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Myocardial oxygen consumption in aortic valve
disease with and without left ventricular

dysfunction

Juerg Schwitter, Franz R Eberli, Manfred Ritter, Marko Turina, Hans P Krayenbuehl

Abstract

Objective—To assess whether and to
what extent myocardial oxygen con-
sumption is modified by hypertrophy and
alterations in contractility in patients
with aortic valve disease and to evaluate
the influence of regression of left ven-
tricular hypertrophy and improvement
of contractility on myocardial oxygen
consumption after successful aortic
valve replacement.

Design—A cohort analytical study to
investigate the influence of the “explan-
atory” variables of myocardial oxygen
consumption by multiple regression
analysis. A comparison of myocardial
oxygen consumption in preoperative
patients with that after operation in a
group with comparable severity of aortic
valve disease before operation (analysis
of covariance).

Patients—In six controls and in 43
patients with aortic valve disease and
normal coronary arteries standard
haemodynamic variables were meas-
ured, left ventricular biplane cine-
angiography performed, and coronary
sinus blood flow measured by thermo-
dilution. The patients were divided into
three groups: 19 preoperative patients
with normal ejection fraction (=57%)
(group 1); nine preoperative patients
with reduced ejection fraction (<57%)
(group 2); 16 postoperative patients (one
with preoperative and postoperative
measurements (group 3). Postoperative
evaluation was performed 12-51 months
after surgery.

Main outcome measurements—
Myocardial oxygen consumption/100g
left ventricular muscle mass and its sus-
pected “explanatory” variables—that is,
peak systolic left ventricular circum-
ferential wall stress, heart rate, contrac-
tility (assessed by left ventricular
ejection fraction), and left ventricular
muscle mass index.

Results—Multiple regression analysis
showed that the product of peak systolic
stress and heart rate (p < 0:0001) and
ejection fraction (p < 0-03) were posi-
tively correlated with myocardial oxygen
consumption/100 g and that left ventri-
cular muscle mass index (p < 0:002) was
negatively correlated with myocardial
oxygen consumption/100 g (r = 0:72;n =
50 measurements). Myocardial oxygen
consumption per 100 g at a given stress-

rate product was higher in the controls
than in group 1 (hypertrophied ventri-
cles with normal ejection fraction) and
was also higher in group 1 than in group
2 (hypertrophied ventricles with reduced
ejection fraction). In a subgroup of the
postoperative patients with complete
regression of hypertrophy and normal-
isation of contractility, myocardial
oxygen consumption per 100 g at a given
stress-rate product was indistinguish-
able from that in controls.

Conclusions—When the actual stress-
rate product was used as an index of
overall left ventricular performance the
results suggested that mechanical
efficiency was increased in hypertrophied
ventricles especially when contractility
was decreased. These changes in mech-
anical efficiency seemed to be reversible
during the postoperative course when
muscle mass and contractility returned
to normal.

The oxygen consumption of the human heart
depends upon various factors—mainly systolic
tension development or systolic wall stress,
heart rate, and contractility.!” Of lesser
importance are the oxygen costs associated
with shortening and the basal resting metabol-
ism.> These determinants of myocardial
oxygen consumption are valid for the normal
heart at rest and during acute changes of
loading or inotropism. But it is not known
whether and to what extent the degree and
appropriateness of ventricular hypertrophy
and myocardial contractility, or both, in-
fluence and modify the relations between the
myocardial oxygen consumption and its clas-
sic determinants in the chronically overloaded
heart. Earlier studies showed alterations in
coronary blood flow and the myocardial
oxygen consumption in cardiac hypertrophy,
but many of these studies involved animal
models.*® The present study was performed
in patients in whom left ventricular hypertro-
phy had developed in response to the long-
standing haemodynamic burden of isolated
aortic stenosis or insufficiency or a combined
lesion. The patient population was divided
into two groups—one with left ventricular
dysfunction and one without. We also
examined a third group of patients with
regression of cardiac hypertrophy 26 months
after successful aortic valve replacement.

The three objectives of the present investi-
gation were to evaluate the influence of loading
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conditions (represented by the product of
heart rate and peak systolic stress (stress-rate
product)) on myocardial oxygen consumption
per 100 g in hypertrophied hearts compared
with the normal heart; to assess the influence
of cardiac contractility on myocardial oxygen
consumption per 100 g; and to evaluate
whether the postoperative regression of left
ventricular hypertrophy modified the relation
between the myocardial oxygen consumption
per 100 g and its haemodynamic determin-
ants.

Patients and methods
PATIENTS
Six patients (four men and two women) with
normal left ventricular function who under-
went left heart catheterisation for atypical chest
pain and had no coronary artery disease served
as controls. Coronary flow reserve after dipy-
ridamole was determined by thermodilution
and was normal in all of them (range 2-18—4-30,
mean (SD) 2-9 (0-9): normal values 1-74-4-30,
2:54 (1-02))". None of the controls was being
treated with drugs or had a history of arterial
hypertension; values of fasting plasma glucose
and cholesterol were in the normal range.
Thirty patients (21 men, nine women; mean
(SD) age 61 (7) years) had aortic stenosis and
were in New York Heart Association (NYHA)
class 2-2 (SD 0-4). The mean (SD) systolic
pressure gradient across the aortic valve was 71
(16) mm Hg. The mean (SD) aortic valve area

was 0-7 (0-17) cm?, range 0-:3-1-0 cm? (includ-

ing six patients with combined aortic valve
disease and predominant aortic stenosis defined
as aortic valve area <10 cm?. Thirteen
patients, all men, (age 51 (8) years) had aortic
insufficiency and were in NYHA class 2-0
(SD 0-4). The mean (SD) aortic regurgitation
fraction determined by thermodilution was 54
(10)% (range 37-75%). Three of the 13
patients had combined aortic valve disease with
predominant insufficiency defined as aortic
valve area > 1-0 cm?®. All patients had normal
coronary arteries by selective coronary
arteriography.

