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INTRODUCTION

When valve replacement was introduced in the treatment of patients with severe aortic
valve disease more than 30 years ago (1), a new era started in the management of these
patients. The natural history of symptomatic aortic valve disease is well documented and
associated with a poor prognosis (2-4). Numerous reports during the last decades have
demonstrated excellent clinical results with symptomatic relief, improved functional
capacity and a better life expectancy following valve replacement for symptomatic aortic
valve disease (5-9). However, the fact can not be neglected that even normally
functioning prostheses are inferior to a normal native valve for several reasons. In spite
of continuous efforts to improve prosthetic valves, no prosthesis yet developed
approximates well the performance of a normal native valve which will serve the most
people lifelong with excellent hemodynamics, no significant degeneration and no
thromboembolic problem. The patient who has undergone valve replacement is faced
with a new set of potential long-term problems including embolization, endocarditis,
perivalvular leaks and prosthesis dysfunction. The need for permanent anticoagulation
therapy in mechanical prostheses and a limited durability of bioprostheses are important
factors making prostheses inferior to a normal native valve.

All prostheses currently in use are mildly stenotic. In the majority of patients this
obstruction is neglible and without hemodynamic significance. However, a signficant
prosthesis gradient may result after aortic valve replacement. This may be caused by a
prosthesis dysfunction or it may result from a discrepancy between the size of the

prosthesis and the patients body surface area, a "patient-prosthesis mismatch" (10). The



risk of unfavourable hemodynamics is inversely related to prosthesis size, and
hemodynamic evaluation of small aortic valve prostheses are therefore of special interest.
The risk of valve related morbidity, unfavourable hemodynamics and prosthesis
malfunction necessitate a diagnostic tool to assess prosthesis function routinely in the
follow-up of patients as well as in evaluating patients with suspected prosthesis

dysfunction.

Assessment of prosthesis function

Clinical examination. A clinical examination including the patient history is an inevitable
first step in the evaluation of patient§ with prosthetic valves. This may reveal the presence
of heart failure, and during auscultation the presence of a regurgitant murmur and the
presence or absence of distinct opening and closing clicks of mechanical valves are
important signs to note. However, although indicative, the clinical examination alone will
not be sufficient in assessing prosthesis function, and supplementary dignostic tools are

needed.

Heart catheterization. Until recently the gold standard in hemodynamic assessment of
prosthetic valves has been heart catheterization. There are numerous studies reporting
invasively obtained gradients and valve areas for different types of aortic valve prostheses
(5,11-19). Also, exercise hemodynamics have been assessed during invasive procedures
(15,19-23). Heart catheterization, however, is not without risk, it is cumbersome to the
patient and it is not suitable as a routine method in the follow-up of patients.

Furthermore, exercise hemodynamics are difficult to assess during catheterization.

9



Cinefluoroscopy. Even in the era of echocardiography cinefluoroscopy may yield
important additional information in cases with suspected prosthesis dysfunction. Valve
dehiscence may be clearly visualized as an exaggerated motion of the housing ring. A
limited excursion of disc or leaflets in mechanical valves due to thrombus formation or

pannus ingrowth may be detected by cinefluoroscopy.

Doppler echocardiography. During the last years Doppler echocardiography is
established as a valuable tool and the routine method in evaluating patients with prosthetic
valves, This technique allows for a noninvasive assessment of cardiac performance
including prosthesis function. Repeat studies may well be performed without any risk and

with minimal discomfort to the patient.

M-mode and two-dimensional (2D) echo. With M-mode and 2D echo chamber sizes,
myocardial thickness and contractility are well assessed. These are important parameters
in the follow-up after aortic valve replacement. In assessing prosthesis function, however,
M-mode and 2D echo are of less value. With M-mode an impediment of the free
movement of the valve structure (poppet, disc, leaflet) in a mechanical valve may be
demonstrated, but the findings may be difficult to interpretate (24), and cinefluoroscopy
may be more helpful than echocardiography in such cases. Two-dimensional echo may
demonstrate thickening and calcification of bioprostheses undergoing tissue degeneration,
and in case of valve dehiscence a "rocking" movement of the prosthesis may be detected.
An important limitation for the 2D echo technique is the strong echoes made by the

prosthesis itself, thus making both sensitivity and specificity of this technique rather low.
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Doppler. With the Doppler technique a thorough assessment of prosthesis function is
possible. By means of the Bernoulli equation gradients are calculated from the Doppler-
obtained velocities across prostheses (25), and prosthetic valve areas may be calculated by
the continuity equation in the same way as in native aortic stenosis (26).

With Doppler echocardiography prosthetic and periprosthetic leaks may be detected,
localized and quantified (27-29), although in cases with minor leaks the differentiation
between a prosthetic and a periprosthetic leak may be difficult (27).

The Doppler echocardiographic technique has made it possible to study larger groups of
patients thus obviating the risk of a bias being introduced when a selected group is studied
in order to assess hemodynamics of a certain valve or when different valve types are to

be compared.

A complete hemodynamic evaluation of prosthesis function should include exercise studies
as gradients that are low or moderate at rest could possibly significantly increase during
exercise (15,30-31). So far there has been a paucity of noninvasive exercise data on
prosthetic valves, but there are reports indicating that exercise studies are suitable and may
yield valuable information in assessing prosthesis function (30-32).

Furthermore, Doppler echocardiography makes it possible to serially study patients both
in a long-term follow-up as well as in the often hemodynamically unstable period early
postoperatively. In general, a thorough hemodynamic evaluation is possible with this
technique that could have the potential of supporting us with a considerable amount of
clinically relevant information in patients with prosthetic valves, information that has not
been readily attainable with invasive methods. Based on these anticipations the present

work was planned.
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THE AIMS OF THE STUDY

The aims of the study were:

1) To assess the validity of an early postoperative baseline Doppler recording of prosthesis
gradient as a reference for later follow-up in patients undergoing aortic valve

replacement.

2) To assess resting and exercise hemodynamics in an unselected group of patients with

a small (<21 mm) aortic valve prosthesis.

3) To assess the potential role of preoperative echocardiography in predicting aortic valve

prosthesis size.

4) To study early postoperative hemodynamics following valve replacement for severe
aortic stenosis with special reference to the occurrence of systolic gradients in the left

ventricle.

5) To assess whether aortic valve replacement results in changes in the left ventricular

outflow tract velocity distribution that could influence the validity of Doppler-obtained

stroke volume estimates.
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METHODS

Patients.

Cardiac surgery was started at the University Hospital of Trondheim in 1983. All patients
studied in the present work were operated at this hospital in the period from 1983-1990.
In 1983 Doppler echocardiography was already well established in the clinical routines at
the Section of Cardiology, and from the start of cardiac surgery a follow-up program was
established for patients undergoing valve replacement. This program included a baseline
Doppler echocardiographic examination before discharge from hospital and repeat
examinations at 3 and 12 months postoperatively. It was my privilege when I started as
a research fellow to analyse data from the control program, and this analysis forms the

basis for Paper I.

The University Hospital of Trondheim provides cardiac surgery in an area of 640 000
inhabitants (Health Region IV). In the recruitment period to this study all patients
receiving a heart valve prosthesis in this area were operated at the University Hospital of
Trondheim with a very few exceptions. Therefore the group with a small (< 21mm) aortic
valve prosthesis studied in Papers IT & III represents an unselected material of patients
receiving a small prosthesis during a 7-year period from a representative and stable
background population.

The control program outlined above with a postoperative Doppler echocardiographic
examination three months postoperatively was continued during my period as a research
fellow. This made a clinical research "model" that formed the basis for further

prospective studies, and this "model" was used in Papers IV & VL.
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Instruments.

In the Papers I-V conventional Doppler echocardiographic equipment that is further
described in the separate papers was used.

The exercise study in Paper III was performed with an Irex Meridian ultrasound system.
This was a technically difficult study as prosthesis gradients were recorded during ongoing
exercise in the sitting position. It was aimed at an exercise test relevant for and at least
as deman;ling as the patients ordinary physical activities during daily life. Important for
this particular study was that the Irex machine allows for continuous strip-chart recording
that made it possible to "pick up" cycles with technically adequate recordings of
transvalvular gradients. To obtain adequate recordings of velocities across prostheses in
the sitting position, the use of a small stand-alone Doppler transducer only 1.5 c¢cm in
diameter was essential. In a pilot project prior to this study we experienced a considerably
lower success rate when a larger stand alone probe or when a combined Doppler and
imaging probe was used. Among the 30 patients included in the study adequate recordings
were obtained in 25, and with the design of the study this success rate was judged as

acceptable.

In Paper VI instantaneous cross-sectional velocity profiles in the left ventricular outflow
tract (LVOT) were constructed by extracting velocity information from color flow maps
as digital data. This computer-based technique was developed at the University Hospital
of Trondheim in close collaboration between the Section of Cardiology and the Department
of Biomedical Engineering. It was first described in 1989 by Samstad et. al (33). The
technique has been used to study velocity profiles across the mitral valve in normal

subjects and in various groups of patients (33-34). It has also been used to study LVOT
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velocity profiles in the aortic annulus in normal subjects (35). When velocity data are
extracted from a color flow map to construct instantaneous velocity profiles, the sweep
time of the transducer must be corrected for when pulsatile flow is studied, otherwise a
flat velocity profile will artificially appear skewed due to the lag in data collection (33).
With the technique used in Paper VI a linear interpolation algorithm is used to correct for
this time distortion (33), and the validity of the method is demonstrated with in vitro

studies (36).

Calculation of hemodynamic parameters.

The present work is entirely noninvasive and hemodynamic parameters are deduced from

Doppler and echocardiographic measurements according to standard formulas listed below.

Gradients. Velocities across the prostheses were recorded with continuous wave Doppler,
and from the highest velocities obtained, prosthesis gradients were calculated according

to the Bernoulli equation with correction for prevalvular velocities (25);

1) Gradient = 4(V,,2-V,,.5)

where V,,,, =velocity across prosthesis and V,,=left ventricular outflow tract velocity.

In the exercise study (Paper III), however, it was not possible to correct for V,,, in the
Bernoulli equation, inasmuch as adequate recordings of V,, during exercise only
occasionally were obtained. Therefore, the prosthesis gradients at exercise as well as the
actual exercise-induced increase in gradients may to some extent be overestimated in this

study. These methodological aspects are specifically discussed in Paper III.
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Cardiac output (CO) was calculated according to the formula

2) CO = VTI,, x A, x HR,

where VT, = velocity time integral in the left ventricular outflow tract recorded by

pulsed Doppler, A, is the left ventricular outflow tract area and HR is the heart rate.

