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Reduced Atrial Contribution to Left Ventricular Filling in Patients
With Severe Tricuspid Regurgitation After Tricuspid Valvalectomy: A

Doppler Echocardiographic Study

ERIC K. LOUIE, MD, FACC, TERESA BIENIARZ, BS * ANNA MARIE MOGRE, BA,*

SIDNEY LEVITSKY, MD, FACC*
Maywood and Chicago, Illlinois

Patients undergoing valvulectomy for isolated tricuspid
valve endocarditis offer the unique oppertunity to study the
effects of acquired right ventricular volume overload on left
ventricular filling in persons free of pulmonary hyperten-
slon and preexisting left heart disease, Eleven patients who
had undergone total or partial removal of the tricuspid
valve were with 11 agi hed control subjects;
Doppler echocardiographic techniques were used te quan-
tify changes in left veutricular filling and to relate them to
changes in left ventricular and left atrinl geometry caused
by right ventricular and right atrial distension.

The late diastolic fractional transmitral flow velocity
integral, a measure of the left atrial contribution to left
ven!rkul:r ﬁlllng, was slgnlﬁcan!ly decreased in patients
i with control
subjects (0.22 = 0.11 versus 0.32 = 0.09; p < 0.04). Severe
tricuspid regurgitation in these patients resulted in marked

right atrial distension, reversal of the normal interatrial
septal curvature and compression of the left atrium such
that left atrial aren was significantly smaller than in control
subjects {5.9 & 2.2 versus 8.6 = L.2 em?/m?; p < 0.005).
Acting as a receiving chamber, the left ventricle was
maximally compressed by the volume-overloaded right
ventricle in late diastole coincident with the timing of atriat
systole, resulting in a significant increase in the left ventric.
ular eccentricity index compared with that in conirol
subjects (1.35 = 0.4 versus 1.03 x 0.1; p < 0.091). Thus,
right ventricular volume overload due to severe {ricaspid
regurgitation results in left heart geometric alterations that
decrease left atrial preload, impair left ventricufar receiv-
ing chamber characteristics and reduce the atrial contribu.
tion te total left ventricular filling.
(J Am Coll Cardiol 1990;16:1617-24)

Right ventricuiar volume overload results in diastolic geo-
metric distortion of the left ventricle as a consequence of the
parallei arrangement of the two ventricies within the heart
{1-6). In the unloaded nonbeating human heart, the ventric-
ular septum assumes a relatively flat neutral position be-
tween the two ventricles (7). In contrast, in the normally
loaded beating heart, it assumes a more nearly circular arc
concave with respect to the center of the left ventricle as a
result of the normal positive diastolic left to right transseptal
pressure gradlem (7,8). With right ventricular volume load-
ing, the di fic tr gradient b the

1
plal pres

left and right ventricles decreases (without necessarily re-
versing), resulting in ventricular septal flattening and dis-
placement toward the center of the left ventncle 8- lO)
Dexter (11) first lated that this diastoli

between the volume-overloaded right ventricle and the nor-
mal left ventricle might result in interference with left
ventricular filling by a ‘“‘reverse Bernheim's syndrome™
(i1,12).

Recent echocardiographic studies (6,13) of left ventricu-
lar geometry and function in patients with right ventricular
volume overload have included patients with congenital
defects that might aller left ventricular diastolic filling
through mech pendent of right ventricular vol-
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ume loading or patients with acquired conditions such as
chronic obstructive pulmanary disease (13) in which an
ciement of right ventricular pressure overioad could not be
excluded. Thus, in the present study, patieats who under-
went tricuspid valvulectomy for isolated tricuspid vaive
endocarditis were studied to evaluate the changes in left
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ventricular geometry and diastolic filling associated with
acquired right ventricuiar volume overload due to severe
tricuspid regurgitation. Although others have cxamined the
hemedynamics (14) and clinical course {15) after total or
partial removal of the tricuspid valve, we present findings
regarding the geometric interactions between the left and
right heart chambers and their impact on the pattern of left
ventricular diastolic filling.

