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Comparison of ventricular emptying with and without a

pressure gradient in patients with hypertrophic
cardiomyopathy
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suMMARY Thirty three patients with hypertrophic cardiomyopathy were studied to determine
whether the presence of an intraventricular pressure gradient impaired left ventricular emptying.
Patients with resting gradients had a higher mean left ventricular ejection fraction (92 (6.4)%) than
patients without a resting or inducible pressure gradient (75.5 (9)%). The rate and degree of empty-
ing increased when gradients >85 mm Hg were induced in two patients with insignificant mitral
regurgitation.

If the induced gradients had been the result of obstruction a decrease in the rate or degree of
ventricular emptying would be expected. Higher ejection fractions in patients with intracavitary
pressure gradients as well as enhanced rate and degree of left ventricular emptying with induced
gradients are inconsistent with outflow obstruction. These findings support the concept that cavity
obliteration is responsible for the pressure gradient in these patients with hypertrophic car-
diomyopathy.

There is a controversy about the importance of
intraventricular pressure gradients in patients with
hypertrophic cardiomyopathy. The presence of
intracavitary left ventricular pressure gradients in
patients without intraoperative or postmortem
anatomical evidence of obstruction led Brock to the
concept of a "functional obstruction of the left ventri-
cle" in the late 1950s.' 2 Although the precise site of
functional obstruction was initially thought to be a
muscular sphincter or "contraction ring" , -6 systolic
anterior motion of the anterior mitral leaflet with
apposition of the leaflet with the ventricular septum
has been generally accepted as the anatomical basis for
the pressure gradient and for an impediment to egress
of blood from the left ventricle.7-2 The ability of the
ventricle to empty rapidly in the presence of outflow
tract obstruction has been attributed to late systolic
mitral regurgitation.'2
An alternative non-obstructive basis for the

intracavitary pressure gradient in hypertrophic car-
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diomyopathy derives its theoretical premise from the
work of Gauer and Gauer and Henry who recorded
gradients within the hyperkinetic and hypovolaemic
left ventricle in experimental animals during haemor-
rhagic shock and during the application of negative
gravitational forces.'3 14 This non-obstructive
mechanism (cavitary obliteration or elimination) has
been shown to be responsible for intracavitary left
ventricular gradients in experimental animals and in
man during various conditions which increase the
contractile force or diminish the filling volume and
peripheral resistance or both (for example,
catecholamines,'5 septic shock,'6 amyl nitrite inhala-
tion combined with the Valsalva manoeuvre or post-
extrasystolic potentiation.'7) In the Gauer phenome-
non, a pressure gradient develops within a hyper-
dynamic ventricle. The outflow tract shares the same
systolic pressure as the aorta beyond, since they are in
free communication. The left ventricular body gener-
ates a higher pressure as it progressively separates
itself from the outflow tract while obliterating its cav-
ity.
These diametrically opposed explanations of the

pressure gradient in hypertrophic cardiomyopathy
have. uot bc= satisfactorily resolved. The purpose of
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Table 1 Haemodynamicfindings in 33 patients with hypertrophic cardiomypathy. Values are mean (SD)

Group I Group 2 Group 3 All groups

Mean (SD) age (yr) 60 (12) 5767 (19) 5075 (19) 55 (18)
Sex (MIF) 5/3 6/4 7/8 18/5
Mean right atrial pressure (mm Hg) 4-6 (4.9) 4-4 (2.9) 4-2 (2-4) 4-3 (3)
Pulmonary artery pressure (mm Hg)

Systolic 28 (8) 27 (8) 30 (7) 29 (7)
Diastolic 13 (5) 12 (6) 12 (4) 12 (5)

Left ventricular end diastolic pressure (mm Hg) 15 (7) 19 (9) 15 (5) 16 (7)
Left ventricular systolic pressure (mm Hg)* 121 (21) 142 (25) 189 (28) 158 (39)
Cardiac index (1/min per m2) 2-4 (0-4) 2-9 (1-0) 3- (0-9) 2-8 (0-8)
Resting gradient (mm Hg) 0 °t 77 (36)
Inducible gradient (mm Hg) 0 93 (42) 140 (33)

*Group 1 < group 2 < group 3 (p < 0-05).
tThree patients had resting gradient S 15 mm Hg.

the current investigation was to use quantitative left
ventricular angiography in patients with hypertrophic
cardiomyopathy to study the relation between the
pressure gradient and the ability of the ventricle to
empty itself. Since previous investigations into the
rate of left ventricular emptying have compared
patients with hypertrophic cardiomyopathy with
normal control subjects or patients with aortic
stenosis,'8-21 we particularly wanted to study the
effect of an induced pressure gradient on left ventricu-
lar emptying in selected patients with hypertrophic
cardiomyopathy without significant mitral regurgita-
tion so that each patient served as his own control.