Prosthesis valve area (PVA) was calculated using both the standard continuity equation

(26);

3) PVAstand = Alvot X VTIlvot/ VTIvslv

and the simplified continuity equation (26,37);

4) PVAsimpl = Alvot X Vlvot/ Vvalv

where A, is the left ventricular outflow tract area, VTI,,, and VTIL,, are the velocity

time integrals in the left ventricular outflow tract and across the prosthesis respectively,

and V,,, and V,,,, are the maximum velocities in the same positions.
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Dimensionless obstruction index. By eliminating A,,,, from the continuity equation, the
systolic performance of aortic valve prostheses is assessed by just relating the subvalvular
to the valvular velocity time integrals and subvalvular to valvular velocities (38). This

dimensionless obstruction index (DOI) was calculated according to the equations;

5 DOI, = VT, /VTL,, and

vot

6) D OIZ = Vlvot/ Vvalv

with abbreviations as in equations 3 and 4.
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SUMMARY OF RESULTS

Paper 1.

The validity of an early postoperative baseline Doppler recording of prosthesis gradient
as a reference for later comparison was assessed in 131 patients undergoing aortic valve
replacement (53 bioprostheses, 78 mechanical). Although the hemodynamic state was
markedly different with increased heart rate and decreased left ventricular ejection time
index, gradients recorded at baseline were representative for findings at 3-5 months later.
A minor decrease in gradients was found with time, the change was statistically significant
for bioprostheses and valves < 23 mm, whereras no significant changes were found for
mechanical valves or valves of a larger size. In the great majority of patients (82%) the
change in mean gradient from baseline was within +5 mm Hg. When the mean gradient
changed by more than +5 mm Hg, the direction of the change was usually from higher
toward lower values. Only 7 patients (5% of total) showed an increase in mean gradient

> 5 mm Hg from baseline to the second examination.

Papers IT & I11.

Hemodynamics at rest and during exercise were studied in an unselected group of patients
receiving a small (<21 mm) aortic valve prosthesis during a 7-year period. Acceptable
hemodynamics were found at rest, only 2 out of 46 patients had a mean gradient > 25
mm Hg. The Carpentier-Edwards supraannular (CES) 21 mm, the Medtronic-Hall (MH)
20 and 21 mm valves were compared with no statistically significant differences in
gradients, neither did the ratios of subvalvular to valvular velocities or velocity time
integrals ("dimensionless obstruction index") differ. The prosthesis area was slightly

larger for the MH 21 mm compared to the CES 21 mm valves, this difference, however,
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could be caused by a smaller stroke volume in the CES group as valve opening is
progressive with flow for this prosthesis. Prosthesis valve areas obtained with the
simplified (velocities) and the standard (velocity time integrals) continuity equation were
highly correlated both for mechanical and biological prostheses. An inverse relationship
was demonstrated between left ventricular outflow tract diameters and maximal
subvalvular flow velocity. This emphasizes the necessity of making correction for
subvalvular velocities (equation 1, page 15) when applying the Bernoulli equation in
patients with small aortic valve prostheses, otherwise gradients will be overestimated to
a varying degree.

In 25 patients with a <21 mm aortic valve prosthesis exercise hemodynamics were
assessed by a symptom-limited bicycle test in the upright position. Exercise induced a
moderate increase in gradients; from 30+8/164+4 mm Hg (peak/mean) at rest to
46412/2447 mm Hg during exercise. A linear relationship was demonstrated between
gradients at rest and during exercise.

In a subgroup (56 %) additional findings were abnormal intraventricular flow that occurred
in two distinct patterns; late systolic midventricular velocities directed toward the LVOT
and flow directed toward the apex in the isovolumic period. The frequency of these flow
phenomena increased with exercise. Such flow patterns, that are typically found in
patients with hypertrophic cardiomyopathy, could be markers of impaired diastolic filling
and of abnormal and asynchronous relaxation. Therefore, combined with the rather
moderate increase in gradients with exercise, the frequent occurrence of these
intraventricular velocity patterns made us suggest that factors other than prosthesis
gradients should be addressed in a total hemodynamic assessment of patients with small

aortic valve prostheses.
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Paper 1IV.

The value of 2D echo in predicting prosthesis size was assessed and compared for the
Medtronic-Hall (MH) and the Carpentier-Edwards supraannular (CES) aortic valves. The
annulus diameter correlated significantly with the prosthesis size for both valve types
(MH, r=0.88, CES, r=0.73). Average prosthesis size was similar to the average
preoperative annulus diameter for the MH valves while the size of the CES valves
implanted on an average exceeded annulus diameter by 1.5 mm. The study demonstrated
that with a certain annulus diameter prosthesis size may vary according to prosthesis type,
and with a narrow annulus the need for a root enlarging procedure may depend on what
prosthesis type is to be used. Postoperative hemodynamics were assessed in the majority
of patients with special reference to the small valves. Prosthetic valve area was
significantly smaller in the CES 21 mm compared to the MH 21 mm valves. However,
when the prosthetic valve area was divided by the preoperative annulus area, the valves
did not longer significantly differ. With this approach an index expressing the ability of
a certain prosthesis to make the most of the root space available is obtained, and the
concept of taking into consideration the preoperative annulus dimension is proposed as a

mean toward a better overall judgement of the hemodynamic properties of a certain valve.

Paper V.,

The frequency and severity of intraventricular gradients during the first week following
valve replacement for severe aortic stenosis was assessed by Doppler echocardiography.
Intraventricular gradients (defined as the presence of systolic intaventricular velocities >
2 m/s at least once during the first week) were found in 13 out of 25 patients (52%) and

were most frequent at postoperative day 3. These gradients were mostly mild and
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transient. However, in 4 patients severe gradients > 64 mm Hg (>4 m/s) were found.
Patients with intraventricular gradients postoperatively had significantly smaller end-
diastolic and end-systolic diameters at a preoperative M-mode recording, and the fractional
shortening was significantly higher. It is concluded that the risk of developing
intraventricular gradients following valve replacement for aortic stenosis may be predicted
by a preoperative M-mode study, and patients with a small left ventricular cavity
dimension and maintained contractility should be carefully monitored in the early
postoperative period. The study demonstrates that Doppler echocardiography may serve
as a valuable supplement in the early postoperative monitoring following valve replacement

for severe aortic stenosis.

Paper VI.

Flow velocity distribution in the LVOT was studied in 10 patients undergoing valve
replacement for aortic stenosis. By means of a computer-based technique cross-sectional
velocity profiles were constructed by extracting velocity information as digital data from
color flow maps. LVOT velocity profiles were variably skewed both before and 3 months
after surgery, and no systematic or uniform changes could be detected after valve
replacement. The highest velocities were typically localized in the region from the center
of the outflow tract diameter toward the septum both before and after surgery. At the time
of peak flow the maximum velocity overestimated the cross sectional mean velocity to the
same extent at both recordings, and the ratio of the maximum to the mean velocity time
integral was similar before and after surgery. Therefore, according to this study valve
replacement in patients with aortic stenosis do not result in a change in LVOT velocity

distribution that will influence stroke volume estimate with the Doppler technique. There
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are, however, several important limitations of the study, and in order to more thoroughly
delineate LVOT velocity profiles in relation to aortic valve replacement the need for
further studies is underlined (several imaging planes, various subgroups of patients,

different hemodynamic states).
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GENERAL DISCUSSION

Doppler echocardiography has the potential of thoroughly assessing hemodynamics in
patients with prosthetic aortic valves. Besides evaluation of prosthesis function additional
important hemodynamic information may be obtained and the technique is eminently suited
as a clinical routine method. Unselected groups may be studied, and repeated recordings
are easily undertaken in order to assess reproducibility and to follow patients over time,
In the present work exercise hemodynamics in patients with prosthetic aortic valves were
studied, 2D echo was found reliable in predicting prosthesis size and hemodynamic
information with the potential of influencing clinical decision making was obtained in the
early postoperative period following valve replacement for aortic stenosis. Although
Doppler echocardiography for several years has been established as a valuable tool in
evaluating patients with prosthetic valves, the present work has underlined its utility and
has even demonstrated a possible extension of its use in obtaining information of practical

clinical relevance in the handling of these patients.

Doppler gradients across aortic valve prostheses.

Although the accuracy of the Bernoulli equation in assessing gradients across native aortic
valve stenosis is well documented (39-40), data reported for aortic valve prostheses are
somewhat conflicting (27,41-44). As design and flow characteristics may vary
considerably with different prosthesis types, the Doppler technique cannot be assumed to
remain equally accurate for calculating prosthesis gradients. Burstow et. al (41)

demonstrated excellent correlations between Doppler and catheter peak and mean gradients

23



studied simultaneously in patients with both mechanical and biological aortic valve
prostheses. Nonsimultaneous studies have also demonstrated fairly good correlations
between Doppler and catheter gradients (27,42), while others found considerably higher
Doppler than catheter gradients in patients with ball valves (43), and with bileaflet valves
(44). As for native aortic stenosis an underestimation of prosthesis gradient will result if
the highest velocities across the prosthesis are not recorded or the angle of incidence
between the Doppler beam and the direction of blood flow is greater than about 200 (45).
On the contrary, several factors could cause Doppler gradients across aortic valve
prostheses to exceed catheter gradients (46-47), and such factors are briefly discussed

below.

1) Prevalvular velocities. In deriving transprosthetic Doppler gradients by means of the
Bernoulli equation, LVOT velocities should be corrected for, otherwise an overestimation
will result (25). However, in most studies reporting Doppler gradients in aortic valve
prostheses, LVOT velocities are neglected. There are only a few reports where the LVOT
velocities are corrected for as shown in equation 1 on page 15 (28,44,48). In most
patients LVOT velocities are low and peak and mean gradients will differ by 3-4 and 1-2
mm Hg, respectively, whether LVOT velocities are corrected for or not. In Papers II &
III, however, it is demonstrated that a considerable overestimation of gradients may
occasionally result if LVOT velocities are not considered. An inverse relationship was
demonstrated between the LVOT diameter and the LVOT velocity. Accordingly, the use
of equation 1 will be more important in patients with a small prosthesis and a narrow
outflow tract. Furthermore, the significance of the LVOT velocities in the Bernoulli

equation should be considered when interpretating exercise gradients obtained with
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continuous-wave Doppler. The LVOT velocities increase during exercise, and both the
actual gradient and the gradient increase during exercise will to some extent be
overestimated when assessed by continuous-wave Doppler. This is illustrated in Paper III.
These important methodological considerations are not addressed in previous reports on
exercise Doppler in evaluating aortic valve prosthesis function (30-31).

