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Hemodynamic Correlates of Arterial Compliance

James J. Ferguson, lll, mp, and Otelio S. Randall, mp

There is at present noc good understanding of the exact clinical correlates of arterial
compliance. The purpose of this study was to establish which hemodynamic variables
are most strongly associated with compliance. Hemodynamic measurements were per-
formed on 41 patients undergoing diagnostic cardiac catheterization. Cardiac outputs
were determined by thermodilution, and pressures were measured in the ascending
aorta with a catheter-tip manometer. Compliance was calculated from a mono-exponen-
tial fit of diastolic decay pressures. Pulse pressure(PP), stroke volume(SV), age, systolic
blood pressure(SBP), and cardiac output(CO) were significantly related to compliance.
The quotient SV/PP was a good estimate of compliance, as was a first-order function of
both SV and PP. There appear to be specific clinical correlates of arterial compliance,
as well as ways to estimate arterial compliance on the basis of conventional hemody-
namic measurements when direct calculations are not possible.
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INTRODUCTION

Compliance is defined as the change in volume per
unit change in pressure or the inverse of the slope of the
pressure-volume relationship. Arterial compliance is a
quantitative measure of the distensibility of the arterial
system. Pressure-volume curves are a mainstay of in
vitro measurement of compliance, but they are not pres-
ently applicable to the intact arterial system of a patient
at the bedside. Current in vivo estimates of arterial com-
pliance in humans and animals include pulse wave veloc-
ity[1-4], stroke volume divided by pulse pressure[l,5],
indirect techniques using pressure-diameter relation-
ships[6-10], as well as compliance as calculated from a
monoexponential or multiple exponential (with or with-
out a zero asymptote)[11-14], as qualitatively derived
from stroke volume-pulse pressure relationships[15,16],
and as described by more complex pressure-volume
relationships.

Yet the clinical significance of compliance, regardless
of how it is measured, has received little attention
[1,12,14-17] and thus remains imprecisely defined. The
purpose of this study was to determine those conventional
hemodynamic measurements most strongly associated
with arterial compliance as calculated from a monoex-
ponential decay model. Our hypothesis was that there
would be easily measured hemodynamic parameters such
as stroke volume and pulse pressure that would correlate
with compliance.

METHODS

The experimental subjects were 41 patients, 27 men
and 14 women, with ages ranging from 24 to 82 years
(mean SD = 54.0 + 12.8). These were subjects selected
from a large group of patients undergoing diagnostic
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cardiac catheterization because of chest pain thought to
be secondary to atherosclerotic coronary artery disease
or possibly valvular or congenital heart disease. Appro-
priate informed consent was obtained for each catheter-
ization. Patients found to have valvular heart disease,
congenital heart disease, central or peripheral shunts,
arrhythmias, or unstable angina pectoris were excluded.
All data were obtained prior to the injection of contrast
material. All pressures were measured with a catheter-
tip manometer (Millar, PC-350) advanced into the as-
cending aorta from a femoral artery. Cardiac outputs
were measured by the thermodilution technique with a
pulmonary artery catheter. The pressure data were re-
corded with an FM tape recorder (Hewlett-Packard,
model 3964A) and subsequently digitized at 200 samples
per second. The digitized data analyzed interactively with
a computer (Digital Equipment Corporation, PDP-1160)
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and graphics display (Tektronix, model 4010), using soft-
ware specifically written for our curve-fitting techniques.

In our analyses, we treated diastolic decay, the ar-
terial pressure between the dicrotic notch and diastolic
blood pressure, as a monoexponential of the form P(t) =
Poe YRC, where Po is the initial pressure measured at
the onset of the diastolic decay and P is the pressure
measured at each instant in time (t) during the de-
cay[11,13,14]. In this model, the product R X C (resis-
tance times compliance) equals Tau, the decay time
constant of the three-element Windkessel [18], which can
be obtained by a first-order (linear equation) fit of the
log(pressure) versus time curve during diastolic pressure
decay. Only exponential fits with a correlation coefficient
of >20.95 and statistical significance (P < 0.05) were
used. Total peripheral resistance, the equivalent of R in
the model, was calculated from the ratio of mean pres-
sure to cardiac output, and compliance was then calcu-
lated by dividing Tau by total peripheral resistance.

