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Dynamics of Left Ventricular Ejection
in Obstructive and Nonobstructive

Hypertrophic Cardiomyopathy

JOSEPHP. MURGO,BARRYR. ALTER, JAMES F. DORETHY,STEPHENA. ALTOBELLI,
and GEORGEM. MCGRANAHAN,JR., with technical assistance by
THONIAS E. DUNNE, Cardiology Service, Departmtlent of Medicine,
Brooke Army Medical Center, Fort Sam Houston, Texas 78234

A B S T R A C T The purpose of this study was to
examine the dynamics of left ventricular ejection in
patients with obstructive and nonobstructive hyper-
trophic cardiomyopathy (HCM). 30 patients with HCM
and 29 patients with no evidence of cardiovascular
disease were studied during cardiac catheterization.
Using a single multisensor catheter, electromagneti-
cally derived ascending aortic flow velocity and high
fidelity left ventricular and aortic pressures were
recorded during rest (tl = 47) and provocative maneu-
vers (it = 23). Dynamic ventricular emptying during
rest was also analyzed with frame-by-frame angiogra-
phy (n = 46). Left ventricular outflow was inde-
pendently derived from both flow velocity and angi-
ographic techniques. The HCMpatients were sub-
divided into three groups: (I) intraventricular gradients
at rest (n = 9), (II) intraventricular gradients only with
provocation (n = 12), and (III) no intraventricular
gradients despite provocation (n = 9). During rest, the
percentage of the total systolic ejection period during
which forward aortic flow existed was as follows
(mean+ 1 SD): group I, 69+17% (flowv), 64±6% (angio);
group II, 63 +14% (flow), 65±+6% (angio); group III,
61+16% (flow), 62±+4% (angio); control group, 90±o5%
(flow), 86±+9% (angio). No significant difference was
observed between any of the HCMsubgroups, but
compared with the control group, ejection was com-
pleted much earlier in systole independent of the
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presence or absence of intraventricular gradients.
These results suggest that "outflow obstruction," as
traditionally defined by the presence of an abnormal
intraventricular pressure gradient and systolic anterior
motion of the mitral valve, does not impede left
ventricular outflow in HCM.

INTRODUCTION

Since Brock's first description two decades ago of an
intraventricular systolic pressure gradient in three
patients with "functional stenosis of the left ventricle"
(1), the concept of a dynamic obstruction to left ven-
tricular outflow has been the source of considerable
research, disctussion, and controversy. Some investi-
gators have postulated a nonobstructive basis for the
observed pressure gradients (2), whereas others be-
lieve obstruction to be incidental, with decreased
diastolic compliance representing the major patho-
physiologic problem (3). Despite these objections, a
mechanical obstruction to left ventricular outflow
remainis the most widely accepted explanation for the
abnormal hemodynamics and resulting clinical syni-
drome in hypertrophic cardiomyopathy with intra-
ventricular pressure gradients (4-11). The contro-
versies in hypertrophic cardiomyopathy and the evi-
dence both for and against the presence of obstruction
have been recently reviewed by Criley et al. (12).

Implicit in the concept of obstruction is an under-
standing that outflow itself, i.e., ventricular ejection, is
slowed, diminished, or impeded at some time duiring
the systolic ejection period despite laboratory measiure-
ments that reveal rapid left ventricuilar emptying, high
ejection fractions, and in most cases, a capalbility of
virtually emptying the apical portion of the left
ventricular cavity (3, 13, 14).

Previous studies of the dynamics of ascending aortic
flow in the presence of "outflow obstruction" have
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shown that almost all of the left ventricle's stroke
volume is ejected in the first 50-60% of systole (15, 16).
Pierce et al. (15) concluded that ejection was dimin-
ished in late systole because of a mechanical obstruc-
tion to left ventricular outflow, whereas Hemandez et
al. (16) explained that the same phenomenon could
have been secondary to a rapid and powerful ventricu-
lar contraction which resulted in an earlier completion
of ejection. The former mechanism implies that left
ventricular outflow is impeded during mid- and late
systole, whereas the latter does not. To our knowledge,
no previous studies of the dynamics of ascending aortic
flow in nonobstructive hypertrophy cardiomyopathy
have been reported. The purpose of this study was to
analyze the patterns of left ventricular ejection in the
presence and absence of intraventricular gradients to
delineate further the relationship of obstruction to the
dynamic pressure-flow characteristics in hypertrophic
cardiomyopathy.

METHODS

Patient population
30 patients with hypertrophic cardiomyopathy scheduled to

undergo elective cardiac catheterization formed the basis of
this study. A control group was comprised of 29 patients
catheterized for a variety of clinical indications, but in whom
no evidence of cardiovascular disease was found. The study
protocol was approved by the Clinical Investigation and
HumanUse Committees at Brooke Army Medical Center, and
informed consent was obtained from all patients. Based on the
results of catheterization, the patients with hypertrophic
cardiomyopathy (HCM)' were subclassified into three groups:
group I, the presence of abnormal resting intraventricular
pressure gradients (n = 9); group II, the presence of

I Abbreviations used in this paper: ASH, asymmetric septal
hypertrophy; HCM, hypertrophic cardiomyopathy; SEP, sys-
tolic ejection period; SV, stroke volume ejected; PVC, prema-
ture ventricular contraction.

intraventricular gradients only with provocative maneuvers
(n = 12); and group III, the absence of intraventricular
gradients despite provocative maneuvers (n = 9). The diag-
nosis of HCMwas based on clinical and laboratory evaluation
including echocardiographic findings of asymmetric septal
hypertrophy (17) and/or typical findings on biplane left
ventricular angiography (18). Symptoms were present in 27 of
the 30 HCMpatients. Summaries of the patient population,
study protocol and echocardiographic findings of the HCM
patients are found in Tables I and II.

