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Congestive heart failure is accompanied by several 
hemadynamic alterations. To investigate whether these 
alterations include reduced arterial compliance, we 
studied 25 patients (age 57 f 2 years, mean f SE) with 
a mild or severe congestive heart failure based on clin- 
ical symptoms (New York Heart Association class II vs 
Ill or tV) and on echocardiagraphic alterations of left 
ventricular diastolic diameter and ejection fraction. Ra- 
dial artery diameter and blood pressure were contin- 
uously measured by Doppler ultrasonogra 
finger pressure device, respectively. Compiance was P 

hy and a 

calculated by the langewouters formula, and compli- 
ance values were derived throughout the systolic-dias- 
tok pressure range. The area under the compliance- 
pressure curve normalized for pulse pressure was used 
to compare compliance values in the various groups. 
Data were obtained both in baseline condition and at 
the release from a 12-minute brachial artery occlusion. 

Fourteen health , age-matched subjects served as con- 
trols. Compar J with the control grou 
severe congestive heart failure show es 

, patients with 
a reduction of 

baseline compliance index (-48%, p 4.01). Further- 
more, while in control subjects compliance markedly 
increased after bmchial artery occlusion (+43%, p 
cO.Ol), in patients with severe congestive heart failure 
no increase occurred. No baseline compliance alter- 
ation was seen in patients with mild congestive heart 
failure in whom, however, the stischemic 

r 
increase in 

compliance was also significan blunted (-50% vs con- 
trols, p 4.05). Thus, arterial compliance and arterial 
compliance modulation are impaired in congestive heart 
failure. Altho 
heart failure, 2 

h more marked in severe congestive 
e impairment is manifest in mild con- 

gestive heart failure as well. 
(Am J Cardiol 1995;76:38 l-385) 

A large body of evidence shows that congestive heart 
failure is accompanied by a constriction of arteri- 

oles throughout a large number of vascular districts.‘,* 
It also shows that this condition is accompanied by a 
venoconstriction.3 Both the arteriolar constriction and 
the venoconstriction are accounted for by an increased 
plasma or tissue concentration of vasoconstrictor factors 
(e.g., norepinephrine. epinephrine, angiotensin II, vaso- 
pressin, and so forth)!*5 although a reduced secretion 
and/or influence of vasodilator substances6 and an alter- 
ation of the vascular wall structure also play a role.7 

Hayoz et alx have recently reported that flow-medi- 
ated radial arterial relaxation is abnormal in patients with 
a severe congestive heart failure, suggesting that the 
hemodynamic derangement of this condition includes a 
reduced arterial distensibility. Whether, and to what ex- 
tent, arterial compliance is altered in congestive heart 
failure has never been directly addressed. It is also un- 
known whether a compliance alteration occurs in severe 
congestive heart failure only, or in mild congestive heart 
failure as well. In the present study we addressed these 
2 issues. 

METHODS 
Subjecb: We investigated 39 subjects (32 men and 7 

women), with an age ranging from 49 to 60 years. Four- 
teen subjects (age 53 + 2 years, mean + SEM) were 
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healthy, normotensive controls. The remaining 25 sub- 
jects (age 57 + 2 years) were patients hospitalized in the 
S. Gerard0 Hospital of Monza, Italy, for congestive heart 
failure due either to idiopathic dilated cardiomyopathy 
(18 patients) or to coronary artery disease (7 patients). 
These patients had a cardiothoracic ratio >0.55 (chest 
roentgenogram) and echocardiographic evidence of an 
increased left ventricular end diastolic diameter and a 
reduced left ventricular ejection fraction. Patients were 
excluded from the study if they had (1) a history of arte- 
rial hypertension, diabetes mellitus, or renal insufficien- 
cy; (2) a history of myocardial infarction in the previous 
6 months; (3) clinical or laboratory (echo-Doppler, dig- 
ital angiography, computed tomography, etc.) evidence 
of peripheral major atherosclerotic lesions at the carotid 
and femoral sites; and (4) chronic atrial fibrillation or 
other clinically relevant arrhythmias. Prior to the study, 
all congestive heart failure patients were receiving long- 
term treatment with furosemide, digitalis, angiotensin- 
converting enzyme (ACE) inhibitors or nitrates in vari- 
ous combinations and doses. To minimize possible direct 
effects on arterial compliance, however, ACE inhibitors 
and vasodilators were withdrawn 5 days before the 
study.“.‘” The patients were classified, based on the clin- 
ical conditions displayed after withdrawal of ACE in- 
hibitors and/or nitrates, as belonging to the New York 
Heart Association class II (n = 16; mild) and III or IV 
(n = 9; severe). 