RESULTS

The sample means for our hemodynamic variables are
summarized in Table I. We performed linear regression
analysis and found that five of our measurements: age,
systolic blood pressure, pulse pressure, stroke volume
and cardiac output were significantly correlated with
compliance. The former three had a negative correlation,
while the latter two had a positive correlation. The
strengths of the correlations are shown in Figure 1. Pulse
pressure was the variable most strongly associated with
compliance, followed in descending order by stroke vol-
ume, age, systolic blood pressure, and cardiac output.
Sex, mean blood pressure, diastolic blood pressure, and
heart rate were not significantly related to compliance.

If pulse pressure and stroke volume, the two most
strongly associated variables are held constant by partial
correlative analysis[19], the other previously related vari-
ables, namely age, systolic blood pressure, and cardiac
output, lose their significant relationship with compli-
ance. If age, cardiac output, and systolic blood pressure
are in turn held constant by partial correlative analysis,
stroke volume and pulse pressure remain significantly
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Fig. 1. Absolute value of correlation coefficient (r) of variables
related to compliance. CO, cardiac output; PP, pulse pressure;
SBP, systolic blood pressure; SV, stroke volume.

related to compliance. Stroke volume over pulse pressure
was also strongly related to compliance. Figure 2 shows
the regression line for this ratio (r=0.80, p<0.001). We
also arrived at a first-order function of both stroke vol-
ume and pulse pressure as an alternative estimate of
compliance. The regression line for this relationship is
shown in Figure 3 (r=0.83, p<0.0001).

DISCUSSION

There are at present a number of techniques to estimate
arterial compliance. Probably the oldest is pulse wave
velocity, which has been used for over a century[2-4].
However, it does have distinct limitations in its applica-
tion. It only estimates point-to-point or local compliance,
the compliance of an arterial compartment bounded by
fixed end points. The pulse wave velocity also increases
distally in the smaller vessels and is to some extent
influenced by pressure. Local arterial disease can alter
pulse wave velocity, and controlling for variation in the
peripheral circulation is extremely difficult. Messerli and
co-workers[1], among others, have shown pulse pressure
over stroke volume to correlate with pulse wave velocity.
Conversely, stroke volume over pulse pressure will be

TABLE I. Range and Mean Hemodynamic Data for All Subjects (n = 41)

Range and Mean
Range and mean (mmHg) TPR
co (mmHg/ HR sv TAU  __ (mU/mmHg)
SBP* DBP PP MBP (L/min) (ml/sec)) (bpm) (ml) (sec) SV/PP C

Range 92 49 26 76.4 33 0.59 51 48.8 0.77 0.62 0.54

-204 -97 -132 -140 -8.6 -2.27 -105 -122.5 -1.97 -3.18 -2.30
Mean 126.9 70.7 56.2 94.4 5.7 1.05 73.9 78.4 1.33 1.55 1.34
+ SD +244  +12.1 +20.8 +14.2 + 1.2 + 0.30 + 133 + 185 +034 +059 + 041

*SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MBP, mean blood pressure; CO, cardiac output; TPR,
total peripheral resistance; HR, heart rate (beats per minute); SV, stroke volume; TAU, arterial diastolic pressure decay time constant; C,

arterial compliance.
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Fig. 2. Regression line for calculated compliance and stroke
volume divided by pulse pressure (SV/PP).

inversely correlated with pulse wave velocity and should
be directly related to compliance.

Unfortunately, the relationship of stroke volume to
pulse pressure is theoretically variable with different
states of compliance. A system with infinitely high com-
pliance would be expected to have no relationship be-
tween the two variables. At the other extreme, an
infinitely stiff system would have a direct relationship
between stroke volume and pulse pressure[20]. This
changing relationship over the continuum of compliance
can be used to measure qualitatively compliance[17], but
it also means that stroke volume over pulse pressure is
not a linearly scaled estimate of compliance at extremes
of the continuum. Our work has shown that within the
pathophysiological range of pressure of our particular
sample, stroke volume over pulse pressure is a good
estimate of compliance as calculated from a monoexpo-
nential decay model. It is important to keep in mind that
it is not stroke volume over pulse pressure alone, but a
first-order or linear function of stroke volume over pulse
pressure that is so strongly related to compliance, as
shown by the nonzero intercept of the regression line.
The strong pulse pressure-compliance association is not
only due to an increase in systolic pressure with decreas-
ing compliance, but also due to a tendency for diastolic
pressure to decrease as compliance decreases[21].