Twenty eight of the 43 patients with aortic
valve disease were studied preoperatively. In
four of the six controls and in the 16 post-
operative patients measurements of coronary
sinus blood flow and myocardial oxygen con-
sumption were performed at an ambulatory
right heart catheterisation. One patient was
studied both before and after operation.

PATIENT GROUPS

Patients were divided in groups as follows:
controls, six, with normal ejection fraction
(=57%)% group 1, 19 patients with aortic
stenosis or insufficiency and normal ejection
fraction; group 2, nine patients with aortic
stenosis or insufficiency and reduced ejection
fraction (<57%); group 3, 16 patients after
successful aortic valve replacement for aortic
stenosis or insufficiency. Group 3 was further
divided into: group 3A, six patients with com-
plete postoperative regression of left ven-
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tricular hypertrophy (normal left ventricular
muscle mass index <117 g/m*°) and an ejec-
tion fraction within the range for the controls
(63-77%); and group 3B, 10 patients with
incomplete regression of left ventricular hyper-

trophy (left ventricular muscle mass index

>117 g/m? n = 4) and/or an ejection fraction
in the low normal range (57-62%, n = 6).
Group 2 patients were considered to have
depressed contractility because their ejection
fraction was reduced in the presence of an
afterload and preload that were not different
from those in the controls.

Patients in groups 1, 2, and 3 in the
preoperative state did not differ with regard to
the NYHA class (table 1). In group 3 two of 16
patients had mild dyspnoea during exercise
(NYHA class I-II). In group 1 two patients
were taking digitalis, two nitrates, two
angiotensin converting enzyme inhibitors, one
diuretics, and one calcium antagonists. In
group 2 three patients were taking digitalis,
three diuretics, three calcium antagonists, and
two nitrates. In group 3 five patients were
taking calcium antagonists, two digitalis, and
two diuretics. All drugs were stopped at least 24
hours before catheterisation.

CATHETERISATION AND CINEANGIOGRAPHY

The controls and all 43 preoperative patients
underwent right and left heart catheterisation
in the fasting state. Informed consent was
obtained from all patients. Premedication con-
sisted of oral chlordiazepoxide (10 mg) admin-
istered an hour before the procedure. Right
sided pressures and the aortic pressure were
measured with a 7F Cournand catheter and a
fluid filled 8F pigtail catheter respectively. In
patients with aortic valve disease left ven-
tricular pressure was obtained via a transsep-
tally inserted 8-5F Brockenbrough catheter. A
peripheral lead of the electrocardiogram was
recorded at the same time as the pressures. Left
ventricular cineangiography was performed in
the right (30°) and left (60°) anterior oblique
projections.

Biplane left ventricular volumes were deter-
mined according to the area-length method."
Left ventricular end diastolic wall thickness
(cm), muscle mass (g), and muscle mass index
(g/m?) were measured according to the tech-
nique of Rackley et al.'"' The left ventricular
end diastolic circumferential wall stress was
calculated according to the formula of Sandler
and Dodge.”” Peak systolic wall stress (S,.;)
was estimated at a point one third through
ejection as proposed by Gaasch ez al.”® In the 16
postoperative patients (group 3) an ambulatory
right heart catheterisation was performed. A
8F pigtail catheter was inserted into the pul-
monary artery. Biplane left ventricular
angiograms were obtained after injection of 50—
60 ml of Iopamiro 370 (iopamidol and
trometamol) into the pulmonary artery. In
these 16 postoperative patients and in four
controls in whom ambulatory coronary sinus
blood flow was measured 7-17 days after diag-
nostic coronary arteriography left ventricular
end diastolic pressure was replaced by mean
pulmonary wedge pressure, left ventricular
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tricular systolic pressure was taken as systolic
cuff pressure, and mean aortic pressure was
calculated as diastolic cuff pressure plus one
third of the pulse pressure amplitude. In the
postoperative patients the pressure gradient
across the aortic valve prosthesis was ignored.