All subjects gave their written consent to the proce- 
dures employed after being informed of their nature and 
purpose. The study protocol was approved by the ethics 
committees of the institutions involved. 

Hemodynamic measurements: Arterial compliance was 
measured in the left radial artery by an A-mode, ultra- 
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TABLE I Systemic Hemodynamics in Control Subjects, Patients With Congestive Heart 
Failure, and Patients With Mild or Severe Congestive Heart Failure 

Controls CHF Mild CHF Severe CHF 
Variable (n = 14) (n = 25) (n = 16) (n = 9) 

Systolic blood pressure (mm Hg) 117*5 106*4 115 zt 6 102~6 
Diastolic blood pressure (mm Hg) 64 A 3 62 zi 3 61 *4 62 zt 3 
Heart rate (beats/min) 66 * 4 73 * 3 68 f 3 81 *4** 
End-diastolic diameter (mm) 47 * 1 66 * 2* 65 A 3* 68 f 3* 
Ejection fraction (%) 77 * 2 36 A 2* 38 zt 3* 30 f 2*+ 

*p <O.Ol versus controls; tp <0.05, tp <O.Ol versus mild. 
Values cw expressed as mean * SEM. 
CHF = congestive heart failure. 

frequency signals were peaked by an 
electronic tracer, whose displacement 
allowed evaluation of the vessel diam- 
eter at 50 Hz. Continuous (analog) re- 
cording of radial artery diameter was 
coupled with continuous (analog) re- 
cording of blood pressure by a finger 
pressure device (Finapres 2300, Oh- 
meda, Englewood, Colorado) posi- 
tioned on the middle finger of the ipsi- 
lateral hand and capable of providing 
blood pressure values similar to the 
ones taken invasively from the radial 

artery.12 Both signals were stored and digitized for con- 
tinuous display on the screen. The arterial diameter and 
blood pressure signals were sent to a computer that was 
programmed to use the arctangent model of Lange- 
wouters formula,13 and provide diameter-pressure curves 
and compliance-pressure curves over the range of blood 
pressure values obtained by the finger recording. The 
echo-tracking device resolution was 150 prn,14 while the 
finger pressure device resolution was 2 mm Hg.12 Data 
were collected by a single operator who was unaware of 
the patients’ New York Heart Association classifications 

sonic, echo-tracking device (NIUSO2, Asulab, NeClcha- 
tel, Switzerland, and Capital Medical Service, Paris, 
France).9,u With the subject supine and the arm fixed at 
the heart level, a 10 mHz probe was jiositioned over the 
radial artery, 2 to 4 cm above the wrist, and oriented per- 
pendicularly to the longitudinal axis of the artery by 
using the Doppler signal as a guide. Direct contact with 
the skin and arterial deformation was prevented by using 
an ultrasonic gel. After switching to A mode, the back- 
scattered echoes from the inner anterior and posterior 
walls were visualized on a screen and the related radio- 
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FIGURE 1. Upper pan- 
els: Radial artery diam- 
eter l/e@ and compli- 
ance (righti are shown 
in patients with conges- 
tive heart failure (CHF, 
n = 25) and in control 
subjects (C, n = 14) over 
the systolic-diastolic 

pressure (DBP) lu 
right), and radia P 

per 
artery 

diameter at diastolic 
pressure (lower left] and 
radial artery compliance 
index (lower ri ht), are 
shown in base me con- f 
dition and after forearm 
ischemia for control 
subjects (C, n = 14) and 

r 
tients with congestive 

eart failure (CHF, n = 
25). Data are shown as 
mean + SEM. ‘p eO.05; 
**p <o.o 1. 
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and echocardiographic data. The intra-operator repro- 
ducibility of radial artery diameter measurements was 
tested in 6 control subjects who were evaluated in 2 dif- 
ferent sessions performed at a 3-month interval. As pre- 
viously reported, the coefficient of variation of the mea- 
surements was 4%.14J5 Heart rate values were obtained 
via the finger pressure signal as the reciprocal of the 
interval between consecutive systolic beats. 

The day before the study, all individuals were sub- 
jected to an echocardiogram in M mode, after selection 
of the measurement section in B mode (Acuson 128XP/5c, 
Mountain View, California), to obtain left ventricular 
end-diastolic diameter and ejection fraction. The echo- 
cardiographic data were collected by a single operator. 
The intra-operator reproducibility of end diastolic diam- 
eter and ejection fraction measurements, that is, the coef- 
ficients of variation of 2 measurements performed by the 
same operator in 2 different sessions, were 6% and lo%, 
respectively. 