Patients and methods

Thirty three patients (18 men, 15 women mean (SD)
age 55 (18) years) with clinical, echocardiographic,
haemodynamic, and cineangiographic evidence of
hypertrophic cardiomyopathy were classified into
three groups on the basis of the absence of a resting or
inducible intraventricular gradient (group 1), an
inducible gradient (group 2), and a resting gradient of
>25 mm Hg (group 3).

CINEANGIOGRAPHY
Cineangiography was performed with left ventricular
injections of 0-5 to 0*8 ml/kg of contrast medium in
2-3 s, recorded at 30 to 60 frames per second on 35

Table 2 Severity of mitral regurgitation in 33 patients with
hypertrophic cardiomyopathy. Figures are numbers ofpatients

Degree of mitral regurgitaion*
0 1+ 2+ 3+ 4+

Group 1 (n=8)
(no gradient) 4 2 1 1 0

Group 2 (n= 10)
(provokable gradient) 4 5 1 0 0

Group 3 (n= 15)
(resting gradient) 2 7 4 2 0

*From Grossman.22

mm film. A calibration object was filmed at the plane
of the mid ventricle for quantitation of volume. Ven-
tricular volume was determined by the Kennedy mod-
ification of the Dodge area-length formula for the
right anterior oblique projection.23 The ejection frac-
tion was calculated in all 33 patients from normal
sinus rhythm beats which did not follow premature
ventricular contractions.
The left ventricular cineangiograms of two of the

patients (cases 1 and 2) in whom a pressure gradient
could be induced were analysed in more detail. These
patients were selected because of the absence of
significant mitral regurgitation and because the edges
of the angiographic silhouettes were clearly delineated
permitting reproducible frame by frame volume
determinations. These two patients had angiograms
recorded during the absence of an intraventricular
pressure gradient and after a significant gradient (>85
mm Hg) had been induced. Neither of these patients
had significant (> 1+) mitral regurgitation in that the
atrium was only faintly opacified during systole and
cleared completely with each diastole.22 Frame by
frame determinations of ventricular volume also per-
mitted a correlation of pressure and volume.

In the frame by frame analysis of the cineangio-
grams of one patient (case 1) two or more cardiac
cycles were plotted to ensure reproducibility. There
was a < 10 ml difference between matched frames at
the same phase of the cardiac cycle, and the filling and
emptying slopes of each beat could be superimposed.
A gradient was induced with an infusion of sodium
nitroprusside sufficient to reduce the systolic arterial
pressure to 120 mm Hg, which was this patient's
normal resting pressure. The timing of systolic
anterior motion-septal contact was determined in this
patient from the left anterior oblique projection.24 A
postectopic beat phenomenon induced a gradient of

110 mm Hg in one patient (case 2) who had no gra-
dient at rest.

STATISTICAL ANALYSIS
A statistical analysis of the differences in left ventricu-
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Left ventricular emptying in hypertrophic cardiomyopathy
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Fig. 1 Angiographic left ventricular ejection fractions in 33
patients with hypertrophic cardiomyopathy with no gradient
(group 1), an inducible gradient (group 2), and a restinggradient
(group 3).

lar ejection fraction between the three groups was per-

formed using a one way analysis of variance.25 Since
the three groups did not come from the same sample
linear contrasts were performed using the Boneferoni
correction for multiple comparisons assuming a

pooled variance.26 Group comparisons of
haemodynamic findings were performed using the
Tukey method and the BMDP statistical package.26
All values are expressed as mean (one standard devia-
tion).

Results

There was no significant difference in age, right heart
pressures, left ventricular end diastolic pressure,
degree of mitral regurgitation, or cardiac index be-
tween groups 1, 2, and 3 (Tables 1 and 2).

Figure 1 shows the resting left ventricular ejection
fractions for the three groups. Group 3 had a

significantly higher mean ejection fraction (92 (6.4)%)
than group 1 (75.5 (9)%, p<0OOl). Similarly, group
2 had a higher ejection fraction (85 (9)%) than group 1
(p<0.O5). Thus the group with the highest mean ejec-
tion fraction had resting pressure gradients, the group
in whom gradients could be induced had an inter-
mediate mean value, and those with no gradient had
the lowest mean value. Five group 2 patients had ejec-
tion fractions calculated during control and induction
of a pressure gradient, and each had an increase dur-
ing the gradient from 2%o to 9%. All three groups had
significantly higher ejection fractions than the normal
range (60 (8)%) for our laboratory (p<005).

