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A B S T R A C T It is generally recognized that chronic
left ventricular (LV) pressure overload results pri-
marily in wall thickening and concentric hypertrophy,
while chronic LV volume overload is characterized by
chamber enlargement and an eccentric pattern of hyper-
trophy. To assess the potential role of the hemodynamic
factors which might account for these different patterns
of hypertrophy, we measured LV wall stresses through-
out the cardiac cycle in 30 patients studied at the time
of cardiac catheterization. The study group consisted of
6 subjects with LV pressure overload, 18 with LV vol-
ume overload, and 6 with no evidence of heart disease
(control). LV pressure, meridional wall stress (Tm),
wall thickness (h), and radius (R) were measured in
each patient throughout the cardiac cycle. For patients
with pressure overload, LV peak systolic and end dia-
stolic pressures were significantly increased (220±6/
23±3 mmHg) compared to control (117+7/10+1 mm
Hg, P <0.01 for each). However, peak systolic and
end diastolic am were normal (161±24/23±3 X 10' dyn/
cm2) compared to control (151±14/17±2 X 10' dyn/
cm , NS), reflecting the fact that the pressure overload
was exactly counterbalanced by increased wall thick-
ness (1.5±0.1 cm for pressure overload vs. 0.8±0.1 cm
for control, P <0.01). For patients with volume over-
load, peak systolic Ym was not significantly different from
control, but end diastolic om was consistently higher
than normal (41±3 X 10' dyn/cm2 for volume overload,
17±2 X 10' dyn/cm2 for control, P < 0.01). LV pres-
sure overload was associated with concentric hyper-
trophy, and an increased value for the ratio of wall thick-
ness to radius (h/R ratio). In contrast, LV volume
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overload was associated with eccentric hypertrophy, and
a normal h/R ratio. These data suggest the hypothesis
that hypertrophy develops to normalize systolic but not
diastolic wall stress. Wepropose that increased systolic
tension development by myocardial fibers results in fiber
thickening just sufficient to return the systolic stress
(force per unit cross-sectional area) to normal. In con-

trast, increased resting or diastolic tension appears to
result in gradual fiber elongation or lengthening which
improves efficiency of the ventricular chamber but can-
not normalize the diastolic wall stress.

INTRODUCTION
It is generally assumed that hypertrophy of cardiac
muscle is a useful physiologic adaptation which develops
when an increased work load is chronically imposed on
the myocardium (1). Although the hypertrophied myo-
cardium may allow maintenance of adequate cardiac
compensation for many years, eventually it becomes in-
capable of meeting the increased work load imposed
upon it, and heart failure ensues. For this reason, it has
been suggested that myocardial hypertrophy may be
considered the interface between the normal and failing
heart (2).

Before heart failure occurs, hypertrophy has gener-
ally become well developed and moreover it appears to
have developed in a pattern unique to the inciting stress.
Thus concentric hypertrophy is seen in aortic stenosis
and hypertension (1, 3-5), eccentric1 hypertrophy in
aortic or mitral insufficiency (1, 3), and asymmetric
hypertrophy in idiopathic hypertrophic subaortic stenosis
(6). Although factors which may act as stimuli to

cardiac hypertrophy have been extensively studied in

'So termed because the cavity enlarges laterally in the
chest, and becomes eccentric with regard to its normal
position (4).
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the experimental animal (2, 7-10), little is known about
factors which influence the pattern of hypertrophy in
either animals or man (3-5, 11). The present study was
undertaken to examine the role of alterations in dia-
stolic and systolic wall stresses in influencing the pat-
tern and extent of left ventricular (LV)2 hypertrophy
in man.

METHODS
30 patients undergoing complete left and right heart cathe-
terization for diagnostic purposes formed the study popula-
tion. Included were 18 patients with LV volume overload, 6
patients with pressure overload, and 6 patients with no
hemodynamic or angiographic evidence of heart disease,
who served as normal controls. Diagnostic and hemody-
namic data for each patient are detailed in Table I. At
the time of cardiac catheterization, all patients were well
compensated with regard to congestive heart failure, with
the exception of volume overload patients 4, 7, and 12,
whose data are given in Table I. Patients 4 and 12 had
*persistent severe orthopnea and paroxysmal nocturnal
dyspnea despite digitalis and diuretic treatment, and patient
7 was decompensated from acute aortic insufficiency sec-
ondary to bacterial endocarditis.

