and pulse
pressure,11 as applied in the present study,
where COMPart in the main reflects compliance
of large arteries.12

An inverse relation between COMPart and
circulating adrenaline was found in the present
study. Adrenaline is a hormone which acts as a
vasoconstrictor at high plasma concentrations
but at lower concentrations it may have both
vasodilatory and vasoconstrictive properties in
diVerent vessels.25 This may obscure an integral
reaction and accordingly we did not find any
relation to systemic vascular resistance. How-
ever, large arteries may react more uniformly to
this circulating hormone. As vascular areas dif-
fer in their sensitivity to vasoactive
substances,26–29 a diVerent relationship between
COMPart and adrenaline and locally acting
vasoconstrictors, such as noradrenaline and
endothelin-1, may be expected, but other
explanations such as post-receptor defects and
opposing eVects of local vasodilators should
also be considered.30–32

No relation was found between circulating
levels of plasma noradrenaline, renin activity,
and endothelin-1 on the one hand and
COMPart on the other. These amine/peptides
are indicators of potent vasoconstrictor sys-
tems. In vitro measurements, animal experi-
ments, and clinical investigations suggest that
increased SNS activity and activation of the
RAAS and ETS may modulate the tonus of
large arteries with increasing stiVness.33–35 Thus
the cold pressor test and mental stress, which
enhance SNS activity, were followed by a
decrease in arterial compliance.36 In cirrhosis,
it is well established that especially in decom-
pensated patients, SNS activity is enhanced
and RAAS is overactivated.4–6 However, our
patients had increased and not decreased
COMPart, and no relation was found between
these indicators of the vasoconstrictor systems
and COMPart or systemic vascular resistance.
This suggests defective vascular reactivity (or a

Figure 4 Relation between systemic vascular resistance
(SVR) and arterial compliance (COMPart) (baseline:
r=−0.69; p<0.001; +oxygen: r=−0.67; p<0.001). Symbols
as in fig 2.
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pronounced counterbalancing eVect of vasodi-
lating substances—for example, nitric oxide,
CGRP), not only at the arteriolar level but also
of the wall of large arteries which indicates
abnormal static and dynamic characteristics of
large arteries in patients with cirrhosis.

The present finding of a direct relation
between high COMPart and elevated circulating
CGRP confirms earlier findings in other
patients with cirrhosis from our laboratory.12

CGRP is a powerful vasodilator37 38 and it is
conceivable that it works together with nitric
oxide, adrenomedullin, glucagon, prostagland-
ins, and others in splanchnic and peripheral
vasodilation in cirrhosis.39–41 Apart from relaxa-
tion at the arteriolar level, the present and ear-
lier findings of a relation between COMPart and
this vasodilator peptide may suggest that
CGRP also plays a role in modulation of large
vessel tonus,12 and this view is supported by
recent animal experiments.42 43 Relations to
other vasodilators must await further investiga-
tions.

It has been shown in normal subjects and
patients with diVerent diseases that COMPart

has a non-linear relation to the level of arterial
blood pressure.21–23 44 45 However, the present
change in COMPart during oxygen inhalation
was not related to any change in transmural
blood pressure level (isobaric condition) or to
changes in circulating CGRP or endothelin.
The observed decrease in adrenaline may not
contribute to decreased COMPart, unless it is
assumed that adrenaline has a vasodilatory
eVect on the large arteries in cirrhosis.
However, hypoxia is a strong vasodilatory
stimulus in itself. Inhalation of oxygen may
improve tissue oxygen tension in patients with
cirrhosis and thereby arteriolar contraction,
and thus contribute to normalisation of other-
wise low systemic vascular resistance.46–48 A
similar mechanism is possible in large arteries,
especially if tissue released vasodilators escape
the pulmonary circulation into the systemic
arterial tree. It is well established that carbon
dioxide tension can also modulate vascular
tension and sympathetic nervous tone.49 How-
ever, this mechanism is unlikely to be of major
importance as no significant change was
observed in arterial carbon dioxide tension
during oxygen inhalation. Coupling between
COMPart and systemic vascular resistance was
rather strong and remained after manipulation
of both variables (fig 4). This may suggest a
common genesis of arteriolar dilatation and
altered wall characteristics of the arterial tree in
cirrhosis. However, these aspects need further
investigation.

