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Mechanisms for Left Ventricular Systolic Dysfunction in Aortic
Regurgitation: Importance for Predicting the Functionat Response to

Aortic Valve Replacement

MARK R. STARLING, MD, FACC, MARVIN M. KIRSH, MD, DANIEL G. MONTGOMERY, BS,

MILTON D. GROSS, MD
Ann Arbor, Michigan

To test the hypothesis that the combined use of the time-varying
elastance cuncept and conventional circumferential stress-
shortening relations would elucidate differential mechanisms for
left ventricular systolic dysfunction in severe, chronic aortie
regurgitation and therefore predict the functional responses to
aortic valve replacement, 31 control patients and 37 patients with
aortic regurgitation were studied. The studies included microma-
nometer left icular pressure deter biplane contrast
cineangiograms under contre! conditions and radionuclide anglo-
grams under control conditions and during meth or

4%} after aortic valve replacement. In contrast, in Group 11,
reduction in left ventricular volumes (p < 0.01) was associated
with an increase in ejection fraction from 50 + 8% to 64 = 11%
1p < 0.61). Finally, in Group I, reduction in left ventricular
volumes (p < 0.05) was associated with a further decrement in
ejection fraction from 35 = 13% to 30 = 13%.

Group 1 patients had compensated adequately for chronic
volume overload. However, Group Il had left ventricular dysfunc-
tion thai was associated with an increase in the left ventricular

nitroprusside infusions wiih right atrial pacing.

The patients with aortic regurgitation were classified into three
groups: Group 1 had normal E., and stress-shortening relations,
Group II had abaormal E,,,, but normal stress-shortening refa-
tions ard Group Il had abnormal E_,, and stress-shortening
refations. The left ventricular end-disstolic and end-systalic vol-
umes showed 2 progressive increase and the ejection fraction
showed a progressive decrease fram Group I to 111; these values
differed from those in the control patierts (p < 0.001). In Group
I, there was a decrease in left ventricular volumes (p < 0.05) but
0o significant change in ejection fraction (61 £ 7% versus 63 =

) ratio with that in the control patients and
Group [ {p < 0.05 for both), suggesting inadequate hypertrophy
and assumption of spherical geometry. Finally, irreve;sible myo-
cardial dysfunction had supervered in Group I1L

In conclusion, 2 combined analysis of Jeft ventricular chamber
performance esing the fime-varying elastanc. zancept ard myo-
cardial performance using conventionai circumferential stress-
shortening relations provides complerentary information that

Auci di.rential for left v systolic
dysfunction and therefore predicts the functional response to
aortic valve replacesnent.

(J Am Coll Cardiol 1991;17:887-97)

It has been suge.cslcd that patients with severe, th’Ol’llL
aortic ion follow a predictable and Iy
idenifiabie hemodynamic course, which is characienized by
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progressive feft ventricular dilation and dysfunction (1).
lnitially compensated left ventricular hypenro hy is fol-
iuwed by progiessive icfi venisivula dilaiion wiilh impaired
performance. presumably without irreversible myocardial
dysfunction and then, late in this hemodynamic course,
irreversible myogardial dysfunction supervenes, If the
mechamsm for lefi ventricular systolic dysfunction, occur-
ring before irreversible myocardial dysfunction, could be
elucidated. then hemodynamic data might emerge to explain
the favorable effects of aortic valve replacement on left
ventricular systolic performance observed in some patients
willt aortic regurgitation and left ventricular dysfunction.
Clinical. noninvasive and invasive descriptors have been
proposed 1o guide the referral of patients with aortic regur-
gitation for aortic valve replacement (2-18). Indexes that
indicate a markedly enfarged left ventricle with impaired
performance have. in general, predicted a poor functional
response o wortic valve replacement (9-12,15-17). This is
presumably because these indexes identify patients in
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whom irreversible myocardial dysfunction has supervened
(7,19,20. Individual patients with aortic regurgilation who
fulfill these criteria may have a good response to aortic valve
replacement (7). However, these indexes of left ventricular
siz¢ and performance have been unable to elucidate mecha-
nisms for left ventricular systolic dysfunction, This may be
due to their variable load dependence (21-23) and their
potential for errors in the assessment of left ventricular size
and performance (24).

Accordingiy, we hypothesized that a more complex he-
modynamic approach, which employed the time-varying
elastance concept 1o evaluate left ventricular chamber per-
formance and conventional stress-shortening relations to
assess myocardial performance, would lucidate differential
mechanisms for left ventricular systolic dysfunction in pa-
tients with aortic regurgitation and thus would predict the
functional response 1o aortic valve replacement.

