Effects of acute changes in systemic arterial pressure
on left ventricular diastolic stiffness and mass'
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SUMMARY Acute interventions may shift the left ventricular diastolic pressure-volume curve in man,
but the mechanism is unclear. Methoxamine hydrochloride was given to 7 patients without coronary
disease to raise mean arterial pressure 25 to 35 mmHg. High fidelity left ventricular pressures were recorded simultaneously with single plane cine left ventriculography and pressure-volume curves were
constructed before and during methoxamine infusion. Methoxamine significantly increased left ventricular end-diastolic pressure (12 ± 1 vs 25 i 1 mmHg), left ventricular minimal diastolic pressure (6 ± 1
vs 15 i 2 mmHg), right atrial pressure (5 ± 1 vs 9 ± 1 mmHg), left ventricular end-diastolic volume
(185 32 vs 207 ± 37 ml), left ventricular end-systolic volume (72 ± 19 vs 93 ± 25 ml), and left
ventricular mass (168 ± 17 vs 187 + 18 g), while left ventricular wall thickness changed little (8-5 ± 0-6
vs 8-7 ± 0 5 mm). In each patient the diastolic pressure-volume curve was shifted upward, with left
ventricular pressure being higher for any given volume with methoxamine. Serial ventriculograms in 5
subjects who did not receive methoxamine showed no shift. Since methoxamine has no effect on the
myocardium and since the subjects had no evidence of left ventricular ischaemia, it is unlikely that
the changes in the pressure-volume curve are caused by intrinsic changes in myocardial properties.
Viscous properties cannot solely account for the observations, since the diastolic filling rate was altered
only in the first one-third of diastole. The increase in left ventricular wall mass suggests that acute
increases in systemic arterial pressure may augment left ventricular stiffness by coronary vascular engorgement and an erectile effect on the myocardium. The study cannot exclude pericardial restriction
and changes in right ventricular loading as contributing factors in acute shifts in the left ventricular
diastolic pressure-volume curve.

Recently, it has been recognised that acute interventions may alter the relation between left ventricular diastolic pressure and volume in man. Patients
with coronary artery disease who develop angina
may shift the pressure-volume curve upward so
that, at a given volume, pressures are higher during
angina (Barry et al., 1974; Flessas et al., 1976;
Mann et al., 1977); and patients with congestive
heart failure or coronary artery disease may shift the
pressure-volume curve downward with nitroprusside or glyceryl trinitrate so that, at a given volume,
pressures are lower during vasodilator therapy
(Alderman and Glantz, 1976; Parmley et al., 1976;

Brodie et al., 1977). It is not clear whether these
shifts are the result of intrinsic changes in myocardial properties or the result of changes in one or
more of the extrinsic constraints to left ventricular
filling, such as right ventricular loading, pericardial
restriction, or coronary artery perfusion pressure.
The present study was designed to help clarify the
potential role of these extramyocardial factors in
acute changes in the diastolic pressure-volume relation. Pharmacological intervention with methoxamine hydrochloride was chosen because this drug
acts selectively to increase systemic vascular resistance and systemic arterial pressure with little or no
effect on the myocardium (Eckstein and Abboud,
1962). The results indicate that acute rises in
systemic arterial pressure increase left ventricular
wall mass and diastolic stiffness and suggest that
this may be the result of coronary vascular engorgement and an erectile effect on the myocardium.
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Table Haemodynamic and angiographic data before and during methoxamine infusion
Case
no.

Diagnosis
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CPNC, chest pain with normal coronary angiography; CM, cardiomyopathy; SSS, sick sinus syndrome; CI, cardiac index; HR, heart rate; S
systemic vascular resistance; SA, mean arterial pressure; RA, mean right atrial pressure; LVEDP, left ventricular end-diastolic pressure; LVM
left ventricular minimal diastolic pressure; +dP/dt, peak positive dP/dt; -dP/dt, peak negative dP/dt; EDV, left ventricular end-diastolic volu
ESV, left ventricular end-systolic volume; SV, angiographic stroke volume; EF, ejection fraction; Mass, left ventricular mass; DFR, diastolic fl
rate in first 1/3 of diastole; DFR,, diastolic ifiling rate in middle 1/3 of diastole; DFR3, diastolic filling rate in last 1/3 of diastole; DFRT, diastolic fil
rate for diastole as a whole; C, control; M, methoxamine.