Based on our data it is claimed that LVOT velocities should routinely be recorded and

corrected for when using the Bernoulli equation in aortic valve prostheses.

2) Pressure recovery. Conservation of energy dictates that the local fluid pressure will
decrease as the local flow velocity increases. The velocity of the jet will be at a maximum
and the local pressure at a minimum at the level of the prosthesis where the cross-sectional
area is at a minimum (46-47,49-50). Farther away from the valve flow expands to fill the
aorta, the velocities will again decrease and the aortic pressure increases (pressure
recovery). While Doppler measurements accurately reflect the highest gradient along the
interrogation line, catheterization measures the recovered pressure distal to the valve. The
catheter gradient equals the ventricular minus the aortic pressure and practically the aortic
pressure is usually measured at a distance of > 2 cm from the valve plane. According
to in vitro studies (46) there is some degree of pressure recovery at that site, thus
explaining the discrepancy between Doppler and catheter gradients reported by some

investigators (43-44).

3) Localized gradients. During the recent years both clinical and experimental data have
emerged indicating that the relation between Doppler and catheter gradients behaves

differently according to prosthesis type. Rothbart et. al. and Ihlen et. al. demonstrated
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considerably higher Doppler than catheter gradients in the Starr-Edwards ball valves (43)
and the Carbomedics bileaflet valves (44). The findings in these clinical studies are in
accordance with in vitro studies where the effect of prosthesis design on the Doppler-
catheter gradient relation is described (46,51). In these experimental studies high and
localized gradients were demonstrated in the central orifice of bileaflet valves (St. Jude)
while lower gradients were found at the same level in the larger side holes. Interestingly,
the high central orifice gradients showed an excellent agreement with the Doppler obtained
gradients thus reflecting the fact that continuous-wave Doppler measures the highest
velocities along the Doppler beam. In comparison of Doppler and catheter gradients the
actual agreement was acceptable in bioprostheses (the valve studied was Hancock) and in
disc valves (Medtronic-Hall) while Doppler gradients significantly exceeded catheter

gradient in ball valves (Starr-Edwards) and in bileaflet valves (St. Jude) (51).

Baseline recording.

There are several reports with reference values for Doppler-derived gradients across
normally functioning aortic valve prostheses (48,52-54). There is, however, a
considerable overlap among different types and sizes of prostheses, and reported reference
values show wide ranges (52,55-57). Besides the characteristics of the prosthesis,
gradients depend on several patient related factors including left ventricular function, heart
rate, cardiac output and flow period (systolic ejection period) (55,58). Furthermore, the
orientation of the prosthesis in the aortic annulus may influence prosthesis gradients (59-
60). Therefore, a variety of factors related both to the prosthesis and to the patient
contribute to the wide ranges for reference values. Based on these considerations a

baseline recording of prosthesis gradient as a reference for later comparison, the patient
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thus serving as his or her own control, could possibly be of more value in the follow-up
than comparison of gradients with reported reference values. The recent experience from
experimental studies that prosthesis design may considerably influence Doppler gradients
(46,51) further supports the assumption that a baseline recording - thus making a
"fingerprint" of the specific prosthesis - might be of great value in the follow-up. In
Paper I the validity of an early postoperative Doppler gradient as a reference for later was
demonstrated. In spite of a markedly different hemodynamic state at baseline, gradients
recorded before discharge from hospital were representative for later findings. A
practical recommendation based on the results in Paper I is that patients undergoing aortic
valve replacement should routinely be examined by Doppler ultrasound before hospital
discharge. Usually a minor decrease in gradient will occur from early postoperatively to
some months later. In the presence of a marked gradient increase, an explanation should
be searched for. This could be an increased stroke volume due to a slower heart rate, the

presence of a significant leak or an abnormal obstruction.

Small aortic valve prostheses.

The hemodynamic properties of small aortic valve prostheses are questioned and the
management of the narrow aortic root remains controversial (61-65). The alternative to
a small prosthesis is a root enlargement that may allow insertion of a larger valve (62,66~
67), but this will prolong the surgical procedure and may increase the operative risk (64).
Besides considerable interest in literature, this topic has been subject of great local
interest, and the cardiac surgeons at our institution strongly argued that a thourough
hemodynamic assessment of an unselected group of patients with a small aortic valve

prosthesis would be of significant interest.
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TABLE I. Comparison of prosthesis gradients for different
sizes of the Carpentier-Edwards supraannular (CES) and the
Medtronic-Hall (MH) valves

Valve s ilze
CES 21 mm 23 mm 25 mm ANOVA
(n=8) (n =15) (n =31) p value
Peak gr. 25+ 8 21+ 7 19+ 6 NS
(mm Hg) (14-40) (12-38) ( 9-33)
Mean gr. 14+ 5 12+ 4 10+ 4
(mm Hg) ( 7-23) (12-22) ( 4-18) 0.042
MH 21 mm 23 mm 25 mm
(n =19) (n =30) (n =22)
Peak gr. 25+10 244+ 7 22+ 7 NS
(mm Hg) (14-60) (11-45) ( 9-40)
Mean gr. 13+ 5 12+ 4 11+ 4 NS
(mm Hg) ( 7-31) ( 6-23) ( 5-19)

In comparison of gradients across the CES and MH 21 mm, 23 mn,
and 25 mm valves by one-way analysis of variance (ANOVA) a p
value < 0.05 was found only in the analysis of mean gradients
across the CES valves. However, after adjustment (Bonferroni)
due to the low number of CES 21 mm valves, this difference was
not statistically significant.

Ranges are given in parentheses.
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Although rather inhomogeneous, the 7-years material analysed in Paper II is thought to
be representative for the hemodynamic results generally obtained with a small (mainly 21
mm) aortic valve prosthesis.

Hemodynamics at rest were acceptable, and only two patients had a mean gradient > 25
mm Hg. No data from larger prostheses were included in Paper II. However, in an
unpublished study we have compared gradients for the Medtronic-Hall (MH) 21, 23 and
25 mm valves and for the Carpentier-Edwards supraannular (CES) 21, 23 and 25 mm
valves (Table I, page 28). A considerable overlap between gradients across valves of
different sizes is demonstrated with no significant differences in gradients between 21 and
23 mm valves for neither of the two valve types. These data are in accordance with
results from others (44,68), and indicate that acceptable resting hemodynamics usually are
obtained with a 21 mm prosthesis.

The comparison of hemodynamic data between different prosthesis types performed in
Paper II must be considered in view of the rather low number of patients in some groups.
However, Figure 2 in Paper II demonstrates that gradients across the prostheses types
studied are in the same ranges, and the clinical relevance of demonstrating any statistical
significant differences by analysing a large number of patients could be questioned.

The MH 20 and 21 mm valves are identical except for a thinner sewing ring in the
former. It is noteworthy that no pathological leaks were detected in the MH 20 mm group
indicating that the thinner sewing ring does not dispose for perivalvular leaks.
Theoretically hemodynamic properties should be equal for the MH 20 and 21 mm valves
as the inner orifice areas are identical. Nevertheless, the calculated valve areas tended to
be lower for the MH 20 compared to the MH 21 mm valves although these differences did

not reach statistical significance. The number of MH 20 mm valves, however, was low.
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It should be noted that subvalvular diameter measurements indicated that the MH 20 mm
valves are inserted in roots, that relative to the prosthesis size, are narrower than the roots
where a 21 mm valve is inserted. This calls attention to the possibility that factors other
than prosthesis design and size could influence prosthesis hemodynamics. It could be that
a narrow left ventricular outflow tract precludes an effective utilization of the prosthesis
area, furthermore, an oblique positioning of a disc valve in the aortic annulus could result
in a less than optimal orientation of the major orifice, thus influencing the hemodynamic
properties of the prosthesis (59-60).

Rothbart et. al. proposed the "dimensionless obstruction index" (equations 5&6 page 17)
as a parameter in assessing aortic valve prosthesis function (69). This index was analysed
and reported in Paper II. In an earlier study we demonstrated that the major source of
error in determining prosthetic aortic valve area is the subvalvular diameter measurements
(70). When using the dimensionless obstruction indices the inaccuracies introduced by
diameter measurements are omitted and a more reliable parameter for prosthesis function
could be obtained. However, even the dimensionless obstruction indices show wide ranges
in some valve types as demonstrated in Paper II, Table I. This could be attributed to
measuring inaccuracies. However, these parameters were highly reproducible and the
ranges demonstrated for some of the valve types in our study are very similar to data
reported by others (71). These wide ranges could therefore reflect real differences in
hemodynamics occurring when identical valves are inserted into different patients.

In vitro data support use of the ratio of subvalvular to valvular velocities as a flow
independent index of aortic valve prosthesis function (51), and this parameter has proven
valuable in differentiating normal from stenotic prostheses (69,71).

So far the dimensionless obstruction index has infrequently been reported in studies
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assessing prosthesis hemodynamics, and its role in the follow-up of patients with prosthetic
aortic valves remains unanswered. Interestingly, in a recent study this index seemed to
be of value in predicting patients with the highest prosthesis gradients during exercise as
a ratio of subvalvular to valvular maximal velocity < 0.25 was associated with a high
frequency of mean gradient > 50 mm Hg during exercise (31). In our material there
were no patients where this ratio was that low, the minimum value recorded was 0.27
(Table I, Paper II).