Methods and equipment
All cardiac medications had been discontinued a minimum

of 72 h before catheterization. All patients were in a fasting
state and either unsedated or lightly premedicated with
Diazepam (10 mgper os Valium, Roche Laboratories, Nutley,
N. J.). A left heart catheter containing two equisensitive solid
state pressure sensors (Mikro-Tip, Millar Instruments, Inc.,
Houston, Tex.) was used in all 59 patients via a brachial
arteriotomy approach. In 22 control subjects and 25 HCM
patients, a modification of this catheter contained an electro-
magnetic aortic flow velocity probe (Carolina Medical Elec-
tronics, Inc., King, N. C., 1973-1975; Millar Instruments, Inc.,
1975-1978) located 9 cm from the tip or, in a later design,
adjacent to the aortic pressure sensor (see Table I). The
technical and calibration details of the solid state pressure
sensors and the flow velocity probe have been presented
elsewhere (19-26).

After the hemodynamic studies described below, the
patients were allowed to return to a control state. The left heart
multisensor catheter was replaced with either a United States
Catheters and Instrumentation 8F National Institutes of
Health angiography catheter or a Millar injection catheter
(model PC-481, Millar Instruments, Inc.) with a pressure sen-
sor mounted just above the injection ports. Biplane left ven-
tricular cineangiograms at 60 frames/s were then performed
while injecting 30-50 cm3 U. S. Pharmacopeia of diatrizo-
ate maglumine and diatrizoate sodium injection (Reno-
grafin-76, E. R. Squibb and Sons, Inc., Princeton, N. J.) with
the patient in the 30 degree right anterior oblique and 60
degree left anterior oblique projections. Standard quantitative
angiographic calculations were performed from the right
anterior oblique projection using the area-length method of
Kasser and Kennedy (27). Coronary arteriography using the
Sones technique was also performed in all control subjects and

TABLE I
Patient Population and Type of Studies Performed

Hypertrophic cardiomyopathy

Normal Group I Group II Group III All HCM

Male patients 23 5 9 6 20
Female patients 6 4 3 3 10
Total 29 9 12 9 30
Age (mean+SD) (yr) 37+10 37+17 46+13 42+13 42+14
Rest study 29 9 12 9 30
Provocable study 5 2* 12t 9§ 23
Electromagnetic flow 22 8 8 9 25
Dynamic angiography 22 6 10 8 24

* One patient was given isoproterenol, one amyl nitrite.
t 12 patients were given isoproterenol.
§ Eight patients were given isoproterenol, one amyl nitrite.
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TABLE II
Echocardiographic Data

Hypertrophic cardiomynopathy

Grouip Grotup Grotup
I II III All HCM

Number of subjects 9 12 9 30 (100%)
SAM

Present 8 7 6 21 (70%)
Severe 5 1 1 7 (33%)
Moderate 3 3 1 7 (33%)
Mild 0 3 4 7 (33%)

Absent 0 3 3 6 (20%)
Undefined 1 2 0 3 (10%)

Left ventricular
hypertrophy

ASH 4 8 6 18 (60%)
CH 2 0 0 2 (7%)
Other 1* 1 2* 4 (13%)
Undefined 2 3 1 6 (20%)

SAM, systolic anterior motion of mitral valve; ASH, asym-
metric septal hvpertrophy (septal/posterior wall ratio >1.5);
CH, concentric hypertrophy. Undefined, patients whose
echocardiograms were technically inadequate for evaluation.
* Septal/posterior wall ratios >1.3 but <1.5.

in all patients with HCMand chest pain (15 out of 30 HCM
patients). One patient in HCMgroup II was found to have
insignificant coronary atherosclerosis.

Study protocol
All patients were studied in the supine position during the

resting state. Patients with HCM who demonstrated no
abnormal intraventricular gradients (or gradients <20 mmHg)
were challenged with an isoproterenol infusion (2-4 ,ug/min)
or amyl nitrite inhalation (see Table I). Five control subjects
also underwent an isoproterenol infusion study. Cardiac
outputs were measured at rest by the method of Fick and in 17
of the 2.5 patients challenged with isoproterenol. During each
of these studies, the left heart catheter was manipulated so that
simultaneous pressures were recorded from each of the
following positions: (a) tip sensor in the apical portion of the
left ventricle and the second sensor (5 cm away) in the left
ventricular outflow tract just below the aortic valve; (b) tip
sensor in the left ventriele and the second sensorjust above the
aortic valve in the ascending aorta; (c) tip sensor in the left
ventricular outflow tract just below the aortic valve and the
second sensor 5 cmaway in the ascending aortic root. Standard
hemodynamic and angiographic data are summarized in
Table III.