Methods

Study patients. Control group. The study groups con-
sisted of 31 control patients who were referred fur cardiac
catheterization 10 evaluale an atypical chest pain syndrome
and 37 patients with severe, chronic aortic regurgitation,
Time-varying elastance (E,_,) data have been previously
reported (25) for 25 of the control patients. who are used
here to establish normal limits for E,,,,. Also. 10 of these 25
control paticnts and 6 additional control patients had one or
more biplane contrast cineangiograms performed to calcu-
late normal values for conventional stress-shorlening rela-
tions. The control group comprised 25 men and 6 women
with an age range of 33 to 71 years (mean = SD 52 = 10). The
patients had a normal physical examination, electrocardio-
gram (ECG) and chest radiograph and at cardiac catheter-
ization they had normal Icfl ventricular pressure, volume,
ejection fraction and mass (26).

Aortic regurgitation group. The patients with aortic re-
gurgitation consisted of 32 men and 5 women with an age
range of 23 to 78 years (mean 55 * 16). They were drawn
{tom a mgei godp O 51 usswuilve paiiciis who were
referred for cardiac catheterization to establish the hemody-
namic significance of their valvular heart dnsense Founeen
of these 51 patients were not included in this investi
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before cardiac catheterization. Al patients gave writica,
informed consent for this investigation on forms approved
by the Human Studies Committees at the University of
Michigan or Veterans Affairs Medical Centers. Ann Arbor,
Michigan.

Profocol. After a diagnostic right and left heart catheter-
ization d d baseline i diac pressures, cardiac
output and normal cnronary anawmy‘ the proiwcol was
initiated. it isted of the si r ding of mi-
cromanometer lefi ventricular pressure, biplane conlras1
cineangiogram under contro! conditions and radionuclide
angicgram under control conditions and during methox-
amine or nitraprusside infusion with Reart rate held constant
by right atrial pacing. Ine methoxamine infusion was ad-
justed to achieve a variable increase in left ventricular
pressure of 30 to 50 mm Hg, and the nitroprusside infusion
was adjusted to achieve a variable decizase in pressure of 20
to 40 mm Hg. A stable hemodynamic corelition was consid-
ered present when the left ventricular systolic pressure
varied by <10 mm Hg. The radionuclide angiogram was
performed 20 to 25 min after the cmeanglogram and was used
to obtain mult 1 data itions (n = 4
to 8} to calculate slanslu:ally reliable E,,,, values.

Twenty-seven of the 37 patients with aortic regurgitation
underwent aortic valve replacement on the basis of lhe
available clinical, noninvasive and cardiac catheteri:
data. The decision whether to perform aortic valve replace-
ment was Rot inf dbythei igational data, Twenty-
threc of these 27 paticnts had a follow-up evaluation of their
clinical status and left icular size and per by
radionuclide angiography 3 to 6 months after aortic valve
replacement. In the remaining four patie:ts there was one
petioperative death, and three patients refused to return for
reptul radionuclide angiograms.

After p! of the di ic car-
dia¢ cathelerization, a Iupolar pacing catheter was placed in
the right atrium to mai a heart rate through:
the protocol. A precalibrated micromanometer catheter
(VPC-780C, VPC-784D or VPC-784A, Millar Instruments)
was positioned to measare left ventricular pressure; and a
pigtail catheter was placed in the left ventricte for biplane
contrast cincangiography. The hemodynamic recordings

because of concomitant aortic stenosis (n = 2) ur coronary
artery disease (n = 4). technical difficulties with aata acqui-
sition {n = 5) or patient refusal (n = 3). The 37 patients were
in clinical class I to [V by New York Heart Association
criteria {27), had an aortic pulse pressure/systolic pressure
ratio of = 0.50 (28); an ECG demonstraling left ventricular
hypertrophy by Romhlll aml Eslcq cnmna (29) in 23 pa-
tients; a chest radi ly. that is, a
cardiothoracic ratio of 0.50 or more. in 18 patients; and

were obtained using an El for Medicine VR-12 or
Micor physiologic recorder at 100 mm/s paper speed. These
recordings included an ECG lead, micromanometer left
ventricular pressure (50 and 200 mm Hg scales) and aoriic
pressure (200 mm Hg scale), and the first derivative of [2ft
ventricular pressure (dP/dt). These hemodynamics with cine
frame markers were recorded simultaneously with the bi-
plane conrrast cincangiogram. They were also recorded for
10 to 20 cardiac cycles at the beginning. middle and end of
each radionuclide acawisilion. An average left ventricular

angiographic 3+ or 4+ aortic regurgitation. Ad ation
of all diuretics, beta-adrencrgic and calcium-channel block-
ing and vasoactive medications were stopped 24 10 48 h
before cardiac catheterization and nitrates were stopped 12 h

pressure form was then ob d to match with the
correspeading radionuclide left ventricular volume data for
each loading condition.