Methods

taking propranolol 80

to 160 mg/day which was
discontinued 12 to 36 hours before the procedure.

PATIENTS

Patients with chest pain but without objective
clinical evidence of ischaemic heart disease who
were scheduled for routine diagnostic cardiac
catheterisation at North Carolina Memorial Hospital
were invited to participate in the study. The experimental procedure was approved by the Hospital
Committee on the Rights of Human Subjects, and
informed consent was obtained from each patient.
Patients with significant coronary artery obstructions by angiography, mitral valve prolapse, or
hypertrophic cardiomyopathy were excluded from
the study. The study group thus consisted of 7
patients (Table). Five patients had chest pain syndromes with normal coronary and left ventricular
angiography and normal or nearly normal haemodynamics. One patient (case 2) had haemodynamic
and angiographic evidence of a mild congestive
cardiomyopathy probably secondary to alcohol,
and 1 patient (case 7) had sick sinus syndrome,
with a permanent transvenous ventricular demand
pacemaker and a low cardiac index. Four patients
(cases 1, 5, 6, and 7) had a history of mild hypertension and 3 patients (cases 2, 4, 6) were

METHODS AND EQUIPMENT

Cardiac catheterisation was performed in the fasting
using the right brachial arterial approach after
premedication with diazepam (Valium, 10 mg po)
and atropine sulphate (0 5 mg intravenously). Right
heart catheterisation was performed using a Gorlin
pacing catheter. Left ventricular pressure was recorded using high fidelity micromanometer tipped
catheters (Mikrotip, Millar Instruments, Houston,
Texas) in all patients to permit accurate measurement of ventricular pressure simultaneously with
the performance of cineangiography. The patients
were instructed to avoid deep respirations and the
Valsalva manoeuvre during the cineangiogram and
recording of pressures. The first derivative of left
ventricular pressure (dP/dt) was obtained using a
passive (resistance-capacitance) differentiating circuit with a 0 5 ms time constant and an output
linearly proportional to the input frequency, within
5 per cent, up to a rated maximal frequency of 75 Hz.
Single plane (RAO) left ventricular cineangiography
was performed with the injection of 30 to 40 ml of
radiographic contrast material (Renografin 76, E. R.
state
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Squibb & Sons, Inc., Princeton, NJ) into the ventricular chamber at a rate of 10 to 15 ml per second.
A Siemens caesium iodide image intensifier was
used and cineangiograms were recorded on 35 mm
film at 56 frames per second. Care was taken to
ensure that neither the patient nor the equipment
was moved and that the degree of obliquity was
reproduced between sequential RAO angiograms. A
movable marker synchronised with the QRS complex of the electrocardiogram was filmed with the
cineangiogram and used to identify end-diastole.
A recording of the electrocardiogram, high fidelity
left ventricular pressure, injection marker, and
cineangiographic frame markers was made simultaneously with the cineangiogram, and enabled left
ventricular pressures to be matched with left ventricular angiographic silhouettes throughout the
cardiac cycle (Fig. 1).
EXPERIMENTAL PROCEDURE

After placement of the catheters, baseline (control)
measurements were made of Fick or indicator dilution cardiac output, systemic arterial pressure (SA),
right atrial pressure (RA), high fidelity left ventricular pressure, and the first derivative of left ventricular pressure with respect to time (dP/dt). Control