Data processing and a naltjsis
Flotw velocity meastirements and calculationis. The as-

cending aortic flow velocity signal was replayed from analog
tape and recorded simultaneously with left ventricular
pressure, aortic pressure, electrocardiogram, and a respiratory
signal on strip chart recordings at a minimum paper speed of
100 mm/s. A representative tracing taken from one of the
normal control subjects is showvn in Fig. 1. The spatial flow
velocity profile in the ascending aortic root was assumed to be
blunt (28-30) and the flow velocity wave form representative
of instantaneous volumetric flow. Each flow velocity signal
was hand-digitized using an electronic digitizer coupled to a

ECG

> 100

21-21

w SECOND

FIGURE 1 Mtultisensor catheter signals displayed xwith electrocardiogram (ECG) and respiration
(RESP): AO, aorta; LV, left venitriele; FT, flow time, i.e., the dturation of forward flow across the
aortic valve.
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FIGURE 2 Panel A: sequential aortic flow velocity wave forms superimposed prior to computer
integration. Panel B: computer-averaged flow velocity wave form scaled to volumetric flow using
Fick cardiac outputs. Panel C: temporal distribution of left ventricular ejection in the normal
control subject illustrated in Fig. 1. Ejection was completed in 97% of the SEP. This end-point
value is equivalent to the ratio FT/SEP, where FT is defined in Fig. 1.

Hewlett-Packard 9830A programmable calculator (Hewlett-
Packard Co., Palo Alto, Calif.) with a 2.5-million byte mass
memory disc storage system. A minimum of two respiratory
cycles were analyzed. Volumetric flow scales were established
by setting the summated systolic areas under the flow velocity
wave forms equal to the Fick-determined cardiac outputs
scaled to the period of integration. The validity of using
catheter-mounted electromagnetic flow velocity probes in
studying ascending aortic flow in man has been previously
reported by several other investigators (25, 31-36).

Each digitized flow wave form was stored and an average
flow wave form computed and stored on an X-Y recorder (Fig.
2a and 2b). Peak systolic flow (Qpk in cubic centimeters per
second) was determined from this average flow wave form.
Flow data and derived indices are summarized in Table IV.

To analyze what percentage of the stroke volume was
ejected at various times during systole, the average flow wave
form was integrated, and the integral plotted against time as
shown in Fig. 2c. To facilitate patient comparison during rest
and inotropic stress with a wide range of heart rates, these data
were normalized and plotted as the percent stroke volume
ejected (%SV) against the percentage of the total systolic
ejection period (%SEP). The SEP was determined from the
high fidelity central aortic pressure pulse, as shown in Fig. 1.
Since the absolute duration of ejection (forward flow) is less
than the SEPtime interval, the latter will be referred to as the
available SEP.

Angiographic techniques and analysis. Frame-by-frame
analysis of the right anterior oblique left ventricular angio-
grams was performed using the same digitizer/calculator/
plotter system described above. A continuous-volume plot was
generated from each angiogram with as many beats as was
technically feasible. Only sinus beats were analyzed. When-
ever possible, the sinus beat following a premature ventricu-
lar contraction (PVC) was avoided, but in 14 of 46 patients
these were the only beats technically adequate for frame-by-
frame analysis. A single cycle is demonstrated before and after

computer smoothing (two-pole, zero phase-shift, low-pass
digital filter) (37) in Fig. 3a and 3b. The onset of forward flow
was chosen from the angiographic frame in which the aortic
valve was first seen to open (AVO in Fig. 3b). The point of
aortic valve closure was identified from systolic ejection
periods determined from a high fidelity aortic root pressure
measured either simultaneously during the injection, or from
previously measured beats at the same heart rate present
during angiography, or from timing aortic valve closure from
the cineangiogram itself. The temporal sequence of ventricular
emptying was then displayed in a manner identical to that
derived from the flow analysis by plotting the angiographically
determined percent SV against the percent SEP. The angio-
graphic percent SV at any point in systole was determined by
the relationship:

EDV- V(t)
%SVangio = *100

EDV - ESV

where EDV= end-diastolic volume, ESV = end-systolic vol-
ume, and V(t) = the ventricular volume at any point in systole
as determined from the continuous volume curve in Fig. 3b.

Statistical analysis. All measured and derived data for
each HCMsubgroup were compared with the normal control
population and each other using an analysis of variance with
Scheff&'s test for multiple comparisons (38). Whenever all
HCMpatients were compared with the control population as a
single group, only an analysis of variance was employed.

RESULTS

Standard laboratory data

Echocardiographic findings. The pertinent echo-
cardiographic findings for the patients with HCMare
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FIGURE 3 Panel A: angiographically determined left ventricular volume plotted as a function of
time. Panel B: same angiographic volume curve after comptuter processing. AVO, aortic valve
opening; ESV, end-systolic volume; AVC, aortic valve closure. Panel C: temporal distribution
of left ventricular ejection of another control subject demonstrating that ejection was completed
in 88% of the SEP.

summarized in Table II. Asymmetric septal hyper-
trophy (ASH) (39) was present in all three HCM
subgroups, with no significant difference in the degree
of ASH between each of the subgroups. A higher
prevalence and increased severity of systolic anterior
motion of the mitral valve apparatus were present in
group I patients, with lesser degrees of systolic anterior
motion seen in groups II and III, respectively.