COMPart was directly related to indicators of
the hyperkinetic circulation—that is, plasma
volume and central circulation time. As
COMPart was determined from indicator
measurement of radioiodinated albumin, a
pseudo correlation might be present if plasma
volume and central circulation time were
determined by the same indicator. We there-
fore used an independent technique by injec-
tion of 99mTc labelled albumin to determine
separately plasma volume and central circula-
tion time. Consequently, the present finding of

significant relations is based on statistical
analysis of independent variables. Most plasma
is located in smaller and larger veins.50 Thus it
is not evident that the size of the plasma
volume bears a relation to arterial wall charac-
teristics. On the other hand, high arterial com-
pliance may contribute to baroreceptor activa-
tion of sodium-water retention which may
increase plasma volume.50 51 A short central
circulation time is a prognostic variable in cir-
rhosis and indicates abnormal distribution of
the circulating medium with a small central
and arterial blood volume relative to CO.17 52

Low systemic vascular resistance and splanch-
nic fistulas may divert arterial blood to the
venous side, and this may also contribute to the
observed increase in COMPart, as it is well
established that diminished filling of the
arterial tree increases compliance.21 22 53 54

In conclusion, arterial compliance is elevated
in cirrhosis and related to low adrenaline, high
circulating CGRP, and to indicators of sys-
temic hyperdynamics (plasma volume, sys-
temic vascular resistance, central circulation
time) but not to indicators of the potent vaso-
constrictor systems (noradrenaline (SNS),
renin activity (RAAS), endothelin-1 (ETS)).
The altered static and dynamic characteristics
of the wall of large arteries are thus closely
associated with circulatory and vasodilatory
derangement in cirrhosis but biomanipulation
indicates that the changes are, at least in part,
reversible during isobaric conditions.

This study was supported by the John and Birthe Meyer Foun-
dation, the Tode Foundation, and a research grant by the H:S
(Copenhagen Hospital Corporation) Research Foundation.
The authors are grateful to Ms Hanne B Hansen, Master of Sci-
ence, for handling of the database, to Alice Rudbøl for technical
assistance, and to Ms Bente Henriksen for secretarial assistance.

1 Groszmann RJ. Hyperdynamic circulation of liver disease 40
years later. Pathophysiology and clinical consequences.
Hepatology 1994;20:1359–63.

2 Schrier RW, Arroyo V, Bernardi M, et al. Periperal artery
vasodilation hypothesis. A proposal for the initiation of
renal sodium and water retention in cirrhosis. Hepatology
1988;5:1151–7.

3 Arroyo V, Gines P. Arteriolar vasodilation and the
pathogenesis of the hyperdynamic circulation and renal
sodium and water retention in cirrhosis. Gastroenterology
1992;102:1077–9.

4 Henriksen JH, Møller S, Ring-Larsen H, et al. The
sympathetic nervous system in liver disease. J Hepatol
1998;29:328–341.

5 Bernardi M, Trevisani F, Gasbarrini A, et al. Hepatorenal
disorders. Role of the renin-angiotensin-aldosterone sys-
tem. Semin Liver Dis 1994;14:23–34.

6 Møller S, Henriksen JH. Endothelins in chronic liver
disease. Scand J Clin Lab Invest 1996;56:481–90.

7 Murray BM, Paller MS. Decreased pressor reactivity to
angiotensin II in cirrhotic rats. Evidence for a post receptor
defect in angiotensin action. Circ Res 1985;57:424–31.

8 Karatapanis S, McCormick PA, Kakad S, et al. Alteration in
vascular reactivity in isolated aortic ring from portal
vein-constricted rats. Hepatology 1994;20:1516–21.

9 Moreau R, Komichi H, Kistetter P, et al. Altered control of
vascular tone by adenosine triphosphate-sensitive potas-
sium channels in rats with cirrhosis. Gastroenterology 1994;
106:1016–23.

10 Stefanadis C, Dernellis J, Tsiamis E, et al. Aortic stiVness as
a risk factor for recurrent acute coronary events in patients
with ischaemic heart disease. Eur Heart J 2000;21:390–6.

11 De Simone G, Roman MJ, Daniels SR, et al. Age-related
changes in total arterial capacitance from birth to maturity
in a normotensive population. Hypertension 1997;29:1213–
17.

12 Henriksen JH, Møller S, Schifter S, et al. Increased arterial
compliance in decompensated cirrhosis. J Hepatol 1999;31:
712–18.

13 Henriksen JH, Ring-Larsen H, Kanstrup I-L, et al. Splanch-
nic and renal elimination and release of catecholamines in
cirrhosis: evidence of enhanced sympathetic nervous activ-
ity in patients with cirrhosis. Gut 1984;25:1034–43.