Catheterization was carried out in the fasting state after
diazepam (5-10 mg i.m.) premedication. Brachial arteri-
otomy and retrograde left heart catheterization were per-
formed with standard no. 8 French catheters in 18 patients,
and with high fidelity micromanometer-tipped catheters
(Mikrotip, Millar Instruments, Houston, Tex.) in 12 pa-
tients. Frequency response characteristics of the standard
fluid-filled catheter system used in our laboratory have been
previously reported (12); the undamped natural frequency
is 31 Hz, and the damping system used gives a measured
damping coefficient of 0.603, indicating a frequency response
flat to approximately 25 Hz. Zero reference for pressure
measurement was taken as the midchest with the patient
supine. LV cineangiography was performed in each study,
and patients with regional abnormalities of contraction were
excluded.

Immediately before angiography a simultaneous strip
chart recording of electrocardiogram (ECG), LV pressure,
and ultrasonically determined septal and posterior wall mo-
tion (Fig. 1) in the plane of the mitral valve (recorded
with an Ekoline 20-A ultrasonoscope [Smith Kline In-
struments, Palo Alto, Calif.] interfaced to a DR-12 re-
corder [Electronics for Medicine, Inc., White Plains,
N. Y.]) was obtained as previously described from this
laboratory (13-16). The use of pulsed reflected ultra-
sound to measure LV dimensions and wall thickness in man
has been validated now by several investigators (17-23),
and is discussed in detail in the Discussion section. In this
study, the LV internal diameter, D, was measured as the
vertical distance between echoes from the endocardial sur-
faces of the interventricular septum and LV posterior wall,
and posterior wall thickness, h, was measured as the dis-
tance between endocardial and epicardial echoes on theultra-
sonic tracing (Fig. 1). LV mass index was estimated for
each patient from D and h according to the method of Troy,
Pombo, and Rackley (24). This method has been reported

2Abbreviations used in this paper: ECG, electrocardio-
gram; h, left ventricular wall thickness; LV, left ventricu-
lar; am, meridional wall stress.
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FIGURE 1 Strip chart recording of LV pressure (LVP)
and simultaneous ultrasonic tracing of LV septum and pos-
terior wall (PW) endocardium and epicardium in a patient
with mitral insufficiency around the base of a prosthetic
valve. LV chamber diameter is measured as the distance
between septal and PWendocardial surfaces, and the end
diastolic diameter is illustrated as EDD. LV wall thickness,
h, is measured as the distance between PWendocardial and
epicardial surfaces. See text for details of technique. LVP
is measured with a micromanometer-tipped catheter.

by them to show excellent correlation with LV mass cal-
culated from biplane LV angiograms.

Theoretic considerations and calculations. LV wallstress
is a function of chamber size and configuration, thickness
of the ventricular wall, and intraventricular pressure. For
either an ellipsoidal or a spherical model, an average
meridional stress (Oa.) can be defined (Fig. 2) as the force
per unit area acting at the midplane to the heart, in the
direction of the apex to base length (25). As seen in Fig. 2
this may be derived by equating the meridional wall forces
((Tm X 7r[R2 - R 2]) to the pressure loading (P7rR 2),
since these must be exactly equal if the ventricle is to hold
together. Thus,

UmX 7r(R02 - R2) = PrR,2,
Um = PR2IR 2-R,2),

and if (R - Rj) = h, the wall thickness, then

PR2 PRi
(Ro - R)(Ro + Rj) 2h(1 + h/2Ri)'

(1)
(2)

(3)

Thus, an average meridional or longitudinal stress may be
calculated throughout the cardiac cycle from the combined
ultrasonic and hemodynamic data described above which
make available simultaneous LV pressure, wall thickness
(h), and radius (D/2). It should be pointed out that there
are two stresses acting at the equatorial plane illustrated in
Fig. 2; the meridional stress, acting parallel to the long
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FIGURE 2 Diagrammatic representation of an idealized LV
chamber in coronal section, looking from the front (left)
and above (right). Wall thickness (h), inner radius (R,),
and outer radius (R.) are required to calculate meridional
wall stress (a.). This is accomplished by equating the
meridional wall forces (am Xr[R.2-Rif]) to the pressure

loading (PirR 2), since these must be exactly equal if the
ventricle is to hold together. The same calculation applies
for either an ellipsoidal or a spherical model. See text for
details.

axis, and the circumferential stress acting perpendicular to
the long axis. For a spherical model, the two are equal,
while for an ellipsoidal model the circumferential stress
tends to be larger than the meridional stress.