Hemodynamic findings. Resting heart rate, cardiac
output, and stroke volume data were similar in the
control group and all three HCMsubgroups (Table III).
Although only five control subjects were subjected to
an isoproterenol infusion, changes in these parameters
were all similar except for an average higher heart rate
in the control group. The average resting intraventricular
gradient (peak-to-peak) for group I was 51±23 mmHg
during rest and 39+20 mmHg during exercise. Two
patients demonstrated gradients of <20 mmHg, but
these gradients were pansystolic and were not felt to be
secondary to physiologic flow-generated gradients (23).
These two patients were the only subjects of group I to
undergo a provocative challenge. In group II, the
average provoked gradient was 63+25 mmHg. Left
ventricular end-diastolic pressures were significantly
elevated in all three HCMsubgroups at rest. During
isoproterenol infusion, left ventricular filling pressures

tended to be abnormally high when compared with the
control group, but because of the smaller sample sizes,
statistically significant differences were not achieved.

There were no significant differences in the maximum
rate of rise of left ventricular pressure (peak dpldt)
between any of the HCMgroups and the normal control
population.

Angiographic findings. Quantitative angiographic
data are also summarized in Table III. Except for a

tendency towards smaller end-diastolic volumes in
HCMgroup II, this parameter was not significantly
different when compared with the control population.
However, end-systolic volume was significantly re-

duced in all three HCMsubgroups. An interpretation of
these results must include a realization of the
limitations of applying mathematical models that
assume the geometric shape of a prolate ellipse to
ventricles that often have markedly distorted architec-
ture, especially during end-systole. Significantly ele-
vated ejection fractions were present in all the patients
with HCM.

Left ventricular outflow dynamics

HCMgroup I: intraventricular gradients at rest.
Fig. 4 illustrates the instantaneous pressure-flow
relationships in a patient with a resting gradient, and is
typical of the findings in all patients of group I. In panel
A, the left heart catheter was placed so that both
pressure sensors were within the left ventricle. An
intraventricular gradient is displayed between the tip
sensor in the apical portion of the left ventricle and the

Ejection Dynamics in Hypertrophic Cardiomyopathy
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TABLE III
Standard Hemodynamic and Angiographic Data

Hypertrophic cardiomyopathy

Nonnal* Group I Group II Group III All HCM

Category Mean-SD n Mean-SD n MeantSD n Mean±SD Mean+ SD

BSA

Heart rate (BPM)

Cardiac index
(liters/minim2)

Stroke index (cm3/m2)

Pulmonary capillary pres-
sure mean (mm Hg)

Left ventricle systolic
(mm Hg)

Left ventricle diastolic
(mm Hg)

Peak dpldt (mm Hgls)

Aortic systolic (mm Hg)

Aortic diastolic (mm Hg)

Aortic mean (mm Hg)

Peak-to-peak gradient
(mm Hg)

End diastolic volume
index (cm3/m2)

End systolic volume index
(cm3/M2)

Angiographic stroke index
(cm3/m2)

Ejection fraction

1.94+0.20 9 1.81±0.32 12 1.90+0.21 9 1.94+0.23 1.89+0.25

R 77+12 9 76+19 12 76±13 9 71±6
P 140±19 2 95±6t 12 120±+15 8 114±9§

R 3.5±0.4
P 6.1±1.2

R 46±7
P 47±9

R 7±2
P 2+1

9 3.4+0.5
1 6.8+0

9 46+9
1 75±0

9 13+411
1 11±0

12 3.5+0.7
7 5.6±+1.8

12 47±+13
7 48+19

9 3.7+0.9
5 7.0± 1.4

9 53+13
5 58+9

11 9±4 9 10±3
6 8±4 4 8±2

R 117+11 9 155+33"1 12 136±18 9 131±32
P 128± 17 2 145±31 12 178±28§ 9 125±25

R 9±3 9 16±54 12 13±6§ 9 15±5t
P 5±2 2 10±0 12 14±8 9 9±5

74± 13
115± 14§
3.5±0.7
6.2±1.6

48± 12
54±17

11±4§
8±3

140±28§
154±36

15+5§
12±7

R 1,576+299 9 1,667+591 12 1,781+223 9 1,782+396 1,746+402
P 4,560+1,119 2 2,488±301 12 4,348+658 9 3,647+1,403 3,924+1,102

R 116±11 9 104±15 12 136±18§ 9 131+32 125+26
P 117±16 2 92±26 12 116±16 9 126±29 117±23

R 76*7 9 66+7 12 82+13 9 80+13
P 77+9 2 60± 15 12 72±+12 9 66± 17

R 95+9 9 85+7 12 104+14 9 106+19
P 92+ 13 2 71+6 12 87±+14 9 89±24

R
p

9 51±+23"1 12
2 54±511 12

9
63+2511 9

77±+13
69±+14

99±+16
86± 18

NC
NC

69±+17 6 71±+15 10 53±+15 9 59±12 59±15

18±6 6 9±3t 10 9±411 9 8±2"1 9±3t

50±13 6 62±15 10 46±11 9 51±12 51±14

0.73±0.07 6 0.87±0.05"1 10 0.86+0.07" 9 0.87±0.06"1 0.86±0.06"