14 Møller S, Becker U, Schifter S, et al. EVect of oxygen inha-
lation on systemic, central, and splanchnic haemodynamics
in cirrhosis. J Hepatol 1996;25:316–28.

Arterial compliance in cirrhosis 117

www.gutjnl.com

 on D
ecem

ber 1, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gut.49.1.112 on 1 July 2001. D
ow

nloaded from
 

http://gut.bmj.com/


15 Møller S, Winberg N, Henriksen JH. Noninvasive 24-hour
ambulatory arterial blood pressure monitoring in cirrhosis.
Hepatology 1995;22:88–95.

16 Henriksen JH, Bendtsen F, Sørensen TIA, et al. Reduced
central blood volume in cirrhosis. Gastroenterology 1989;97:
1506–13.

17 Møller S, Bendtsen F, Christensen E, et al. Prognostic vari-
ables in patients with cirrhosis and oesophageal varices
without prior bleeding. J Hepatol 1994;21:940–6.

18 Bendtsen F, Schifter S, Henriksen JH. Increased circulating
calcitonin gene-related peptide (CGRP) in cirrhosis. J
Hepatol 1991;12:118–23.

19 Szabo B, Schultheiss A. Desipramine inhibits sympathetic
nerve activity in the rabbit. Naunyn Schmiedbergs Arch
Pharmacol 1990;342:469–76.

20 Møller S, Emmeluth C, Henriksen JH. Elevated circulating
plasma endothelin-1 concentrations in cirrhosis. J Hepatol
1993;19:285–90

21 Stergiopulos N, Meister J-J, Westerhof N. Evaluation of
methods for estimation of total arterial compliance. Am J
Physiol 1985;268:H1540–8.

22 Karakawa M, Igarashi K. A mathematical approach to cardio-
vascular disease. Mechanics of blood circulation. Tokyo: Koku-
seido Publishing Ltd, 1998:1–40.

23 Kelly R, Hayward C, Avolio A, et al. Noninvasive
determination of age-related changes in the human arterial
pulse. Circulation 1989;80:1652–9.

24 Defares JG, Wise ME. Theory of the measurement of arte-
rial compliance in humans. Bull Math Biol 1973;35:237.

25 Priest RM, Hucks D, Ward JP. Noradrenaline, beta-
adrenoceptor mediated vasorelaxation and nitric oxide in
large and small pulmonary arteries of the rat. Br J Pharma-
col 1997;122:1375–84.

26 La M, Reid JJ. Endothelin-1 and the regulation of vascular
tone. Clin Exp Pharmacol Physiol 1995;22:315–23.

27 Wu Zy, Benoit JN. Altered vascular norepinephrine
responses in portal hypertensive intestine: role of PKA and
guanylate cyclase. Am J Physiol 1997;272:G831–7.

28 O’Halloran DJ, Bloom SR. Calcitonin gene-related peptide.
BMJ 1991;302:739–40.

29 McNicol PL, Li G, Shulkes A, et al. Vasoactive intestinal
peptide and calcitonin gene-related peptide levels and
hemodynamics during human liver transplantation. Trans-
plant Proc 1993;25:1830–1.

30 LaY G, Lagi A, Cipriani M, et al. Impaired cardiovascular
autonomic response to passive tilting in cirrhosis with
ascites. Hepatology 1996;24:1063–7.

31 Bomzon A. Vascular reactivity in liver disease. In: Bomzon
A, Blendis AM, eds. Cardiovascular complication of liver dis-
ease. Boca Raton: CRC Press, 1990:207–24.

32 MacGilchrist AJ, Sumner D, Reid JL. Impaired pressor
reactivity in cirrhosis: evidence for a peripheral vascular
defect. Hepatology 1991;13:689–94.

33 Newby DE, Jalan R, Masumori S, et al. Peripheral vascular
tone in patients with cirrhosis: role of the renin-angiotensin
and sympathetic nervous systems. Cardiovasc Res 1998;38:
221–8.

34 Kirstetter P, Moreau R, Soupison T, et al. Role of
sympathetic cardiovascular tone in control of arterial pres-
sure in rats with cirrhosis. Liver 1996;16:263–6.

35 Haynes WG, Ferro CJ, Okane KPJ, et al. Systemic endothe-
lin receptor blockade decreases peripheral vascular resist-
ance and blood pressure in humans. Circulation 1996;93:
1860–70.