left ventricular cineangiography and simultaneous
high fidelity left ventricular pressure measurement
were then performed. Ten to 15 minutes later, after
intracardiac pressures had returned to baseline,
methoxamine hydrochloride (Vasoxyl, 100 mg in
500 ml DsW) was infused to raise mean arterial
pressure 25 to 35 mmHg, and this state was maintained for 10 minutes. In order to prevent the reflex
bradycardia that occurs with methoxamine infusion,
the heart was paced at a heart rate approximately
equal to the control heart rate with the pacing
catheter positioned in the high right atrium. Cardiac
output, intracardiac pressure measurements, and
left ventricular cineangiography were repeated and
methoxamine was then discontinued. In 5 control
subjects with chest pain and normal coronary
angiography, 2 left ventricular cineangiograms with
high fidelity left ventricular pressure measurements
were performed 10 to 15 minutes apart, without
methoxamine infusion, to assess the effect of the
cineangiogram itself on the diastolic pressurevolume relation. The high fidelity left ventricular
pressure was balanced with the pressure measured
through the fluid-filled lumen of the Millar catheter
before and after each cineangiogram to ensure that
there was no drift in the high fidelity pressure.
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mframe
markers

Fig. 1 Recording of the electrocardiogram (ECG),
high fidelity left ventricular pressure (LV), first
derivative of left ventricular pressure with respect to
time (dP/dt), mean systemic arterial pressure (SA),
mean right atrial pressure (RA), injection marker,
and cineangiographic frame markers made simultaneously
with the left ventricular cineangiogram. The injection
marker signals the time at which contrast material
is injected into the left ventricular chamber and
enables cardiac cycles on the pressure tracing to be
matched with corresponding cycles on the cineangiogram.
The electrocardiogram and cineangiographic frame
markers, combined with a moveable marker synchronised
with the QRS complex of the electrocardiogram and
recorded on the cineangiogram, enable left ventricular
pressures to be matched with left ventricular
angiographic silhouettes throughout each cardiac cycle.

ANALYSIS OF DATA

the 5 subjects who had serial angiograms without
methoxamine infusion.
Left ventricular wall thickness was measured at
end-diastole in the RAO projection (Rackley et al.,
1964; Kennedy et al., 1970), and correction for
magnification was made using a grid calibration
technique. Left ventricular mass was calculated at
end-diastole using ellipsoidal formulas assuming
uniform left ventricular wall thickness.
Diastolic filling rates were measured as the change
in calculated ventricular volume during diastole
divided by the time over which this change occurred
as determined from the number of cineangiographic
frames elapsed. Diastolic filling rates were measured
during the first, middle, and last thirds of diastole
and for total diastole during both the control state
and during methoxamine infusion.
Comparisons of haemodynamic and angiographic
indices between the control period and methoxamine infusion were made using a two-tailed paired
t test.
Results

The relation between left ventricular diastolic pressure and volume in the control state and during
methoxamine infusion for each of the 7 study
patients is shown in Fig. 2 and 3. In each subject
there was a substantial upward displacement of the

30
1.
For each patient, left ventricular angiographic
silhouettes were traced every frame (18 ms intervals)
from initial diastole, which was defined as the angiographic frame immediately before the mitral valve
opening movement, to end-diastole, which was defined as the angiographic frame during which the
20
QRS marker first moved. The earliest adequately IE
visualised beats were used, and the first 2 beats
E
after premature systoles were excluded. High
ufidelity left ventricular pressures, recorded simulUN
taneously with the cineangiogram, were matched kSD n
a.I
IU FL
with left ventricular angiographic silhouettes as
shown in Fig. 1. Left ventricular volumes were
calculated using the area-length method and a grid
calibration technique (Kasser and Kennedy, 1969)
with the help of a sonic digitiser (Science Assessories
Corp., Southport, Conn.) interfaced to a programo
mable calculator (Wang Laboratories, Inc., Tewks150
100
50
0
bury, Mass). Interobserver variation in the
Volume (ml)
measurement of volumes by this technique was Fig. 2 Left ventricular diastolic pressure-volume
found to be less than 4 per cent. Pressure-volume curves before and during methoxamine infusion in a
curves were constructed throughout diastole for patient with chest pain and normal coronary angiography
each study patient from data obtained during the (case 1, Table). The curve is shifted upward with left
control period and during methoxamine infusion. ventricular pressure being higher for any given volume
Pressure-volume curves were also constructed for with methoxamine.
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Fig. 3 Left ventricular diastolic pressure-volume curves in 6 patients with chest with syndromes and normal
angiography before and during the administration of methoxamine. In each patient there is a substantial
upward displacement of pressure-volume curve with methoxamine. Haemodynamic and ventriculographic data for
each patient are shown in the Table.