During assessment of resting hemodynamics systolic intraventricular velocities (> 1.5 m/s)
with the highest velocities occurring at the end of systole were demonstrated in 6 patients.
Based on these findings a characterization of intraventricular flow was included in the
exercise protocol (Paper III). Two distinct intraventricular flow patterns were detected;
the systolic intraventricular flow described above and intraventricular flow directed toward
the apex in the isovolumic relaxation period. These velocity patterns, which increased in
frequency during or immediately after exercise, are both described in patients with
hypertrophic cardiomyopathy (72-73). The increased systolic intraventricular velocities
could be caused by smaller left ventricular cavity size and a contributing factor could be
an impaired left ventricular filling caused by an abnormal diastolic function (74-77). The
abnormal isovolumic flow toward the apex is thought to be caused by abnormal and
asynchronous relaxation leading to increased intraventricular pressure differences resulting
in abnormal blood flow movements (72-73). No relationships between the presence of
these abnormal flow patterns and exercise capacity could be demonstrated, but the group
studied was heterogenous and several factors, including noncardiac ones, probably
influenced exercise capacity. Nevertheless, the demonstration of abnormal intraventricular

velocity patterns like in hypertrophic cardiomyopathy frequently occurring in these patients
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indicates that factors other than the moderate increase in prosthesis gradients could be of
significance for the exercise capacity in patients with small aortic valve prostheses. The
reasons for the limitation of exercise capacity in hypertrophic cardiomyopathy remain
unclear and are probably multifactorial (78-79). Diastolic dysfunction, however, is
thought to be an important factor (78). Furthermore, it is demonstrated that even in cases
with mild hypertrophy severe impairment of diastolic function may be present (80-81), and
even after the hypertrophy has fully regressed after aortic valve replacement diastolic
abnormalities are demonstrated to persist (82-83). Based on our findings future exercise
studies in patients with aortic valve prostheses should be designed to include other
parameters than prostheses gradients as such factors may be important in assessing the

overall hemodynamic function in these patients.

Prediction of prosthesis size.

Although acceptable hemodynamics are obtained in the majority of patients undergoing
valve replacement, significant residual left ventricular outflow tract obstruction may occur.
A predisposing factor for the risk of unacceptable hemodynamics is the relation of
prosthesis size to the patients body surface area (10). Therefore, the ability to
preoperatively predict prosthesis size is of value to the surgeon in planning the procedure.
In Paper IV it was demonstrated that a reliable prediction is possible with 2D echo. The
preoperative 2D echo estimate of the aortic root diameter related differently to prosthesis
size in Medtronic-Hall and Carpentier-Edwards supraannular valves. Although these
differences could well be explained by different design and implantation techniques, there
are no previous reports where such differences are quantitated. A preoperative prediction

of prosthesis size is of special value in patients with a narrow aortic annulus inasmuch as
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the risk of a "patient-prosthesis mismatch" is at maximum in such patients. It is concluded
from Paper IV that a 2D echo estimate of aortic root dimension should be included as a
routine in the preoperative assessment of patients undergoing aortic valve replacement.
This is of particular relevance as due to the Doppler technique an increasing number of
patients are referred to aortic valve replacement without a preceding ventriculography, and
the only preoperative information about the left ventricular outflow tract relations will be
the echocardiographic study. The prosthesis valve area was related to the preoperative
annulus dimension in order to obtain an index expressing how effectively a certain
prosthesis may utilize the available annulus area. It is proposed to include this index in

prospective, randomized studies comparing hemodynamic properties of different prosthesis

types.

Intraventricular gradients.

The early postoperative period following valve replacement for aortic stenosis is often
hemodynamically unstable with arrhythmias, an imbalanced volume status and varying
amounts of pericardial effusion. Although Doppler echocardiography is somewhat
hampered by a limited access, it was demonstrated in Paper V that important
hemodynamic information may be obtained even in this period. Only one patient had to
be excluded from this study because of techniqually inadequate recordings.

Following the relief of a fixed, severe aortic stenosis there are marked changes in
hemodynamics, and severe intraventricular gradients may occur with the risk of a less
favourable clinical outcome (73,84-85). These gradients will aggravate with hypovolemia,
enhanced sympathetic activity and the use of inotropics (73,75-76). Accordingly, the

ability to diagnose and assess severity of such gradients may have important therapeutic
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implications.

An interesting observation in Paper V was the increased heart rate in patients with
intraventricular gradients in the early postoperative period. A causal relationship between
the increased heart rate and the occurrence of intraventricular gradients could not be
established with the design of the study. The tachycardia might be considered as a
compensatory mechanism for a reduced cardiac output due to reduced left ventricular
filling caused both by an impaired diastolic function of the hypertrophic left ventricle and
an imbalanced volume status with hypovolemia. Therefore, the increased heart rate and
the presence of intraventricular gradients could be markers of the same pathophysiological
relationships, both indicating a less than optimal hemodynamic status. The frequency of
intraventricular gradients was associated with smaller left ventricular cavity dimensions,
and with tachycardia diastolic filling and ventricular volumes would be even more
reduced, thus resulting in a vicious cycle.

The study demonstrates that Doppler echocardiography is a valuable supplement in the
early postoperative monitoring following valve replacement for severe aortic stenosis as

clinically important hemodynamic information may be easily obtained.

LVOT velocity profiles.

Cardiac output is an important hemodynamic parameter clinically utilized in assessing
systolic function of the heart and in calculating valve or prosthesis area, regurgitation
fractions and intracardiac shunts. With Doppler echocardiography cardiac output can be
determined noninvasively, and the method correlates well with invasive methods (86-89).
There are, however, some fundamental assumptions made when using the Doppler

principle in determining cardiac output; 1) the assumption of a fixed and circular orifice,
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2) the assumption of a flat velocity profile and 3) the assumption of a negligible angle of
incidence between the Doppler beam and the direction of blood flow. In Paper VI the
second of these assumptions was studied in order to assess whether valve replacement
caused changes in LVOT velocity distribution that could influence stroke volume estimate
with the Doppler technique. A nonuniform, skewed velocity profile was found both in
aortic stenosis and following valve replacement with the highest velocities typically located
from the center of the outflow tract toward the septum. These findings are in accordance
with results from studies in normal subjects (35,90). No qualitative or quantitative
changes in LVOT velocity distribution could be detected when the preoperative recordings
were compared with recordings 3 months after valve replacement. There has been no
earlier report comparing LVOT velocity profiles before and after aortic valve replacement,
and according to the results in Paper VI limitations and sources of error inherent in the
Doppler technique in volume flow estimates are similar before and after aortic valve
replacement.

With a nonuniform velocity distribution in the outflow tract, recording of the maximum
velocities will result in an overestimation of stroke volume. This overestimation was
calculated to about 15% in normal subjects (35). According to the results obtained in
Paper VI, this overestimation could be even larger in patients with aortic stenosis or an
aortic valve prosthesis. However, when the sample volume is positioned in the left
ventricular outflow tract it will not necessarily record the highest velocities. Furthermore,
the velocities recorded may to some extent be an underestimation of true velocities due to
the angle between the ultrasound beam and the flow direction. This could therefore
explain the good correlations obtained between Doppler echocardiography and invasive

methods in assessing valve area in native aortic stenosis (26,91-92) as well as acceptable
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correlations obtained between invasive and noninvasive methods in cardiac output and
valve area calculations in patients with prosthetic aortic valves (69,71,89).

There are some obvious limitations to the study presented in Paper VI. Velocity
distribution was studied in just one plane and different results could have been obtained
if velocity profiles had been constructed from several imaging planes. Furthermore,
velocity distributions in the outflow tract could possibly differ both with hemodynamic
state as well as with type of valve lesion. Therefore, several questions remain unanswered

and could be subjects to further investigation.
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CONCLUSIONS

The present work demonstrates that a variety of clinically relevant information with the
potential of influencing decision making in patients with prosthetic aortic valves may be
obtained with Doppler echocardiography. The technique is well suited as the routine

method in the follow-up of these patients.

With a baseline recording of prosthesis gradient the patient may serve as his or her own
control at later follow-ups. A baseline recording should routinely be performed before
hospital discharge as the gradient recorded at that time is valid as a reference for later

comparison in spite of a considerably different hemodynamic state.

Resting and exercise hemodynamics in an unselected group of patients receiving a small
(<. 21 mm) aortic valve prosthesis during a 7-year period were acceptable. Prosthesis
gradients were generally low at rest with only moderate increase during exercise. In
patients with small aortic valve prostheses abnormal intraventricular flow patterns typically
occurring in patients with hypertrophic cardiomyopathy were detected at rest and increased
in frequency during and immediate after exercise. The frequent occurrence of these
velocity patterns indicates that factors other than the moderate increase in prosthesis

gradients may be of significance for exercise capacity in these patients.

Two-dimensional echocardiography was proven reliable in predicting aortic valve
prosthesis size. In the Medtronic-Hall valves average annulus dimension and average
prosthesis size were similar, whereas prosthesis size was at an average 1.5 mm larger than

annulus diameter for the Carpentier-Edwards supraannular valves. A reliable prediction
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of prosthesis size is of particular relevance in patients with a narrow aortic root, and with
a preoperative, two-dimensional echo estimate of annulus diameter "patient-prosthesis

mismatches" may be avoided.

Frequency and severity of systolic intraventricular gradients during the first week
following surgery for severe aortic stenosis were easily assessed by Doppler
echocardiography. It was demonstrated that patients with a small left ventricular cavity
dimension and maintained contractility were at a particular risk of developing
intraventricular gradients, and Doppler echocardiography may provide hemodynamic

information of value in clinical decision making in the early postoperative period.

Stroke volume estimate with the Doppler echocardiographic technique assumes a flat
velocity profile across the flow area. By means of a computer-based technique, cross-
sectional velocity profiles in the LVOT were constructed before and 3 months after aortic
valve replacement and compared. No quantitative nor qualitative changes in LVOT
velocity distribution could be demonstrated after valve replacement. Accordingly, the
limitations and sources of error inherent in the Doppler technique in assessing stroke

volume are probably similar before and after aortic valve replacement.
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VALVULAR HEART DISEASE

Validity of an Early Postoperative Baseline
Doppler Recording After Aortic
Valve Replacement

Rune Wiseth, MD, Lars Hegrenaes, MD, Ole Rossvoll, MD, Terje Skjaerpe, MD, and Liv Hatle, MD

in 131 patients undergoing aortic valve replace-
ment (53 bioprostheses, 78 mechanical), the
pressure decrease across the prosthesis was re-
corded with Doppler ultrasound at a baseline
study early postoperatively (mean 11 + 5 days)
and compared with a repeat measurement 3to 5
months later. At baseline the hemodynamic state
was markedly different, with increased heart
rate (89 + 14 vs 74 + 13 beats/min, p <0.001)
and decreased left ventricular ejection time index
(367 = 21 vs 390 + 22, p <0.001). A minor and
clinically insignificant decrease in pressure de-
crease with time was found. The 95% confi-
dence interval for the difference was 0.2 to 3.0
and 0.2 to 1.7 mm Hg for the peak and the mean
pressure decrease, respectively. The change in
pressure decrease was statistically significant
for bioprostheses (mean 16 + 5 vs 14 =+ 4 mm
Hg, p <0.01) and smaller (<23 mm) valves
(mean 17 + 4 vs 15 = 4 mm Hg, p <0.01),
whereas no significant changes were found for
mechanical valves or valves of a larger size. The
change in mean pressure decrease from baseline
to the second examination was within +5 mm Hg
for 82% of patients. It is concluded that despite
a different hemodynamic state in the early post-
operative period, the pressure decrease across
aortic valve prostheses obtained at this time can
be used as a reference for later comparison.