The left ventricular pressure waveforms were hand digi-
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tized with usc of a Calcomp 9100 inductance digitizing
surface (resolution 0.02 mm) interfaced to an IBM XT.
Seginning at the peak of the R wave of the simultaneously
recorded ECG (30-35). This program yields instantaneous
left ventricular pressure and the first derivalive of pressure.
dP/dt. at 200 Hz. Interpolation of ‘he lefl ventricular pres-
sure dala was performed lo guarantee isochronicity of the
pressure values with the middle of each cineangiographic
frame pair and with the midpoint of cach radionuclide frame.

Biplane contrast cineangiography. This was performeid in
the 30° right anterior oblique and 60° left anterior oblique
projections after the injection of 36 to 50 mi of Renografin-76
at 60 frames/s (16.7 ms sampling frequency). One of the first
three beats after conlrast injection, which did not follow a
ventricular ectopic beat, was used for volume analysis (26).
Left ventricular volumes were calculuted frame by frame
using a sonic digitizer (Science Accessories) mounted on a
Vanguard XR-35 cine projector and interfaced to an I1BM
XT. The long axes were measured in bolh projections from
the apex to the junction of ihe aortic and muiral valve planes.
Using these long axes and the digitized silhouettes. a modi-
fied Simpson's rule algorithm was used 10 calculate lefi
veniricular volumes frame by frame. as previousty validated
in this faboratory (37). Left ventricular end-diastolic volume
(EDV) was defined as the maximal ventricular volume
occurring before the increase of the simultaneous recorded
dP/du signal, and end-systolic volume (ESV) was defined as
minimal ventricular volume. The left ventricular ejection
fraction (EF) was then calculated as: EF = [(EDV -
ESVYEDV] x 100.

Left ventricular midwall circumferential siress (o) was
used to quantitate the integrated contribution of left ventric-
ular pressure, chamber geometry and wall thickness to
myocardial fiber loading. Left ventricuiar end-diastolic wall
thickness was determined by the digitized average dimen-
sion between the epicardial and endocardial surfaces of the
anterior free wall over the Tiddle one third of the long axis
in the 30° right anterior ablique projection (34). Left ventric-
ular mass was calculated with use of the approach of
Rackley et al. (38). Frame by frame estimates of left ventric-
ular wall thickness were obtained by using the iterative
approach of Hugenholtz et al. (39). With use of :ne corre-
sponding digitized left ventricular pressure. the long axes
and minor di and the estimated wal! thi 55
frame by frame midwall circumferential stress {o,) was
calculated using the equation of Mirsky (40) as: o, =
(Pb/h}(1—h/2b—b*/2a%) for 4 thick-walled ellipsoid of revolu-
tion. In this equation. P is the instantaneous feft ventricular
pressure, h is the estimated wall thickness and a and b are
the midwall semimajor and semiminor axes. respectively.

Radionuclide angiography. Galed equilibrium radionu-
clide angiograms were obtained after in vivo red blood cell
labeling with 30 mCi of technelium-99m for 30 ms frames
throughout the cardiac cycle for 250 cardiac cycles. During
the midportion of each radionuclide acquisition. a 2 ml blood
sample was drawn. The blood samples were later counted

STARLING ET AL. 889
HEMODYNAMICS OF AORTIC REGURGITATION

for 2 min. and the time delay between acquisition and
counting of the blood samples was recorded. At the end of
the protocol. measurements were made for each patient to
determine the distance from the gamma scintillation camera
in the left anterior obligue projection to the center of the left
ventricle for attenuation correction. Attenuation-correcied
radionuclide feft ventricular volumes were then calculated
frame by frame using background subtracicd, hand-drawn
region of interest count data, decay-correcied blood sample
counts and attenuation correction. as previously validated in
this laboratory (32.41).

The radionuclide left ventricular ejection fraction (EF)
was calculated as: EF = [(EDC-ESCYEDC] x 100, where
EDC represents end-diastolic counts and ESC represents
end-systolic coumts from the radienuclide time-activity
curve. We also calculated left veniricular regurgitant index.
Right ventricular stroke counts were obtained using a mod-
ification of the methad described by Maddahi et al. (42). We
have used this method to calculate right ventricuiar (RV)
volumes for comparison with those obtained from biplane
contrast cincangiography (43) and to calcufate right ventric-
ufar volumes and ejection fraction in patients with right
ventricular infarction (44). We calculated left ventricular
(LV) regurgitant index (R1) as: Rl = (LVEDC~LVESCY
{RVEDC-RVESC).

