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Left Ventiicular Shape Is the Primary Determinant of Functicnal
Mitral Regurgitation in Heart Faijure
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Chjectives. The alm of tis study was to examine the lulpnrll
assoclatlon between the oaset of functional mitral

Results. No dng had mitrs) regurgltation at baseline but all

and tke development of “hanges is left ventricular shape, dllmln'
enlargement, mitral swlus dilation and regional wall motion
abnormalities during the course of evolving heart fallurs.

Back; d. Despite fzatlon, the exact eti-
alogy of functional mitral regargitation in patients with chronic
heart failre remains unksown.

Methods. Heart failure was prodnced In seven dup by maltiple
Serial changes in
left ventricalar clumblr volume and shape were evaluated from
ventriculograms, Changes in mitral anulus diameter and ventrle-
lar regional wall motion abnormalities were evaluated «:lnnr-

gurgitation 12 % 1 weeks after the
first :mboll-lml The onset of mitral regurgitation was not
associated with an fecrease In left ventricnlar end-dinstolic volr me
relative to baseline (58 & 3 vs. 62 = 3 ml), mitral anwlus dinmeter
(2.4 = 0.1 vs, 2.4 = 0.1 cm) or wall motion abnormplities of telt
ventricular wall segments overlying the papillary mnscles. In
contrast, the onset of mitral regurgitation was accompenicd by
significant chauges fn global left ventricular shape evidenced by
increased ead-systalic chamber sphericity index (0.2 = 0.02 va.
0.3 = 0.01) (p < 0.01) and decreased end-systolic major axis/
minor axis ratio (1.71 = 0.85 vs. 1.43 % 0.04) (p < 0.001).
Cnnchm 'l'hue dux indicate thet transformation of left

diographically. The presence and severlty of mltrll E

were determined with Doppler color flow

hmmlleiy
Mﬂu

were obtained at baseline and then Iuwuldy until mitrel regurgi-
tation was first observed.

mitral
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F mitral ion often ps in patients
with heart failure and, depending on its severity, can con-
siderably reduce the effeclive stroke output of tqe failing left
ventricle. Recognition of the etiology of this valvular incom-
petence may be helpfut in identifying treatment that will
|mpruve vemnculnr pumping capability. Despite exv.enslve

jon, the exact etiologic factors in fi

heart failure. However. temporal studies of this nature are
not likely to be accomplished in patients because of the
difficulties encountered in establishing a precise period dur-
ing which functional mitral regurgitation is first manifested.
In the present study, a canine model of chronic heart failure
thal manifests funcuonal mitral regurgitation (5) was used to

mitral regurgitation remain uncertain, although four specific
anatomic abnormalities of the left ventricle have been pro-
posed. These are chamber enlargement (1), mitral anulus
dilation (2). wall motion abnormalities of segments overlying
the papillary muscles (3) and changes in ventricular shape
4). However, these abnormalities often coexist in the failing
heart, making it difficult if not impossible 10 identify the
precise abnormality responsible for the mitral regurgitation.
One potential solution 1o this problem is to identify which of
these four abnormalities is present when functional mltral
regurgitation is first manifested during the course of evol

this iation. Specifically, the model
was used to explore which of the four left ventricular
chamber abnormalities—namely, mitral anulus dilation,
chamber enlargement. regional wall motion abnormalities
and shape changes—occur coincident with the onset of
mitral regurgitation.

Methods

The canin¢ model of chronic heart failure used in this
study has been described in detaii (5). In this model, heart
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failure is produced by mulliple sequential intracoronary

bolizations with microsphy that lead to the loss of
viable myocardium. The model manifests many of the se-
quelae of heart failure observed in patients, including
marked and susmmed depression of left ventricular systolic

and disstolic left phy and
dem.v- reduced cardiac output, increased svslemnc vaseu-
lar and activation of the pathetic nervous
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Figure 1. Dng-am of the lechmquﬂ used in the quantitation of
global left shape. An left ventricular silhou-
ette is shown with depiction of the major and minor axes. The circle.
whose diameter is equal to the major axis of the ventricle. represents
the sphere used o calculate 1he sphericity index.