(Am J Cardiol 1991;67:869-872)
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script received November 30, 1990, and accepted December 1.
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oppler ultrasound has been established as a
D valuable tool in the evaluation of aortic valve

prostheses.'-? The noninvasively obtained pres-
sure decrease has been shown to correlate well with in-
vasive recordings,!2* and several reports give reference
values for velocities and pressure decreases across dif-
ferent types of prosthetic aortic valves,®-7 There is con-
siderable overlap among different types and sizes of
prostheses.?- 19 The pressure decrease across normally
functioning prostheses will, in addition to the character-
istics of the prosthesis, be influenced by several patient-
related factors (heart rate, stroke volume, myocardial
function). Therefore, a baseline recording for compari-
son could be useful in the assessment of prosthetic valve
function at follow-up. This could be performed early
postoperatively, but the result at this time might be in-
fluenced by an altered hemodynamic state (heart rate,
loading conditions, pericardial effusion) as well as a
more limited access in some patients. The aim of our
study was to assess the validity of the pressure decrease
obtained across aortic valve prostheses in the early post-
operative period as a reference for later comparison.

METHODS

Patients: Patients undergoing aortic valve replace-
ment from 1983 to 1989 were consecutively included in
the study when a Doppler ultrasound study with techni-
cally adequate recordings could be performed before
hospital discharge and a second study 3 to 5 months
postoperatively. Patients with more than minor aortic
regurgitation at the baseline study were not included
and patients who later developed signs of prosthesis
malfunction were excluded. Mean time from surgery to
the first examination was 11 £ 5 days. A total of 131
patients were included, 53 with a bioprosthesis (24
Carpentier Edwards, 28 Carpentier Edwards supraanu-
lar, 1 Xenotech), and 78 with a mechanical valve (60
Medtronic-Hall, 13 Duromedics, 5 Sorin). A subgroup
of 71 patients underwent a third examination 12 to
18 months postoperatively. The Doppler recordings
were performed with an Irex III B, lrex Meridian or
VingMed CFM 700 with a 2.0- or 2.5-MHz transduc-
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TABLE | Pressure Decrease (mm Hg), Heart Rate and Left
Ventricular Ejection Time Index at Baseline and at Three to
Five Months Postoperatively (n = 131)

Baseline 3to 5 Months 95% Cl
Peak 27 +9 2648 0.2-3.0
(10-64) (12-58)
Mean 155 14+4 0.2-17
(5-34) (6-26)
HR (beats/min) 89+ 14 74413 12-17
(54-120) (45-111)
LVETI 367 +£21 390+ 22 -19--27
(312-429) (342-456)

Ranges are given in parentheses

HR = heart rate; LVET! = left ventricular ejection time index. Mean = mean
pressure drop: Peak = peak pressure drop; 95% Cl = 95% confidence interval for the
difference.

TABLE i Change in Pressure Decrease (mm Hg) from
Baseline to Recording at Three to Five Months According to
Prosthesis Type and Size
Type and Size Baseline 3to5Months  95% Cl
Bioprostheses (n = 53)
Peak 28+10 247 0.7-5.7
(11-64)  (13-41)
Mean 165 14+4 0.6-3.4
(6-34) (7-23)
Mechanical (n = 78)
Peak 279 27 %9 —-1.1-2.1
(10-48)  (12-58)
Mean 145 14+5 -0.7-1.1
(5-30) (6-26)
Size 20t0 23 mm (n = 53)
Peak 31+8 29+8 0.6-4.9
(16-47) (18-58)
Mean 17+4 15+4 04-27
(5-30) (6-26)
Size 25to 31 mm (n = 78)
Peak 24 %9 2448 ~1.2-27
(10-64) (12-47)
Mean 14+5 13+4 -05-1.6
(5-34) (6-23)
Abbreviations as n Table |

er. The transprosthetic velocities were recorded by con-
tinuous-wave Doppler. A computerized digitizer was
used for envelope tracing of the velocity curves and cal-
culation of peak and mean pressure decreases. In pa-
tients with sinus rhythm, =3 consecutive beats were
averaged. in patients with atrial fibrillation, =5 consec-
utive beats were averaged. Left ventricular outflow
tract velocities were recorded using pulsed-wave Dopp-
ler, with the sample volume positioned just below the
prosthesis. The net gradient (corrected for subvalvular
velocities ) was obtained by subtracting the left ventricu-
lar outflow tract velocities (Vivot) in the Bernoul-
li equation: net gradient = 4(Vmax? — Vlvot? )5l In
the first part of the study period, the subvalvular record-
ings were not routinely documented by strip-chart re-
cording in cases where the subvalvular velocity did not
exceed 1 m/s. Recordings for calculating the net trans-
prosthetic pressure decrease at both examinations were
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available in 41 patients. Left ventricular ejection time
was measured from the start of the opening to the start
of the closing signal of the prosthesis. Paper speed was
50 to 75 mm/s. Left ventricular ejection time inde $
calculated according to the formula of Weissler.

Reproducibility: In a recent study from our labora-
tory, interobserver variability in recordings of peak
velocities across aortic valve prostheses was assessed
(Rossvoll, unpublished data). With independent analy-
sis of the same recordings, the coefficient of variation
was 4%; with both recording and analysis done indepen-
dently, the coefficient of variation was 7%.

Statistical analysis: All values are expressed as
mean + standard deviation. Paired data were compared
using a 2-tailed paired ¢ test. The 95% confidence inter-
val for a difference is presented, and when this did not
include O, statistical significance was considered. Linear
regression analysis was used comparing the change in
uncorrected (total) with the change in corrected (net)
gradients between the 2 examinations.

RESULTS

Table I summarizes the data at baseline compared
with the findings 3 to 5 months later. A minor but
statistically significant decrease in both the peak and
the mean pressure decrease was found. There was a
marked decrease in heart rate and an increase in left
ventricular ejection time index between the examina-
tions. In patients with bioprostheses, a statistically sig-
nificant decrease in pressure decrease was found, in
contrast to the group with mechanical valves (Table
II). Table II also lists the pressure decrease related to
prosthesis size. In small valves (£23 mm) there was a
statistically significant decrease in pressure decrease not
found in larger prostheses.

Figure 1 shows the individual variation in pressure
decrease. The change in mean pressure decrease from
baseline to the examination 3 to 5 months later was
within £5 mm, Hg in 107 patients (82%). In only 4
patients (3%) did the change in mean pressure decrease
exceed £10 mm Hg. Among the 24 patients with a
change in mean pressure decrease >+S5 mm Hg, the
direction of the change in 17 was toward a lower pres-
sure decrease. Only 7 patients (5%) showed an increase
of >5 mm Hg in mean pressure decrease. The changes
in peak pressure decrease were highly correlated to the
changes in mean pressure decrease (r = 0.96). In abso-
lute values, however, the changes in peak pressure de-
crease were greater (Figure 1).

Between 3 to 5 and 12 to 18 months, there was a
further decrease in heart rate and an increase in left
ventricular ejection time index (Table 1II). Pressure de-
crease also tended toward a further decrease; however,
the change was not statistically significant for the mean



pressure decrease. Figure 2 shows a close correlation
between the changes in total gradients and the changes
in gradients corrected for subvalvular velocities between
the 2 examinations.

Pathologic obstructions: In 2 patients with throm-
botic obstruction of a mechanical valve confirmed by
surgery or autopsy, the mean gradient exceeded the
mean value for normally functioning valves by >6 stan-
dard deviations and the increase from baseline for each
was 31 and 56 mm Hg. In 2 patients who underwent
reoperation for a stenotic bioprosthesis, a mean gradi-
ent of 68 and 78 mm Hg was recorded for each.

DISCUSSION

Hemodynamic state: The markedly different hemo-
dynamic state at baseline is demonstrated by the in-
creased heart rate and the decreased left ventricular
ejection time index. A shortening of the left ventricular
ejection time early after aortic valve replacement is
mainly thought to be caused by a more rapid rate of
shortening of the ventricular muscle as the afterload is
substantially reduced, especially in the case of aortic
stenosis. 313

Theoretically, the altered hemodynamic state early
postoperatively could by different mechanisms influ-
ence the pressure decrease across aortic valve prostheses
in either direction. With increase in heart rate, diastolic
filling and stroke volume will decrease, resulting in a
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FIGURE 1. Individual variation in the peak and the mean pres-
sure decrease from baseline to the second recording.

reduced pressure decrease. However, for the sarme
stroke volume, a decreased ejection time would result in
an increased mean pressure decrease. These consider-
ations are in accordance with the results of Thormann
et al,!é where patients with aortic valve prostheses were
examined at different hemodynamic states induced ex-
perimentally. During pacing at increasing heart rates,
the gradient across the prostheses decreased. During
isoproterenol infusion, stroke volume increased and sys-
tolic ejection period per beat decreased, with a consid-
erable increase in gradient.