36 Hjemdahl P, Freyschuss U, Juhlin-Dannfelt A, et al. Plasma
catecholamines and mental stress. In: Christensen NJ,
Henriksen O, Lassen NA, eds. The sympathoadrenal system.
Physiology and pathophysiology. Copenhagen: Munksgaard,
1986:237–248.

37 Hori N, Okanoue T, Sawa Y, et al. Role of calcitonin gene-
related peptide to systemic vasodilatation and central
hypovolaemia in cirrhosis. J Hepatol 1997;26:1111–19.

38 Møller S, Bendtsen F, Schifter S, et al. Relation of calcitonin
gene-related peptide to systemic vasodilatation and central
hypovolaemia in cirrhosis. Scand J Gastroenterol 1996;31:
928–33.

39 Martin PY, Gines P, Schrier RW. Mechanisms of disease:
Nitric oxide as a mediator of hemodynamic abnormalities
and sodium and water retention in cirrhosis. N Engl J Med
1998;339:533–41.

40 Amuchastegui CS, Remuzzi G, Perico N. Calcitonin
gene-related peptide reduces renal vascular resistance and
modulates ET-1-induced vasoconstriction. Am J Physiol
1994;36:F839–44.

41 Niederberger M, Gines P, Martin PY, et al. Comparison of
vascular nitric oxide production and systemic hemodynam-
ics in cirrhosis versus prehepatic portal hypertension in
rats. Hepatology 1996;24:947–51.

42 MuV R, Leuthauser K, Buhlmann N, et al. Receptor activity
modifying proteins regulate the activity of a calcitonin
gene-related peptide receptor in rabbit aortic endothelial
cells. FEBS Lett 1998;441:366–8.

43 Yoshimoto R, Mitsui-Saito M, Ozaki H, et al. EVects of
adrenomedullin and calcitonin gene-related peptide on
contractions of the rat aorta and porcine coronary artery.
Br J Pharmacol 1998;123:1645–54.

44 Saba PS, Roman MJ, Ganau A, et al. Relationship of eVec-
tive arterial elastance to demographic and arterial charac-
teristics in normotensive and hypertensive adults. J Hyper-
tens 1995;13:971–7.

45 Vaitkevicius PV, Fleg JL, Engel JH, et al. EVects of age and
aerobic capacity in arterial stiVness in healthy adults. Circu-
lation 1993;88:1456–62.

46 Abrams GA, Nanda NC, Dubovsky EV, et al. Use of macro-
aggregated albumin lung perfusion scan to diagnose hepat-
opulmonary syndrome: A new approach. Gastroenterology
1998;114:305–10.

47 Rodriguez-Roisin R, Barbera JA. Hepatopulmonary
syndrome: Is NO the right answer? Gastroenterology
1997;113:682–4.

48 Koshy A, Moreau R, Cerini R, et al. EVects of oxygen inha-
lation on tissue oxygenation in patients with cirrhosis. J
Hepatol 1989;92:240–5.

49 Rothe CF, Stein PM, MacAnespie CL, et al. Vascular
capacitance responses to severe systemic hypercapnia and
hypoxia in dogs. Am J Physiol 1985;249:H1061–9.

50 Møller S. Systemic haemodynamics in cirrhosis and portal
hypertension with focus on vasoactive substances and
prognosis. Dan Med Bull 1998;45:1–14.

51 Di Bona GF, Kopp U. Neutral control of renal function.
Physiol Rev 1997;77:75–197.

52 Colombato LA, Albillos A, Groszmann J. The role of central
blood volume in the development of sodium retention in
portal hypertensive rats. Gastroenterology 1996;110:193–8.

53 Vauthey JN, Tomczak RJ, Helmberger T, et al. The
arterioportal fistula syndrome: clinicopathologic features,
diagnosis, and therapy. Gastroenterology 1997;113:1390–
401.

54 Taourel P, Blanc P, Dauzat M, et al. Doppler study of
mesenteric, hepatic, and portal circulation in alcoholic
cirrhosis: relationship between quantitative Doppler meas-
urements and the severity of portal hypertenison and
hepatic failure. Hepatology 1998;28:932–6.

118 Henriksen, Møller, Schifter, et al

www.gutjnl.com

 on D
ecem

ber 1, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gut.49.1.112 on 1 July 2001. D
ow

nloaded from
 

http://gut.bmj.com/