system (5). In the present study, seven healthy mongrel dogs
weighing 23 to 35 kg underwent a series of cardiac catheter-
izations and coronary embolizations to produce chronic
heart failure. The protocol was approved by the institutions
Care of Experimental Animals Committee. All cardiac cath-
cterizations were performed with the ches: closed and under
general anesthesia and sterile conditions. Dogs were anes-
thetized with an intravenous injection of 0.1 mg/kg body
weight Innovat-Vet (dmpendol. 2 0 mgrks. dnd fentanyl
citrate, 0.04 mg/kg) followed by an i of
7.5 mp/kg of barbital sodiwn. ine p for micro-
sphere embolizations and the “ype of microspheres used for
this purpose were previously described (5). In brief, poly-
styrene latex microspheres, 77 to 102 zm in diameter, were
injected in alternating fashion into the left anterior descend-
ing and circumflex coronary arteries during subselective
coronary catheterization. Each dog underwent five to nine
embaolizations 2 to 3 weeks apari. Embolizations were dis-
continued when left ventricular ¢jection fraction. determined
angiographically, was <35%.

Evaluation of left ventricwlar shape. Changes in global left
ventricular shape were evaluated from ventriculograms per-
formed with the dog placed oa its right side. Ventriculo-
grams were recorded on 35-mm cine film, at 30 frames/s.
during the injection of 20 ml of contrast material (REN()-M-
60, Squibb Diagnostics). Ce ion for image
was made witha cnllbraled gnd placed at the level of the left

Left ' at end-systole
and end-diastole were calculated with the arca-length
method (6) and were used to determine the ejection fraction.
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to the midpoint of the plane of the zortic valve. The minor
axis was drawn perpendicular to the major axis at its
midpoini. As ihis ratio decivascs {approaches unity). the
of the left vertsicle approaches that of a sphere.
athod 7 was an silaptation of the epharicity ‘ndev do.
scribed by Lamas et aI (8). The ‘phenclty index was
calculated at end-systole and end-diastole as the volume of
the left ventricle divided by the volume of a sphere with a
diameter equal to the major axis of Lhe left ventricle {Fig. 1).
As ths ratio increases, the shape of the ventricle approaches
lhdl of a sphere.

studies were perfo-‘metl by using a Hewlett-Packard model
77020A ultrasound imaging system with a 2.5-MHz trans-
ducer. All echocardiographic measurements were made with
lhe dog placed in the right lateral d:cuhnus position.

were ona Pa 6300 VHS
recorder for subsequen( mluxuon Mitral anulus dnmeuer
wa d by lhme
from three hi 2

parasternal iong-axis view and amcal two- and four-chamber
views. The mitral anulus diameter was measured during
diastole just before atrial ion and during mi
These two measurements were chosen because the mitraf
anulus diameter is maximal and minimal at these respective
times during the cardiac cycle (9). The apu:al four chmber
view was used 10 cal the
between the point of coaplation of the mitrai leaflets and lhe
mitral anulus plane at end-systole as previcusly described
(2). Regional wall motion of the left vemricular segments
averlying the anterolateral and posteromedial papillary mus-
cles way quantitated by using the papillary level short-axis
view (2). The fractional area of shortening of each of these
segments was cakculated as described by Boltwood et al. (2).

Quantitation of mitrsl regargitation. The presence or
absence of mitral regurgitation was determincd with the use
of Doppler color flow mapping. The severity of regurgitation
was quantitated from the area of the regurgitant jet/area of
the left atrium ratio (10). The severity of mitral regurgitation,
calcuated from the apical two- and four-chamber views, was
averaged to obtain a single representative measure of ihe
severity of n:gurgmmon

Study protecol, E di hi i hic and
Doppler color flow measurements were made at baseline,
before any embolizations, and were d until
functional mitral regurgitation was first observed. A final set
of measurements was obtained an average of 3 months after
the onset of functional miwal regurgitation. Duripg the
course of coronary embolizations, measuremeris were al-

beats and p lic beats were excluded  ways obtained a
ﬁnm the analysis.
Two methods were used to glohal left ventric- Data analysis. Temp

ular shape. In method 1, ventricular shape was quanm-hed
from anuogmphlc silhouettes baszd on the major axis/s

of 2 weeks after each emboliza-
tion 1o avoid the immediate e!fem of coronary embolmuon.
| changes of

-«ngmgrapmc and Doppler oolor flow measurements were

axis ratio calculated at end-systok and end-diastole {7) (Fig.
1). The major axis was drawn from the apex of the ventricle

d by using analysis of variance
(ANQVA) with the level of s@mﬁcance set at alpha = 0.05.
If significance was attained, pairwise comparisons were then
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Table 1. Echocardiographic. Angiographic and Doppler Calor Flow Measurements During the