Protocol and data analysis: All studies were conduct- 
ed in the afternoon at the S. Gerard0 Hospital by using 
a single arterial compliance measuring device. The pro- 
tocol was as follows: (1) each subject was placed in the 
supine position and fitted with the blood pressure mea- 
suring and the echo-tracking device, (2) after a 20-minute 
interval, blood pressure, heart rate, radial artery diame- 
ter-pressure curves, and radial artery compliance-pres- 
sure curves were measured and stored continuously for 
15 minutes, (3) a suprasystolic pressure was applied for 
12 minutes to the left arm to occlude the brachial artery, 
and (4) the hemodynamic measurements were obtained 
again during the 5 minutes following release of the occlu- 
sion. This was done because we and others have shown 
that radial artery compliance increases markedly after 
prolonged ischemia, allowing us to study the compliance 
reserve above baseline.*,i6 Baseline radial artery diame- 
ter-pressure and compliance-pressure curves were ob- 
tained from the data collected over the 15-minute period 
indicated at (2). Postischemic diameter-pressure and 
compliance-pressure curves were obtained from the data 
collected over the 15-second period before, and the 15- 
second period after, the maximal increase in diameter was 
observed (total, 30 seconds). To perform statistical analy- 
sis, radial artery diameter and compliance were also ex- 
pressed as single values. For diameter, this was obtained 
by averaging the single values corresponding to each sin- 
gle diastolic pressure during (1) 5 periods of 30 seconds 
taken at 3-minute intervals (baseline), and (2) the 30-sec- 
ond period with the maximal increase in diameter select- 
ed after release of brachial artery occlusion. For compli- 
ance, it was obtained from the average of the area under 
the curve relating compliance to arterial blood pressure 
(C X BP) during the 5 periods of 30 seconds during base- 
line, and during the 30-second period with the maximal 
increase in diameter after ischemia. To avoid different 
area values due to differences in pulse pressure rather 
than in compliance, the compliance-pressure area was 
normalized for pulse pressure. The normalized area val- 
ue for compliance ([mm2/mm Hg] X [mm Hg])/mm Hg 
was referred to as the compliance index. 

Individual diameter and compliance-pressure curves 
were averaged and are shown as mean + SEM for each 

group. Other individual data were also averaged. The 
statistical significance of the differences in mean values 
was assessed by the 2-way analysis of variance. The 2- 
tailed t test for unpaired observations was used to indi- 
cate the differences between groups, while the 2-tailed t 
test for paired observations was used to indicate differ- 
ences between baseline and postischemic periods. The 
Bonferroni correction was used when comparing more 
than 2 groups. A p value co.05 was considered statisti- 
cally significant. 

RESULTS 
Table I shows that, compared with control subjects, 

patients with congestive heart failure had a greater left 
ventricular end-diastolic diameter and a lower ejection 
fraction. Heart rate, systolic blood pressure, and dias- 
tolic blood pressure were not significantly different in 
the 2 groups. 

In both control subjects and patients with congestive 
heart failure, radial artery diameter increased slightly but 
progressively from diastolic to systolic blood pressure 
(Figure 1). Radial artery compliance showed a concom- 
itant and much more marked decrease. Throughout the 
systolic-diastolic pressure range, radial artery diameter 
was similar in control and congestive heart failure pa- 
tients, while radial artery compliance was less in the lat- 
ter than in the former group. Radial artery diameter at 
diastolic pressure was similar in the control and in con- 
gestive heart failure group. The congestive heart failure 
group, however, had a compliance index that was sig- 
nificantly less than that of the control group. 

In control subjects, release from prolonged forearm 
ischemia was associated with no change in blood pres- 
sure (Figure 1) and with a marked and significant in- 
crease in radial artery diameter and compliance (23% 
and 43%, respectively). In contrast, in patients with con- 
gestive heart failure, release from prolonged ischemia 
caused no change in blood pressure, a slight increase in 
radial artery diameter, and no increase at all in radial 
artery compliance. As a result of the smaller relative 
increase in the radial artery compliance index observed 
in the postischemic period in those with congestive heart 
failure, as compared with that in control subjects, the 
difference between the 2 groups became even more evi- 
dent. Furthermore, a slight reduction in diastolic radial 
artery diameter also became evident (Figure 2). Table I 
lists blood pressure, heart rate, and echocardiographic 
data separately in patients with mild and severe conges- 
tive heart failure. Compared with control subjects, the 
ejection fraction was more clearly reduced in severe than 
in mild congestive heart failure. End-diastolic diameter 
was similarly increased in the 2 groups. 

