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We studied 14 patients with hypertrophic cardiomyopathy during and after atrial
pacing by simultaneous registration of left ventricular high fidelity pressure measure-
ments and M-mode echocardiography together with great cardiac vein flow measured
by thermodilution. Heart rate rose from 75 + 18 to 142 + 14 beats / minute with an
increase of 93 + 30 to 127 + 46 milliliters / minute of great cardiac vein flow (in-
crease of flow /beat: 0.8 versus 1.5 milliliters /beat in normal individuals; P < 0.05).

In addition, diastolic hemodynamic parameters (such as left ventricular end-di-
astolic pressure, T, (time constant of relaxation) (of first 40 milliseconds) and 7, (of
second 40 milliseconds) and LVdP /dt-) changed from, respectively, 27.4 + 7.1 to
24.0 + 10.3 mm Hg; (NS), 67.3 + 16.1 to 65.7 + 22.2 liters /second; (NS) 68.6 + 36.9
to 52.9 + 19.4 (P < 0.05), and 1592 + 75 to 1302 + 48 mm Hg /sec; P < 0.05.

Left ventricular end-diastolic dimensions decreased whereas end-diastolic wall
thickness increased from, respectively, 37 + 3 to 34 + 4 millimeters; (P < 0.05) and
14 + 2 to 17 + 1 millimeters (P < 0.05). Eleven of the 14 patients experienced angina
pectoris concomitant with ST-T depression of 1 millimeter or more on the electro-
cardiogram.

No correlations were found between great cardiac venous flow and hemodynami-
cally or ultrasonically derived diastolic parameters of left ventricular function.
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Introduction

A decrease 1n coronary reserve (as demonstrated by a reduction 1n the capacity of
myocardial flow to increase after atrial pacing) has been proposed as a potential
mechanism for i1schemia in hypertrophic cardiomyopathy [1]. Although several
mechanisms to explain ischemia have been suggested, such as intramyocardial small
vessel disease [2], septal perforator artery compression [3], coronary arterial spasm
[4] and, most recently, a high left ventricular filling pressure [5], no study until now
has addressed the relation of the diastolic properties of the left ventricle to the
coronary reserve in hypertrophic cardiomyopathy. We undertook a study using
simultaneous high fidelity pressure measurements and M-mode echocardiograms at
rest and during atrial pacing to determine left ventricular relaxation and filling
abnormalities in relation to great cardiac venous flow, measured by thermodilution.
Thus, we have made an attempt to show whether the diastolic abnormalities and
coronary flow are correlated.

Methods

Patients

Fourteen patients with hypertrophic cardiomyopathy were studied (seven male,
seven female; ages, 47 + 18 years) by M-mode echocardiography and right and left
cardiac catheterization (Table 1). The diagnosis of hypertrophic cardiomyopathy
was based on echocardiographic [6], angiocardiographic and hemodynamic criteria
[7]. All patients had hypertrophied nondilated left ventricles, without any signs of
acquired or congenital heart disease. All had abnormal cross-sectional echocardio-
egrams showing severe left ventricular hypertrophy involving several segments of the
left ventricular walls according to criteria as described by Maron and his colleagues
[8].

Six patients had pressure gradients across the left ventricular outflow tract during
left heart catheterization of 50 mm Hg or more which increased in four patients.
One patient had a small pressure gradient of 12 mm Hg at rest which increased to
166 mm Hg upon provocation by i1soprenaline (1 microgram /milliliter). In six
patients, an insignificant pressure gradient was present at rest or during provoca-
tion. Drug treatment was discontinued at least 48 hours before cardiac catheteriza-
tion. All patients were functionally limited at the time of hemodynamic evaluation
(validity II or III, according to criteria of the New York Heart Association (see
Table 1). Selection of the patients for the present study was based on lack of
improvement of symptoms despite medical treatment (beta-blockade or verapamil).
Informed consent was obtained from all patients and the study protocol was
approved by the Thoraxcenter Medical Ethical Commuttee.

No patient had significant coronary arterial disease on coronary arteriography.
The findings out of the present study were compared to “normal” findings from 15
individuals out of our laboratory.
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Cardiac Catheterization and Angiography

The procedure for this evaluation for our patients has been described earlier [9].

Left Ventricular Pressure Analysis. Briefly, left ventricular pressure and its
derivatives (LVdP/dt+ ; LVdP/dt — and Vmax) were calculated on-line via an
automated data processing system [9].