Individual variation: For the group as a whole, the
differences in pressure decreases from baseline to the
recording at 3 to S months were small, with narrow
confidence intervals, and considered to be without clini-

TABLE lil Baseline Data Compared with Repeat Measurements at Three to Five and 12 to 18 Months (n = 71)
Baseline 95% Ci 3to 5 Months 95% Cl 12 to 18 Months
Peak (mm Hg) 278 -0.2-3.2 258 0.1-2.8 24+7
Mean (mm Hg} 155 0-20 145 -0.1-14 13+4
HR (beats/min) 89+ 14 11-17 7513 2-7 71412
LVETI 369+ 20 ~16--27 391 +22 -10--18 404 £ 19
Abbreviations as in Tabie {
10r n=41 10r n=41
r=0.97 r=0.96
p<0,001 0’ p<0.001
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FIGURE 2. Changes in total peak (A) and total mean (B) pressure decrease versus changes in net (corrected for prevalvular ve-
locities) pressure decrease from baseline to the second examination.
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cal significance (Table 1), The individual variation in
mean pressure decrease was within 5 mm Hg in 82%
of the patients (Figure 1), indicating that the pressure
decrease obtained at a hemodynamically more stable
state shows no or only minor deviation from baseline in
the majority of cases. Among patients where the mean
pressure decrease differed by >+5 mm Hg from base-
line, the direction of change was mostly toward lower
gradients with time. This suggests that in patients with
normally functioning aortic valve prostheses, a signifi-
cant increase in pressure decrease from baseline is rath-
er uncommon. The largest increase in mean pressure
decrease was from 10 to 22 mm Hg in a patient with
atrial fibrillation and a ventricular rate of 101 beats/
min at baseline, and sinus rhythm with a heart rate of
48 beats/min at the second examination. This illus-
trates that the pressure decrease across normally func-
tioning aortic valve prostheses may occasionally vary
considerably when the hemodynamic state is markedly
changed. In the presence of a significant increase in
pressure decrease, a careful search for valvular and
paravalvular leaks as well as an accurate assessment of
left ventricular outflow tract velocities is mandatory. If
the increased pressure decrease cannot be explained by
changes in stroke volume due to a slower heart rate or
significant leaks, an abnormal obstruction of the pros-
thesis should be suspected.

Valve type and size: The pressure decrease obtained
at baseline was more representative for later findings in
mechanical valves than for bioprostheses and in larger
than smaller prostheses (Table II). The difference
found according to valve size could be explained by a
smaller orifice area causing more change in pressure
decrease with changes in flow. The difference noted ac-
cording to valve type could indicate that in bioprosth-
eses a slight decrease in resistance to flow may occur
during the first months after implantation. These find-
ings are in accordance with an in vitro durability study
of bioprosthetic valves performed by Schuster and
Wagner.!” They reported a decrease in the transprosth-
etic peak velocity with time due to an increase in flow
area.

Corrected versus uncorrected gradients: As the
pressure decrease obtained by continuous-wave Doppler
is influenced by prevalvular velocities, the obstruction is
most correctly assessed by the net gradient across the
prosthesis.!! However, the very close correlation in dif-
ferences between the uncorrected and corrected gradi-
ents (Figure 2) suggests that in the follow-up of pa-
tients, the changes found in gradient will be similar
whether the total (uncorrected) or the net (corrected)
gradient is used, as long as the changes are due to
changes in flow. In the presence of abnormal obstruc-
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tion, however, this relation is likely to change, and the
ratio of the subvalvular to the valvular velocities may
prove to be an even more useful parameter in the fol-
low-up of patients with aortic valve prostheses.? In clini-
cal practice, therefore, we would recommend that sub-
valvular velocities always be recorded.

Clinical implications: Although the hemodynamic
state is markedly different from early after aortic valve
replacement to follow-up, the pressure decrease ob-
tained across aortic valve prostheses at an early postop-
erative recording is representative as a reference for lat-
er comparison. A practical recommendation based on
our findings is that patients undergoing aortic valve re-
placement should routinely be examined by Doppler ul-
trasound before hospital discharge.
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Hemodynamic Evaluation by Doppler
Echocardiography of Small (<21 mm) Prostheses
and Bioprostheses in the Aortic Valve Position

Rune Wiseth, MD, Olaf W. Levang, MD, Endre Sande, MD, Geir Tangen, MD,
Terje Skjaerpe, MD, and Liv Hatle, MD

To assess resting hemodynamics of an unselected
group of patients with prostheses or biopros-
theses sized <21 mm implanted into the aortic
valve position during a 7-year period, 46 of 50 eli-
gible patients were examined by Doppler echocar-
diography. The valves were Carpentier-Edwards
(CE) supraannular 21 mm (n = 8), Medtronic-Hall
(MH) 20 mm (n = 8) and 21 mm (n = 21), and the
rest (n = 9) were other valves with only 1 to 3 pa-
tients in each group. Gradients, valve areas and
dimensionless obstruction indexes (ratio of subval-
vular/valvular velocities and velocity time inte-
grals) were compared. By analysis of variance,
gradients did not differ significantly between the
CE supraannular 21 mm, the MH 20 and 21 mm
prostheses (peak/mean 25 + 8/14 + 5, 31 +
13/16 + 6 and 25 + 10/13 + 5 mm Hg; p = not
significant). Only 2 patients had a mean gradient
>25 mm Hg. The valve area was slightly larger for
the MH 21 mm group compared with the CE su-
praannular 21 mm group (1.34 &+ 0.15 vs 1.16 +
0.14 cm?, p <0.05). The dimensionless obstruc-
tion indexes did not differ (CE supraannular 21
mm 0.36 £ 0.07/0.40 + 0.07 (velocities/velocity
time integrals), MH 20 mm 0.40 + 0.12/0.47 +
0.12, MH 21 mm 0.38 1 0.05/0.44 + 0.06;
p = not significant). An inverse relation was dem-
onstrated between the left ventricular outflow
tract diameter and the subvalvular velocities
(r = —0.60, p <0.001), thus emphasizing the ne-
cessity of making a correction for prevalvular ve-
locities when applying the Bernoulli equation in
calculating gradients across small aortic valve
prostheses. It is concluded that acceptable resting
hemodynamics are obtained with the CE supraan-
nular 21 mm, the MH 20 and 21 mm prostheses
in the narrow aortic root. The moderate obstruc-
tion caused by the prostheses is not likely to be a
limiting factor for the hemodynamic capacity of
these patients.

(Am 1 Cardiol 1992;70:240-246)
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prostheses are questioned and the management

of the narrow aortic root remains controversial.
An alternative to a small prosthesis is root enlargement
that may allow insertion of a larger valve,!-3 but this
will prolong the surgical procedure and may increase
the operative risk.* Patients presenting with a narrow
root are often elderly, and a bioprosthesis would be
preferable. It has been claimed that small-sized bio-
prostheses should be avoided because unfavorable gradi-
ents may result.* The hemodynamic performance of dif-
ferent types of small aortic prostheses and bioprostheses
are therefore of clinical interest because the results may
influence decision making in patients with a narrow aor-
tic root. With Doppler echocardiography an accurate
noninvasive assessment of the prosthesis function is pos-
sible. Mean gradients, cardiac output and valve area es-
timates have been shown to correlate well with invasive
measurements,® 10 and regurgitations can be detected
and semiquantified.”!112 Left ventricular outflow tract
obstructions may occur, especially in patients with a
narrow aortic annulus,!3 and with Doppler ultrasound
both the level and the degree of outflow tract obstruc-
tions may be established.!*!* To assess resting hemody-
namics in an unselected group of patients with small
aortic valve prostheses, all patients receiving a <21 mm
prosthesis or bioprosthesis at our institution were con-
sidered for Doppler echocardiographic study.

The hemodynamic properties of small aortic valve

METHODS

Patients: In the period from 1983 to 1989 58 pros-
theses (43 mechanical, 15 biological) with an external
diameter <21 mm were implanted into the aortic valve
position. There were 2 early and 5 late deaths. One pa-
tient with a Medtronic-Hall (MH) 21 mm prosthesis
was admitted with heart failure 5.5 months after sur-
gery. A thrombotic obstruction was diagnosed by Dopp-
ler echocardiography and at reoperation a thrombus
was removed. Thus, a total of 50 patients were eligible
for the present study. Because of age and geographic
considerations 4 patients were not contacted. The re-
maining 46 (92% of those eligible) all underwent Dopp-
ler echocardiographic study.

There were 44 women and 2 men, mean age 66
years (range 23 to 82) and mean body surface area 1.65
# 0.12 m? (range 1.34 to 1.91). The preoperative diag-
nosis was pure or predominant stenosis in 44 and pure
regurgitation in 2 patients. The valves were 8 Carpen-
tier-Edwards (CE) supraannular 21 mm, 8 MH 20 and
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TABLE 1 Peak and Mean Gradients,Valve Areas and Dimensionless Obstruction Indexes for Different Valve Types
Peak Mean PVAL PVA2
Valve Type {(mm) No. (mm Hg) (mm Hg) (cm?) (cm?) Vivor/ Vvaly VTlvot/VTlvay
CE porcine (21) 2 22 x4 124 1.13 2 0.27 1.31 = 0.36 0.41 = 0.04 0.48 + 0.06
18-26 8-15 0.86-1.39 0.956-1.67 0.38-0.44 0.42-0.53
CE pericardial {21) 2 20 12 1.26 = 0.12 1.30 = 0.07 0.40 = 0.04 0.41 = 0.02
1.14-1.37 1.23-1.37 0.36-0.43 0.39-0.43
CE supraannular (21) 8 25+ 8 14+ 5 1.06 = 0.16 1.16 = 0.14~* 0.36 = 0.07 0.40 = 0.07
14-40 7-23 0.86-1.31 0.99-1.42 0.27-0.47 0.32-0.52
MH (20) 6 3113 16 =6 1.06 = 0.22 1.19 = 0.21 042 £0.12 0.47 £ 0.12
11-54 6-25 0.83-1.50 0.95-1.59 0.29-0.66 0.33-0.70
MH (21) 19 25+ 10 135 1.17 £ 0.13 1.34 £ 0.15* 0.38 = 0.05 0.44 = 0.06
14-60 7-31 0.91-1.38 1.03-1.57 0.28-0.46 0.32-0.55
Sorin (21) 3 31 =3 17 =1 1.07 = 0.17 1.18 £ 0.16 0.40 = 0.07 0.44 x 0.08
28-35 16-19 0.92-1.30 1.01-1.39 0.29-0.46 0.32-0.51
Duromedics (19) 1 51 27 0.84 1.01 0.33 0.40
Duromedics {21) 1 19 10 1.28 1.40 0.41 0.45
*p <0.05 when comparing Carpentier-Edwards supraannular 21 mm with Medtrome-Hali 21 mm prostheses (standard continuity equation).
r\f/?(ilrlnestr?e’etg?:?grgug of 46 patients, 2 with a Medtromic-Hall 20 and 1 with a Medtronic-Hall 21 mm vaive prosthesis were excluded from the analysis because of a fustory of
thromboembolism, and 1 patient with a Medtronic-Hatl 21 mm valve was excluded because of a perivalvular leak grade 3. Thus. the number of patients included in this analyses 1s 42
CE = Carpentier-Edwards; MH = Medtronic-Hall; PVA, = prosthetic valve area (ssmplified continuity equation); PVA, = prosthetic valve area (standard continuity equation); Viyer =
velocity In left ventricular outflow tract; Vyai, = velocity across prosthesis; VTlyay = velocity time integral In left ventricular outflow tract; VTl,a:, = velocity me integral across prosthesss.

