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Summary

Left ventricular (LV) function was evaluated considering force-velocity and stress-shortening
relationships in 14 asymptomatic (Group 1), 18 symptomatic patients (Group 2), and 53 normal sub-
jects (Group 3) to determine the optimal time for valve replacement in patients with chronic aortic
regurgitation (AR). Valve replacement was recommended for all Group 2 patients and for one pa-
tient in Group 1, who had sustained ventricular tachycardia. There was one operative death and
five deaths remote from surgery ; one patient in Group 1 died suddenly of undetermined cause, and
four patients in Group 2 died of congestive heart failure (CHF). The LV end-systolic volume in-
dex (ESVI) was greater than 100 m//m? in the five patients whose death was unrelated to surgery
(remote deaths). ESVI was less than 50 m//m?2 in all but two patients in Group 1, and more than
40 ml//m? in all cases in Group 2.

The index of preload, end-diastolic stress (sed), was increased in Groups 1 and 2 as compared
with Group 3. A significant positive correlation was observed between end-systolic stress (ses) and
ESVI (r=0.71, p<0.001) in patients with AR, and this linear line was not as steep as that of Group
3. Afterload (ses) and ejection fraction (EF) in Group 1 were within normal range, afterload
was normal but EF was reduced in mildly symptomatic patients in Group 2, and se%zerely
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symptomatic patients had markedly reduced EF and elevated afterload. There was a close correla-
tion between ESVI and end-diastolic volume index (EDVI), and this was expressed as an expo-
nential curve (Y=21.69e%0%= r=0.88, p<0.001). This indicates that the rate of shortening of the
muscle fiber deteriorates exponentially with enlargement of the ventricle.

These observations suggest that in AR patients: 1) afterload and contractility of the ventricle
remain normal in the majority of asymptomatic patients by means of compensatory hypertrophy
and preload elevation (preload reserve), 2) deterioration of contractility seems to be the factor initiat-
ing CHF, and 3) progression of CHF is due to further deterioration of contractility in addition to
elevation of afterload (afterload mismatch).

It is concluded that careful observations are necessary when ESVI exceeds 50 m//m? in asympto-
matic patients. Valve replacement is recommended when such patients develop symptoms of CHF,
or either when EF falls to less than 50% or ESVI exceeds 100 ml//m?, even if patients remain

asymptomatic.

Key words
Aortic regurgitation Valve replacement
Stress-shortening relationship

Left ventricular function

Force-length relation

Introduction

Classically, valve replacement has been rec-
ommended for patients with chronic aortic re-
gurgitation (AR) when they develop heart re-
lated symptoms!?, Although the physical ac-
tivity of the majority of patients with AR is
restored after surgery, some patients suffer from
severe congestive heart failure (CHF) and die
years after successful valve replacements3~>.
Based on these observations, some authorities
have recommended relatively early surgery,
while patients remain asymptomatic*~?. How-
ever, relatively good operative results have been
reported for patients with advanced left ventric-
ular (LV) dysfunction®, and Schwarz et al.?
have reported that aortic valve replacement of-
fers no advantage survivalwise compared to
medical therapy. Some believe that valve re-
placement should not be performed for asymp-
tomatic patients!®. Whether and when we
should recommend valve replacement for as-
ymptomatic or mildly symptomatic patients is
still controversial.

The purpose of this study is to clarify the
optimal timing for aortic valve replacement, es-
pecially of aymptomatic and minimally symp-
tomatic patients. Myocardial contractility was
precisely evaluated according to force-length

and stress-shortening relationships, and the
post-operative course, as well.

Subjects and methods

The study population consisted of 32 chronic
AR patients ; 23 men and 9 women, all of whom
consecutively underwent diagnostic cardiac ca-
theterization from July 1977 to March 1986, and
were categorized as asymptomatic (Group 1, n
=14) or symptomatic (Group 2, n=18) group of
CHF. Fifty-three persons who had no signifi-
cant heart disease by catheterization served as
controls (Group 3). These catheterizations were
mainly performed to evaluate chest pain, and
their coronary arteries were free of significant
stenosis.

Precise descriptions of the catheterizations
and data analyses have been published else-
where!?. LV pressure recording and cine-
angiography were simultaneously performed
with a mikro-tip® angiocatheter (Millar Instru-
ments) in the majority of patients. LV volumes
were calculated by the area-length method of
Dodge et al.!?, and expressed as corrected val-
ues divided by body surface area. Ejection
fraction (EF) was calculated as: EF=(EDV-
ESV)/EDV, where EDV =end-diastolic volume
and ESV=end-systolic volume. Regurgitant
fraction (RF) was obtained as: RF=(ASV-
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FSV)/ASV, where ASV=angiographically de-
termined stroke volume, and FSV=forward
stroke volume as obtained by the thermodilu-
tion method in a triplicate fashion. In patients
whose LV pressures were recorded with a
mikro-tip® angiocatheter, LV end-diastolic
(sed) and end-systolic stress (ses) were calcu-
lated as indices of preload and afterload, respec-
tively. The thick-walled ellipsoid model of
Mirsky!® was used for evaluating stress as:
¢=PB/H(1—H/B2—B2?/2A2), where P = pressure,
H =wall thickness, and A and B=1long and short
axes, respectively.