LV meridional stress (am) was calculated throughout
the cardiac cycle in each of the 30 subjects by using Eq. 3
and values for P. h, and R, obtained at 20-ms intervals.
End diastolic measurements were taken at the time of the
peak of the R wave of the ECG, while peak systolic am
was determined as the highest value for am occurring in
systole. It should be emphasized that peak systolic a.m usu-

ally occurred early in ejection (within 40-60 ms of aortic
valve opening) and was quite different from end systolic
am, which was of much smaller magnitude. Mean systolic
am was also determined for each subject by averaging values
for am from end diastole to end systole. Measurements were
averaged over at least 3-5 beats for each patient, and over

an entire respiratory cycle if significant respiratory variation
in pressures was observed. Statistical analysis was carried
out by using the standard unpaired t test for analysis of
variance (26).

Validity of the method. To validate the stress measure-
ments made by this combined hemodynamic-ultrasonic tech-
nique, we measured meridional stress using angiographic
data throughout the cardiac cycle in representative normal
subjects as well as those with volume overload or pressure
overload of the left ventricle (27). Angiographic wall
thickness, long axis, and minor axis were measured from
LV cineangiograms taken in the right anterior oblique
projection, and corrected for magnification by use of a
calibrated grid. Meridional wall stress was calculated by
using Eq. 3 above. It should be recognized that minor axis
and wall thickness measured by echocardiogram best corre-
spond anatomically to those seen in a left anterior oblique

angiogram. Agreement of echocardiographic and angio-
graphic measurements therefore depends not only on the
validity of both methods, but on the presence of ventricular
symmetry with regard to minor axis and wall thickness.
Good agreement of the methods was observed, with correla-
tion coefficients for echocardiographic and angiographic
measurements averaging 0.91 for diameters, 0.81 for wall
thickness, and 0.96 for meridional wall stress (27). An
example of wall stress measurements throughout the cardiac
cycle in a representative normal subject is shown in Fig. 3.
Although the angiographic data was used as a reference
standard, we feel that it is important to point out that the
stress calculations made by using the hemodynamic-ultra-
sonic technique may be superior in their physiologic accu-
racy to the so called "reference" standard. First, the hemo-
dynamic and ultrasonic data are obtained simultaneously
(Fig. 1), allowing truly instantaneous pressure-diameter-
wall thickness measurements for calculation of stress. For
the angiographic data, diameter and wall thickness measure-
ments from the left ventriculogram are matched up with
pressure measurements made at an earlier time. Slight vari-
ations in cycle length, ejection time, and systolic and dias-
tolic LV pressures may significantly affect the compara-
bility of these measurements. Furthermore, the injection of
30-50 cm3 of viscous contrast media into a LV chamber
containing 80-100 cm3 of blood may alter LV geometry,
,volume, and wall stresses in an unknown and unpredictable
fashion. None of these particular deficiencies apply to the
ultrasonic technique, and we feel that these considerations
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FIGURE 3 Meridional wall stress calculated throughout the
cardiac cycle in a normal subject from simultaneous mea-
surements of LV pressure, wall thickness, and minor axis.
Wall stress calculated from angiographic (angio) and
ultrasonic (echo) data show excellent agreement with close
superimposition of stress-time plots constructed by the
different methods. Similar agreement was seen for pressure
and volume overload ventricles (27).
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support the usefulness of the combined hemodynamic-ultra-
sonic approach described herein.