CORONARY BLOOD FLOW MEASUREMENTS
Coronary sinus blood flow was measured after
the diagnostic catheterisation in 28 pre-
operative patients with aortic valve disease and
in two controls. In four controls and the 16
postoperative patients (one of whom had both
preoperative and postoperative evaluation)
measurement of coronary sinus blood flow was
performed on an ambulatory basis with right
heart catheterisation—in the postoperative
patients this was a mean of 26 months (range
12-52 months) after successful aortic valve
replacement. Total coronary sinus outflow was
measured by the coronary sinus thermodilu-
tion technique.”** A 7F thermodilution cath-
eter (CCS-7U-90A or B, Webster Laboratory,
Altadena, California) was introduced from the
right femoral vein or in a few cases from the
right cubital vein and advanced into the coro-
nary sinus and the dilution thermistor was
placed 2 cm from the orifice. The position was
checked by injection of small amounts of con-
trast dye. Injection of cold saline into the
superior vena cava did not change the tem-
perature curve of the thermistor in the coron-
ary sinus.'” The signals of the external (mixing
temperature of blood and saline) and internal
(temperature of the injected saline) thermistors
were recorded on a oscillograph (Electronics
for Medicine VR-12) at a paper speed of
5 mm/s. Saline at room temperature was in-
fused through the thermodilution catheter at a
rate of 50 ml/min and coronary sinus blood flow
(ml/min) was calculated according to the for-
mula of Ganz et al.!* Coronary resistance (CR)
(mm Hg-min ml~") was calculated according
to the following equation:

MAP — CSP
CSBF

CR =

where MAP equals mean aortic pressure
(mm Hg); CSP, mean coronary sinus pressure
(mm Hg); and CSBF, coronary sinus blood
flow (ml/min). Arterial and coronary sinus
oxygen saturation were measured by an In-
strumentation Laboratory System 1302 blood
gas analyser (Nanolab AG, CH-Schlieren).
Myocardial oxygen consumption (ml/min) was
determined as the product of the arteriocoron-
ary sinus oxygen difference (vol%) and the
coronary sinus blood flow. Coronary sinus
blood flow, coronary resistance, and the
myocardial oxygen consumption were standar-
dised for 100 g of left ventricular muscle mass.
Because injection of contrast can alter coronary
dynamies,'® coronary sinus blood flow was not
recorded within 20 minutes of an injection of
contrast agent.

In controls coronary sinus outflow was deter-
mined at rest as well as after infusion of
dipyridamole (0-5 mg/kg body weight) over 15
minutes. The coronary flow ratio (coronary flow
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reserve) was calculated as coronary sinus blood
flow after dipyridamole infusion divided by the
blood flow at rest.”

STATISTICAL ANALYSIS

We used a one way analysis of variance to
compare data from the controls and the patients
from groups 1, 2, and 3. If the analysis showed
an overall significant p value (p < 0-05) we
used Scheffe’s test to compare all pairs of
means. When only two groups were compared
we used the unpaired Student’s ¢ test. Com-
parisons between pre and post operative data
for group 3 patients were performed by the
paired Student’s z test.

Initially differences in myocardial oxygen
consumption between the four groups were
compared by analysis of covariance!” with the
stress-rate product as a covariate, using the
correction for multiple tests by Bonferroni. Ina
second step “explanatory’ variables were
regarded as continuous rather than categorical
and multiple regressions were performed. In all
tables values are given as mean (SD).

Results

The four patient groups did not differ in age (49,
59, 58, 57 years) and body surface area (1-86,
1-79, 1-82, 1-90 m?). None of the patients was
anaemic and the haemoglobin concentration
was similar in the four groups.

HAEMODYNAMICS AND ANGIOGRAPHIC DATA IN
PREOPERATIVE PATIENTS AND CONTROLS (TABLES
1AND 2)

In the preoperative patients with predominant
aortic stenosis and left ventricular dysfunction
(subset of group 2) the aortic valve area was
slightly smaller (p < 0-05) than in the patients
without left ventricular dysfunction (subset of
group 1). The mean aortic pressure gradient
was similar.

The left ventricular muscle mass index was
higher in the preoperative patients with left
ventricular dysfunction (group 2) and without
(group 1) than in the controls and the post-
operative patients (group 3). The left ven-
tricular end diastolic wall thickness was similar
in patients in groups 1 and 2 but it was higher
than in the controls and group 3. The left
ventricular end diastolic volume index in group
2 was larger than in the controls and post-
operative patients; there was no difference bet-
ween patients in groups 1 and 2. Left ven-
tricular systolic pressure was higher in groups 1
and 2 than in the controls. In the postoperative
patients left ventricular end diastolic pressure
was lower than in the groups 1 and 2 patients
but did not differ from that in the controls.
There was no difference in peak systolic stress
between controls and patients with aortic valve
disease with left ventricular dysfunction and
without. Peak systolic stress was lower in the
postoperative group than in groups 1 and 2.
The end diastolic circumferential stress was
higher in the group 2 patients than in groups 1
and 3. The cardiac index was lower in group 2
than in the controls.
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Table 1 Preoperative data for groups 1, 2, and 3
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Mean AV gradient
Age (y) NYHA class (mm Hg) AVA (en?) Ju (%) St (%)

Group n (mean (SD) (range)) (mean (SD) (range)) (mean (SD)range)) (mean (SD)range)) (mean (SD) range)) (mean (SD) range))
Controls 6 49 (10) (30-58) — — — _ _
Group 1:

AS 16 61(6)(49-73) 2:1(0-4) (1-5-3) 73 (16) (39-96) 0-73 (0-14) (0-5-1-0) 2/16t 4/16

Al 3 46 (8) (39-54) 1-8 (0-3) (1-5-2) 2/3* 2/3% 56 (6) (46-65) 0/3
G 2:

ergp 5 62 (8) (52-72) 2:3(0-4) (2-3) 71 (21) (38-93) 0-54 (0-17) (0-3-0-7) 2/5% 3/5