Fig. 2 Case 1: angiographic frame by frame data (a) and left
heart pressures (b) during control (no gradient) and during
nitroprusside infusion (87 mm Hg gradient). (a) The left
ventricle empties more rapidly and completely (ejection fraction
rosefrom 89 to 94%) and achieves a systolic volume of5 ml well

before aortic valve closure (AVC) (solid dot and arrow). The
onset of systolic anterior motion-septal contact from the left
anterior oblique cineangiogram is indicated by the inclined arrow.
The aortic valve closed later in the gradient study owing to
delayed relaxation ofthe ventricle. (0) the angiographic volumes
without a gradient and (0) with a gradient. AVO, aortic valve
opening. (b) Transseptal left ventricular and retrograde aortic
pressures are shown with electrocardiograms and
phonocardiograms. After sodium nitroprusside infusion, no

change in heart rate occurs but a 87 mm Hg gradient develops
between the left ventricle (LV) and aorta (AO), with the left
ventricular systolic pressure remaining constant.

Figures 2 and 3 show the haemodynamic, vol-
umetric, and angiographic data from the patient in
case 1 (group 2) before and after an 87 mm Hg pres-
sure gradient had been induced with an infusion of
sodium nitroprusside. This usually normotensive
patient had a hypertensive response during cardiac
catheterisation. The gradient resulted from a decrease
in aortic pressure, while the left ventricular pressure
and heart rate remained constant (Fig. 2b). The left
ventricular ejection fraction increased from 89% to
94%. Frame by frame volume analysis shows that the
rate and degree of emptying increased after the gra-
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No gradient Gradient

b

Fig. 3 Case 1: angiograms during (a) end diastole and (b) end systole with no gradient and after an 87 mm Hg gradient was induced
with nitroprusside. The degree ofemptying during both studies caused obliteration ofthe cavity up to the level ofthe mitral valve and is
increased after the gradie is induced.

dient was induced (Fig. 2a). The ventricle continued (control) and 4 ml (nitroprusside), reflecting an exces-
to empty rapidly to a small volume in the presence of a sive degree of emptying under both conditions.
pressure gradient and systolic anterior motion-septal Insignificant (<1+) mitral regurgitation was seen dur-
contact. ing motion picture projection.
Although the left ventricular emptying time (aortic Figures 4 and 5 show the data from the study of the

valve opening to aortic valve closure) is prolonged in patient in case 2 (group 2). A postectopic beat and the
the presence of the pressure gradient, the left ventri- following normal sinus beat were analysed. Before the
cle achieves a miniscule end systolic volume in half of left ventriculogram, premature ventricular contrac-
the time available and maintains an isometric contrac- tions were induced by catheter manipulation, and the
tion for the last half of systole. The delay in aortic gradient between the left ventricle and femoral artery
valve closure and mitral valve opening reflects a more exceeded 110 mg Hg in the postectopic beat and the
prolonged state of contraction or a reduced rate of arterial pulse pressure decreased (Fig. 4b). Superim-
relaxation or both. position of the frame by frame plots of left ventricular

Figure 3 shows the end diastolic and end systolic emptying shows that there was more rapid and com-
frames from right anterior oblique ventriculograms. plete emptying during the postectopic beat in which
The end systolic volumes were calculated t6 be 10mil - the gradient was present (Fig. 4a). Trivial mitral reg-

286

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.53.3.283 on 1 M
arch 1985. D

ow
nloaded from

 

http://heart.bmj.com/


Left ventricular emptying in hypertrophic cardiomyopathy

'onset of
i'a"wcive AVOJ

1201

I-_

)1_

20 _

IE1E E

I

@00 0:

I *0 I,'t,0

:0sooI,

01
I, l

0 ~ ~ @
0~~~~~~

0
0 ~~~~~0I

0
0

000o0 , .oooooo , ~~~~~~~~i -m .°4r
m i m.i. . .. .. . . .. .