RESULTS

Data relating to diagnosis, hemodynamics, wall stress,
and LV chamber dimensions are summarized in Table
I. As can be seen, LV mass index was more than twice
normal for both the pressure and volume overload
groups, indicating significant hypertrophy. Wall thick-
ness was significantly increased for both pressure and
volume overload groups, but it was disproportionately
increased in the pressure overloaded ventricles, indi-
cating the presence of concentric hypertrophy. This is
borne out by examination of the h/R ratio (Table I,
Fig. 4), which is increased in patients with pressure
overload, but normal in the volume overloaded ventricles,
indicating concentric hypertrophy in the former as op-
posed to an eccentric or magnification pattern of hyper-
trophy in the latter group. It is interesting to note that
the h/R ratios at end diastole and at peak systolic stress
were quite similar (Fig. 4).

The time-course of changes in LV pressure, wall
thickness, and arn is shown in Fig. 5 for representative
normal, pressure overloaded, and volume overloaded
ventricles. Peak systolic o° consistently occurred early in
ejection, generally within 80-120 ms of the onset of
ventricular systole, at a time when significant wall
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FIGURE 4 Ratio of LV wall thickness to internal radius
(hIR) at end diastole (clear bars) and at the time of peak
systolic stress (hatched bars). h/R is normal in patients
with LV volume overload, but significantly increased in
patients with pressure overload. Bars and brackets repre-
sent mean values and their standard errors, respectively.
See text for details. * P <0.001 compared to normal.

thickening had not yet occurred. In contrast, at end
ejection when wall thickness was maximum it can be

- Wall Thickness
I-- Pressure
- Stress

340-
320-
300-

280-
260-
240 -

220 -

200-
180 -

160 -

140

120 -

100 -

80-

B. PRESSUREOVERLOAD

4

I
1

1

i

iI I

C. VOLUMEOVERLOAD

TIME TIME TIME

FIGURE.5 A comparison of changes in LV pressure (solid dots), wall thickness (open dots),
and meridional stress (open squares) throughout the cardiac cycle for representative normal,
pressure-overloaded, and volume-overloaded left ventricles. Measurements are plotted here at

40-ms intervals. In the pressure-overloaded ventricle (B), the markedly elevated systolic pres-

sure is exactly counterbalanced by increased wall thickness with the result that wall stress

remains normal. In the volume-overloaded ventricle (C), peak systolic stress is normal but
end diastolic stress is significantly increased. See text for details.
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seen that am had declined substantially, although LV
pressure was at or near peak levels.

LV peak and mean systolic stress were remarkably
similar for all three groups (Table I, Fig. 6). There
was no significant difference between either the pres-
sure overload or volume overload group and normal,
although peak systolic stress tended to be highest in
those with volume overload. As mentioned above, the 18
patients with volume overload included three patients
(4, 7, and 12 in Table I) with decompensated conges-
tive failure at the time of study. Patients 4 and 12 had
persistent severe orthopnea and paroxysmal nocturnal
dyspnea despite digitalis and diuretics, while patient 7
had acute, recent onset aortic insufficiency due to bac-
terial endocarditis. In general, wall stress tended to be

n PEAK SYSTOLIC

END DIASTOLIC
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180 T
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FIGURE 6 End diastolic and peak systolic meridional wall
stress (am) in patients with LV volume overload, pressure
overload, and normals. There is no significant difference in
peak systolic om between either the pressure or volume
overload group and normal. Peak systolic am tended to be
highest in those with LV volume overload, reflecting the
inclusion in this group of patients with decompensation or
acute onset of the volume overload, as discussed in the
text. In contrast to peak systolic am, end diastolic om was
consistently and significantly increased in patients with LV
volume overload, and this appeared unrelated to decom-
pensation or the recency of onset of the vclume overload.
See text for discussion. * P < 0.01.

HYPOTHESS

Primary Stimulus

_Increased Peak Parallel Replication Wall CONCENTRICPressure Overload Systolic am of Sarcomeres Thickening HYPERTROPHY

Increased End Series Replication Chamber ECCENTRIC
Volume ovrl odDiastolic m d Sarcomeres Enlargement HYPERTROPHY

FIGURE 7 Hypothesis relating wall stress and patterns of
hypertrophy. See text for details.

highest in these decompensated patients (Table I), and
if they are excluded peak systolic wall stress for the
volume overload group (167±6 X 103 dyn/cm2) more
closely approximates that seen in the control subjects.