Calculation of the left ventricular time.varying elastance
and conventional stress-shortening relations. The corre-
sponding micromanometer left ventricular pressure and
radionuclide volume for each loading condition were plotted
10 generate multiple pressure-volume loops in each patient.
Then. iscchronal. instantaneous pressure-volume data
points from each loading coadition were subjected 1o linear
regression analysis to obtain the maximal slope (E,,,) and
cextrapolated volume-axis intercept (V). E_,, has been
proposed as a relatively load-independent index of contrac-
tility (45-47). This is probably valid when E,,,, is measured
in the same heart after pharmacologic interventions, which
either positively or negatively affect contractifity (35-45).
However. when E,,, is calculated in different hearts, it may
be affected by several influences in addition to contractility
(48-53). Accordingly. in this investigation E_,, was cor-
rected for heart size (25.30,33,54,55). and the corrected E
was used 1o represent net left ventricular systolic perfor-
mance.

Conventional midwall 2
relations were calculated as an ind d of
myocardial performance {56-60). Because the extent and
velocity of shortening of either isolated muscle or an intact
heart follow predictable pathways. which deperd on both
the load that the myocardial fibers must carry during short-
ening and contractility. they have an inverse relation with
load. Therefore. by relating operationat circumferential
stress () at end-systole 10 the extent of shortening {ejection
fraction [EF}]). normal myocardial performance was estab-
lished in the control patients and the effects of severe,
chronic aortic regurgitation on myocardial performance
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Figure 1. left psnel Thc relation be(ween uncdr.yographlc feft
ventricular end-syst ial stress and ejection
fraction (ordinate) for the 13 control patients. The individual data
points, regression line (solid line), regression equation, correlation
coefficient and 95% confidence intervals (datted kines) are shown.
Rl;',hl panel The relation belween cmeangmgmphxc lefi ventricular
lic cir | stress and ejection fraclmn
{ordinate) for the 31 patients with s¢ vere, chronic aortic regurgit

conventional siress-shortening refations. Accordingly, be-
cause no patient had an abnormat stress-shortening value in
the absence of an abnarmal E, ... Group | had normal
Enx and stress-shortening relations, Group Il had ab-
normal E_,, but normal siress-shortening relations, and
Group I had abnormal E,, and stress-shortening

tion (AR). The 95% confidence inlervals for the contre! patients are

lati Then, with the control patients
were performed using an analysis of variance. When a

shown to establish normal limits for this relation. Nate that only 4
113%) of the 31 patients who had adequate biplane cineang
10 calculate this relation have abnormal values.

were established by plotting the stress-shortening values in
cach patient with aortic regurgitation relative to these nor-
mal limits.

Surgical technique. Twenty-scven patients underwent
aortic valve replacemen. After a median sternotomy, each
patient was placed on cardiopulmonary bypass. cooled 1o a
systemic temperature of 28C: myocardial preservation was
achicved by the instillation of hypothermic. hyperkalemic
cardioplegia by way of the coronary ostia to maintain a
myocardial temperature of 10° to 15°C. This was supple-
meated with topical hypothermia. Twenty-six patienis re-
ceived a mechanical valve and only one patient received a
hioprosthetic valve. Thc sverage pump tira2 in these patienis
was 105 + 67 min and 1he average aortic cross-clamp time
was 74 + 40 min.

Statistical analysis. All data are represented as mean values
B dard deviation. Comparisons of continuous variables
were made between the control patients and patients with
aortic regurgitation using nonpaired f tests. Differences be-
tween the ability of various indexes to delecl the presence of
abnormal left ventricular systolic performance were identified
using McNemar's test (61). A least squares linear regression
analysis was used in the control patieats to obtain 5% confi-
dence intervals for the conventional circumferential stress-
shortening relations.

The patients with vortic regurgitation were subgrouped
according lo the normalcy of their preoperative E,, and

F statistic was obtained. multiple runge tests were
employed 10 identify specific differences. Within the group.
comparisons of the pre- and postoperative data were per-
formed using paired 1 tests. A probability value of <0.05 was
used to determine whether a significant difference was
present.

Results

Baseline hemadynamic data (Table 1). The baseline he-
modynamic data in the control patients and patieats with
aortic regurgitation did not differ. including average heart
rate. Isfl ventricular (+)dP/dtmax, stress at end-diastole
(mged) and volume-axis intercept (Vg) values. However, in
the patients with aortic regurgitation, left ventricular pres-
sures were higher (p < 0.0} for boih). voiumes were larger
{p < 0.001 for both). ejection fracticn was lower (p < 0.001).
mass and wall stress at end systole (o4s) were greater {(p <
0.001 for both)., and maximal siope of the pressure-volume
relation, (E, ). was lower (p < 0.06!} in comparison with
values in the control patients; the regurgitant index averaged
2.61 = L3S,