0.2 0.4 0-6 0-8 1.0 1.2
(s)

Fig. 4 Case 2: angiographic frame byframe data (a) and left heart pressures (b) during a postectopic beat and the following sinus

beat. (a) The ventricle empties more rapidly but has a delayed relaxation and aortic valve closure (AVC) in the postectopic beat. (0)
no gradient, (a) with gradient; AVO, aortic valve opening. (b) Left ventricular (LV) and femoral artery (FA) pressures with an

induced premature ventricular contraction with the same coupling interval as the premature beat during the angiographic study. The

postectopic beat develops a gradient of 110 mm Hg, and the arterial pressure a "spike and dome" contour typical of hypertrophic
cardiomyopathy and no increase in pulse pressure.

urgitation was seen on analysis of the motion picture
but is not evident in the still frames (Fig. 5). As in the
previous case, aortic valve closure and the onset of
ventricular filling were delayed in the gradient beat
despite the fact that the ventricle achieved a greater
degree of emptying earlier in systole.

Discussion

When there is an impediment to left ventricular
outflow, as in valvar aortic stenosis, there is a trans-
valvar pressure gradient, a reduced rate of rise of the
aortic systolic pressure, a prolonged ejection time,
and a slow rate of ventricular emptying. 19 Despite the
hindrance to outflow, the hypertrophied left ventricle
in aortic stenosis may maintain a normal or increased
ejection fraction, but when the obstruction is surgi-
cally relieved there is often an increase in the ejection
fraction."
The presence of a left ventricular outflow tract gra-

dient and a prolonged ejection time in hypertrophic
cardiomyopathy have been used as evidence of obs-
truction.28 29 An explanation of the brisk aortic pulse
contour characteristic of hypertrophic car-

diomyopathy has been that the ventricular outflow
tract is initially widely patent and becomes progres-

sively obstructed during systole.8 The rapid and
complete emptying has been attributed to hyperfunc-
tion of the hypertrophied muscle and late systolic
mitral regurgitation.30

It is acknowledged that the presumed obstruction
in hypertrophic cardiomyopathy is not comparable to
valvar aortic stenosis in that proponents of obstruc-
tion in hypertrophic cardiomyopathy have suggested
that the early systolic rapid outflow followed by the
absence of late systolic outflow is evidence of a

"dynamic obstruction." Calculations of the effective
orifice size using hydrodynamic formulas have indi-
cated that the outflow orifice is widely patent early in
systole when there is high flow and a small gradient
and then progressively narrows throughout systole.
Pierce and Morrow stated "in those instances where
flow ceased and a pressure gradient persisted, one can

only conclude that the subvalvular orifice closed com-
pletely prior to closure of the aortic valve."28 If such
an obstruction were imposed in midsystole, there
would probably be an abrupt change in the rate of left
ventricular emptying, but the emptying curves in the
present study were not slowed when the gradient was

present nor was there a significant increase in the
degree of mitral regurgitation to explain the rapid and
complete emptying in these cases.

E,10

° 80
a-
0
D 60

_ 40
-J

287

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.53.3.283 on 1 M
arch 1985. D

ow
nloaded from

 

http://heart.bmj.com/


Siegel, Cniley
Gradient
k

041F ~~~~~~~~~~~~~~~~~~~~~~~toi bet (grain II0

Fig. 5 Case 2: angwgraphic frames during (a) end diastole and (b) end systole of the postextrasystolic beat (gradient 110

mm Hg) and of the beat without a gradient. The degree of cavitary obliteration is increased during the postextrasystolic beat.

A non-obstructive explanation of these unique
haemodynamic features of hypertrophic car-
diomyopathy has been that the ventricle ejects blood
rapidly and obliterates the cavity.'8 19 The data from
our patients are consistent with the Gauer phenome-
non, in which the pressure gradient results from the
progressive separation of the body and outflow tract of
the left ventricle. These two regions are not separated
by an obstruction but by the opposing walls of the
essentially empty body of the ventricle, which con-
tract isometrically once the intracavitary contents
have been ejected.'5 Cavity obliteration is therefore
the antithesis of obstruction, in that the ventricle is
unimpeded in its emptying. The ejection dynamics of
hypertrophic cardiomyopathy have been well charac-
terised by the work of Murgo and colleagues, who
found a shortened ejection phase measured with a
flow-velocity probe in the aortic root in patients with
or without pressure gradients.2' Closure of the aortic
valve occurred considerably after the cessation of for-

ward flow, following the onset of ventricular relaxa-
tion.2' Ventricular diastolic function is known to be
abnormal in hypertrophic cardiomyopathy, with a
delayed relaxation and diminished distensibil-
ity,6 3 1-33 and the prolonged ejection time may be
more related to abnormalities of diastolic relaxation
than prolongation of ejection.34