Course of Evolving Heart Failure

3 Munhs
2 Wecks Onset of After Onsct
DBaseline Before MR MR of MR
Ejection fruction (%) 5x2 43+ 3 W3t 23+ 2%
LV EDV (ml} 83 @2x3 62=x3 Bxa
LV ESV (ml) Bl %=1 Bt 573t
Systolic MAD {cm) 2420 24201 2401 27z 0.4t
Diastolic MAD (cm} 27201 27=x01 27201 29202
ED axis ratio 1.54 = 0.03 1.37 £ 0.05¢ 133 = 0.04¢ 1.22 = .04
ES axis ratio L7 £ 005 1.54 = 0.04* 143 + 0.041 1.22 £ 0.04F
ED sphericily index 0.28 =002 0372 0.03 038 £ 0.03* 0.48 = 0.03*
ES sphericity index 0.22 + 0.02 0.27 £ 0.01* 030 = 0.01* 0.43 = 003
FAS, anterolatcral (%} 5Bz Hx| LYEN] L E
FAS. posteromedial (%) 53x1 8= 461 Rz
Distance D (cm) 05x0l 07 x00t 89 =02+ 09 = 0.1t
Severity of MR (5%) 0 [] 81 LR

*p < 0.01. #p < 0.001 relative lo buseline. ED = end-diastolic: EDV = end-diustolic volume; ES = end-systolic:
ESV = end-systolic volume: FAS = fractional area of shoricning: LV = left vemricular; MAD = mitral anulus

dinmeter: MR = mitral repurgitation.

performed on the basis of a Studenl paired ¢ test. An
adjustment on the rejection levels of these individual tests
was based on the method of Bonferroni. A probability valuz

Temporal changes in regional wall motion (Table 1, Fig. 2).
Neither the fractional area of shortening of the left ventric-
ular segment overlymg the amerolaural papillary muscle nor

< 0.01 was considered significant. All data are reported
the mean value = SEM.

Results

Mitral regurgitation. No dog studied had mitral regurgi-
tatien at baseiine. However, all seven dogs developed func-
tione! mitral regurgitation a mean of 12 = 1 weeks afler the
initial emboli Once mitral itati d, it
persisted to the end of the study. When regurgllallon was
first observed. its severity was 8 + 1%: this value increased
significantly Lo 15 + 1% by 3 months after onsel (p < 0.001)
(Table 1),

Temporal changes in left ventricular chamber volumes.
The changes in left ventricular ead-systolic volume, end-
djastolic volume and ejection fraction dunng the wurse of
the study are shown in Tabie [. Left

the fractional area of sh g of the lying the
posteromedial papillary muscle changed significantly be-
tween the baseline measurement and that at the time of onset
of fi | mitral (Fig. 2. H , the
fractional urea of shortening of both segments was signifi-
camly reduced at 3 months after the onset of regurpitation.

Figure 3, Bar praphs (mc:m * SEM) illustrating the wmpnrll
changes of left d (FS) major axis/mi

matio (top left), mitral anulus dllmﬂ: (MAD) (top right), Iel'l
venlricular end-diastolic volume (EDV) (botiom lefi) and fractional
area of shortening (FAS) of the left ventricubur segment overlying
the posteromedial papillary muscle (bottom right). Data shown are
values at bascline (B) and at 2 weeks before (2W). at the time of
onset of (MR) and at 3 months (3M) after the onset of Runctional

volume was unchanged between the baseline measurement
and the time of onsel of mitral regurgitation, However, it
was significantly increased at 3 months after the onset of
regurgilation (Fig. 2). Lefl ventricular end-systolic volume
incrensed significamly from the baseline value to the time of
onsel of mitral regurgitation. However, end-systolic volume
measured 2 weeks before the onset of regurgitation did not
differ from that measured at the time of onset (Fig. 2).
End-systolic volume increased significantly by 3 months
after the onset of mitral regurgitation.

‘Temporal changes in mitra) anulus dismeter (Table 1, Fig.
2). Mitral anulus diameter measured at baseline and at the
time of onset of mitral regurgitation did not differ, but the
value increased significantly at 3 months after the onset of
regurgitation.

mitral

" TWAD (em)

,,J|||

Tras %)

B 2W MR 3M
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Figure 3. End-systolic (left) and end-diastolic (right) left
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components of the etiology of functivaz! mitral repurgita-
tion. Instead. (ransformation of left ventriculur shape ap-
pears lo be the most likely determinant of this “unctional
rincomyeience.