Methods

Study patients. Eleven patients (25 to 45 years of age,
mean 33 = 8) with severe tricuspid regurgitation after
tricuspid valvulectomy for isolated involvement of the valve
by infective endocarditis form the study group. Eight of the
11 patients were studied in an ambulatory hemodynamically
stable state 1 week after tricuspid valvulectomy and just
before discharge from the hospital or transfer to the medical
service for completion of their course of antibiotic therapy.
The remaining three patients were studied 4 to 47 months
after tricuspid valvulectomy. Because Doppler and echocar-
diographic findings were comparable in these two sub-
groups, the data were pooled for purposes of analysis.

Six of the 11 patients had undergone total excision of all
three leaflets of the tricuspid valve, 3 had undergone excision
of two leaflets and 2 had undergone excision of a single leaflet;
in each case, this resulted in the development of severe
tricuspid regurgitation. In each instance, macroscopic surgical
examination led that all tricuspid valve ions were
excised and the underlying leaflet tissue appeared to be intrin-
su:ally nunna.l In no patient was there historical or echocar-

id of prior p Y valvular
or cnronary artery disease or systemic hypenensmn

All patients were studied in a hemodynamically stable
ambulatory state, a1 which time right atrial pressure esti-
mated from the verticai height of the meniscus of the internal
jugular venous pulsations (assuming the sternal angle was
5 cm above the center of the right atrium) was estimated 10
be 14 + 4 mm Hg. No patient was judged to have significant
right veniricular systolic hypertension because the peak
systolic velocity of tricuspid regurgitation assessed by con-
tinuous wave Doppler ultiasound was <2 m/s (right ventricle
to right atrium peak syst _lic pressure differential <16 mm
Hp) and hence right ventricular peak sysiolic pressure was
<30 = 4 mm Hp for ¢ach patient.

Eleven age-matched normal persons (25 to 47 years of
age, mean 32 * 8) without myocardial or valvular disease by
pulsed Doppler and two-di ional echocardi hy
served as control subj The study p | was d
by the University of Illinois Institutional Revnew Board
Informed consent was oblamed from all subjects.

Two-
from d left parasternal
and apical windows and pulsed Dopoler recordings were per-

a4 oot ach, 4
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formed with use of a Diasonics CV 400 sector scanner inter-
faced with a 3.5 MHz mechanical transducer. The studies were
performed while the subjects were in sinus rhythm, breathing
quietly in the left lateral recumbent position. Parasternal short-
axis images of the left ventricular cavity at the mitraf leaflet,
mitral chordal and papillary muscle levels were obtained by
angling the transducer from base to apex. Onhogonality of
these 1magmg planes to the left ventricular long axis was

d by lation such that the
medial and lateral aspects of the mitral commissures were
symmetric at the mitral leaflet level. All studies were recorded
on 0.5 in. (1.27 cm) videntape for subsequent real time play-
back and stop frame analysis.

Stop frame images from the mitral chordal level of the
left ventricle were setected for analysis as follows: 1} end-
systole: the stop frame demonstrating the smallest left ven-
tricular caviry area just before the openiug motion of the
mitral chordae and leaflet tips: 2) end-diastole: the stap
frame demonstrating the maximal left ventricular cavity area
just before the closing motion of the mitral ct:ordae and
leaflet tips; and 3) mid-diastole: the stop frame image of the
left ventricle at the end of the first half of diastole (deter-
mined by counting forward from the end-systolic frame
one-half of the total number of frames encompassing diasto-
Ie}. The bourdaries of the left ventricular endocardium were
defined by the internal interface of the left ventricular
endocardium with the blood pool. To assess left ventricular
cavity shape, the short-axis left ventricular two-dimensionad
images proximal and distal to the mitral chordal level wenz
examined to ascertain that the cavity profile at the chordat
level was representative of left ventricular shape at all levels
in each patient,

Standard apical four chamber images of the left ventricle
and atrium were obtained. with careful attention directed
toward ensuring that the imaging planes were afigned with
the long axis of the left ventricular inflow tract such that
maximal left ventricular and atrial cavity areas were ob-
tained. Left atrial cavity area was measured from the apical
four chamber image by tracing the internal interface between
the left atrial wall and the blood pool {transecting pulmenary
veins at their orifices and using the plane of the mitral anulus
to define the boundary between the left ventricle and left
atrium) {16,17). These measurements were obtained at the
time of maximal left atrial cavity snze.