coronary

vascular resistance and mean arterial pressure increased significantly with methoxamine. Cardiac
index increased slightly while heart rate was controlled and did not change. Mean right artial pressure, left ventricular end-diastolic pressure, left
ventricular minimal diastolic pressure, peak +dP/
dt, and peak dP/dt all increased significantly. Left
ventricular end-diastolic volume and end-systolic

pressure-volume curve, so that, at a given volume,
pressures were higher during methoxamine infusion.
In the 5 subjects who had serial angiography without
methoxamine infusion, there was little change in the
pressure-volume relation. Data from 3 of these
patients are shown in Fig. 4.
The haemodynamic and angiographic data for
the 7 subjects are shown in the Table. Systemic
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Fig. 4 Left ventricular diastolic pressure-volume curves in 3 of the 5 patients
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200

0'
0

100

----o

with chest pain syndromes and normal coronary angiography who underwent
serial left ventriculography 15 minutes apart but did not receive methoxamine.
In each subject there is no apparent difference between the first and second
pressure-volume curves, indicating that ventriculography itself was not responsible
for the changes in the diastolic pressure-volume curves seen with methoxamine.
(Reproduced with the permission of the Journal of Clinical Investigation.)
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volume increased significantly while stroke volume
did not change appreciably and ejection fraction fell
slightly. Left ventricular wall thickness at enddiastole increased slightly but not significantly and
left ventricular mass increased significantly. The
diastolic filling rate increased during the first third
of diastole but changed little during the middle and
last third of diastole.
The 5 subjects who had serial angiography without methoxamine infusion had no significant change
in left ventricular end-diastolic volume (142 + 14 vs
146 + 15 ml), wall thickness (7 7 + 0-9 vs 7-7 + 0-9
mm), or left ventricular mass (289 + 41 vs 297 + 44 g).
Discussion

Methoxamine hydrochloride is an alpha-adrenergic
agonist whose predominant effect in experimental
animals and man is vasoconstriction (Eckstein and
Abboud, 1962). Previous studies in dogs have shown
that methoxamine infusion results in an increase in
systemic arterial pressure and systemic vascular
resistance, a reflex bradycardia mediated primarily
through baroreceptors, a fall in cardiac index, and
an increase in pulmonary artery and right atrial
pressures (Aviado and Wnuck, 1957; Brewster et al.,
1960; Eckstein and Abboud, 1962). The drug has no
significant inotropic effect on the human or dog
heart (Goldberg et al., 1960; Eckstein and Abboud,
1962), though there is some recent evidence that
methoxamine may exert a positive inotropic effect in
isolated rabbit and cat papillary muscles at low
frequencies of stimulation (Endoh and Schumann,
1975; Rabinowitz et al., 1975). The drug has little
effect on venous tone (Eckstein and Hamilton,
1957).
In our study systemic arterial pressure and
systemic vascular resistance increased significantly
while heart rate was controlled with atrial pacing
and did not change. Cardiac index increased slightly,
which differs from most previous animal studies, and
is probably related to the fact that heart rate was
controlled. The slight increase in cardiac index in
our subjects may be explained by increases in preload, but an increase in contractility cannot be
excluded. Peak positive dP/dt increased significantly
with methoxamine probably related to increased
preload (end-diastolic volume) (Mahler et al., 1975),
and peak negative dP/dt increased significantly
probably because of increased systemic arterial
pressure (Weisfeldt et al., 1974b). Both right atrial
and left ventricular diastolic pressures increased
substantially. In previous animal studies, increased
filling pressures with methoxamine have been attributed to increased left ventricular volumes resulting
from compensatory left ventricular dilatation in the