Normal Limits of left ventricular systosic performance. The
relauon bel\ve=n cineangiographic lett ventricvlar mid .all

| stress (o) at end-systole and ejection frac-
tion (EF) in the control patients was used 1o establish normal
conventional stress-shortening relations for our laboratory
(Fig. 1). Also shown in Figure | are the siress-shortening
values for each of the 31 pahenls wilh aortic regurgitation
who had ad biplare Only 4 {13%) of
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- i [ & venwicular pressuzes, (+)dP/Ar . oed and o8 and V,,
sl T. R values 4id not differ among the three groups.
= = 2 I Left-ventricular cnd-diastolic usid sud-systolic volumes in
' : the control patients averaged 106 = 39 and 42 = 20 m,
E respectively, and they demorstrated a progressive increase
HE Z from Group 1 to 111 patients with aonic regurgitation. The
- = < ejection Iraction averaged 62 = 10% in the control patients
& o and, in contrast, showed a progressive decrease from
= E Graup | o 1l {Fig. 7). Similarly, left ventricular mass
. R _ z averaged 158 + 60 g in the control patients and increased
4E " f; i N progressively from Group 1 1o !11 {Fig. 3). To dclermine
E S & 2 |= whether the increase in left ventniuutar mass was appropriale
! - - - ] for the merease in volume in the patients with aomic regur-
= 5 gitation, the radionuclide left ventricutar volume/ciscangio-
3E| o ‘.L: graphic mass ratio was calculated for cach group. The
NI ?2o|s veolume/mass ratio averaged 0.80 x 0.46 mbig in the control
5 patients (Fig. 3); the ratio was 0.8] = 8,16 mi/g in Group I,
. . 3 of and it did not differ from that of the control paticnts,
é @l = z K E However, thare was an increase in the volume/mass ralie in
z |2 ,‘:‘ _.;‘ g Groups H and [f], averaging 1.24  0.59 miig (p < 0.05 vs,
A - T o control and p < 000 vs. Group Iy and 1.55 = 0.59mlg (p <
- %- 0.05 vs. Group 1), respectively.
= 3 5 c The cineangicgraphic left vc?mcular end-diastolic stress
gy it s (oed) averaged 40 = 19 giem® in the control patienls; it
3 z = 2 increased in the patients with zortic repurgitation from
‘ < Group [ o111 (Table 2). The oed in Groups 1 and IT was nnt
g - Z z different from that in the control patients despitc a significant
Flazgd £ 2 |z increase in end-diasiolic volume, but i was increased in
E % ; g M Group HI (p < 0.05 versus control and Groep 1) (Fig. 4). In
z = N u contrasl, the cincangiographic left ventricular end-systolic
o . = stress (erges) averaged 96 = 58 g/em? in the control patients,
g % 7 b= and it was increased in all three groups of patients with zortic
= o ol regurgitation {p < 0.05 to p < 0.001). Notably, despite the
= z g i significant increase in oyes in Group I (p < 0.05 vs. contzol),
E = the cjsction fraction did not differ from that in the control
2 " . E patienis (Fig. 4). In contrast, despite a minimal forther
&: % i? % - ircrease in ogs in Group II, there was a reduction in
z) & 2 = [l cjection fraction to j0 = Y% (p < 0.001 vs. control and p <
E = = = i‘, . 0.0t vs. Group 1). Finally, in Group 111 {itile further increase
£ &3 in oxes was observed, bul a further reduction in ejection
NsE= > s 155 fraction 10 30 + 0% was noted (p < 0.05 to p < 0.0 vs.
HEHN h - | 2= control and Greups I and [I),
; = B B E] 2 The average Eq,,, value in Group I was 4.78 = 1.56 mm
E - °E| Hg/ml afier cocrection for heart size and it did not differ from
E 2 :: by - that in the control patients. In contrast, E,,, averaged 2,76 =
5 2 o |uE 107 mm Hg/ml in Group I1 and 0.84 £ 0.41 mm Hymi in
2 I Group I11; these corrected E 1, values differed from that in the
=2 - |vE contral patients (p < 0.001 for both) (Fig. 5).
B e ) TE Clinical response to aortic vaive replacement. In the 24
E| I " a patients with aortic regurgitation who had aortic valve
f;»— ® g 22z replacement, 2 vreie asymplomalic and 12 were in class It, 7
& . — v E in class 111 and 3 in class IV before surgery. One paticn! died
~ - = gz £ in the perioperative period. After aortic valve replecement,
é % - - %‘ g s 17 were asymptomalic and § were in class Il and only | was
= @ ~ =

i class IL[; ro patient was in class IV. Thus, the average
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Figure 4. Left panel. The cineangicgraphic left
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lar end-disstolic circ stresses 100 8