Pulsed Doppler echocardi ination. Pulsed
Doppler measurements were performed by pasitioning the
Doppler cursor within the 80° two-dimensional sector scan at
varying range gates to a maximal depth of 16 cm with a
sample volume length of 4.1 mm.* Doppler output (filiered

*With the Diasonics instrument vsed in this study, a pulscd wave Doppler
sample volume of 4.1 mm represents the best compromise between spatial
specificity and adequaie sensitivity for Doppler signais 1o provide clear
spectra for accurale measurements,
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with a 400 Hz high pass filter) produced an audio signal. as
well as a spectral display derived by a fast Fourier iransform
algorithm. Transmitral inflow was recorded by positioning
the transducer a1 the apical window to obtain a standard four
chamber view of the heart with clear visualization of the
ventricular apex, mitral valve and left atrium. The pulsed
Doppler cursor was positioned parallel to the ieft ventricular
long axis, running from the ventricular apex to the midpoint
of the mitral orifice, and the sample volume was positioned
at the Jevel of the mitral anulus. In each patient. the presence
of mitral regurgitation was excluded by detailed interroga-
tion of the left atrium with pulsed Doppler ultrasound. Left
ventricular ouifiow was recorded from the same apical
window by angling the transducer anteriorly to vecord a four
chamber view of the heart, including the left ventricular
outflow tract. The pulsed Doppler cursor was aligned paral-
lel to the outflow tract along a line running from the left

icular apex to the midpoint of the aortic orifice. with the
sample volume positioned just below the aortic valve. Minor
angulation of the transducer was permilted tc ensurz that the
interrogating Doppler beam was aligned with mitra! or aortic
flow.

Optimal alignment of the Doppler beam was judged to
have been attained (18,19) when 1} a relatively pure audio
signal was appreciated; 2) a reproducible display of the flow
velocity envelope with minimal (<0.5 kHz) spectral broad-
ening could be ded; and 3) | peak flow
were measured. No correction was attempted for the angie
between the Doppler cursor and the apparent direction of
blood flow and in all instances that angle was estimated to be
<20°. In no i did the i Doppler frey ¥
shift exceed the NMyquist limit for the range gate utilized.
Pulsed Doppler spectra were recorded with a simuitaneous
fead 1 electrocardiogram (ECG) by a strip chart recorder
scrolling at 50 mmy/s. All subjects were in sinus thythm with
anormal PR interval.

Measurements and caleulations. Left ventricular geome-
try and i septal displ were quantificd by
measuring the eccentricity index of the short-axis profile of
the left ventricular cavity (mitral chordal level) at end-
systole, mid-diastoie and end-diastole (3.6,13). The ventric-
ular seplum was defined as the arc of the left ventricular

delimited by the h of the right
ventricular free walls. A chord connecting the anterior and
posterior limits of the ventricular septum at the left ventric-
ular endocardial surface was constructed. The perpendicul
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eceentricily index would be cqual to 1; however, with
progressive flatlening of the ventricular seplum duc to left-
ward shift toward the center of the left ventricle, the
eccentricity index would be >1.

Maximul left airial area normalized for body surface areat
was denved from the left atrial stop frame image correspond-
ing approximately lo end- venlnculdr systole. Al two-
dimensional ech Lrap were per-
formed with 2 video screen digitizer interfaced 1o a
computerized graphics analyzer (Nova MicroSenics Data
Yue System, MicroSonics, Inc.).