R, rest; P, provocation; n, number of subjects; BSA, body surface area; BPM, beats per minute; peak dpldt, peak rate of
left ventricular pressure rise; NC, not calculated. P values are derived using analysis of variance with Scheffes test for
multiple comparisons.
* Normal number of subjects for flow analysis were 29 at rest, 5 during provocation. Standard end-diastolic and end-systolic
calculations were performed in all 29 normal subjects and 25 HCMpatients.
t P < 0.01.
§ P <0.05.
"lp < 0.001.

sensor within the left ventricular outflow tract. The
ascending aortic flow velocity wave form demonstrates
a configuration that is markedly different from the
control patient illustrated in Fig. 1. The majority of flow

is confined to the early part of systole, with little or no
forward flow present in late systole. The subsequent
panels represent the pressure-flow relationships as the
catheter is sequentially withdrawn. In panel B, the tip
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FIGURE 4 Left ventricular and aortic pressure-flow relationships in a patient from HCMgroup I.
LV, left ventricle; LVOT, left ventricular outflow tract; AO, aorta. Panels A, B, and C illustrate
these relationships as the multisensor catheter is sequentially withdrawn from deep within the
left ventricle. The amplitude of the aortic velocity wave form is different in each of the three
locations because of the nonuniform size of the proximal aorta. The aortic flow velocity wave forms
at each location demonstrate a distinct abnor-mality with the majority of flow occurring in the first
half of systole.

sensor remains within the apical portion of the left
ventricle, with the second sensor in the ascending aorta
just above the aortic valve. In panel C, the left
ventricular outflow tract pressure and ascending aortic
pressure are displayed. The configurations of the aortic
flow velocity wave forms are similar in all three
locations and demonstrate that the majority of ejection
is confined to early systole.

HCMgroup II: intraventricular gradients with
provocative maneuvers. In Fig. 5, the intraventricular
and left ventricular aortic pressure-flow relationships
are illustrated in a patient from group II during the
resting state. There is a small physiologic flow-related
gradient in early systole both within the ventricle and
across the aortic valve as was demonstrated in the
normal control patient in Fig. 1. However, no peak-to-
peak or pansystolic gradient is present. The ascending
aortic flow velocity wave forms demonstrate that the
majority of ejection is confined to early systole despite
the absence of an "obstructive" intraventricular
gradient. After isoproterenol infusion, abnormal gra-
dients of 30-40 mmHg were easily generated.

HCMgroup III: no intraventricular gradients. In
Fig. 6, the pressure-flow relationships from a patient in
group III are illustrated. In the left panel, no abnormal
intraventricular gradients are seen, either in the normal
sinus beat or in the post-PVC beat. In the right panel, the
relationships between the left ventricular and aortic
pressures are demonstrated, and ejection in this patient
also remains confined to the early part of systole. No
abnormal gradients could be generated during iso-

proterenol infusion in this patient or in any of the other
patients subclassified into group III.

Using the computer techniques illustrated in Fig. 2,
the percent SVas a function of the available systolic ejec-
tion period during rest is illustrated in the upper panel of
Fig. 7. In the 22 control subjects in whomflow velocity
measurements were made, ejection is completed (100%
SV) in 90±5% of the total available SEP. In all of the
HCMpatients, the total duration of flow into the aorta
was significantly shorter than the available SEP. There
were no differences among the subgroups, but sig-
nificant differences were present between each of the
subgroups and the normal control population. The
distribution of left ventricular outflow into the earlier
portions of systole in the HCMpatients was unrelated
to the presence or absence of an intraventricular
pressure gradient.

The temporal distribution of ventricular outflow, as

determined from the angiographic data in 22 of the
control subjects and 24 of the HCMpatients, is il-
lustrated in the middle panel of Fig. 7. There is a

striking similarity between the angiographic data and
the aortic flow derived data, with all three subgroups
demonstrating the ability to achieve minimal ventricu-
lographic size in -63% of the available systolic ejection
period. This is in contrast to the control group, where
-86% of the ejection period is required to reach
minimal systolic size.

The lower panel of Fig. 7 demonstrates similar
results during provocative maneuvers, but because of
the smaller sample sizes and the extremely conserva-
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FIGURE 5 Left ventricular aortic pressure-flow relationships in a patient from HCMgroup II.
Abbreviations are as in Fig. 3. Left panel illustrates pressures from the apical portion of the left
ventricle (LV) and the left ventricular outflow tract (LVOT). Only a small physiologic flow-related
gradient is present in early systole, but the aortic flow velocity signal is markedly abnormal, with
ejection confined to early systole. Right panel illustrates the same relationships after the catheter
has been withdrawn to the left ventricular aortic position.
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FIGURE 6 Left ventricular aortic pressure-flow relationships in a patient from HCMgroup III.
Abbreviations are as in Fig. 3. Left panel reveals pressures from the apical LV and LVOT.
despite the presence of a premature ventricular contraction, no abnormal gradient is demonstrated
in the post-PVC beat. In the left ventricular aortic position illustrated in the right panel, the same
abnormalities of flow previously illustrated are also present in this patient despite the absence
of an obstructive gradient.
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tive nature of the Scheffe examinations, only the
differences in group II patients reached statistically
significant levels.