Bruce R. Brodie and Lambert P. McLaurin
face of an increased afterload, but left ventricular
volumes have not been measured (Brewster et al.,
1960). Our study shows that the increased ventricular diastolic pressures are only partly the result of
increased left ventricular volumes. The major factor
responsible for the increased left ventricular
diastolic pressures with methoxamine is an alteration in the left ventricular diastolic pressure-volume
relation.
Acute changes in the left ventricular diastolic
pressure-volume relation in man have only been
recognised recently and the mechanisms responsible
for these changes remain unclear. Several investigators have shown an upward shift in the left ventricular diastolic pressure-volume relation (higher
pressure at a given volume) in patients with coronary
artery disease who develop angina in response to
atrial pacing (Barry et al., 1974; Mann et a!., 1977)
or isometric hand grip (Flessas et al., 1976). This
has been attributed to impaired left ventricular relaxation. There is convincing evidence in experimental animals and man that left ventricular relaxation may be impaired with ischaemia (Tyberg et al.,
1970; McLaurin et al., 1973; Weisfeldt et a!., 1974a),
but whether this impaired relaxation extends
throughout diastole to alter the pressure-volume relation in middle and late diastole is uncertain. Studies
in open chested dogs during acute global ischaemia
while on right heart bypass at constant heart rate
and aortic pressure and with the pericardium removed, failed to show any change in the pressurevolume relation (Palacios et al., 1976). This raises
the possibility that the acute changes in the pressurevolume relation seen in man may be caused by
extramyocardial factors rather than intrinsic changes
in myocardial properties. Studies with sodium
nitroprusside and glyceryl trinitrate administered to
patients with congestive heart failure and coronary
artery disease have shown a downward shift in the
diastolic pressure-volume relation (lower pressure
at a given volume) (Parmley et a!., 1976; Brodie et al.,
1977). One possible reason for this effect is that
vasodilators may exert a direct relaxant effect on
ventricular muscle (Brodie et al., 1976, 1977), but an
alternative explanation is that these drugs may alter
external constraints to left ventricular filling. The
studies of Alderman and Glantz in which pressures
were measured primarily through fluid-filled
catheters showed a shift of the pressure-volume
curve with both nitroprusside and angiotensin and
support of the latter view (Alderman and Glantz,
1976).
In our study, acute systolic loading with methoxamine resulted in an upward shift of the diastolic
pressure-volume curve in each subject. While there
are several possible explanations for this shift, the
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increase in left ventricular wall mass that also
occurred in each subject suggests that acute systolic
loading and increases in coronary artery perfusion
pressure may result in coronary vascular engorgement and an erectile or stiffening effect on the left
ventricular myocardium. This possibility is supported by experimental evidence of animals. In the
isovolumic canine left ventricle, Salisbury and his
co-authors found that increases in coronary artery
perfusion pressure increased the left ventricular enddiastolic pressure; they attributed this to stiffening
of the myocardium resulting from an erectile effect
caused by the sinusoidal nature of the coronary
circulation (Salisbury et al., 1960). Likewise, Ahn
et al. (1977) found a direct effect of coronary artery
perfusion pressure on diastolic stiffness and thickness in the rabbit left ventricle, and Gaasch and
Bernard (1977) found that acute changes in coronary
blood flow altered left ventricular wall thickness
The importance of these observations is uncertain
because Abel and Reis (1970) and Templeton et al.
(1972) were unable to show any change in the stiffness of the canine left ventricle with alterations in
coronary perfusion pressure and flow. Nevertheless,
our data support the observations of Salisbury et al.,
Ahn et al., and Gaasch and Bernard and suggest that
the human myocardium may act like erectile tissue
in response to acute changes in systemic arterial
pressure.
The main reservation in drawing this conclusion
lies in the limitation in the measurement of left
ventricular mass from single plane angiography.
The assumption of uniform wall thickness is not
precisely true. In addition, it is possible that acute
changes in ventricular loading may alter the shape
of the left ventricle and invalidate some of the
assumptions used in the calculation of left ventricular mass from single plane angiography. These remain potential limitations of this study.
There are several other factors which potentially
could be important in influencing the left ventricular
diastolic pressure-volume curve. Methoxamine
could act directly on the myocardium to impair left
ventricular relaxation. In cat papillary muscles,
methoxamine causes a slight prolongation of the
time for isometric tension to fall to one-half its peak
value (RT 1/2) (Rabinowitz et al., 1975), but studies
in man have failed to show any direct effect on
myocardial function (Goldberg et al., 1960), and it
is unlikely that our observations can be explained
by a direct effect of methoxamine on left ventricular
relaxation. Methoxamine could also potentially
impair left ventricular relaxation by inducing
myocardial ischaemia due to increased systemic
arterial pressure and increased myocardial oxygen
demands. The patients selected for our study did