"Catheter entrapment"24 describes artifactually
high left ventricular pressures which can be recorded
from catheters embedded in the myocardium which
measure subendocardial myocardial tissue pressure.
Although catheter entrapment has been equated with
cavity obliteration,24 they are quite different
phenomena. Unlike catheter entrapment blood is
ejected during systole from the open end of a catheter
in an obliterating cavity and the pressure decline is
not delayed.'5 19 The validity of high inflow tract
pressure as a criterion for true obstruction24 can be
questioned when the inflow tract is seen to be obliter-
ated in angiograms (Figs. 3 and 5) and cross sectional
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Left ventricular emptying in hypertrophic cardiomyopathy

0D
LV body

Fig. 6 (a) Diagram of the relation between the pressure gradient, systolic anterior motion (SAM), and the
obliterated left ventricular (LV) cavity based on the parasternal long axis cross sectional echocardiogram ofa
patient with hypertrophic cardiomyopathy and verticaly aligned with a left heartpressure withdrawal recording so
that the site ofthe pressure change can be seen at thejunction ofthe obliterated body ofthe ventricle and the patent
outfow tract(LVOT). The outflow tract is infree communication with the aorta (AO) and shares the same systolic
pressure, while the pressure in the body is higher because of the progressive separation of the two left ventricular
zones by cavitary obliteration. (b) ThreeM mode echocardiograms showing systolic anterior motion (centre panel
and cross sectional long axis view), which is seen to be a result ofthe complete emptying ofthe ventricle. The beam
angles are shown. IVS, interventricular septum; LVPW, left ventricular posterior wall; LA, left atrium.

echocardiograms"5 (Fig. 6).
The increased ejection fractions in patients with

hypertrophic cardiomyopathy and the trend toward
higher values in hypertrophic cardiomyopathy
patients with resting pressure gradients (Fig. 1) has
been previously documented using radiographic and
radionuclide left ventriculography3l36 and accords
with the concept of an obliterated rather than an obs-
tructed ventricle. When the ejection fraction was
compared in the same patient with and without a gra-
dient it did not fall when the gradient was induced as
would be expected with the imposition of an obstruc-
tion but rose in all instances.

Two different mechanisms were used in altering the
gradient in the patients who had comparisons of left
ventricular emptying in the current study. It could be
argued that the patient with a postextrasystolic pres-
sure gradient (Figs. 4 and 5) was able to overcome the
"obstruction" by increasing the left ventricular pres-
sure through the Frank-Starling effect and the
increased inotropic state. Nevertheless, the left ven-
tricular pressure and heart rate remained constant
when a gradient was induced by the infusion of
sodium nitroprusside in another patient (Fig. 3), and
the rate and degree of emptying were enhanced in the
presence of an 87 mm Hg gradient, which would
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again belie the imposition of an impediment to ejec-
tion.
There are limitations to a contrast angiographic

approach to the study of left ventricular emptying in
the bizarre, heavily trabeculated ventricles charac-
teristic of hypertrophic cardiomyopathy. Neverthe-
less, the high ejection fraction, small end systolic cav-

ity size, and more rapid than normal rate of ejection
have been repeatedly confirmed by other investigators
using radionuclide angiography,3638 echocardio-
graphy,35 and four different configurations of flow
velocity probes: intraoperative cuff electromagnetic
probes,28 dual lumen catheters,39 catheter mounted
electromagnetic probes,21 and non-invasive Doppler
devices.40 Thus it is unlikely that the validity of the
angiographic data can be discounted.

This study shows rapid complete and apparently
unimpeded emptying of the left ventricle despite the
presence of a pressure gradient and systolic anterior
motion of the mitral valve and suggests an alternative
interpretation of the close correlation between the two
phenomenal2 which has conventionally been viewed
as cause (systolic anterior motion) and effect (gra-
dient). Rapid and complete emptying can apparently

be the cause of systolic anterior motion and the gra-

dient, and earlier systolic anterior motion-septal
apposition could merely reflect earlier obliteration of
the cavity and therefore more time for contractile
energy to be expended on isometric contraction (Fig.
6). Systolic anterior motion4l as well as non-

obstructive pressure gradients'6 17 have been found in
patients without hypertrophic cardiomyopathy who
have hypovolaemic hypercontractile ventricles. We
therefore suggest that evidence of hindrance to empty-
ing should be the criterion for the presence of obstruc-
tion and not the presence of a pressure gradient or

systolic anterior motion in patients with hypertrophic
cardiomyopathy.

We thank Howard Staniloff, for the statistical analy-
ses, William J French, Thasana Nivatpumin, Benja-
min Rosin, and Jay Schapira, for kindly permitting
the use of case material.
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