For off-line analysis of left ventricular pressure relaxation, an updated version of
the beat to beat program described previously was used with the following defini-
tions: (1) pressure at the beginning of 1sovolumic relaxation ( P,,) is the pressure at
the point at which d P/ds 1s mimimal (maximum negative d P /d¢), and (2) pressure
at the end of 1sovolumetric relaxation ( P,) 1s the pressure less than or equal to the
previous end-diastolic pressure, but no less than 1 mm Hg. Although it 1s possible
that the latter definition may result in P. being measured just after mitral valve
opening, estimation of the time constants by more stringent criteria, such as
end-diastolic pressure 1/2 10 mm Hg, did not result in a significantly better
estimation, and failed to measure pressure during high heart rates.

The technique implemented for the off-line beat to beat calculation of the
relaxation parameters was the semilogarithmic model. A minimum of eight samples
(over 32 milliseconds) was required between P, and P.. No other computations
were attempted.

The semilogarithmic model used was P(1) = P,e '/, where P is pressure; P, is
equivalent to P, when a true exponential decay 1s present starting from the time of
peak negative d P/dt. The P, and 7 parameters were estimated from a linear least
squares fit on In P= —¢/7T + In P,. In addition, a biexponential fit for 1sovolumic
relaxation was determined characterized by the two exponential time constants; the
fit for the first 40 milliseconds, 7, and the fit after the first 40 milliseconds, 75.

Coronary Flow Measurements

Great cardiac venous flow was measured using a thermodilution Ganz catheter
[10]. Coronary vascular resistance was derived from the ratio of mean aortic
pressure to great cardiac vein flow. Atrial pacing was performed via a pacing
‘catheter introduced separately into the right atrium and was performed at incremen-
tal steps of 10 beats/minute at 1-minute intervals until maximal heart rate was
reached. Thereafter pacing was terminated immediately. If patients developed
angina pectoris or conduction disturbances were seen pacing was also discontinued.
During cardiac catheterization left ventricular pressures, aortic pressures and the
electrocardiogram were registrated continuously at low and high speed. Left ventric-
ular pressures and aortic pressures were determined simultaneously with the electro-
cardiogram and the M-mode echorecordings continuously at rest, during atrial
pacing and after pacing was discontinued (see also Fig. 1). To exclude potential
effects of angiographic dye on coronary flow, great cardiac venous flow was
measured at least 20 minutes after the use of angiographic dye.
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Echocardiography

M-mode echocardiograms of the left ventricle were made in all patients at a
paper speed of 50 millimeters/second. We used a 0.5-inch diameter, 2.25-megahertz
transducer focused at 7.5 centimeters. The M-mode echocardiograms were recorded
in a standard fashion we described earlier [9].

Briefly, during examination with the patient in the supine or shightly lateral
decubitus position, several M-mode sector scans were taken from the level of the
aortic root across the left ventricular cavity to the left ventricular apex. The
transducer was placed on the chest wall and was held perpendicularly when the
largest amplitude of motion of the anterior mitral leaflet was recorded. The M-mode
echocardiograms of the left ventricle were always obtained at a level just below the
tips of both mitral leaflets, and gain settings were continuously adjusted to obtain
optimal resolution of endocardial surfaces of both interventricular septum and left
ventricular posterior wall. The left ventricular and aortic pressures were recorded
simultaneously with the recording of M-mode echocardiograms and electrocardio-
erams. To analyze the same beats for left ventricular pressures and echocardio-
grams, “precise”’ timing by zero-calibration markers of left ventricular pressures was
used. From the echocardiograms left and right ventricular dimensions, interventricu-
lar septal thickness and posterior wall thickness at end-diastole and end-systole [11]
were measured at rest, during atrial pacing and after pacing [12].

Left Ventricular Weight

Left ventricular weight was measured from the cineangiocardiograms in right
anterior oblique position according to a method as described previously for our
laboratory and expressed 1n grams / square meter [13].

Although this method is of limited value in this group of patients, we used this
method to correct our measurements for left ventricular weight since the limitations
of this method apply to all patients studied.

Statistical Analysis

The statistical significance of the data was assessed by Student’s 7-test. Values
were expressed as mean + standard deviation. A value of less than 0.05 was
considered to indicate significance.