Al 4 52 (11) (36-62) 23 (0-5) (2-3) 1/4* 1/4* 64 (8) (58-75) 0/4
G 3:

I‘Xlslp 10 58 (9) (39-69) 2:3(0-4) (2-3) 69 (12) (54-97) 0-76 (0-19) (0-5-1-0) 2/10t 4/10§

Al 6 54 (6) (46-58) 22(0-5) (15-3) 0/6* 0/6* 51 (6) (47-55) 3/6

Al, aortic insufficiency; AS, aortic stenosis; AVA, aortic valve area; f,.: aortic regurgitation fraction; f,;: mitral regurgitation fraction; mean AV gradient, mean
aortic valve pressure gradient; NYHA, New York Heart Association. . . .
*Combined aortic valve disease with predominant insufficiency (AVA >1-0 cm?); tcombined aortic valve disease with predominant aortic stenosis (AVA <1-0
cm?); tmitral insufficiency < 15%; §one patient with f,; of 38% (determined by thermodilution).

Table 2 Comparison of haemodynamic and angiographic data (mean (SD) ) in controls and patients with aortic valve disease without (group 1)
and with (group 2) left ventricular dysfunction and in postoperative patients (group 3)

Number of EF EDVI hy LMMI LVSP Aoy, LVEDP CI S Speak

Group patients (%) (mllm?*)  (cm) (g|m*) (mmHg) (mmHg) (mmHg) (llmin x m*) (dyn x 10°[cm?) (dyn x 10°[cm?)
Controls 6 71(5) 95(20) 0-70(0-07) 77 (14) 117(18) 122(10) 10(3) 4-3(1-0) 50 (9) 437 (60)
Groupl 19 65 (5) 118 (30) 1-16(0-11) 163 (42) 207(37) 138(21) 14 @ 3-2(0:4) 39 (13) 470 (83)
Group2 9 45(5) 146(45) 1-11(0-17) 170(42)  170(54) 124(17) 20(11)  2:8(0-5) 64 (35) 478 (111)
Group3 16 67 (7) 91(12) 093(0-13) 100 (18) 133(19) 133(19) 7@4) 3-5(0-8) 25(13) 373 (74)
p values:

Controls v 1 NS NS <0-001 <0-001 <0-001 NS NS NS NS NS

Controls v 2 <0-001 <002 <0-001 <0-001 <0-05 NS <0-05 <0-01 NS NS

Controls v 3 NS NS NS NS NS NS NS NS NS NS

192 <0-001 NS NS NS NS NS NS NS <0-02 NS

193 NS NS <0-001 <0-001 <0-001 NS <0-02 NS NS <0-01

293 <0-:001 <0-001 NS <0-001 NS NS <0-001 NS <0-001 <0-05

Ao,,,, systolic aortic pressure; Cl, cardiac index; EDVI, left ventricular end diastolic volume index; EF, biplane left ventricular ejection fraction; h,y, end diastolic
left ventricular wall thickness; LMMI, left ventricular muscle mass index; LVEDP, left ventricular end diastolic pressure; LVSP, left ventricular systolic pressure;
S.4» end diastolic left ventricular circumferential wall stress; S,.,,, peak systolic left ventricular circumferential wall stress.

CORONARY DYNAMICS IN PREOPERATIVE
PATIENTS AND CONTROLS (TABLE 3 AND FIGURES
1AND 2)

Coronary sinus pressure was similar in the four
groups. However, mean aortic pressure and
mean coronary perfusion pressure (that is,
mean aortic minus mean coronary sinus pres-
sure) in the patients in group 2 (85 and 80
mm Hg) were slightly lower than in the post-
operative patients (100 and 97 mm Hg,
p < 0-05). Heart rate was higher in group 2
than groups 1 and 3. There were no differences
among the four groups in coronary sinus blood
flow, coronary resistance per 100 g muscle
mass, haemoglobin concentration, the arterio-
venous difference in oxygen content, and the
left ventricular oxygen consumption per 100 g
muscle mass.

The relation between myocardial oxygen
consumption per 100 g and the systolic stress-
rate product in controls and in patients in
group 1 was compared by regression analysis of
covariance. The regression line for group 1 was
below that of controls (fig 1). In a second step
we considered left ventricular muscle mass
index as continuous variable and we performed
a multiple regression analysis of the data
obtained by pooling controls and patients of
group 1 (n = 25). In agreement with the result
of the covariance analysis the stress-rate
product (p < 0-02) was positively and left
ventricular muscle mass index (p < 0-003) was

negatively correlated with the myocardial
oxygen consumption per 100 g of myocardium
(r = 0-65). Thus at a given stress-rate product
the myocardial oxygen consumption per 100 g
of the hypertrophied ventricles with a normal
ejection fraction was significantly lower than in
non-hypertrophied ventricles with a normal.
ejection fraction.

When preoperative patients with left ven-
tricular hypertrophy and a preserved ejection
fraction (group 1) were compared with patients
with a decreased ejection fraction (group 2)
regression analysis of covariance showed a
regression line for group 1 above that for group
2 (fig 2). When the left ventricular ejection
fraction was regarded as a continuous variable
in the pooled groups 1 and 2 (n = 28), multiple
regression analysis showed that the stress-rate
product (p < 0-001) and the ejection fraction
(p < 0-03) were positively correlated with
myocardial oxygen consumption per 100 g
(r = 0-64). This indicates a significant reduc-
tion in the myocardial oxygen consumption per
100 g at a given stress-rate product in hyper-
trophied ventricles with reduced contractility
compared with hypertrophied ventricles of
normal contractility—that is, with a normal
ejection fraction.