21 MH 21 mm, and the rest (n = 9) were other valves
with only 1 to 3 patients in each group (Table I).

The MH 20 and 21 mm prostheses are identical ex-
cept for a thinner sewing ring in the 20 mm valve in
order to allow insertion in even smaller roots. Mean
time from surgery to the Doppler echocardiographic
study was 2.2 years. Three patients, all with a CE su-
praannular 21 mm valve, were examined 1 to 2 weeks
postoperatively. In all other patients the time interval
from surgery was =3 months with a maximum of 38
months in the bioprosthesis group. To reduce the risk of
including patients with dysfunctioning prostheses in the
comparison between valve types, 3 patients (2 MH 20
and 1 MH 21 mm) with a history of thromboembotic
episodes were excluded from the analysis of gradients
and valve area.

Doppler echocardiography: An Irex Meridian or
Vingmed CFM 700 ultrasound system with a 3.0 MHz
transducer for imaging and 2.0 or 2.5 MHz for Doppler
recordings was used.

Leaks: Prosthetic leaks were assessed with color flow
using the Vingmed CFM 700. Regurgitations were
graded on a scale from O to 4. Tiny regurgitant jets
confined within the left ventricular outflow tract were
graded 1+. With a somewhat larger origin and jet area,
but with the jet still not extending to the tip of the ante-
rior mitral valve leaflet, the leak was graded 2+, and
with extension beyond the leaflet tip without reaching
the apex 3+. No one had 4+ regurgitation. To judge
the regurgitation as valvular or perivalvular, several im-
aging planes were used, and it was categorized as peri-
valvular if the jet was seen to originate outside the valve
ring.

Pressure decrease: Velocities across the prostheses
were recorded using continuous-wave Doppler from api-
cal, suprasternal and right parasternal positions. From
the highest velocities obtained, the pressure decrease
was calculated using the Bernoulli equation with cor-
rection for prevalvular velocities: Pressure decrease =

4(Vya? — Viyod) where V a1, = velocity across pros-
thesis and Vo = left ventricular outflow tract ve-
locity.16

Intraventricular and left ventricular outflow tract
velocities: Pulsed Doppler was used to search for in-
creased velocities within the left ventricle. The sample
volume was moved stepwise from the apex up through
the left ventricle to the level of the prosthesis. Left ven-
tricular outflow tract velocities were recorded with the
sample volume positioned just below the prosthesis.

Cardiac output, prosthesis valve area: From the
parasternal long-axis view the inner left ventricular out-
flow tract diameter was measured just below the pros-
thesis (Figure 1). Cardiac output (CO) was calculated
from the formula CO = (D/2)? X # X VT, X HR,
where D = subvalvular diameter, VT, = velocity
time integral in the outflow tract and HR = heart rate,
With sinus rhythm at least 3, and with atrial fibrillation
at least 10 consecutive beats were averaged. The pros-
thetic valve area (PVA) was calculated using both
the standard continuity equation — PVA = SV/VTl,,,
where SV is stroke volume and VTl is velocity time
integral across the prosthesis, and the simplified equa-
tion — PVA = Ayg X Vvoi/Vyaly where Ay and
Vivet is the left ventricular outflow tract area and maxi-
mal velocity respectively, and Vy,, is the maximal ve-
locity across the prosthesis,!”!8

Dimensionless obstruction index: By eliminating the
subvalvular area from the continuity equation,'? the di-
mensionless obstruction index is obtained. The ratios
Vivot/Vvaly and  VTlye/VTliay were calculated and
compared for the different valve types.

Statistical analysis: Continuous variables are ex-
pressed as mean + SD. Means of 2 groups were com-
pared using an unpaired ¢ test. With multiple compari-
son, analysis of variance followed by the Student-New-
man-Keuls test was used. Statistical analysis of the
association between variables was performed using lin-
ear regression analysis. A p value <0.05 was considered
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significant. Reproducibility is expressed as the 95% lim-
its of agreement between pairs of measurements as de-
scribed by Bland and Altmann.!®

RESULTS

Adequate Doppler recordings were obtained in all
patients. In 1 patient (MH 21 mm) the sewing ring di-
ameter was used to calculate the outflow tract area as
the echocardiographic window did not allow for a sub-
valvular diameter measurement.

Leaks: One patient with an MH 21 mm prosthesis
implanted during ongoing endocarditis had a 3+ peri-
valvular leak and was excluded from the analysis of
pressure decrease and effective orifice area. In 4 pa-
tients, all with an MH 21 mm prosthesis, perivalvular
leaks grade 1 to 2 were diagnosed. Cardiac output in

these 4 was not increased compared with the rest of
the MH 21 mm group (4.82 £ 0.44 vs 494 £+ 0.87
liters/min, p = NS), supporting the judgment of the re-
gurgitations as being mild. Two patients with a bio-
prosthesis had a grade 1 perivalvular leak.

Pressure decrease: The highest velocities were ob-
tained from the apex in 27 of 34 mechanical valves
(78%) and in 10 of 12 bioprostheses (83%). Table I lists
the gradients across the different valves, and the varia-
tion within each valve type is demonstrated in Figure 2.
Only 2 patients had a mean gradient >25 mm Hg. Be-
cause of the small number of other valve types, only the
CE supraannular 21 mm and the MH 20 and 21 mm
prostheses were compared statistically. By analysis of
variance no statistically significant differences in gradi-
ents were found between these 3 groups.

FIGURE 1. Measurement of
left ventricular outflow tract
(LVOT) diameter (A), pulsed
Doppler recording in the left
ventricular outflow tract
close to the prosthesis (B),
and contintous-wave Doppler
recording of velocities
through the prosthesis (C).
LA =left atrium; LV = left
ventricle.
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TABLE 1l Comparison of Left Ventricutar Outflow Tract Measurements in
Carpentier-Edwards Supraannuiar 21 mm, Medtronic-Hall 20 and 21 mm Valves

Valve Type (mm}

No. {cm) (m/s) Vot (liters/min)

Divot Vivot co

MH (20)

MH (21)

CE supraannular (21}

20 1.98 £ 0.11 1.02 = 0.16 245 =37 4.94 = 0.87

8 1.94 = 0.1 0.95 = 0.16 19.2 £ 3.0 4.68 = 0.90

1.7-2.0 0.61-1.16 13.8-24.4 3.48-6.52
8 1.80 = 0.1* 1.23 = 0.22* 30.3 = 3.5*% 5.19 = 1.04
1.7-2.0 0.93-1.61 25.7-34.9 3.84-7.37

1.7-2.1 0.63-1.28 16.4-31.3 3.33-6.66

*Medtronic-Halt 20 mm group differs significantly from both the Carpentier-Edwards supraannular and Medtronic-Hall 21
mm groups by the Student-Newman-Keuls procedure
Values are mean = SD.

CO = cardiac output; Diyor = diameter of left ventncular outfiow tract; other abbreviations as in Table | J
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FIGURE 3. A negative correiation was demonstrated between
the left ventricular outflow tract (LVOT) diameter and veloci-
ties.

Subvalvular diameters and velocities (Table 1): The
subvalvular diameter was significantly smaller in the
MH 20 mm group, with an average difference of 0.18
cm between the MH 20 and 21 mm prostheses. The
subvalvular velocities and velocity time integrals were
higher in the MH 20 mm group compared with the CE
supraannular and the MH 21 mm groups. A negative
correlation was found between the subvalvular diame-
ters and outflow tract velocities (Figure 3). The highest
subvalvular velocity recorded was 1.61 m/s.

Prosthetic valve area, dimensionless obstruction in-
dex (Table 1): The valve areas calculated by the simpli-

fied and standard continuity equation were highly cor-
related (Figure 4). With the standard continuity equa-
tion, a significantly smaller area was found for the CE
supraannular valves than for the MH 21 mm group.
When comparing the MH 20 and 21 mm valves, areas
tended to be lower for the 20 mm group, although this
did not reach statistical significance (p = 0.06). The di-
mensionless obstruction indexes did not differ among
the groups (Table I).

Intraventricular velocities: Six patients (13%) had
intraventricular velocities >1.5 m/s and a characteristic
pattern of the velocity curve with the highest velocities
at end systole (Figure 5). These velocities were usually
recorded at the midventricular level, and were not con-
sidered to represent left ventricular outflow tract ob-
structions. The highest midventricular velocity mea-
sured was 3.8 m/s, corresponding to an intraventricular
gradient of 57 mm Hg. The patients with this flow pat-
tern did not differ with respect to age or time interval
from surgery. Heart rate tended to be higher (77 & 12
vs 68 + 11 beats/min, p=0.07) and left ventricular
ejection time shorter (281 % 39 vs 311 + 35 m/s,
p = 0.06) in these patients, indicating a somewhat hy-
perdynamic circulatory state.

Reproducibility: In a recent study we found the sub-
valvular diameter measurement to be a major source of
variance in calculation of stroke volume and orifice area
in patients with aortic valve prostheses (Rossvoll, un-
published data). In the present study the diameter was
measured independently by 2 observers in 15 randomly
selected patients. The difference in diameter recordings
was within 2 mm in 13 of 15 patients (87%), with iden-
tical measurements in 6. To assess reproducibility of
valve area measurements, 9 patients were reexamined
within 1 to 14 months. The upper and lower limits of
agreement were 0.34/—0.14 cm? and 0.32/-0.16 cm?
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FIGURE 4. The prosthetic aortic valve areas (AVA) obtained with the simplified and the standard continuity equation (CE) were
highly correlated for both bioprostheses (leff) and mechanical valves (right).
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with the simplified and standard continuity equation,
respectively. The limits of agreement for the dimension-
less obstruction index were 0.09/—0.07 (velocities) and
0.08/—0.03 (velocity time integrals).