Daoppler specira of left ventricuiar ontflow and mitral
inflow were analyzed by digitizing the portion of the Doppler
flow velocity spectrum with greatest intensitv, defining the
instantaneous modat flow velocity profile rrom which all
subsequent measurements were derived. The time interval
from the onset of the QRS complex on the ECG 1o the end of
the systolic left ventricular cutflow velocity profile (QA) and
the time interval from the onset of the QRS complex to the
beginning of the diastolic transmitral flow velocity profite
{QM) were measured from separate tracings with matched
cycle lengths. The time interval from aortic valve closure to
mitral valve opening was calculated as QM~-QA (18,20,21).

Peak mitral flow velocities in early (V) and late (V)
diastolc were measured from the midpoint of the Doppler
spectral envelope at the time of maximal Doppler shift
during the curly ropid filling phase and atrial systolic phase
of lefl ventricular diastole. Sircke distance (SD} was mea-
sured by numeric integration of the area under the transmi-
teal flow velocity profile. Assuming the effective hemody-
namic cross-sectional area at the mitzal anulus (CSA) 10 be
constant throughout diastole, peak left veatricular filling rate
in early diastole (PFR(E}) expressed as stroke volumes per
second was computed as (225

PER(E) VExCSA Ve
€ = Spxcsa S

Similarly, peak filling rate in late diastole {PFR[A]} was
computed as V,/SD.

To guantitate the relative contribution of the late (atrial
systolic} filling phase of diastoie to total left ventricular
filling, the fractional transmitral flow velocity integral for
atrial systolic left ventricular filling was determined by

bisector to thal chord was constructed and defined the
distance from the ventricular septal endocardium to left

nUMErIC i (18). The onset of the late {atria! sys-
tolic) filling phase was defined as the onset of increasing

ventricular free wall endocardium as the minor-axis diameter
(D). The orthogonal minor-axis diameter (DD,), measuring
the distance between anterior and posterior left ventricular
endocardial surfaces, was measured and Dy/Dy (which
equals the left vemtriculur cavity eccentricity index) was
calculated. For an ideal circular left ventricular cavity, the

velocities attributable 10 atrial systole. All Doppler echocar-
diographic measurements were performed by digitizing hard
copy data with a Hitachi ablet digitizer (HDG-111B) inter-
faced to an [BM AT microprocessor using digitizing utility
(VISHNU, Visual Numerics).

Statistical methods. Where appropriate. data were ana-
lyzed with Student's paired or unpaircd ¢ test. Probability
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Figure 1. Doppler-ierived fractional flcv velocity integral of left
ventricular filling in early and lzte diastole in 11 normal subjects and
|1 patients with severe tricuspid regurgitation (TR) after tricuspid
valvulectomy. In paticats with severe right ventricular voiume
overload due to tricuspid regurgitation, the late diastolic fractional
flow velocity integral of left ventricular filling is significantly re-duced
0.22 £ 0.11) refative to that in the normal subjects (0.32 = 0.09:
p < 0.04}.

values <0.05 were considered statistically significant. Data
are reported as mean values + | SD.

Results

Alterations in transmitral flow velocity profile (Fig. 1, For
the 11 normal control subjects, the onset of transmitral flow
inlo the left ventricle began 70 = 25 ms after the cessation of
aortic outflow. Peak transmitral flow velocity in early dias-
tole during the rapid filling period was 52.4 * 9.8 cm/s, and
peak transmitral flow velocity in late diastole after atrial
systole was 37.8 = 8.2 cmfs.