In contrast to peak and mean systolic stresses, end
diastolic wall stress was consistently and significantly
elevated in patients with volume overload as compared
with either pressure overload or normal (Table I, Fig.
6). Further, the level of end diastolic stress appeared
unrelated to decompensation, the recency of onset of
volume overload, wall thickness, or the extent of over-
all hypertrophy as judged by the LV mass index.

As expected, LV peak systolic pressure was signifi-
cantly increased for the pressure overload group (220±6
mmHg, P < 0.01), but not for the volume overload
group (139±7 mmHg, NS) as compared to normal
(117±7 mmHg). LV end diastolic pressure was sig-
nificantly increased for both pressure overload (23±3
mmHg, P <0.001) and volume overload (24±2 mm
Hg) patients as compared to normal (10+1 mmHg),
indicating the severity of the lesions in both groups.

DISCUSSION
Linzbach (3) believed that the most important factor
controlling cardiac hypertrophy is the systolic force
or tension generated by the myocardial fibers. His ob-
servations on autopsy specimens suggested that the
pattern of hypertrophy is related to the inciting stress,
with pressure overload leading to concentric hyper-
trophy and volume overload to eccentric hypertrophy.
Sandler and Dodge (28) reported that systolic wall
stresses in two patients with aortic stenosis were not
higher than those seen in other patients in their study,
and they speculated that the heart may hypertrophy to
maintain wall stress within certain limits. Their study
did not include sufficient numbers of patients with LV
pressure overload, volume overload, and normal hemo-
dynamics for meaningful intergroup comparisons. Hood,
Rackley, and Rolett (29) investigated the relationship
between wall stress and hypertrophy in a large group of
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patients and found that peak systolic stress was not sig-
nificantly greater than normal in 18 patients with com-
pensated volume overload and 1 patient with compen-
sated pressure overload, but was increased in 4 patients
with decompensated pressure or volume overload. Hood
subsequently reported a small but statistically significant
increase in peak systolic wall stress in 9 patients with
compensated pressure overload (30). Grant, Greene,
and Bunnell (4) examined LV chamber size and wall
thickness in 5 patients with LV pressure overload and
10 with volume overload. Their data indicated that ec-
centric hypertrophy is analogous to the normal growth
process by which a neonatal left ventricle is converted
into the adult chamber, maintaining relative wall thick-
ness constant. They emphasized the importance of the
hIR ratio, and although wall stress was not measured
in their study, they suggested that in either pressure or
volume overload the pattern of LV hypertrophy "tended
to restore the cardiac myofibrils to their normal work-
ing conditions of tension and length" (4).

In our study, differences in the pattern of hypertrophy
were clearly evident. Pressure overloaded left ventricles
showed concentric hypertrophy as indicated by the in-
creased hIR ratio (Fig. 4), while volume-overloaded
ventricles showed eccentric hypertrophy with an in-
creased diameter but normal h/R ratio (Table I, Fig.
4). Peak systolic wall stress was similar in normal,
pressure-overloaded, and volume-overloaded left ven-
tricles, and became nearly identical if patients with de-
compensated or recent onset, acute volume overload
were excluded from analysis. In contrast to peak sys-
tolic stress, end diastolic stress was consistently and
significantly increased in patients with volume over-
load, independent of the level of compensation or the
recency of onset of the mechanical lesion. These ob-
servations are consistent with the concept previously ad-
vanced by others (1, 4, 28, 29) that in response to a
chronic stress myocardial hypertrophy develops in such
a manner as to maintain peak systolic wall stress within
normal limits.

Experimental support for the importance of systolic
ventricular wall tension as a stimulus to hypertrophy
has been presented by Meerson (7) and others (2, 8).
Peterson and Lesch (9) found that both active or "de-
veloped" tension and passive or resting tension served
as stimuli to protein synthesis in the rabbit papillary
muscle. In contrast, Hjalmerson and Isaksson found no
effect on the rate of protein synthesis of the isolated
working rat heart preparation when LV preload alone
was increased (10). In our study, resting or diastolic
stress remained high when volume overload was the
principal cause of hypertrophy.