The mcch-
anism b\ whnch anlcmllons of left ventricular shape can lead
10 the devel of functional mitral i is ntt
fully undermmd In the presem sludy the onsct of mitral

was iated with an in the perpen-
dlcular distance between the mitral anulus planc and the
coaptation point of the mitral valve leaflets. An incrzase in
this distance indicates retraction of the mitral valve leaflets
toward the ventricular apex leading to incomplete mitral
valve closure during systole. The means by which increased
left ventricular chamber sphericity can induce this type of
milral leaflet retvaction can be found in the postulate delin-
eated by Perloff and Roberts (11.12). In the normally ellip-

ricalar shape.

silhouettes from a study dog. The sithoueltes depict the changes of
global left ventricular shape at baseline (B) and at 2 weeks befora
(2W). a1 the time of onset of (MR) and at  months after the onset of
(3M) functional mitral regurgitation.

Temporal changes in left ventrienlar shape (Table 1, Fig. 2
and 3). Both the end-diastolic and the end-systolic left
ventricular major axis/minor axis ratio d d signifi-
cantly between baseling and the time of onset of functional
mitral regurgilation, indicating increased left ventricular
chamber sphericity (Fig. 2). Both ratios were further re-
duced at 3 months after the onsel of regurgitation. Similarly.
both the end-systolic and end-diastolic sphericity indexes
were significantly increased between baseline and the time of
onsel of functional mitral regurgitation. Both indexes were
further increased at 3 months after the onsct of regurgitation.
A typical example of the shape changes of the left ventricle
during the course of the study is shown in Figure 3.

Temporal chngesoﬂlleperpendinhrdkhml)('l‘nble
1). The changes in the perpendi di DL the

soid left the position of the papillary muscles
permits their coniraction to exert a vertical force on the
chordae tendineae. Application of this force moves the
mitral valve leaflets together during isovolumetric contrac-
lion and restrains their motion during ventricular ejection
{11.12). In a more spheric ventricle, the papillary muscles
may undergo lateral migration and, therefore. may not be
vertically aligned with the mitral anulus. In this situation, the
forces exerted on the leaflets through the chordae tendineae
become more lateral than vertical. This lateral tension pre-
vents apposilion of the leaflets and renders the valve incom-
petent (11,12).
Factors infiuencing the severity of regurgitation. In the
present study. the development of profound left ventric-
ular dysfunction by 3 months after the onset of mitral
regurgitation was accompanied by a further increase in left
ventricular sphericity, significant mitral anulus dilation,
marked left ventricular chamber enlargement and severe
hypokinesia of the left ventricular wall segments overlying
the pap:llary muscles. The developmemt of profound left
lar dysfunction was also iated with a marked

mitral anulus plane and the coaptation point of the mitral
leaflets during the course f the study are shown in Table 1.
This distance increased significantly from baseline to the
time of onset of mitral regurgitation. There was no further
increase in this distance 3 months after the onset of regur-
gitation.

Discussion

Qur tesults clearly indicate that the onset of functional
mitral regurgitation during the course of evolving heart
&llure is associated wnh changas in left ventricular shape
d by i icity. Neither mitral

anulus dilation, left ventricular chamber enlargement nor
abnormalities of left ventricular wall motion were present
when mitral regurgitation was first manifested. Therefore,
these three abnormalitics cannot be considered as integral

in the severity of functional mitral regurgitation.
Even though mitral anulus dilation, left ventricular en-
lurgement and left ventricular wall motion abnormalitics may
not be factors in the etiology of functional mitral regurgita-
tion, at present, we cannot exclud: the possibility that all of
these ab lities, once d, act in concert to
influence the severity of the regurgitation. It is also possible
that once initiated, mitral regurgitation may itself exert a
reinforcing influence such that *‘mitral regurgitation begets
mitral regurgltauon" (). Fmally. recent studies have
shown that i ng enzyme inhibi can
prevent changes in left venuicular shape (increased spheric-
ity} in patients after myocardial inarction (13) and, there-
fore, may be useful in limiting the degree of functional mitral
regurgitation.

Conclusiens. Our results indicate that the onset of func-
tional mitral regurgitation during the course of evolving heart
failure is not associated with mitral anulus dilation, left
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or regional left ventricular
wall motion abnormalitics. These abnormalities. therefore,
cannol be viewed as integral components in the eliology of

! valvular i p In contrast, the onsel of
functional mitral regurgitation was accompanied hy changes
in left ventricular shape manifesied by increased sphericity.
This observation suggests that the transformation of left
ventricular shape is the most likely substrate for the devel-
opment of functional mitral regurgitation in the course of
evolving left venlricuiai §
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