For the 11 patients with severe isolated tricuspid regur-
gitation after tricuspid valvulectomy, the onset of forward
transmitral flow velocities began 52 £ 32 ms (p = NS

pared with normal subjects) after cessation of aortic
outfiow. In these patients with severe tricuspid regurgita-
tion, peak transmitral flow velocity in early diastole (50.7 +
£33.2 cm/s) was not significantly different from that found in
normal subjects. However, ihe peak transmitral flow veloc-
ity in late diastole resulting from active left atrial i
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diastole and less rapid filiing in late diastole in patients with
severe tricuspid regurgitation compared with normal sub-
jects. In the former, peak filling rates in early diastole were
7.9 = 2.3 compared with 6.7 = 2.0 §V/s in normal subjects
(p = 0.22), whereas peak filling rates in late diastole were
4. 1.1 compared with 4.9 + 1.6 SV/s in normal subjects
{p = 0.17). The ratio of late to early peak filling rates in
patients with right ventricular volume overload due to severe
tricuspid regurgitation (0.54 = 0.20) was significantly less
than that feund in normal subjects (0.72 < 0.12, p < 0.02).

To further characie~ize the relative contribution of left
atrial systoie to total left ventricular filling, fractional flow
velocity integrals for late diastolic left ventricular filling were
measured (Fig. 1). The late diastolic fraction of the transmi-
traf flow velocity integral attributable to atrial systole was
significantly lower in patients with severe tricuspid regurgi-
tation (0.22 = 0.11) than in normal subjects (0.32 + 0.09, p <
0.04). Consequently, left ventricular filling was redistributed
to the rapid filling period, such that the early diastolic
fraction of the transmitral flow velocity integral was greater
in patients with severe tricuspid regurgitaion (0.78 = 0.11)

pared with normal subjects (C.68 + 0,09, p < 0.04).

Impact of right ventricular volume overload on left veniric-
vlar diastolic geometry (Fig. 2). The short-axis two-
dimensional echocardiographic image of the left veatricular
cavity exhibited a relatively circular profile throughout dias-
tole in normal persons. Accordingly, the normal ecentricity
index (minor axis parallel to the ventricular septum/minor
axis dicular 1o the icular septum) ia
value close to unity during left ventricular filling. For the 11
normal control subjects in this study, left ventricular cavity
eccentricity index was 1.00 + 0.05 at end-systole and did not
change significantly at mid-diastole (1.03 = 0.09) or at
end-diastole (1.03 = 0.10).

1n the 11 patients with right ventricular volume overload
due to tricuspid regurgitation, the short-axis profile of the
left ventricular cavity was relatively circular at end-systole.
Through the course of diastole, however, the left ventricular
cavity was progressively compressed as the ventricular
septum shifled toward the center of the cavity, becoming
“D**-shaped rather than circular as a result of abnormal
flattening of the septal curvature (Fig. 2), This encroachment
an the left ventricular cavity is reflected by a change in the
eccentricity index from near unity (1.07 = 0.09) at end-
systole to 1.30 * 0,23 at mid-diastole (p < 0.02) and to 1.35
* (.14 at end-diastole (p < 0.001), Thus, in the latter half of
diastole, there was maximal distortion of left ventricular
geometry as a re:ult of leftward ventricular septal displace-

275 = 11.1 cmis) was significantly reduced (p < 0.03)
compared with values in normal subjects.

Derived left ventricular peak filling rates (expressed as
stroke volumes per second [SV/s)) in early and iate diastole
demonstrated a trend toward more rapid filling in early

ment, resulling in an end-diastolic left ventricular eccentric-
ity index significantly greater than that measurec in normal
subjects (1.35 * 0.14 versus .03 + 0.10, p < 0.001). The late
diastolic timing of the maximal distortion of left ventricular
geometry in these patients with right ventricular volome
overioad coincides with the observed decrement in peak
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END SYSTOLE

Figure 2. Two-dimensiona: echocardiographic im-
ages (with acconpanying d-:zrams) from the short-
axis plane of the left ventri.ie {LV) at the chordal
Tevel in a patient with severe (ricuspid regurgitation
dug to tricuspid valvulectomy. In contrast to normal
patients whose left ventricular cavity maintains a
circular profile throughout diastale, this patient with
right ventricular (RV) volume overload exhibits a
circular left ventricular profilc at end-systole and a
progressive lefiward shift of the ventricular septum
toward the center of the left ventricle at mid-diastole
and end-diastole. The left ventricle is maximally
compressed into a D-shaped configuration by the
disiended right ventricle at end-diastole.
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MID DIASTOLE
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transmitral flow veiocities and fractional flow velochy inte-
grals during late diastole.