Results
Hemodynamic Findings

In all patients atrial pacing was carried out and M-mode echocardiograms and
left ventricular pressures measured simultaneously (Fig. 1). In 12 patients great
cardiac vein flow was available at rest whereas in 11 patients great cardiac vein flow
at rest, at peak pacing rates and directly after pacing was obtained. In three patients
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Fig. 1. Ultrasound hemodynamic registration during and after atrial pacing (Patient 13). Observe the

abnormal response of the left ventricular pressure during diastole (large arrow) and the increase of

posterior wall thickness during atrial pacing. MV = mitral valve; PW = left ventricular posterior wall;
P = pacing; Int. = intermediate; Ao = aortic pressure; LVP = left ventricular pressure.

TABLE 1
Clinical data.

Patient Age Sex Validity LVOT Gradient Mitral Pain during

rest provocation iIncompetence  atrial pacing
1 20 F [11 90 Valsalva 100 ~ +
2 22 Mt e - — V/I - —
3 67 F [1] - - V/I - +
4 48 F [11 - — V/I - +
5 15 M II/III 50 + [ 100 - +
6 49 M [1 150 no provocation  gr | +

during APST 48

7 58 M 1 - = V/I - +
8 66 F [11 /IV 120 no provocation  grl +
9 54 F [1/111 80 110 V/I gr | —
10 59 E [11 -~ - V/I1 - +
11 20 F [1/111 ~ 50 | gr | +-
12 67 E [1 10 25 V/1 gr | +
13 47 M I 50 64 V/I gr 11 /111 +
14 54 M II/II] 12 166 I gr 11 +

x+SD 46.7+18 522+314

Validity according to New York Heart Association criteria. Gradients were determined at rest and after
provocation with the (V) Valsalva maneuver and isoprenaline (1 microgram /milliliter) infusion (I). See
also text and Table 2. Mitral incompetence visually graded (grade I to III). LVOT = left ventricular
outflow tract. Gradients were expressed in mm Hg. For further explanations and abbreviations see text.
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TABLE 2

Hemodynamic data.

HR AoP LVEDP LV weight CVR GCEVE
(b/min) (mm Hg) (mm Hg) (g/m°) (mm Hg-ml/min) (ml/min)
HCM 15:6:E 1925 = 2300:6:8" % 1372 433.6:F  40:6:40.2 98.6 + 37.01

6 - 8.4+1.2 96 = =16 1:24:0:2° 5 68.4 +20.3

Normal 75 -

|

* Compared to N (P < 0.05). CVR = coronary vascular resistance defined as mean aortic pressure /great
cardiac vein flow; ml = milliliter; min = minute; b = beats; GCVF = great cardiac vein flow (mil-
liliter /minute); HR = heart rate; AoP = aortic pressures; g/m- = gram per square meter; HCM =
hypertrophic cardiomyopathy.

the data from the thermodilution curve were technically inadequate at one or more
stages during atrial pacing. In 11 of the 14 patients anginal pain occurred during
atrial pacing (Table 1) together with ST-T depressions of 1 millimeter or more on
the electrocardiogram. Table 2 shows the hemodynamic data for the patients with
hypertrophic cardiomyopathy and the group of normal individuals. The results of
the hemodynamic analysis before, during and after atrial pacing are shown in Table
3

Left ventricular end-diastolic pressure decreased i1n seven patients whereas it
increased in seven patients. However, after pacing, left ventricular end-diastolic
pressure remained abnormally high 1n all (29.1 + 7.1 mm Hg; P < 0.05) (see Table
).

In controls there was always a decrease in left ventricular end-diastolic pressure
during atrial pacing (5) with an increase of 7, and 75.

TABLE 3

LV systolic and diastolic parameters during atrial pacing.

] 2 3
HR 75 + 434 142+ 14 * 164 17
LVdP/dr + 1670 + 434 2005 + 758 * 1894 + 554 **
LVdP/dt — 1592 + 752 1302 + 482 * 1554 + 598
/o 67+ 16 65+ 22 97 + 34 **
T, 68+ 13 524+ 19 * 74+ 21
LVESP 80+ 11 73+ §* 79+ 10
LVEDP s 7 24+ 10 09 % 7
GCVF 93+ 30 127+ 46 122+ 58

HR = heart rate (beats/minute); LVdP/dr = first derivative of LV pressure (mm Hg/sec); T = time
constant of relaxation (liters/second); LVESP =LV end-systolic pressure (mm Hg); LVEDP =LV
end-diastolic pressure (millimeters of mercury); GCVF = great cardiac vein flow (mulliliters /minute);
1 = rest; 2 = peak pacing rate; 3 = immediately after pacing. For further explanation, see text. All values
expressed as X +SD. * P <0.05 between 1 and 2; ** P < 0.05 between 1 and 3.
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TABLE 4

Ultrasound variables at rest.