The magnitude of aortic flow and related indices are
summarized in Table IV. Peak flow indices during rest
tended to be elevated in group I, and were significantly
elevated in groups II and III when compared with the
control population. These differences became less
striking and did not reach statistical significance during
inotropic stimuli. An indication of the differences in the
shape of the ascending aortic flow wave form is found
by calculating the ratio of peak flow to the mean systolic
ejection rate (15). Significant differences between all
HCMsubgroups and the normal control population can
be seen with peak flow rates usually exceeding three
times the mean systolic ejection rate in HCM.

The available SEP, as determined from the ascend-
ing aorta pressure wave form, tends to be longer in
HCMgroup I than the control group and HCMgroups
II and III, but this difference is not statistically sig-
nificant. There is a significant prolongation of the SEP
as determined by angiographic analysis, but the
discrepancy between angiographic and pressure data
is explained by the fact that angiographic SEP in four
out of the six group I patients were derived from the
sinus beats immediately following premature ventricu-
lar beats. The higher SEP values found in the two
patients in group I during provocation were accom-
panied by much lower heart rates than the normal
control group subjected to isoproterenol.

The forward flow time (FT)/SEP ratios (Table IV)
numerically reflect the marked differences in ejection
characteristics of all the HCMgroups and correspond to
the points at which 80, 90, and 100% of the SV is
ejected, as displayed graphically in Fig. 7. On the
average, 90% of the SV is ejected in all HCMgroups in
half of the available SEP. Since very small amounts of
forward flow may exist for a considerable portion of late
systole, the endpoints of the flow velocity wave forms
and the angiographic volume curves may be misleading
as indicators of the character of ejection. Whereas it
appears that the forward flow time is significantly
longer in group I than groups II and III when 100% of
the SV is ejected, there are no significant differences
among the three subgroups if this parameter is
examined when 80% of the SV is ejected. The slightly
longer flow time values determined angiographically
may be explained by the measurement limitations
imposed by the 16.7-ms sampling rate of the
cineangiograms, slightly different heart rates during
angiography, and the possible influence of a predom-
inance of post-PVC beats in group I.

Effects of mitral regurgitation. To determine
whether or not mitral regurgitation is a significant con-
tributing factor to the late systolic decrease in aortic
flow, the HCMpatients were divided into two groups
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FIGURE 7 Temporal distribution of left ventricular outflow
derived from aortic flow velocity wave forms during rest (up-
per panel) and provocation (lower panel). Similar data derived
from frame-by-frame angiographic analysis during rest are il-
lustrated in the middle panel. N, normal control population.
The values shown in the lower right comer of each of the
plots represent the percent SEP required for ejection of 100%
of SV. These values correspond to the ratio FT/SEP for flow
and angio data listed in Table IV. The statistical values repre-
sent comparison of the HCMsubgroups vs. the normal control
population for the end-points of the curves only. During rest,
the characteristics of ejection are identical in all HCMsub-
groups, as demonstrated by both flow velocity and angiographic
techniques. All HCMpatients achieved completion of ejection
between 60-70% of SEP as opposed to the normal control
subjects who achieved the same end point in 85-90% of SEP.
Similar results are illustrated during provocative maneuvers.
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TABLE IV
Ejection Dynamics

Hypertrophic cardiomyopathy

NorTnal* Group I Group II Group III All HCM

Category Mean±SD nI Mean±SD tl Mean±SD n Meani±SD Mean±SD

Peak flow (cm31s)

Peak flow index (cm3/s/m2) R
p

Mean systolic ejection rate R
(cm3/s) p

Peak flow/mean systolic
ejection rate

SEP (ms)

FT/SEP (80% SV)

FT/SEP (90% SV)

FT/SEP (100% SV)

FT (80% SV)

FT (90% SV)

FT (100% SV)

R 704+125 8 811+119 8 980±174t 9 1,051+397T
P 1,399+433 1 1,650 5 1,492+377 5 1,764±372

399+58 8 464±60
677±176 1 727

322±51 8 264+96
551±96 1 553

8 520 ±119§ 9 546±199§
5 789±150 5 875±170

8 312±62 9 337±77
5 385±159 5 579±192

R 2.2+0.3 8 3.3+0.7T 8 3.2± 1.0§ 9 3.2±0.8§
P 2.5±0.6 1 3.4 5 4.5±2.6 5 3.5± 1.2

Rf 286+32 8 322+32 8 284+26
RB 278+36 6 356+531" 10 293+31
P 186±+15 2 302+28"1 7 228+29

Rf 54+5 8 40±8"1 8
Ra 58±10 6 42±8§ 10
P 49±6 2 38±6 7

Rf 65±6 8 48±101 8
Ra 70±10 6 51±71 10
P 57±6 2 44±8 7

Rf 90±5 8 69±17§ 8
Ra 86±9 6 64±6"1 10
P 82±6 2 58±8 7

39±8"
42±511
33±91
47± 10' 9
51±511 8
40+11t 9

63±+14"1 9
65±+6" 8
52± 16t 9

9 292+28
8 303±+13
9 232+31

9 40±+9
8 41±+5
9 41+10

46±+11"
49+±511
48± 13

61+16"
62+411
66±+19

Rf 158+22 8 125±20§ 8 111±26"1 9 115±18"
Ra 161±36 6 153±46 10 123±191 8 125±+181
P 91±10 2 115±12 7 72±19 9 98±24