Impact of severe tricuspid regurgitation on maximal left
atrial area (Fig. 3). In the 11 normal subjects, maximal left
atrial area (at the end of ventricular systole) normalized for
body surface area was 8.6 + 1.2 cm*m®. Whereas in normal
subjects the interatrial septum always bowed slightly toward
the right atrivm {resuiting in a concave contour with respect
1o the center of the left atrium), in each of the patients with
severe tricuspid regurgitation due to tricuspid valvulectomy,
the interatrial septum was convex with respect to the center
of the left atrium in either the apical four chamber or
parasternal short-axis view. This abnormality was most
striking when the right atrium attained its maximai cross-
sectinnal area, coinciding closely with the timing of maximal
left atrial expansion (Fig. 3). This encroachment on the left
atrium by the right atrium in patients with severe tricuspid
regurgitation was associated with significantly decreased
maximal left atrial area compared with that in normal sub-
jects (5.9 = 2.2 versus 8.6 + 1.2 cm¥m?, p < 0.005). Thus,
marked right atrial enlargement due to severe tricuspid
regurgitation results in displacement of the interatrial septum
toward the center of the left atrium and is associated with a
decrease in maximal left atrial filling.

Discussion

Alterations in left ventricular and left atrial geometry due
to severe tricuspid regurgitation, In this study, we examined
the effects of acquired right ventricular volume overload on
left ventricular geometry and diastolic filling in a group of
patients free of left heart disease and pulmonary hyperten-
sion. Total or partial valvulectemy for isolated t'cuspid
valve endocarditis in each instance resulted in seve e dias-

wlic overload of the right ventricle and overfilling of t 1e right
atrium, Mid- to late-diastoiic shift of the ventricular scptum

toward the center of the left ventricle resulted in late
diastolic compression of the left ventricular cavity, such that
its normal circular short-axis cavily profile became

Figure 3. Two-dimensional echocardiographic images (with accom-
panying diagrams} from the apical four chamber view of the heart. In
this patient with tricuspid regurgitation due to tricuspid valvulec-
tomy, distension of the right atrium (RA) in ventricular systole
results in progressive leftward shift of the interatrial septum (arrow)
toward the center of the left atrium (LA). Although the interatrial
septum (arrow) is normally positioned at veniricular end-diastole,
by ventricular end-systole the left atrium is maximally compressed
and the interatrial septum is convex with respect to the center of the
left atrium. LV = left ventricle; RV = right ventricle.
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D-shaped, with progressive flattening of the vemricular
septum. This distortion of left ventricular geometry was
reflected in the refative reduction ir the ventricular septal to
free wall minar-axis dimension of the left ventricle, resulting
in an end-diastolic left ventricular eccentricity index of 1.35,
which was 31% greater thar that (1.03) in control subjects.
Thus, mid- to late-diastolic distortion of the left vertricuiar
chamber as a result of right ventricular volume cverload
resulted in maximal left ventricular deformation during late
diastole at the time of active left atrial contraction. These
observations are consistent with echocardiographic mea-
surements i paticnts with a variety of clinical conditions
characterized by predominant right ventricular volume over-
load (1-3,5.6,8,9,13).

In right vemtricular volume overload due 1o severe tricus-
pid regurgitation, there is the potential for right 2nd left
heart interdependence not only at the ventricular level, but
also at the atrial level. In each of our patients, marked
distension of the right atrium due to severe tricuspid regur-
gitation resulted in reversal of tae normal utrial septal
curvature from concave to convex with respect lo the center
of the lefl atium. Thus, during right ventricular systole, the
ripht atrinm becomes maximaily distended by severe tricus-
pid regurgitation, resulting in lefiward displacement of the
interatrial septum and compression of the left atrium a1 the
point in the cardiac cycle when the left atrium should be
achieving maximal filling. As a consequence, maximat left
atrial area in these patients with severe tricuspid regurgita-
tion averaged only 5.9 cm*/m?, 319 Jess than that in control
subjects (8.6 cm¥m?).