All data were expressed as means+standard
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deviations (Mn=+SD). Unpaired Student’s t
test was used for statistical comparisons of data
of Groups 1, 2 and 3. Linear regression was
used for evaluating stress (ges)-shortening (EF)
and force (ces)-length (ESVI) relations. Semi-
logarithmic linear regression was performed to
evaluate the relationship between EDVI and
ESVI. Significance of the regression line and
the line of identity were determined by analy-
sis of variance of the correlation coefficient.

Results

We recommended valve replacement for 18
symptomatic and one asymptomatic patients
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Fig. 1. Left ventricular end-systolic and end-diastolic volume indices.

The shaded areas with the bars at the middle indicate mean and one standard deviation (Mn+SD)
of the data of Group 3. Closed circles indicate patients with surgical or post-surgical death. Left ven-
tricular (LV) end-systolic (ESVI) and end-diastolic volume indices (EDVI) are significantly increased
in patients with aortic regurgitation (AR) (4 : p<0.01, *: p<0.001, compared to Group 3), and they
are larger in Group 2 than in Group 1. All but two asymptomatic patients have ESVI smaller than
50 m//m2, while all symptomatic patients have ESVI greater than 40 m//m?. All patients who died

of CHF had ESVI greater than 100 m//m?2.
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who had sustained ventricular tachycardia.
Among these 19 cases, three did not consent to
have the operation. All patients were fol-
lowed up for one to 10 years. There was one
operative death (1/16=6.2%) and there were
five post-surgical deaths. Three patients who
did not consent to the surgery died of CHF
within five years. One who had ventricular
tachycardia preoperatively died suddenly two
years after the operation, and one who had
good early post-operative symptomatic relief
died of CHF six years later.

The angiographic characteristics of Group 1
included enlarged left ventricle (EDVI: 108+11
vs Group 3; 78 +18 ml//m?, p<0.001, ESVI: 36
+14 vs 26+7, p<0.01), normal EF (0.67+0.07
vs 0.67+0.06, ns), increased preload (ced : 38+
15 vs 25+10 g/cm?, p<0.01) and normal after-
load (oes: 148+60 vs 137+56 g/cm?, ns) (Fig.
1~3). Only two patients had ESVI greater
than 50 m//m? and EF below 0.60.

Group 2 subjects were characterized by fur-
ther enlargement of the ventricle (EDVI: 211+
120 ml/m?, p<0.01 compared with Group I,
ESVI: 114+88 ml/m?, p<0.01) and increased
preload (50+32 g/cm?). Afterload was elevated
(212+69 g/cm?, p<0.001, compared with Group
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3, and p<0.05, compared with Group 1). RF
was greater in Group 2 than in Group 1 (0.56+
0.18 vs 0.37+0.16, p<0.01) (Fig. 1~3). ESVI
was greater than 40 m//m? in all cases. Five
deceased cases had ESVI greater than 100 ml/
m2,

The end-systolic stress-volume relationships
of subjects of these three groups are shown in
Fig. 4. It is clear that LV contractility in
Group 1 is normal, except for one patient, be-
cause Groups 1 and 3 were in the same area.
Although ses was normal or elevated in an in-
dividual case in Group 2, ESVI was greater
than that in Group 3 in all cases. This finding
suggested that contractility was depressed in
Group 2.

Fig. 5 is a two-dimensional display of the
stress-shortening relationship. It can be said
from this analysis that contractility in subjects
of Group 1 is normal or EF is maintained nor-
mal with elevated preload (preload reserve).
Observing the individual data in Group 2, the
level of contractility is normal in four cases, EF
was reduced with normal afterload in three, and
further reduction of EF was associated with the
elevation of afterload in the remaining patients.

There was a good exponential correlation be-
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Fig. 2. Ejection fraction and regurgitant fraction.
While ejection fraction (EF) is in the normal range in Group 1, it is below normal in the majority
of symptomatic cases in Group 2. Regurgitant fraction (RF) is greater in Group 2.
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Fig. 3. The levels of preload and afterload.
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The index of preload, end-diastolic stress (ged), is elevated in Groups 1 and 2 compared to those

of Group 3.
in Group 2.

tween EDVI and ESVI as shown in Fig. 6,
indicating that shortening of the left ventricle
decreased as the ventricle became larger.

Discussion

It is generally accepted that the classical indi-
cation for valve replacement in patients with
chronic AR is the development of cardiac symp-
toms. This concept is based on analyses of the
natural history of this disease : relatively rapid
deterioration resulting in death due to CHF is a
common outcome after a lengthy asymptomatic
period!»?. This is easily recognized when pa-
tients have overt CHF as classified in New
York Heart Association Functional Class III or
IV. In clinical practice, however, it is difficult

Afterload (end-systolic stress: ges) is in the normal range in Group 1 and is elevated

to assess mild or Class II symptoms. While
some patients complain of various symptoms
even in the early stage mainly due to their anx-
iety, others deny any symptoms in the advanced
stage, because they are accustomed to their
disability or afraid of open heart surgery.
Although symptomatic improvement can be
expected in the majority of patients following
valve replacement, late analyses of cardiac func-
tion indicated incomplete recovery of LV func-
tion in some patients4!®, Furthermore, late
CHF death was occasionally observeds~». Gault
and coworkers!¥ reported incomplete recovery
of diastolic pressure-volume relationships after
successful valve replacement. To avoid such
an unfavorable outcome, Henry and coworkers?
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Fig. 4. Force-length relationship.