Baseline radial artery diameter was unchanged in 
mild and only slightly reduced in patients with severe 
congestive heart failure, whereas baseline radial artery 
compliance was only slightly decreased in mild and 
markedly reduced in severe congestive heart failure pa- 
tients. The postischemic increase in compliance was sim- 
ilarly impaired in mild and in severe congestive heart 
failure patients, while the postischemic increase in diam- 
eter was slightly but not significantly reduced in both 
groups. 
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No significant correlation was found between radial 
artery diameter or compliance and echocardiographic 
data. An exception was the increase in diameter caused 
by ischemia, which was inversely related to the ejection 
fraction values (r = 0.37, p 4.05). 

DISCUSSION 
Our study shows that radial artery compliance is 

reduced in congestive heart failure throughout the sys- 
tolic-diastolic pressure range. It also shows that, where- 
as in normal subjects, radial artery compliance displays 
a marked increase after prolonged ischemia, in patients 
with congestive heart failure, the ischemic-related up- 
ward shift of the compliance-pressure curve is blunted. 
Finally, our observations provide evidence that while in 
severe congestive heart failure, baseline and postische- 
mic radial artery compliance are both strikingly altered; 
in mild congestive heart failure, radial artery compliance 
is normal at baseline but reduced after ischemia, as com- 
pared with control subjects. Thus, when assessed in me- 
dium-size arteries, compliance is impaired in congestive 
heart failure. The degree of impairment is related to the 
severity of the disease, but the phenomenon is an early 
one, because loss of upward compliance modulation can 
be seen in mild congestive heart failure as well. 

Our study does not investigate the mechanisms re- 
sponsible for the reduction in radial artery compliance 
observed in congestive heart failure. It is reasonable to 
speculate, however, that 3 circulatory abnormalities of 
congestive heart failure may be involved. One abnor- 
mality is the increase in sympathetic drive and plasma 
or tissue concentration of a number of vasoconstrictor 

substances,4~5~‘7-19 because this may augment contrac- 
tion of smooth muscle in the arterial wall, thereby reduc- 
ing vessel distensibility to the inside pressure.20 The sec- 
ond abnormality is the reduction in cardiac contractility 
and output, because this reduces peripheral blood flow 
volume and velocity, leading to a reduction of shear 
endothelium stress2,7 and secretion of endothelial relax- 
ing factors that may also result in vessel smooth-muscle 
contraction.‘j6 The third abnormality is sodium and water 
retention, which may cause arterial wall edema and stiff- 
ness.21s22 It is also reasonable to speculate that, while in 
more severe congestive heart failure all these abnormal- 
ities play a role, in mild congestive heart failure the alter- 
ation in arterial compliance is mainly due to the endothe- 
lial abnormality, because in mild congestive heart failure 
sodium and water retention is not a prominent feature. 
Furthermore, and more significantly, in this condition the 
alteration in compliance becomes manifest only after 
release of prolonged blood-flow deprivation, that is, 
when reactive increase in blood flow is much less than 
that in normal subjects8 and systemic vasoactive agents 
and sympathetic influences lose their vasomotor effects.23 

Three other points are worthy of mention. First, in 
our control subjects, radial artery compliance decreased 
in a steep, nonlinear fashion from diastolic to systolic 
blood pressure values. This was also the case in patients 
with congestive heart failure, indicating that both in nor- 
mal and in pathophysiological conditions, compliance 
values have a nonlinear relationship with blood pressure 
and thus need to be investigated by means of compli- 
ance-pressure curves based on a large number of points.” 
Second, because in patients with mild congestive heart 
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failure, radial artery compliance became less than that 
of control subjects only after a 1Zminute ischemia, pro- 
longed ischemia represents a more sensitive way to 
uncover arterial compliance abnormalities than do base- 
line conditions. Moreover, the negative correlation exist- 
ing between radial artery diameter postischemic increase 
and ejection fraction suggests that a reduced increase in 
flow is partially responsible for this alteration2 together 
with an endothelial impairment.8$24 Third, our data have 
pathophysiologic implications. For example, the reduc- 
tion in arterial compliance leads to an increase in arter- 
ial impedance and in cardiac work and oxygen con- 
sumption, which may further aggravate the burden of a 
weakened heart. Furthermore, a reduction in arterial 
compliance leads to an impaired responsiveness of stretch 
sensors, such as the arterial baroreceptors, to physiologic 
pressure stimuli. Because these receptors exert a sym- 
pathetic restraint, this may be responsible at least in part 
for the sympathetic activation characterizing congestive 
heart failure. 
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