In group 1 the subgroups of patients with
aortic stenosis (n = 16) and insufficiency
(n = 3) had similar myocardial oxygen con-
sumptions per 100 g (10-0 (3-:3) v 123 (4-7) ml
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Table 3 A comparison of coronary dynamics (mean (1 SD) ) in controls and patients with aortic valve disease without (group 1) and with
(group 2) left ventricular dysfunction and in postoperative patients (group 3)

Number of MAP CSP HR CSBF/[100 g CR/[100 ¢ Hb AVD-o, MVoz/IQOg
Group patients (mm Hg) (mm Hg) (beats[min) (mlfmin x 100g) (mmHg x min x 100 g/ml) (g%) (vol% ) (ml 0,/min)
Controls 6 98 (8) 4(1) 69 (11) 120 (18) 0-80 (0-10) 14-2 (0-9) 12-0(1-1) 14-3 (2:3)
Group 1 19 92 (12) 4(2:2) 7009) " » 86 (29) 1-13 (0-36) 13-7(1-3) 12-:2(1-2) 10-4 (3'5)
Group 2 9 85(1) "1 4(3-0) 83(12)= 79 (31) 1-15 (0-44) 13-8(1-4) 12-2(1-5) 9:5(3-0)
Group 3 16 100(12) a0  3(1:6) 70 (12) 3 91 (39) 1-24 (0-49) 14-4 (0-9) 12-:2(0-8) 11-1 (46)

AVD-0,, arteriocoronary sinus difference in oxygen content; CR/100 g, coronary resistance per 100 g muscle mass; CSBF/100 g, coronary sinus blood flow per
100 g muscle mass; CSP, coronary sinus pressure; Hb, haemoglobin; HR, heart rate; MAP, mean aortic pressure; MV0,/100 g, myocardial oxygen consumption

per 100 g muscle mass.
*p < 0-05.

Figure 1 Regression lines
( common slope 0-00028 ml
0, x cm’[10° dyn
x 100 g) between left
ventricular myocardial
oxygen consumption per
100 g muscle mass
(MVo0,) and the stress-
rate product (HR x
Speas) in controls (n = 6)
and patients with aortic
valve disease
preserved left ventricular
function (group 1,
n = 19). At a given
stress-rate product
myocardial oxygen
consumption per 100 g
muscle mass in group 1 was
lower than in the controls
(intercept on the MVo,
axis, 1:0 v 6:1 ml 0,/min
x 100g,p < 0-001).

Figure 2 Regression lines
(common slope 0-00025 ml
0, X cm’[10° dyn
x 100 g) between left
ventricular myocardial
oxygen consumption per
100 g muscle mass
(MVo0,) and the stress-
rate product (HR x
S,a) in patients with
aortic valve disease and
normal (group 1,n = 19)
and reduced (group 2,
n = 9) ejection fraction.
At a given stress-rate
product myocardial oxygen
consumption per 100 g
muscle mass in group 2
patients was lower than in
group 1 (intercept, —0-4 v
1-0 ml 0,/min x 100 g,’
P < 005).
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0,/min X 100 g) and there were no differences
in the determinants of myocardial oxygen con-
sumption—that is, the stress-rate product, left
ventricular ejection fraction, and left ven-
tricular muscle mass index (33 671 v 35 643
dyn x 10°/cm*® x min; 65 v 66%, 164 v 156
g/m?). Similarly, in group 2 these variables
were similar in the patients with aortic stenosis
(n = 5)andinsufficiency (n = 4)(10:-1v8-8 ml
0,/min x 100 g; 41 412 v 37 217 dyn x 10°/
cm® x min; 46 v 44%; 182 v 155 g/m®
respectively).

HAEMODYNAMICS AND CORONARY DYNAMICS IN
THE POSTOPERATIVE GROUP (TABLES 1 AND 4,
FIG3)

The postoperative patient group included

25+
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----- 4 Postoperative group 3A i
--— a Postoperative group 38 i
20 | — e Preoperative groups 1 and 2 i
— 2 Lo a e
g s
% 154 ,/59'0 ,/'
£ e .~ °
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-
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0 10000 20000 30000 40000 50000 60000
HR X S,qfdyn X 10% /cm?x min)

Figure 3 Regression lines (common slope 0-00028 ml
0, x cm?[10° dyn x 100 g) between left ventricular
myocardial oxygen consumption per 100 g muscle mass
(MVo0,) and the stress-rate product (HR x S,,,) in
controls (n = 6), in two postoperative patient groups
(group 3A,n = 6 and group 3B,n = 10) and in
preoperative patients (groups 1 and 2,n = 28). At a
given stress-rate product myocardial oxygen consumption
per 100 g in preoperative patients was lower than in the
controls (intercept: —0-2 v 5-8 ml 0,/min x 100 g,

p < 0-01). The regression line of myocardial oxygen
consumption per 100 g versus the stress rate product in the
postoperative group 3B was located between that of the
controls (intercept, 1-6 v 5-8 ml 0,/min x 100 g,