Previous investigators studying animal models (23-25)
and humans (26) demonstrated that within the limits of
normal physiologic distension of the atria (23,24), active
atrial systolic shortening increases with progressive volume
loading of the atria, consistent with the operation of Frank-
Starling forces in response to atrial distension. It apnears
that in patients with severe tricuspid regurgitation left atrial
preload and atrial systolic funciion are reduced because left
atrial maximal volume is reduced as a result of mechanical
encumbrance by the volume-overloaded right atrium,
Hence, these patients with severe isolated tricuspid regurgi-
tation manifest interactions between the right and left heart
chambers, resulting in distortion of left atrial and left ven-
tricular geometry, both of which may foster a reduction in
the active contribution of the left atrium to diastolic filling of
the left vertiicle.

Pulsed Doppler quantitation of the left atrial systoli« con-
tribution to left ventricular filling in right ventricular volume
overload. To assess the impact of these geometric factors on
the contribution to late Jiastolic filling of the left ventricle,
we utilized pulsed Dopgiar of the itral
flow velocity integral at *he mitral anulus to quantitate left
atrial booster function in our patients wiih severe tricuspid
regurgitation after tricuspid valvulectomy. We (1§) and
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others (27-30} have demonstrated that such Doppler mea-
surements correlate closely with those obtained by cinean-
gnographm 27, radionuclide angiographic (28-30) and iwo-

I echocardiographic (18) tech In our
patients, left xtrial systole contributed approximately 22% of
total left ventricular filling, which was almost 33% less than
that measured in age-matched control subjects. Thus, it
appears that the combination of 1) late diastolic left ventric-
ular pression by the vol loaded right ventricle,
and 2) reduced left atrial systolic ejection due to reduced left
atrial preload, resulting from right atrial compression of the
left atrivm, combined to reduce the relative contribution of
left atrial systole to total left ventricufar filling in these
patients.

Alternative mechanisms for the reduction in left atrial
systolic contribution to lefi ventricular filling in right ventric-
ular volume nverlnnd. Although the right and left heart

hambers are ly ju d in parallel, they pump
in series. Thus, one might postulate that the altered pattern
of left ventricuiar fitting seen in patieats with severe tricuspid
regurgitation coutd result from reduced forward right ven-
tricular stroke volume and, hence, reduced input to the left
side of the heart. Although we cannot exclude the possibility
that reduced right heart stroke output contributed to the
tnderfilling of the left atrium in this study, several consider-
ations suggest that this is not the only explanation for the
veduction in the left atrial contribution 1o left veatricular
filling seen in our patients. 1) Right ventricular forward
stroke volume (as esti by itral stroke di
was not significantly different between our patients with
severe tricuspid regurgitation and contral subjects (7.1 + 2.9
versus 8.4 + 2.8 cm), suggesting that stroke volume and
hence total left ventricular filling were not different between
the two groups. 2) We predict that reduced right ventricular
forward output decreases left heart volume loading and left
atrial filling pressure, conditions that result in a relative
increase in the vontribution of atrial systole to total left
ventricular diastolic filling (31-33) and that therefore do not
explain the decrease in the late diastalic fractional transmi-
tral flow velocity integral demonstrated in our patients.

We have related observed geometric distortions of the laft
ventricle and atrium to measurements of reduced lefi atrial
contribution to left ventricular filling, but we cannot prove a
causal relation. One could argue that the abnormal filling
pattern might be the cause for the observed geometric
changes. This hypothesis seems unkikely, however, in view
of the temporal sequence of events. For instance, while left
ventricular geometry was maximaily distorted at cnd-
diastole in our patients with right veatricutar volume over-
load, the deformation was established by mid-diastole (ec-
centricity index 1.30) long before left atrial contraction.
Thus, it is more plausible 1o postulate that left ventricular
distoition due to right ventricular distension impedes late
diastolic ieit ventricular filling, rather than proposing that it
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results from impaired atrial contribution to ventricular
filling.