LVID Ratio [VS LVPW Type LVH. . LA
ED ES [IVS/LVPW  (mm) (mm) (CSE) (mm)
x+SD 378442 206+46 1.5+0.1 206£2.6 @ 13:91+1.8 " 1L/ 42 + 2.7

LVID = left ventricular internal dimension; ED = end-diastole; ES = end-systole; IVS = interventricular
septal thickness; CSE = cross-sectional echocardiography; LVPW = left ventricular posterior wall thick-
ness; LA = left atrium; LVH = left ventricular hypertrophy.

Ultrasound Derived Measurements

Table 4 showed the ultrasound variables at rest; interventricular septal thickness
was substantially increased to 21 + 3 millimeters at end-diastole (»: 10 + 2 millime-
ters; P <0.05) as was posterior wall thickness to 14 + 2 mullimeters (n: 9 + 2
millimeters; P < 0.05). Two-dimensional analysis of left ventricular hypertrophy [8]
showed type Il or III hypertrophy in all patients, indicating that most segments of
septal and anterolateral walls were hypertrophied. An abnormal systolic anterior
motion of the mitral valve was present in nine patients.

Table 5 shows the ultrasound parameters before, during and after atrial pacing.

Pressure—Dimension Curves. Pressure—dimension curves shifted upward or to the
left in seven patients (Fig. 2) but showed a different response in another seven,
because left ventricular end-diastolic pressure decreased during pacing. Pressure
wall thickness curves during diastole went to the right in all.

Relation between Great Cardiac Vein Flow and Diastolic Hemodynamic and Ultra-
sound Parameters

No correlation was found between great cardiac venous flow and 75, 7, and wall
thickness, respectively, either at rest or during or after atrial pacing.

TABLE 5

Ultrasound parameters during atrial pacing.

1 2 3
LVID (ED) 37+4 34+4 * 4042 **
LVID (ES) 2143 16+3 * 2242
LVPW (ED) 14+ 2 1741 * 16+2 **
LVPW (ES) 21+ 3 2245 22+ 2

Abbreviations as before. * P < 0.05 as compared 1 versus 2; ** P <0.05 as compared 1 versus 3. For
explanation, see text. Values expressed as X +SD.
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Fig. 2. Pressure-dimension curve (Patient 6), at rest, at peak pacing rates and directly after pacing.
Observe a shift of the pressure—dimension curve upwards and to the left indicating decreased compliance
of the left ventricle, during atrial pacing.

Great cardiac vein flow =19.6 + 0.17;, r=0.10, P = not significant; 20.5 + 10
I,, r=0.21, P = not significant; —2.8 + 3.7 log wall thickness, »r=0.20, P = not
significant.

Also the relative increase or decrease of GCV flow (AGCVF) and T7,(AT)),
1,(AT,) and wall thickness (AWT) did not show any correlation.

Great cardiac venous flow = 0.22 + 0.02 wall thickness, »r = 0.11, P = not signifi-
cant; 194+ 1.0 7;, r=0.10, P =not significant; 154+ 2.3 7;,, r=0.14, P = not
significant.

Furthermore, no correlations were found between 7, and wall thickness, either at
rest or during atrial pacing. Wall thickness=174+4.7 7,, r=0.31, P = not
significant; 1.5-0.01 75, r=0.1, P = not significant. These results show that no
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direct correlation could be found between the diastolic parameters studied and
coronary vascular reserve.

Variability of M-Mode Echomeasurements. These have been described before
using the same hemodynamic ultrasonic technique in the same type of patients [9].

Discussion

In this limited group of patients with hypertrophic cardiomyopathy, no correla-
tion was found between great cardiac venous flow and any parameter of left
ventricular diastolic function (hemodynamically or echocardiographically measured)
during atrial pacing.