P < 0-02) and that of the preoperative patients
(intercept, 1-6 v —0-2 ml 0,/min x 100 g, not
significant). In the postoperative group 3A with complete
regression of hypertrophy and normal contractility
myocardial oxygen consumption per 100 g at a given
stress-rate product was higher than in group 3B
(intercept, 6-6 v 1-6 ml 0,/min x 100 g,p < 0-01) and
did not differ from that in the controls.

patients who had presented with normal or
abnormal left ventricular function before
operation. Therefore, the preoperative data
available for group 3 were compared with the
pooled data of preoperative patients (groups 1
and 2). No differences were found in pre-
operative aortic valve area (0-8 v 0-7 cm?) and
pressure gradient (69 v 72 mm Hg) in patients
with pure or predominant aortic stenosis.
Similarly, no difference was found in pre-
operative regurgitation fraction (51 v 58%) in
the patients with pure or predominant aortic
insufficiency.

Furthermore, the two patient populations
had similar left ventricular ejection fractions,
end diastolic volume indices, left ventricular
muscle mass indices, left ventricular systolic
and end diastolic pressures, heart rates, and
cardiac indices. Only the left ventricular end
diastolic wall thickness in the pooled pre-
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Table 4 Comparison between the pooled preoperative data (mean (SD) ) of groups 1 and 2 and the preoperative and postoperative data of group 3

EDVI LMMI LVSP LVEDP HR . CI )

Group n EF (%) (mllm?) hy(cm) (g|m*) (mm Hg) (mm Hg) (beats|min) (lfmin x m?)
Groups 1 and 2 28 59 (11) 127 (37) 1-15(0-13) 165 (31) 195 (45) 16 (8) 74 (12) 3-1(0'5)
Group 3

Pre%perative 16 58 (13) 155 (58) 1-04 (0-16) 159 (39) 173 (41) 18 (10) 69 (12) 3-4(1-0)

Postoperative 16 67 (7) 92(12) 0-92 (0-13) 100 (18) 133 (19) 7(4) 70 (12) 3-5(0-8%)
p values: ’

1 + 2 v 3 preop* NS NS <0-02 NS NS NS NS NS

1 + 2 v 3 postop* <0-01 <0-001 <0-001 <0-001 <0-001 <0-001 NS NS

3 preop v 3 postopt <0-001 <0001 <0:001 <0001 <0-001 <0001 NS NSt

CI, cardiac index; EDVI, end diastolic volume index; EF, left ventricular biplane ejection fraction; h 4, left ventricular end diastolic wall thickness; HR, heart rate;
LMMLI, left ventricular muscle mass index; LVEDP, left ventricular end diastolic pressure; LVSP, left ventricular peak systolic pressure.
*Values obtained by unpaired ¢ test.

1Values obtained by paired ¢ test.

in = 13.

operative group was slightly higher than the
preoperative wall thickness of group 3 (1-15 v
1:04 cm, p < 0-02), reflecting the higher
proportion of pressure-overloaded hearts in the
pooled preoperative groups 1 and 2 (aortic
stenosis 21/28) compared with group 3 (aortic
stenosis 10/16).

Postoperatively the group 3 patients showed
a considerable improvement in haemodynamic
variables compared with their preoperative
data and that of the pooled preoperative groups
1 and 2. There was a reduction in the end
diastolic volume index, left ventricular systolic
pressure and end diastolic pressure, left ven-
tricular end diastolic wall thickness, and mus-
cle mass index. The left ventricular muscle
mass index and the interval after successful
aortic valve replacement were negatively cor-
related (r = —0-50, p < 0-05). The ejection
fraction increased in group 3 after operation.

The relation between myocardial oxygen
consumption per 100 g and the stress-rate
product was compared among controls,
patients in groups 3A, 3B, and the pooled
preoperative patients of groups 1 and 2 by
analysis of covariance (fig 3). Similar regression
lines were found for controls and postoperative
patients with complete normalisation of left
ventricular muscle mass and contractility
(group 3A). These two regression lines were
above that for the postoperative patients with
incomplete postoperative normalisation (group
3B) and that of pooled preoperative patients
(groups 1 and 2). Group 3B and preoperative
patients (groups 1 and 2) again had similar
regression lines.

Multiple regression analysis of the whole
study population (50 measurements) showed
that the stress-rate product (HR x S,
p < 0-0001), left ventricular muscle mass
index (LMMI, p < 0-002), and ejection frac-
tion (EF, p < 0-03) were significant “‘explana-
tory”’ variables of myocardial oxygen
consumption per 100g (MVo,/100 g),
r = 0-72. The following equation was obtained
(corresponding standard errors are given in
parentheses):

MVo0,/100 g = —0-06 + 0-27 (0-045)
HR:-S,, — 0-04 (0-01) LMMI + 0-11
(0-048) EF
where MVo0,/100 g (ml 0,/min x 100 g);

HR'S,, (dyn/cm® x min); LMMI (g/m?); EF
(%).