To account for these observations, we propose the
following hypothesis (Fig. 7). When the primary

stimulus to hypertrophy is LV pressure overload, we
suggest that the resultant acute increase in peak sys-
tolic wall stress leads to parallel replication of sarco-
meres, wall thickening, and concentric hypertrophy.
The wall thickening is just sufficient to return peak
systolic stress to normal, thus acting as a feedback in-
hibition. In contrast, when the primary stimulus is LV
volume overload, increased end diastolic wall stress leads
in this scheme to series replication of sarcomeres, fiber
elongation and chamber enlargement, and eccentric
hypertrophy (Fig. 7). It should be noted that chamber
enlargement will lead acutely to increased peak systolic
wall stress (by the Law of LaPlace), which in the pos-
tulated system then causes wall thickening of sufficient
magnitude to normalize the systolic stress. Wall thicken-
ing then, as well as fiber elongation, contributes to the
pattern of eccentric hypertrophy and this accounts for
the observation in our patients that volume overload was
associated with comparable increases in both wall thick-
ness and radius so that their ratio, h/R, remained nor-
mal. A potential mechanism for the series replication of
sarcomeres essential to this scheme might be found in
the recent observations of Legato (31) concerning sar-
comerogenesis by expansion and differentiation of the
Z substance. In our concept, the eccentric hypertrophy
by which a child's heart becomes that of an adult
represents a physiologic "volume overload," and may
very well utilize the same mechanisms as seen with the
pathologic volume overload of valvular insufficiency.
One important shortcoming, however, is that we have
examined an average wall stress across the entire thick-
ness of the LV wall. More appropriate to the study of
mechanisms of hypertrophy would be assessment of a
"fiber-corrected stress," such as has been recently de-
scribed by Falsetti, Mates, Grant, Greene, and Bunnell
(32).

This study confirms Grant's observations (4) on the
importance of the h/R ratio. He pointed out that pure
eccentric hypertrophy may be viewed as a "magnifica-
tion" type of enlargement, characterized by chamber
enlargement without alteration in relative wall thick-
ness, while pure concentric hypertrophy is characterized
by increased relative wall thickness, without significant
chamber enlargement. Levine, Rockoff, and Braunwald
(5) examined the ratio of LV diameter to wall thick-
ness (the inverse of our h/R ratio) and noted that this
ratio was distinctly low in patients with LV pressure
overload, but in volume overload "did not differ in any
consistent fashion from those observed in patients with-
out ventricular disease." The hIR ratio is thus relevant
to the pattern and appropriateness of hypertrophy and
has the great advantage that it can be noninvasively de-
termined and followed in a given patient by the ultra-
sonic techniques utilized in this study.
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In support of the ultrasonic approach for measuring
LV chamber dimensions, it should be pointed out that
ultrasonic techniques have been extensively utilized to
measure LV dimensions in experimental animals (33)
and in man (17-23). Recently, Ratshin, Rackley, and
Russell have reported (34) on the use of a com-
bined hemodynamic and ultrasonic technique, similar
to that used in our study, for the measurement of LV
wall stress. In their study close correlation was demon-
strated between wall stresses calculated from biplane
angiographic and ultrasonic techniques. To validate
the wall stress, wall thickness, and diameter measure-
ments made in our own laboratory by the combined he-
modynamic-ultrasonic technique, we measured meridi-
onal stress wall thickness, and minor axis using angio-
graphic data throughout the cardiac cycle in representa-
tive normal, pressure overload, and volume overload
subjects. The results (Fig. 3) showed an excellent cor-
relation of the two methods (27). In fact., the present
method for measuring meridional stress may have
greater physiologic accuracy than the traditional angio-
graphic method, for the reasons discussed above in the
Methods section of this report.

In conclusion, the pattern and extent of LV hyper-
trophy were examined in 30 patients studied during
cardiac catheterization. LV pressure overload was as-
sociated with concentric hypertrophy, normal peak sys-
tolic and end diastolic wall stresses, and an increased
h/R ratio. LV volume overload was associated with ec-
centric hypertrophy, increased end diastolic wall stress,
normal h/R ratio, and in general normal peak systolic
wall stress. On the basis of these observations, an hy-
pothesis is proposed relating wall stress and patterns of
hypertrophy.
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