{ordinate) are plotted againsl the corresponding 2 crl

dionuclide lefi ventricular (LV) end-diastotic  § 80 - . B &
volume (abscissa) for the control patients (Cirlr 3 | m § = [
and the patients with aortic regurgitation subdi- EE T .
vided into Groups £, I1 ard 131. Right panel. In a oL &0 [ e &
similar format the radionuclide left ventricular  © § | .+ c 40
(L V) ejection fraction (ordinate) is plotted against 2 40 | -/ ®* %
the corresponding cincangiographic left ventricu- H H | 8,
lar end-systolic circumfcrential stress (abscissa) ok | . Y 20 :
Left panel, *p < 0.05 versus controi subjects and 4, 201 o .
Group |; **p < 0.001 versus Group I: + p < 6.00] & *
versus control subjects. Right panel. *p < (.05 o
ve.sus Group I1. **p < 0.01 versus contro! sub- 0 200 400 600 800 1000 0 100 150 200 250

jeetsy + p < 0.01 versus Group | + + p < (L0YI
versus control subjects; # p < 0.05 versus can-
13l subjects.

clinical functional ¢lass improved from 2.4 = 0.810 1.3 = 0.6
{p < 0.001).

Left ventricular size and performance response to aortic
valve replacement. For the 23 patients with aortic regurgita-
tion who survived to have a posioperative radionucide
angiogram, left ventricular end-diastolic volume decreased
from 343 = 22910 215 = {41 ml {p < 0.001} and end-systolic
volume decreased from 183 = 157 to 106 = 112 ml (p <
0.001). In contrast, ejection fraction increased from 50 = 10
to 57 = 14% (p < 0.05). The regurgitamt index decrezsed
after aortic valve replacement from 2.93 = 1.77 to 1.2
0.42 (p < 0.001).

When the left ventricular size and pesformance responses
10 aortic valve replacement were examined in the lee
subgroups of patient+ with aortic regurgitation, a more clear
picture emeiged. In Group 1 there was 4 reduction in
end-diastolic volume from 183 = 45 to 131 = 33 ml and
end-systolic volume from 69 = 21 1049 = 12 ml (p < 0.05).
There was no significant change in ejection fraction (6} = 7
versus 63 = 4%). Group II patients also had a reduction in

Figure 5. The E_,,, values corrected for heart size are compared
between the control patients (Ctrh and the patients with aortic
regurgitation subdivided into Groups 1. 1l and 11E. The kars repre-
sent the mean values +1 SD. *p < 0,01 versus Group 1. = "p < 0.001
versus control subjects and Group [ =p < 0.001 versis controb
subjects and Groups | and {1

LV End-Diostolic

Volume (ml) End—Systolic Circumferential

Stress (gm/cm?)

end-diastolic volume from 356 = 145t0 218 = 106 ml (p <
0.01} and end-systolic volume from 180 = 88 10 84 = S5 ml
tp < 0.01). However, ther: was an increase in ejection
fraction from 50 + 8 t0 64 + 115 (p < 0.01}). Corsequently.
the cjection §r: n in Groups | and Il did not differ after
aortic valve replacement. Finally, in Group 11. there was a
reduction in end-diastolic volume from 860 = 42 1o 551 =
54 ml and end-systolic volume from 560 = 93ta 392 = 112 ml
(p < (.05). In contrast with Groups I and II. Group 11 had
i further decrement in ejection fraction from 35 = 131030 =
13%.

T iMustrare furthor the difforences in the left vesuricular
valume and ejection fraction responses to aortic valve

Figure 6, Postoperative percent changes (7%4) in radionuclide lefl
ventricular end-diastolic volume (EDV), end-systolic volume (ESV)
and ejection fraction (EF) are shown as percent change {rom their
corresponding preoperative values. There was a comparasble reduc-
tion in left ventricvlar end-diastolic volume in alf three subgroups
of patients with aortic regurgitation but a greater reduction in
end-systolic volume in Group 11, which resulted in a proportionately
greater increase in ejection fraction ir Group [l as compared
with Groups | and LI, *p < .05 versus Growp [: **p < 0.01 versus
Group 11
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replacement, the percent changes for volumes and ejection
fraclion in each subgroup are shown in Figure 6. In all three
patients groups there was a comparable percent reduction in
end-diastolic volume ranging from -21% to -36% and
end-systolic volume from 2270 {c 4550, wila the greatest
reduction in end-systolic volume in Group 11. Because of
these relative percent changes in volumes, the ejeclion
fraction responses differed. Group I had an increase of 4%
and Group I[ had an increase of 31% (p < 0.05 vs. Group {)
compared with a 16% reduction in Group U} (p < 0.05 vs.
Group | and p < 0.01 vs. Group 1I).

Discussion

Left-ventricular dilation and dysfunction in chronic aortic
regarpitation. The hemodynamic history of severe, chronic
aortic rzgurgilalion is characterized by left ventricular dila-
tion and dysfinction (1). The initial phase of this hemody-
namic course is characterized by eccentric left ventricular
hypertrophy to adapt to the chronic volume overload. This is
followed by left ventricular sysiolic dysfunction. which
presumably occurs in the absence of myocardial dysfunc-
tion. This hemodynamic course is completed when irrevers-
ible myocardial dysfunction supervenes. The exlent of left
ventricular dilation and dysfunction observed in patients
wiih aortic regurgitation reflects the complex interaction
beiween the chronic volume overload and the adaptive
mechanisms employed 10 compensate for the resultant he-
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abnormal E,, occurred frequenlly in the presen'.e of pre-
served dial per . three sub-
groups of patients with aortic rcgurg,uauon werc character-
ized who had distinctly different preoperative hemodynamic
characteristics and left ventricular size and performance
responses 1o aostic valve replacement.