71
not have coronary artery disease or evidence of
myocardial ischaemia so this mechanism is unlikely.
Secondly, methoxamine could alter viscous and
inertial forces by changing the rate of left ventricular
filling and this could affect the diastolic pressurevolume relation. In experimental dog studies, Noble
et al. (1969) noted an upward shift of the left ventricular diastolic pressure-dimension curve in early
and late diastole with methoxamine, and attributed
these changes to altered viscous and inertial forces
caused by more rapid ventricular filling in early
and late diastole. In our study, the rate of left
ventricular filling was increased in early diastole
with methoxamine, but changed little in middle
and late diastole. Therefore, it appears that altered
viscous forces may contribute to the changes in the
pressure-volume relation in early diastole in our
patients, but they probably cannot account for the
changes in middle and late diastole.
There is experimental evidence in dogs that
changes in right ventricular loading may alter left
ventricular stiffness (Laks et al., 1967; Taylor et al.,
1967; Kelly et al., 1971; Bemis et al., 1974). Increases in right ventricular diastolic pressure change
the left ventricular diastolic pressure-volume curve
such that left ventricular diastolic pressure is higher
at a given volume. Presumably this is because of
shifts in the interventricular septum so that it limits
left ventricular filling (Bemis et al., 1974). In our
subjects right ventricular filling pressures increased
significantly with methoxamine, and this mechanism
could be important in the acute changes in the
pressure-volume relation seen in our patients.
Pericardial restriction also could potentially
account for the changes in the pressure-volume
relation with methoxamine. The pericardium probably offers no restriction to ventricular filling under
normal conditions, but it may be capable of exerting
a restrictive function when the heart is distended to
large volumes (Holt et al., 1960; Holt, 1970). Increases in left ventricular and presumably right
ventricular volumes with methoxamine could encroach upon the limited intrapericardial space and
cause restriction to left ventricular filling by the
relatively non-distensible pericardium (Glantz et al.,
1977; Janicki and Weber, 1977; Shirato et al., 1977).
We cannot exclude this mechanism, but one might
expect partial equalisation of right ventricular and
left ventricular filling pressures at end-diastole,
which we did not observe.
In summary, an increase in systemic arterial pressure with methoxamine resulted in a substantial
upward shift of the left ventricular diastolic pressurevolume curve and an increase in left ventricular
mass in each subject. These changes are probably
not the result of intrinsic changes in myocardial
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properties, since methoxamine has little or no Flessas, A. C.P., Connelly, G.R.P., Handa, S., Tilney, C. R.,
Kloster, K., Rimmer, H., jun, Keffe, J. F., Klein,
direct effect on the human myocardium and since
M. D., and Ryan, T. J. (1976). Effects of isometric exercise
the patients studied had no evidence of myocardial
on the end-diastolic pressure, volumes, and function of the
ischaemia. The increase in left ventricular mass
left ventricle in man. Circulation, 53, 839-847.
The effect of acute
suggests that acute increases in systemic arterial Gaasch, W. H., and Bernard, S. H. (1977).
changes in coronary blood flow on left ventricular endpressure may increase left ventricular stiffness by
diastolic wall thickness: an echocardiographic study.
coronary vascular engorgement and an 'erectile
Circulation, 56, 593-598.
effect' on the left ventricular myocardium. The study Glantz, S., Misbach, G., Moores, W., and Tyberg, J. (1977).
The pericardium substantially affects the dog left ventricannot exclude pericardial restriction and changes in
cular diastole pressure-volume relationship (abstract).
right ventricular loading as contributing factors in
55 and 56, Suppl. III, 52.
Circulation,
acute shifts in the left ventricular diastolic pressure- Goldberg, L. G., Bloodwell,
R. D., Braunwald, E., and
volume curve.

The authors thank the cardiovascular technicians of
the C. V. Richardson Cardiac Catheterization
Laboratory for their help in obtaining and processing the data.
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