Rf 189±26 8 150±261 8 131±30' 9 132±21"
Ra 194±36 6 181±46 10 149±201 8 148±191
P 111±9 2 134±17 7 87±25 9 113+30

Rf 259±34 8 217±47 8 177±41" 9 177±36"1
Ra 239±39 6 230±47 10 189±24§ 8 187±20§
P 152±8 2 175±7 7 113±35 9 148±34

952±275t
1,617+357

512+ 139§
817±+150

306±81
479±+183

3.2+0.8§
3.9±+1.8

298+32
313+42
236±38

40±8"
42t5"'
38± 10

47± 10
50t5"l
44± 12

63 14"
64t5"'
59± 17

117±21"
131±30t
89±25

138±27'1
157±311
105±30

190+44§
199±34t
136+38

Rf, rest data from flow; RB, rest data from angio; P, provocation; FT, forward flow time from flow analysis or emptying time
from angio analysis. P values from Scheffe's test for multiple comparisons (38).
* Normal number of subjects: 22 at rest, 5 with isoproterenol.
1P <0.05.
§ P < 0.01.
11 P < 0.001.

according to the presence or absence of mitral regurgi- tion, Fig. 8 reveals no significant disparity between the
tation. Fig. 8 summarizes the results displaying both angiographic and flow velocity techniques. The
flow and angiographic data for these two groups. If patients without mitral regurgitation demonstrate the
mitral regurgitation contributed significantly to the late same characteristics with ejection completed in
systolic characteristics of aortic flow in the HCM 60-63% of the SEP. A careful analysis of individual
patients, a continued angiographic ejection would be patient data also revealed that the slightly longer
expected beyond cessation of ascending aortic flow as absolute values of angiographically determined flow
ventricular outflow was "redirected" into the left times, compared with the same parameter determined
atrium. However, in the patients with mitral regurgita- from the flow velocity data (Table III), did not correlate
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NO MITRAL REGURGITATION

% SEP i SD

FLOW n=13 60±17
NS

ANGIO n=12 63± 5

50

100

50

0
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FLOW n=12 67i11

ANGIO n=12 62±8

100 0 50

% SEP

FIGURE 8 Temporal distribution of left ventricular outflow from both flow velocity and angio-
graphic techniques analyzed in HCMpatients without mitral regurgitation (left panel) and those
with mitral regurgitation (right panel). NS, no significant difference between the flow and angio-
graphic techniques. If mitral regurgitation were responsible for the decreased aortic flow in mid to
late systole, a disparity between angiographic emptying and aortic flow would be predicted. The
right panel illustrates no significant difference between these two techniques.

to the presence or absence of mitral regurgitation.
These results indicate that these ejection char-
acteristics are not dependent upon the presence of an

"escape route" into the left atrium.

DISCUSSION

Although there is little published information regard-
ing the flow characteristics of patients with hyper-
trophic cardiomyopathy in the absence of intra-
ventricular pressure gradients, several investigators
have measured or derived instantaneous arterial flow in
patients with intraventricular gradients (15, 16,40-43).
Hernandez et al. (16), using the pressure gradient
technique (44), studied ascending aortic flow in four
patients with HCM and resting intraventricular
gradients at the time of catheterization. These in-
vestigators found results similar to ours by demon-
strating that 80% of the stroke output occurred during
the first half of systole as compared with 57% in five
control subjects. They also noted that the marked
decrease in forward flow during the latter half of systole
was found only in patients with HCM. In discussing the
possible mechanisms responsible for the decrease in
late systolic flow, these investigators mentioned the
possibility that an abnormally powerful and rapid
contraction of the left ventricle could produce almost
total ejection early in systole, so that in late systole the
ventricle was virtually empty. Not long after this report,
Pierce et al. (15) measured ascending aortic blood flow
using an external electromagnetic flow probe placed
around the aortae of four patients about to undergo

ventricular myotomy and recorded flow wave forms
very similar to those derived by Hernandez and
demonstrated in our study. They concluded that the
decrease in late systolic flow was secondary to a

mechanical obstruction, the severity of which could be
modified by various interventions.

Several other investigators (40-43) have studied
peripheral arterial wave forms or aortic arch flow using
transcutaneous doppler techniques in patients with
HCM.These studies are fraught with several problems
either related to technique, a lack of knowledge
regarding the spatial flow velocity profile at the
measuring site, and/or an interpretation of central
hemodynamics based on peripheral arterial wave

forms. The pressure and flow wave forms in the
systemic circulation are primarily determined by
properties of the peripheral vascular system with wave

reflections playing a major role in man (26, 45, 46).
These problems were avoided in our study by
measuring the instantaneous pressure-flow relation-
ships in the ascending aorta.