LV contractility is evaluated with the concept of force-length relationship. The ges is the external
force against the contracting myocardium at end-systole. ESVI is the alternative of the muscle fiber
length at end-systole. There are significant positive correlations between ges and ESVI among nor-
mal subjects and patients with AR. Both ses and ESVI are in the normal range in Group 1, while
both of them are increased in Group 2. The slope of the correlation line in AR is less steep than

that of normal subjects.

have recommended valve replacement in asymp-
tomatic patients when echocardiographically
measured end-systolic dimension exceeds 5.5 cm
or fractional shortening becomes less than 0.25,
and Gaasch et al.19 proposed the optimal timing
as the end-systolic radius-to-wall thickness (r/th)
ratio to be less than 3.8 or the peak systolic
stress greater than 600 mmHg/cm2. However,
Daniel et al.!® reported that Henry’s criteria,
when applied clinically, were useless. Although
these measurements may be obtainable non-
invasively, echocardiographically-derived indi-
ces of LV function must be interpreted with a
great caution, since more than 15% intra- and
interobserver variations may occur when they
are obtained from markedly dilated ventricles,

as in AR!”, Others have reported analyses of
LV function under exercise stress, but the re-
sults are inconclusive!8~2D,

The present study was undertaken to clarify
the mechanisms of compensation and decom-
pensation in chronic AR with precise analysis
of LV function. It is well known that analysis
of LV function considering force-length and
stress-shortening relations should provide a
clearer understanding of the muscle mechanics
in a given disease than by comparing individual
indices of cardiac function??. The characteris-
tics of LV muscle mechanics in AR are: 1) The
shortening rate and afterload are within the nor-
mal range, while volume overload is well com-
pensated by the mechanisms of preload reserve
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Fig. 5. Stress-shortening relationship.

EF is used as the index of myocardial fiber shortening rate, and ges as an index of afterload or the
force against the contracting myocardium. While both EF and ces in Group 1 are in the normal range,
EF is reduced with normal ges in mildly symptomatic patients. Patients with severe heart failure
locate in the right lower side. This is due to the reduction of EF and the elevation of afterload.
From this analysis, it can be said that myocardial contractility is well preserved in the majority of
asymptomatic patients due to compensatory hypertrophy or by the mechanism of preload reserve,
and contractility begins to deteriorate with the appearance of symptoms. The deterioration of
contractility causes enlargement of LV volume and/or the elevation of afterload, but compensatory
hypertrophy is inadequate at this point, and afterload mismatch causes further reduction of fiber

shortening.

and compensatory hypertrophy. 2) Low EF
and cardiac symptoms seem to be early mani-
festations of deterioration of contractility. 3)
Afterload elevation is observed only in severely
symptomatic patients. 4) Depressed contrac-
tility is the major determinant, with some con-
tribution of afterload mismatch, for the devel-
opment of CHF. 5) Shortening of the muscle
deteriorates with enlargement of the LV cavity.

Our observations are in agreement with those
of Grossman et al.??, who reported elevated
preload, and normal EF and afterload in com-

pensated volume overload. As the left ventri-
cle becomes enlarged, the shortening decreases
exponentially, as has been reported by Abdulla
et al.2¥, A markedly enlarged and poorly con-
tracting left ventricle with elevated afterload is
the most frequent finding in patients with se-
vere CHF in any heart diseases. The majority
of patients with AR and CHF have both de-
pressed contractility due to irreversible myo-
cardial damage and inappropriately elevated af-
terload (afterload mismatch) due to inadequate
hypertrophy??. If the major cause of CHF is
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Fig. 6. Relationship between EDVI and ESVI.

The linear line in the middle indicates the ejection fraction to be 0.50. The left lower part of this
line is the area in which EF is above 0.50. There is a close correlation between ESVI and EDVI,
and this relation is expressed as an exponential curve with a high correlation coefficient.

irreversible myocardial damage, one cannot anti-
cipate good prognosis after surgery. On the
contrary, if afterload mismatch is the major
cause, complete recovery of LV function can be
anticipated after valve replacement. We can-
not determine which of the two, depressed con-
tractility or afterload mismatch, plays the major
role in the development of CHF before surgery
in individual patient.

Although our experience is limited, we rec-
ommend 1) careful observations of patients with
AR when their ESVI exceeds 50 m//m2, and 2)

valve replacement when they develop cardiac
symptoms. We also recommend surgery when
their ESVI exceeds 100 m//m? or when their
ejection fractions are less than 0.50. However,
we should not hesitate to perform valve replace-
ments for patients with severe CHF, since sur-
gery can be performed with acceptable risks®,
and recovery of LV function can be expected
in some patients.
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