Methodologic considerations. Doppler-derived fractional
transmitral flow velocity integrals characterize the time-
varying pattern of left ventricular filling velocities and not
volumetric flow rate. The correlation hetween volumetric
flow rate and filling velocities is predicated on the assump-
tion that systematic errors are not incurred by variations in
the effective hemodynamic cross-sectiona’ flow area. Simi-
tarly, our calculations of peak filling rates narmalized for
stroke volume were based on the assumption of refative
constancy of mitral annular cross-secticnal flow area
throughout diastole (22). It could be argued that the demon-
strated distortions in left ventricular geometry in our patients
with severe right ventricular volume overload micht result in
distortion of the mitral anulus and hence in-lirectly influence
the transmitral flow velocity profiles. This potential source
of error is untikely to account for our results for several
reasons. 1) Our previous studies (18} in patients with isolated
right ventricular pressure overload and marked early dias-
tolic left ventricular geometric distortion demonstrated a
strong correlation {r = 0.74) between Doppler-derived early
diastolic fractional ﬁlling (which presumably might be influ-
enced by alterations in mitral anm.lar geometry) and

graphicall d early di left ventric-
ular cavity cxpansmn {which is a mcasure of ventricular
filling independent of assumptions regarding mitra! annutar
geomeiry). 2) Presumably, late diastolic left ventricular
compression would, if anything, serve to decrease the effec-
tive hemodynamic cross-sectional flow area at the mitral
anulus. For any given fixed rate of volumetric flow, we
would expect these geometric changes o resull in an in-
crease in late diastolic filling v.iacities, not the decrease
documented in this study. 3) If, in fact. the eftfective hemo-
dynamic cross-sectional low area for mitral inflow is re-
duced in late diastole relative to early diastoie, then the
volumetric flow rates in late diastole (product of cross-
sectional flow area and flow velocity) would be proportion-
ately decreased and would magnify our results. Accordingly.
by using fractional flow velocily integruis to quantitate
relative left ventricular filling, and then assuming relative
constancy of eﬂ'ec\lve uoss-secllonal flow area, we may
have imated (not und d) the relative volu-
metric contribution of atrial systole to total left ventricular
filling in our patients with right ventricular volume overload.
Accordingly, correction of our data for the potential effects
of late diastolic left ventricular compression on cross-
sectional flow area would serve lo strengthen our observa-
tion that the atrial contribution to left ventricular filling is
significantly reduced in patients with right ventricular voi-
ume overload.

Clinical implications. In this study, we examined the
geometric and functional impact of rclatively pure right
ventricular volume overload on left ventricular diastolic
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filling i patients with severe tricuspid regurgitation without
preexisting pulmonary hypertension or left heart disease.
We coniirmed the late diastolic left ventricular geometric
distortion previously documented (1-6.13) in disease states
characterized by predominant right ventricular volume over-
load associated with mild pulmonary hypertension. intracar-
diac shunts und other congenital anomnalies. During late
diastole. the left ventricle fills passively as a result of active
left atria) contraction, and the magnitude of that contribution
to icft ventricular filling is governed by a complex interplay
of passive left ventricular chamber compliance, ateial pre-
load and the atrial contractile state (31.34). In our study
patients with severe tricuspid regurgitation, interactions
between the right and ieft heart chambers combine to impair
the ability of the left ventricle and atrium to act as receiving
Cambers, resulting in a reductien in the atrial contribution
to left ventricular filling at a critical time in the diastolic
filling period. These observations serve to highlight the
clinical paradox of systemic venous emgnrgement in the
setling of impaired late diastolic left veatricular filling in
these patients.
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