Compensated left ventricular volure overioad. Group [
had adequately compensated for their volume overdoad. This
was manifest by an increase in left ventricular volumes and
4 compensalory increase in mass, so that the volume/mass
ratio remained comparable with that in the control patients.
This suggests that eccentric hypertrophy was adequate and
that the left ventricle had maintained a normal efliptical
shape (62,63). The hypothesis for eccentric hyperirophy
proposed by Grossman et al. (64) supgests thal an increase in
volume stimulates replication of sarcomeres in series to

in a normal end-diastolic stress. of an asso-
ciated increase in end-systolic stress, this is followed by
replication of sarcomeres in parallel 10, presumably, return
end-systolic stress 10 normal. We observed that the preoper-
ative end-diastolic stress (ozed) in Group 1 was similar 10
that in the control patients. but. despite a similar preopera-
tive ejection fraction, end-systolic stress (o4es) was greater
in Group | than in the control patients. This has also been
observed by others (1,62,65~68).

Gould et al. (62) suggested that the persisient increase in
end-systolic stress in patients with aortic regurgitation may
be explained by a consideration of left ventricular shape and.

mocdynamic perturbation n-luding preload
eccentric hypertrophy. configurational changes and alter-
ations in contractility. Commonly employed noninvasive
indexes of left ventricular size and performance identify
patients who do poorly after aortic valve I

ly. myocardial fiber orientation. If the ventricle
maintains a normal elliptic shape, ead-systolic stress will
increase 10 a greater extent than if it assumes a spherical
shape. C(mscqucmly. end-systolic stress can be carried by a

(6,7.9.10,12-17.20). Thes¢ patients have persisient left ven-
tricular dysfi and sympl of heart fail-
ure afler aortic valve repl bly |
from itreversible myocardial dysfuncuon before aomc valve
replacement (19.20). However, noninvasive indexcs have
been unable 1o elucidate the mechanisms for left ventricular
systolic dysfunction in paticnis with aortic regurgitation due,
in part. to their variable load dependence (21-23) and the

ial errors i with left ventricular
Slze and performance in patients with aortic regurgitation
(24).

Importance of E,, in aortic regurgitation. The data in
the present investigation clearly demonstrate that patiems
with aortic regurgitation have distinctly different mecha-
nisms for lefl ventricular systolic dysfunction. This was due
to the fact that the slope of the pressure-volume relation
{E,,.,) identified a greater proportion of patients with aortic
regurgitation who had abaormal left-vesitricular systolic per-
formance (24 [65%] of 37 patients) than did an ejection
fraction (EF) of <45% (12 {32%] of 37 patients; p < 0.05 vs.
Epa: & (+)PAL, of <1,000 mm Hgfs (1 [3%] of 37
patients; p < 0.01 vs. Ep,,,) o abnormal stress-shortening
relations (4 [13%] of 31 patients: p < 0.01 vs. E, ). Thus, an

greater prop of dial fibers oriented in the equa-
torial plane, which implies that circumferential wall stress
{a,) per cross-sectional area may actually be normal. Fi-
nally. the corrected E,,,, was no different from that of the
control patients. Group 1 therefore had no significant change
in their ejection fraction after aortic valve replacement,
which suggests that this hemcdynamic subgroup of patients
with aortic regurgitation may not have needed aortic valve
replacement. This supports the suggestion of Rahimtoola (8)
that not all patients with chronic, severe aortic regurgitation
need surgery, especially if they are asymptomatic.