The stress-rate product was not correlated
with the left ventricular ejection fraction or
muscle mass index; but there was a weak
negative correlation between left ventricular
ejection fraction and muscle mass index
(r = —0-48). In the stepwise regression the
stress-rate product was the first variable entered
into the equation (r’ = 0-22), then the left
ventricular muscle mass index (r* = 0-47), and
finally r? increased to 0-52 when left ventricular
ejection fraction was included. When multiple
regression analysis was carried out with 32
measurements instead of 50, after patients with
aortic valve disease who were older than 58

. years (upper limit in the control group) were
excluded, the stress-rate product
(p < 0-0001), left ventricular “muscle ‘mass
index (p < 0-0005), and ejection fraction
(p < 0-04) remained significant “‘explanatory’
variables of myocardial oxygen consumption
per 100 g. Moreover, when age was introduced
as an additional variable in the original multiple
regression analysis (50 measurements) it was
found not to be a significant determinant of
myocardial oxygen consumption per 100 g.

Discussion

RELATION BETWEEN MYOCARDIAL OXYGEN
CONSUMPTION AND STRESS-RATE PRODUCT
Traditionally, the tension-time index and heart
rate are recognised as important determinants
of myocardial oxygen consumption.’’® Sub-
sequent studies performed in animals®!° and in
humans’ 2% identified left ventricular peak sys- .
tolic wall stress and the integral of systolic wall
stress* as major determinants of myocardial
blood flow and oxygen consumption. From
other studies performed in non-hypertrophied
animal hearts it became evident that, contrac-
tility, as well as wall stress, has amajor influence
on the myocardial oxygen consumption.??
Therefore the purpose of the present study was
toanswer the following questions: first, whether
in the chronically overloaded hypertrophied
human heart myocardial oxygen consumption
per 100 g is related to an analogue of the minute
tension-time index—that is; the product of
heart rate and peak systolic stress; second, how
this relation is modified by chronic alterations
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in contractility or myocardial hypertrophy or
both; and third, what effect regression of hyper-
trophy has on the relation between myocardial
oxygen consumption per 100 g and the stress-
rate product.

In patients with aortic valve disease with left
ventricular dysfunction and without, in post-
operative patients, and in controls we found a
significant correlation between the myocardial
oxygen consumption per 100 g and the stress-
rate product. In addition to this major deter-
minant of myocardial oxygen consumption per
100 g multiple regression analysis showed left
ventricular hypertrophy and contractility were
further factors that influenced myocardial
oxygen consumption per 100 g.

MYOCARDIAL OXYGEN CONSUMPTION IN
HYPERTROPHIED AND NON-HYPERTROPHIED
VENTRICLES

Our results indicate that myocardial oxygen
consumption per 100 g is reduced in left ven-
tricular hypertrophy. Multiple regression
showed that the stress-rate product was
positively and muscle mass index was
negatively correlated with myocardial oxygen
consumption per 100 g. This result was con-
firmed when analysis of covariance (fig 1)
showed that the regression line of the stress-
rate product and myocardial oxygen consump-
tion per 100 g in group 1 was located below that
of the controls. This finding has several possible
explanations. First, reduced myocardial
oxygen consumption per 100 g at a given level
of overall left ventricular performance,
represented by the stress-rate product, might
be an intrinsic property of the hypertrophied
cardiac muscle. Various investigations of
human and animal hypertrophied myocar-
dium**? showed that enzymatic and ultra-
structural changes develop as a consequence of
hypertrophy and result in a slowing of cardiac
contraction® and improved efficiency at the
cellular level. A second explanation may relate
to the definition of contractile state in the
patients of group 1. In concentric hypertrophy
such as in aortic stenosis it is well known that
the ejection fraction overestimates left ven-
tricular fibre shortening because thickening of
the hypertrophied wall in itself reduces the
systolic cavity.” Hence a normal ejection frac-
tion does not exclude a slight reduction in
contractility® which in turn might have caused
the decreased myocardial oxygen consumption
per 100 g. Finally, does the reduced myocardial
oxygen consumption calculated per 100 gram
of muscle mass really indicate a reduced oxygen
consumption of the myocyte tissue? There is
more interstitial tissue per 100 gram of left
ventricular muscle mass in hypertrophied than
in normal myocardium® and interstitial tissue
consumes less oxygen than myocyte tissue.

A lower myocardial oxygen consumption per
100 g at a given index of overall left ventricular
performance represented by the stress-rate
product suggests that the mechanical efficiency
per volume unit of the hypertrophied non-
failing left ventricular myocardium is greater
than that of the normal myocardium. Both
Malik et al* and Su-Fan et al* reported that the
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mechanical efficiency of hypertrophied com-
pensated canine left ventricles was greater than
that of non-hypertrophied ventricles.

MYOCARDIAL OXYGEN CONSUMPTION IN
DIFFERENT CONTRACTILE STATES

Johnson et al reported a close relation between
coronary blood flow per beat and peak systolic
stress (r = 0-97) in patients with aortic valve
disease.! However, no direct measurement of
left ventricular contractility was performed in
that study. Weiss et al investigated patients
with hypertrophic and congestive cardio-
myopathies and found that heart rate, mean
velocity of circumferential fibre shortening, and
peak systolic stress were the main factors
influencing myocardial oxygen consumption;
the influence of hypertrophy was not
evaluated.”? Henry et al examined 14 patients
with valve lesions, cardiomyopathies, and con-
genital heart diseases and emphasised the
importance of the contractile state as a deter-
minant of myocardial oxygen consumption.*
They did not standardise contractility per unit
stress, however, thus neglecting stress as an
additional determinant of the myocardial
oxygen consumption. In accordance with these
findings our study showed that the stress-rate
product and muscle mass index were determin-
ants of myocardial oxygen consumption and
that the left ventricular ejection fraction was a
third determinant of myocardial oxygen con-
sumption/100 g (fig 2).