Relaxation and filling abnormalities [14-16] are known to be present in hyper-
trophic cardiomyopathy. Chinical studies using echocardiography [17] and/or
videodensitometry [18] have indicated that such patients with angina pectoris
showed decreased diastolic wall thinning rates as compared to patients with com-
plaints of either dyspnea or syncope, suggesting that angina pectoris 1s correlated
with diastolic wall motion abnormalities. Although complaints of chest pain could
sometimes be very atypical for angina pectoris, several authors [1-5] have em-
phasized that real angina pectoris due to ischemia might occur in hypertrophic
cardiomyopathy. No definite studies have occurred as yet as far as known about
mechanisms for i1schemia 1n this setting such as vascular spasm, metabolic regulation
of coronary flow or disturbed capacitance of intramural coronary vessels. Ischemia
can be attributed to a decreased coronary vascular reserve [1] or an increased left
ventricular end-diastolic pressure at higher heart rates [5] or both. Nevertheless, to
the best of our knowledge, no study 1s available until now which has related the
diastolic properties of the myocardium to hemodynamics and great cardiac venous
flow simultaneously. Therefore we have postulated that, if i1schemia due to a
decreased coronary flow explains the relaxation abnormalities in these patients, a
significant correlation between great cardiac venous flow and 77, 75 or wall
thickness during atrial pacing must be present. But this correlation was not found. It
1s evident that our patients represent a selected group with extensive myocardial
involvement by the myopathic process, the left ventricular end-diastolic pressures
were high at rest and, from the cross-sectional echocardiographic analysis, the
degree of myocardial hypertrophy was extensive. Recent observations using cross-
sectional echocardiography have shown that the degree of left ventricular myocar-
dial hypertrophy was correlated with the extent of diastolic abnormalities [19].

[t 1s well known from animal experiments that a certain perfusion pressure is
needed to maintain an adequate coronary flow (so called “closing pressure”). If this
critical closing pressure 1s reached, coronary vessels collapse and coronary flow
ceases [20]. This phenomenon could have been present in our patients during
tachycardia since perfusion pressure was decreased (aortic end-systolic pressure
minus left ventricular end-diastolic pressure) and the myocardial extravascular
forces (wall thickness) were increased. Both phenomena could have interfered with
the inadequate increase of coronary flow during tachycardia. A decreased capillary
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density per unit mass has been proposed as the mechanism to explain the inade-
quate coronary vascular reserve in patients with left ventricular hypertrophy due to
aortic stenosis or systemic hypertension. This mechanism was not studied in our
patients with hypertrophic cardiomyopathy.

During atrial pacing tachycardia, left ventricular end-diastolic pressures and left
ventricular diastolic dimensions should decrease [12,21] whereas wall thickness
should increase. But the results of the present study show the opposite. Left
ventricular end-diastolic pressures remained high whereas left ventricular dimen-
sions decreased. This indicates a reduced compliance of the left ventricle with a shift
of the pressure—dimension curve upwards and /or to the left (Fig. 2). Furthermore,
end-diastolic wall thickness increased significantly. Thus, it can be argued that
alterations of diastolic properties of the myocardium during tachycardia could
attribute to an increased resistance to left ventricular filling with secondary changes
in left ventricular systolic pressures.

It has recently been shown that atrial pacing induced ischemia in coronary
arterial disease was always associated with a decreased compliance, although great
cardiac venous flow in that particular study was not measured [22].

Although great cardiac venous flow measurements have limitations, to our
opinion, and that of others [5], it is the best means presently available to determine
coronary flow during cardiac catheterization.

The echo method has its own limitations, especially since simultaneous measure-
ments with left ventricular pressures are used [9,11]. These have been discussed
earlier for this combined hemodynamic-ultrasonic technique i1n hypertrophic
cardiomyopathy. Earlier good inter- and intraobserver correlations [9] were present
for the echo variables measured. Thus, although the methods we used have their
own limitations, we believe that we have chosen the most optimal methodology
currently available to study the relationship between the mechanical, hemodynamic
and coronary flow events in patients with hypertrophic cardiomyopathy.

Recently Jasky [23] has found that, during occlusion and early ischemia, peak
negative d P/dr and time constant of relaxation increased with early diastohic
shortening during isovolumic relaxation in patients who underwent angioplasty.

Although a decreased coronary flow reserve 1s present 1n hypertrophic
cardiomyopathy and diastolic left ventricular function 1s impaired, the present study
shows that the two phenomena are probably not directly related. Experimental
studies from our institution and others [24,25] have shown that the changes in
hemodynamic parameters and wall thickness can be also present when intracellular
calcium cannot be used by the myocardium, for example, in the presence of
calcium-channel blockers. In these studies epicardial coronary flow was not 1m-
paired. Nevertheless, myocardial function was severely depressed (“cardioplegic™).
Therefore, we postulate that our findings can be explained by a disturbance in
calcium metabolism. Clinical circumstantial evidence for this postulate 1s already

present since it i1s known that calcium-channel blocking agents might improve
diastolic filling [26].
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