Left ventricular systofic dysfunction. Qur data also sug-
gest that aortic valve replacement results in an excellent left
ventricular size and performance response in those patieats
with ortic regurgitation who have an abrormal E_,, but
preserved myocardial performance (Group 11}. This group is
therefore a particularly interesting subgroup of patients with
aortic regurgitation in whom the possible mechanisms for a
reduciion in E_, in the absence of myocardial dysfunction.
as evidenced by preserved stress-shortening relations, is of
particular imporiance. These patients demonsirated an in-
crease in left ventricular volume/mass ratio compared with
that of patients in the contral group and Group 1. Other
investigators (62.63) have suggested that an increased vol-
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ume/mass ratio in patients with aortic regurgitation reflects
inadequate eccentric hypertrophy and have demonstraled a
configuraticnal change in the ventricle from ellipsoid to
spherical geometry. Despite evidence for sphericalization of
the left ventricle, end-diastolic stress remained no different
from that in patients i the control group and Group | despite
a further increase in end-diastolic volume. However. end-
systolic stress increased only slightly beyond that of Group
{ patients, but the ejection fraction decreased significantly
compared with that in patients in the controf group and
Group I. These observations may be explained by Lhe
assumption of spherical geometry. The equation for circum-
ferential stress suggests that an increase in stress il be less
in a spherical than in an elliptic ventrizle. Moreover, in a
spherical ventricle fewer myocardial fibers will be oriented
in the equatorial plane. There will therefore be fewer myo-
cardial fibers per cross-sectional area appropriately oriented
10 carry the increase in esid-systolic circumferential stress.
Consequently, the ventricle is placed at an operational
disadvaniage and cannot maintain left ventricular systolic
performance.

Myocardial dysfunction. Our data also confirm that., after
the devell of dial dysfunction (Group ). the
functional response 1o aortic valve replacement is poor.
Despite modest reductions in left ventricular volumes. there
was a further decrement in ¢jection fraction postoperatively
in Group !11. The marked reduction in preoperative ejection
fraction was associated with depressed conventional stress-
shortening relations in these patients and their response to
aortic valve replacement is consistent with previous hemo-
dynamic data (19.20). These data suggest that it is important
to identify patients with abnormal left ventricular systolic
performance before the development of irreversible myocar-
dial dysfunction and thus to intervene with acrtic valve
replacement when these patients are in Group I1.
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concave toward the volume axis (49). Morcover, others
(50,52) have demonstrated that there may be coniractile,
dependent curvilinearity. Little et al. (52,73). however.
showed that. within the operational range of pressure and
volume, this relation can be assumed to be lincar, Conse-
quently, because several investigations in animals and hu-
mans have demonstrated linearity (30-35,45-48,52,69,73),
we considered it reasonable to assume linearity within the
operational range of pressure and volume for E_,, in our
patients.

Finally, we did not use a preload correction for the
conventional end-systolic stress-shortening relation in this
investigation. Although the preload effect en ejection frac-
tion is modes! in the norma} ventricle (58). this may not be
true in chronic volume uverload (59.60). Employing the
systolic myocardial stiffness concept, Mirsky et al. (60)
demonstrated that correcting ejection fraction for differences
in preload. defined as end-diastolic stress, and relating it to
operational aflerload did not identify more patients with
abnormal myocardial performance than did the use of con-
ventional stress-shortening relation. Importantly, Groups |
and il had left ventricular end-diasiolic stress values that
were similar to those in the control patients. suggesting that
preload may have been unchanged in these patients. Conse-
quently. because we used operational afterload. it is unlikely
that a preload correction would have altered significaatly our
subgrouping of patients with aortic regurgitation.

Clinical implications. An analysis of lefl ventricular sys-
tolic performance using the time-varying elastance concept
and myocardial performance us.ng conventional end-systolic
stress-shortening provide y informa-
tion that identify differential mechanisms for left veatricular
systolic dysfunction in patients with severe, chronic aortic
regurgitation. Moreover, it would appear that the preferred
response of left ventricular size and performance to aortic

Potential limitations. There are three p ial li
to the approaches used in this investigation to assess left
ventricular chamber and myocardial performance. First.
loading conditions were altered pharmacologically to calcu-
late E,p,,, with reflexes intact. As in previous investigations
from this laboratory (30-35). right atrial pacing was per-
formed to elimi the infl of al ions in heart rate
on this relation (69). Moreover, we have previously reported
(34) that the modesl alterations in loading conditions used in
this investigation do not alter isovolumic indexes of contrac-
tility. These data arc consistent with the vbservations re-
ported from intact animals that suggest that greater changes
in loading conditions than the modest changes performed in
this investigation are necessary to produce reflex sympa-
thetic effects on contractility (70.71). Therefore. there was
probably litile effect of intact autonomic reflexes on the
calculation of E,,,, in this investigation.

Second. we assumed that E,, was linear. Several inves-
tigations (49-52.72) have demonstrated that E,, or E, may
not be linear under all circumstances. Al the extremes of
load. the relation may have a saturation cffect (72} or be

valve repl occurs in patients with aortic regurgita-
tion in whom E,_,, is abnormal because of inadequate left
ventricular hypertrophy and the assumption of spherical
geomelry in the presence of preserved myocardial perfor-
mance. This combised hemodynamic assessment may there-
fore be useful in those mildly symptomatic or asymptomatic
paticnls with chronic, severe aortic regurgitation in whom
the decision for aortic valve replacement is most difficult.

We apprectate the assistance of Christina Brewn, BS. Janet Petrusha, RN,
Penny Weaver and Jacqueline LeRoy in the preparation of this mamscript.
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