These results seem to be at variance with the
findings of Strauer.*® He described a low
myocardial oxygen consumption in low stress
ventricles with preserved ejection fraction and
adequate hypertrophy; in contrast, in high
stress ventricles with excessive hypertrophy he
found a high myocardial oxygen consumption
accompanied by a reduced ejection fraction. In
that study slight changes in contractility were
associated with considerable changes in
afterload. In the absence of changes in contrac-
tility peak systolic stress becomes the main
determinant of myocardial oxygen consump-
tion. In our group 2 patients the decrease in
ejection fraction was not the effect of excessive
overloading (as in Strauer’s study) because
peak systolic stress was not different in controls,
group 1, and group 2. Thus differences in
contractility must have been present. In the
group 2 patients mechanical efficiency was
likely to be higher and cardiac index was lower
than in the controls, which shows that hyper-
trophied ventricles in which contractility is
depressed are unable to transfer the generated
energy to the circulation despite an improved
efficiency. This paradox was recently discussed
by Su-Fan et al.* They reported that after
induction of hypertrophy in canine left ventri-
cles by a combined aortic valve lesion the
hypertrophied hearts showed better oxygen
utilisation than the controls, but the pressure
work increased without a concomitant increase
in cardiac output.

MYOCARDIAL OXYGEN CONSUMPTION IN THE
POSTOPERATIVE STATE
In the postoperative patients there was a con-
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siderable improvement in left ventricular
haemodynamic function at rest, and regression,
albeit not complete, of myocardial hyper-
trophy. But what about the postoperative
interrelations of myocardial oxygen consump-
tion with peak systolic stress, heart rate, con-
tractility, and muscle mass? Kawachi ez al
reported that in patients with aortic incom-
petence after operation the peak systolic stress
decreased, heart rate remained unchanged, and
the ejection fraction increased.” The post-
operative increase of both the coronary sinus
blood flow per beat per 100 g muscle mass and
the myocardial oxygen consumption per beat
per 100 g was attributed to the postoperative
improvement in contractility. To evaluate the
influence of postoperative changes in hyper-
trophy and contractility on myocardial oxygen
consumption its relation to the stress-rate
product was examined in controls, patients of
groups 3A and 3B, and the pooled preoperative
patients of groups 1 and 2. As fig 3 shows the
regression line of group 3B was located bet-
ween that of the controls and the preoperative
patients, but was not significantly different from
that of the preoperative group. The regression
line of group 3A was not different from that of
the controls. Thus the postoperative patients
with full recovery of contractility and complete
regression of left ventricular hypertrophy
showed that the changes in myocardial oxygen
consumption per 100g and myocardial
efficiency were completely reversible.

LIMITATIONS OF THE STUDY
In this study the preoperative patients were
divided into two groups based on the assess-
ment of contractility, irrespective of the type of
the haemodynamic burden that caused the left
ventricular hypertrophy. Differences in several
adaptational mechanisms between pressure
and volume overload have been reported.”
However, aortic insufficiency cannot be con-
sidered as pure volume load and the degree of
left ventricular hypertrophy is known to
correlate with the total power requirements,
whatever the type of overload.** Furthermore,
Johnson et al reported that the relation between
the total load and the myocardial oxygen con-
sumption per 100 g was the same when either
aortic stenosis or insufficiency was present.! We
too did not find any difference in myocardial
oxygen consumption per 100 g or its determin-
ants (that is, the stress-rate product, left ven-
tricular ejection fraction, and muscle mass
index) in patients with aortic stenosis and
patients with aortic insufficiency (groups 1 and
2). This is why we do not think that our results
were biased by the mixture of aortic valve
lesions in each group.

Thermodilution techniques were used to
measure total coronary sinus blood flow.

-Although this method does not measure per-

fusion in specific transmural layers or different
ventricular regions or rapid changes in coron-
ary blood flow,” Ganz et al found a good
correlation between coronary sinus flow
measured by this technique and by the timed
collection of coronary venous blood.!
Moreover, transmural distribution of blood

Schwitter, Eberli, Ritter, Turina, Krayenbuehl

flow at rest is likely to be homogeneous in both
normal and hypertrophied ventricles whatever
the type of overload.”*

In all patient groups the relation between the
stress-rate product and the myocardial oxygen
consumption per 100 g was significant, though
the correlation particularly in groups 1,2, and 3
was not as close as in studies of paced canine
ventricles.””? These differences can be
explained at least in part by the following
mechanisms: first, by the non-simultaneous
measurement of haemodynamic function and
the myocardial oxygen consumption in some
patients; second, by the different degree of
interstitial fibrosis,>! which we did not take into
account; and third, by the likelihood that
within the two groups with preserved and
reduced contractility there was still consider-
able heterogeneity of contractility. Moreover
we recognise the limitations of peak systolic
stress as an index of the mean generated stress
during ventricular systole, which would have
been a measure more closely reflecting the
classic tension-time index.
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