In using flow velocity wave forms to represent
instantaneous volumetric flow, the ascending aortic
flow velocity profile was assumed to be blunt. Although
this assumption may be valid for patients with normal
ejection dynam-lies, there are no data available regard-
ing the velocity profile in patients with HCM. Several
observations suggest that the flow velocity wave forms
in HCMdo represent volumetric flow. First, the signals
obtained by Pierce et al. (15) using an external cuff
flowmeter are very similar to those obtained by the
velocity probe in this study. Second, no jet effect
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could be seen angiographically in our patients, and the
propagation of contrast media into the aorta during
ventriculography demonstrated a relatively blunt pro-
file. However, to test the validity of these assumptions
and to add an independent method, the dynamics of
ventricular outflow were additionally analyzed with
frame-by-frame angiographic analysis. The results
using this method were identical to those obtained
from the flow-velocity probe and reveal that early and
rapid emptying of the left ventricle is responsible
for the flow patterns obtained in the aortic root.

To evaluate the duration of forward flow as a function
of the total duration of systole and to avoid the effects
of different heart rates on systolic pressure and flow
time intervals (SEP and flow time), we chose to analyze
the temporal distribution of ejection in terms of
percent SEP. Interpreting our data in this manner,
it appears that all patients with HCMare significantly
different from normal and have extraordinarily hyper-
dynamic ventricles, which result in increased rates of
ejection with abbreviated emptying times and flow
periods. The marked similarities in ejection character-
istics between the three HCM subgroups would
suggest that the presence of an intraventricular gradi-
ent does not necessarily imply a coexistent impediment
to ventricular emptying. To conclude that this is a valid
interpretation of these data depends upon whether or
not normalization of time intervals masks true differ-
ences between the HCMsubgroups.

In analyzing absolute data instead of percentages,
the SEP determined from aortic pressure is greater
in patients from HCMgroup I when compared with
normals and those in groups II and III (Table IV).
However, these differences are not statistically sig-
nificant. If the total available SEP is indeed prolonged
in patients with intraventricular gradients, a key
question is whether such a prolongation is due to an
impediment to outflow or to other factors that affect
the duration of mechanical systole, such as delayed
relaxation (47). The observation in the "nonobstructed"
patients that the actual duration of forward flow is
significantly shorter than the available SEP implies
that the total duration of systole may be dependent
on electrical/mechanical factors other than flow alone.
To avoid analyzing the dynamics of outflow from data
derived from pressure signals, this study investigated
the effects of obstruction on ejection by actually
measuring the physiologic parameter that is sup-
posedly obstructed, i.e., flow. The first conclusion is
that qualitative abnormalities of the flow wave form,
which were previously attributed to obstruction (15),
are also present in patients without obstruction.

When the absolute duration of forward flow was
examined (from flow velocity or angiographic measure-
ments), it appears that HCMgroup I patients have a
longer duration of forward flow than groups II and III

during rest and values not significantly different from
the control group. One possible explanation for these
differences could be based on a hypothesis that all
patients with HCMhave hypertrophied and hyper-
dynamic ejection characteristics, but in one group
(perhaps because of differences in the distribution
of hypertrophy and the geometry of the papillary
muscles, mitral valve, and septum), high ejection rates
result in Bernoulli effects on the mitral valve, causing
it to move into the outflow tract and produce obstruc-
tion. In turn, a relative prolongation of ventricular
emptying and flow times occurs in these patients when
compared with the nonobstructed patients with HCM.
However, using the endpoints of the flow signal (100%
forward flow time) or the angiographic emptying curve
(100% emptying time) to judge the character of ejection
may be quite misleading, since very small values of
forward flow may exist for a considerable portion of
late systole. To avoid this problem, the time re(uired
for ejection of 80% of the SV was also examined.
During rest, when average heart rates were similar,
all HCMgroups revealed shorter time intervals than
the control group with no significant differences among
subgroups. Thus, normalization to percent SEPdid not
mask differences between the subgroups and allowed
for an evaluation of the inotropically stimulated states
where heart rates varied considerably among groups.

The possibility that the abnormal flow wave forms in
patients with HCMare due to redirection of flow
from the aorta to the left atrium through functional
mitral regurgitation (48) was also addressed in this
study by carefully examining the temporal se(uence
of ventriculographic emptying in relationship to aortic
flow. Although there was a higher incidence of mitral
regurgitation in those patients who demonstrated
resting intraventricular pressure gradients, a detailed
analysis of the timing of ejection in these patients did
not support an eject-obstruct-regurgitate mechanism.
Virtually complete, early, and rapid emptying of the
left ventricle is a characteristic shared by all HCM
patients in this study.

These conclusions may explain why a common
symptom complex (7, 13, 39, 49) is seen in both the
obstructive and nonobstructive forms of this disease,
and suggest that hypertrophy and abnormal ventricular
compliance play the dominant role in HCM. The
symptomatic improvement that follows surgical pro-
cedures (50) to relieve obstruction may be secondary
to an alteration of any number of factors that could
result in changes of systolic and diastolic function.
Systematic studies of pre- and postoperative left
ventricular performance, including the dynamics of
left ventricular outflow and the mechanical properties
of the left ventricle, are necessary to bring an increased
understanding of the pathophysiology of HCMand the
role of surgery in this fascinating disease.
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