The crucial issue, however, is what high or low arterial
compliance means clinically, and how it can be assessed
with the hemodynamic data usually available in the typi-
cal clinical setting. It was determined that it is possible
to estimate roughly arterial compliance from routine
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Fig. 3. Regression line for calculated compliance and a first-
order function of stroke volume and pulse pressure (f{SV,PP}).

hemodynamic measurements, either from a first-order
function of the quotient stroke volume divided by pulse
pressure, or from a first-order function of both stroke
volume and pulse pressure. Our results indicate that low
pulse pressure, high stroke volume, low systolic blood
pressure, high cardiac output, and a younger age are
associated with high compliance; the converse is also
true; that is, low compliance is associated with aging,
high pulse pressure, systolic pressure, and low stroke
volume or cardiac output.

We would argue against the routine use of stroke vol-
ume or pulse pressure alone, or the use of regression
equations for these variables to estimate compliance,
since there are several conditions such as shunts and
anemia that could produce either a large stroke volume
or pulse pressure or both. However, the stroke volume-
pulse pressure ratio should give a reasonably good esti-
mate of the arterial system compliance if the aortic valve
is competent. In this situation the change in arterial pres-
sure for a given stroke volume should be independent of
ventricular function, and related to arterial compliance
and peripheral resistance as in the Windkessel model.

In our sample, with stroke volume and pulse pressure
held constant, age, systolic blood pressure, and cardiac
output were not related to compliance. This might sug-
gest that the influence of age, systolic blood pressure,
and cardiac output on compliance are expressed through
stroke volume and pulse pressure, but such an inference
is not warranted on the basis of the present data. Previous



studies have reported an increase[3,22-26], a de-
crease[27,28], or little change[29] in arterial stiffness
with age, but this has been in a number of species, with
varied techniques, looking at different vessels. Further-
more, it has been observed that systolic blood pressure
does not increase with age in all populations{30]; nor do
all arterial systems lose their compliance with aging[31].

In a monoexponential RC model, compliance is by
definition inversely proportional to total peripheral resis-
tance. It is no surprise, therefore, that cardiac output is
related to compliance. Interestingly, mean pressure was
not related to compliance, and even with cardiac output
held constant by partial correlative analysis, stroke vol-
ume remained related to compliance. We noted that pulse
pressure (r=—0.64) had a slightly stronger relationship
with compliance than total peripheral resistance
(r=—0.61), which was used in the actual calculation of
compliance.

Our present study was not designed to investigate the
hemodynamic sequallac of changing compliance from
one level to another. Instead, we have measured compli-
ance in a given physiopathopharmacological steady state
and attempted to identify those routine hemodynamic
variables most strongly associated with it. We have doc-
umented how well variables such as pulse pressure, stroke
volume, and the stroke volume-pulse pressure ratio cor-
relate with compliance determined from the time constant
as derived from RC model theory. We have not attempted
to establish normal arterial compliance values for sex and
age, since the number of subjects was small, some pa-
tients had hypertension and/or coronary artery disease,
and since they were receiving a variety of medical thera-
pies. Since arterial compliance is a component of input
impedance and has been shown to have a significant acute
effect on ventricular function and blood pressure inde-
pendent of peripheral resistance[14], it may be an impor-
tant variable in certain clinical situations. The stroke
volume to pulse pressure ratio appears to be a simple
technique that provides useful clinical information about
arterial compliance as previously suggested[1,5,17].
However, routine clinical use of this technique can not
be recommended until more data on its sensitivity and
specificity are available.

In summary, we make the following conclusions:

1) The variables that we found to be related to compli-
ance as calculated from a monoexponential RC model
include stroke volume, pulse pressure, age, cardiac out-
put, and systolic blood pressure. We found sex, mean
blood pressure, diastolic blood pressure, and heart rate
to be unrelated to compliance.

2) Pulse pressure is the single measurement most
strongly associated with arterial compliance.

3) Stroke volume and pulse pressure are correlated
with compliance independently of other variables such as
age, systolic blood pressure, and cardiac output.
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4) Stroke volume over pulse pressure as an estimate of
compliance correlates well with compliance determined
from the decay time constant to the peripheral resistance
ratio.

5) Stroke volume over pulse pressure appears to be a
relatively good estimate of arterial compliance.
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