DISCUSSION

Resting hemodynamics of small (<21 mm) aortic
valve prostheses and bioprostheses are well assessed by
Doppler echocardiography. No patient was excluded be-
cause of technically inadequate recordings. The pre-
dominant characteristics of the patients studied (female
sex, small body surface area) are considered representa-
tive for an unselected group of patients with a small
aortic prosthesis. A similar profile of patients with a
narrow aortic annulus is described by others.0-2!

Perivalvular leaks: Perivalvular leaks were diag-
nosed in 7 patients (15%). Except for the patient with a
3+ leak after reoperation during endocarditis, the leaks
were assessed as minor and without hemodynamic sig-
nificance. It is noteworthy that no case of pathologic
leak was found with the MH 20 mm prosthesis indicat-
ing that the thinner sewing ring does not predispose for
perivalvular leaks. To our knowledge there is no earlier
report presenting noninvasive hemodynamic data of this
prosthesis.

Pressure decrease: The pressure decrease recorded
across these <21 mm valves was acceptable; only 2 pa-
tients had a mean gradient >25 mm Hg. Earlier reports
on hemodynamic properties of small aortic valve pros-
theses are mostly based on invasive studies. The average
mean gradient of 13 mm Hg across the MH 21 mm
prostheses in this study corresponds well with an aver-
age mean gradient of 12 mm Hg reported from cathe-
terization of 9 patients with this prosthesis.??> A mean
gradient of 19 mm Hg is reported after catheterization
of 16 patients with a 21 mm CE pericardial valve.?3 In
our study the CE valves had favorable gradients (Figure
2), indicating that they provide an acceptable alterna-
tive in the narrow aortic annulus when a tissue valve is
desired. There are few reports on noninvasively obtained
gradients across 21 mm prosthetic valves. After a re-

FIGURE 5. Increased midven-
tricular velocity recorded close
to the septum. Note the typical
shape of the curve with the
highest velocity occurring at the
end of systole.

view of published reports, Reisner and Meltzer?
reported noninvasive data of 25 St. Jude Medical, 5
Bjerk-Shiley and 7 CE pericardial 21 mm valves. The
average peak and mean gradients ranged from 27.3 to
30.5 and from 14.4 to 16.0 mm Hg, respectively. The
results in our study are in the same ranges.

Prosthetic valve area: An excellent correlation be-
tween valve areas obtained with the standard and sim-
plified continuity equation has been described for bio-
prostheses.?® According to our study the 2 methods re-
late similarly in mechanical valves (Figure 4). Earlier
reports on prosthetic valve areas are mostly based on
invasive measurements using the Gorlin formula,? but
the adequacy of this formula in predicting prosthetic
valve area is questioned.”” So far there is a paucity of
noninvasive data on valve areas in <21 mm aortic valve
prostheses and bioprostheses. Similar to our results an
area of 1.39 £ 0.55 cm? is reported for the 21 mm
Ionescu-Shiley pericardial valve,? and 1.02 £ 0.10 cm?
for the 21 mm Medtronic-Intact bioprosthesis.?* In vitro
studies have demonstrated a progressive opening of
the CE bioprostheses with increasing flow rates.?? The
smaller orifice area calculated for the CE compared to
the MH 21 mm valves in this study could therefore be
attributed to a lower stroke volume in the former group
(57 £ 12 vs 75 £ 12 ml, p <0.001). Although the MH
20 and 21 mm prostheses have identical inner orifice
areas, valve area tended to be lower and gradients high-
er for the 20 mm valves. The discrepancy between the 1
mm difference in external diameter and the difference
of 1.8 mm in subvalvular diameter in the 2 groups could
indicate that the 20 mm prostheses are inserted in roots
that, relative to the prosthesis size, are narrower than
the roots where a 21 mm prosthesis is inserted. This
could result in a more oblique positioning in the aortic
annulus, and the orientation of the major orifice could
be less than optimal precluding an effective utilization
of the prosthesis area.

Dimensionless obstruction index: This parameter
did not significantly differ between the groups (Table
I). With this index, the sometimes difficult and time-
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consuming diameter measurement and the inaccuracies
it may introduce are omitted. To our knowledge this
index has not been reported earlier for <21 mm aortic
valve prostheses, but this parameter may prove valuable
in the follow-up of patients with aortic valve prostheses
and should be further evaluated.

Subvalvular velocities: With decreasing left ventric-
ular outflow tract diameter, increasing subvalvular ve-
locities were found (Figure 3). This finding emphasizes
the necessity of making correction for prevalvular veloc-
ities when applying the Bernoulli equation in aortic
valve prostheses.!¢ Otherwise gradients will be overesti-
mated to a varying degree with the largest overestima-
tion occurring in patients with a narrow outflow tract.
In our study this is illustrated with the MH 20 mm
valve. Without correction the calculated peak and mean
gradients across this valve would on average have been
6 (19%) and 4 (25%) mm Hg higher than the values
listed in Table I. Occasionally a subvalvular obstruction
may occur after valve replacement in a narrow aortic
root.!> The highest outflow tract velocity recorded in
this study was 1.61 m/s, indicating no significant sub-
valvular obstruction in any of these patients.

Clinical implications: Resting hemodynamics in an
unselected group of <21 mm aortic valve prostheses
and bioprostheses implanted during a 7-year period
were acceptable. The moderate obstruction caused by
the prostheses is not likely to be a limiting factor for the
functional capacity in these patients. When assessing
function of prosthetic aortic valves noninvasively, sub-
valvular velocities should routinely be recorded; other-
wise the transprosthetic gradient will be overestimated
to a varying degree.
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Exercise hemodynamics in small (<21 mm)
aortic valve prostheses assessed by Doppler
echocardiography

Exercise Doppler echocardiography was used to assess hemodynamics in 25 patients with a
=21 mm aortic valve prosthesis (14 with a Medtronic-Hall 21 mm valve, three with a
Medtronic-Hall 20 mm valve, three with a Sorin 21 mm valve, one with a Duromedics 21 mm
valve, and four with a Carpentier-Edwards 21 mm valve). A symptom-limited upright bicycle
exercise test was performed, and Doppler gradients were recorded during exercise. Gradients
increased with exercise from 30 + 8/16 + 4 mm Hg (peak/mean) at rest to 46 = 12/24 + 7 mm
Hg during exercise; both p < 0.001. Mean exercise gradient exceeded 30 mm Hg in five patients,
and the highest mean gradient recorded was 37 mm Hg. Within the group of mechanical valves,
gradients at exercise were similar for different types of valves. A linear relationship was found
between gradients at rest and during exercise (peak r = 0.75, mean r = 0.77; both p < 0.001).
Additional findings were midventricular velocities exceeding 1.5 m/sec in late systole in 10
patients (40%) and intraventricular flow (=0.2 m/sec) toward the apex during isovolumic
relaxation in 11 patients (44%). The patients with these velocity patterns had significantly smalier
left ventricular cavities (end-diastolic diameter 39.8 = 4.8 vs 46.5 + 4.2 mm, p < 0.01;
end-systolic diameter 24.2 + 3.0 vs 28.5 + 4.5 mm, p = 0.013). We conclude that the limitation of
exercise capacity in these patients with small aortic prosthetic valves is likely the result of other

or additional factors besides the moderate increase in gradients with exercise. (Am HEART J

1993;125:138.)

Rune Wiseth, MD 2 Olaf W. Levang, MD,? Geir Tangen, MD,? Kjell A. Rein, MD P
Terje Skjaerpe, MD,? and Liv Hatle, MD? Trondheim, Norway

The hemodynamic properties of small aortic valve
prostheses are questioned, and the management of
the narrow aortic anulus remains controversial.l"3
The alternative to a small prosthesis with the risk of
an unacceptable residual outflow obstruction is a root
enlargement that may allow insertion of a larger
valve.l4® However, this will prolong the surgical
procedure and may increase the operative risk.®
Therefore studies assessing the hemodynamic func-
tion of small aortic valve prostheses are of clinical
interest, inasmuch as the results may influence deci-
sion making in patients with a small aortic root. A
complete hemodynamic evaluation of prosthetic
valves should include assessment of exercise hemo-

From the Sections of Cardiology® and Thoracic and Cardiovascular Sur-
gery,” University Hospital.

Supported by grants from the Norwegian Council on Cardiovascular
Diseases.

Received for publication Feb. 24, 1992; accepted July 24, 1992.

Reprint requests: Rune Wiseth, MD, Section of Cardiology, Department of
Medicine, Regional Hospital, University of Trondheim, N-7006 Trondheim,
Norway.

4/1/42165

138

dynamics. Tatineni et al.% described prosthesis size to
be an independent predictor of exercise tolerance af-
ter aortic valve replacement. A negative influence of
a small prosthesis on exercise capacity has been sug-
gested to be the result of high gradients during exer-
cise that are not always seen at rest.” Until recently
the only quantitative method for evaluating pros-
thetic function was cardiac catheterization, and he-
modynamic data of small aortic valve prostheses are
mostly based on invasive studies with only a few re-
ports including exercise data.®'? With Doppler
echocardiography both resting and exercise hemo-
dynamics of prosthetic valves may be evaluated.b 11,12
So far there is a paucity of noninvasive data on small
aortic valve prostheses,!® and exercise data are re-
ported for only a very few cases.®

The purpose of this study was to assess exercise
hemodynamics with Doppler echocardiography in an
unselected group of patients with a small (=21 mm)
aortic valve prosthesis implanted during a 7-year pe-
riod. It was aimed at an exercise test relevant to and
at least as demanding as the patients’ maximal phys-
ical activity during ordinary daily life.

0002-8703/93/$1.00 + .10.
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METHODS

Patients. In the period from 1983 to 1989, a total of 58
aortic valve prostheses (43 mechanical and 15 biological)
with an external diameter <21 mm were implanted. There
were two early and five late deaths. One patient with a
Medtronic-Hall 21 mm prosthesis (Medtronic Inc., Min-
neapolis, Minn.) was admitted with heart failure 5%
months after surgery. The diagnosis of impeded disc
movement caused by thrombotic obstruction was made by
Doppler echocardiography and at a successful reoperation
a thrombus was removed. Three patients who had surgery
during the latter part of the study period did not exercise
because of a postoperative interval of only 1 to 2 weeks.
Thus a total of 47 patients were eligible for the study. Be-
cause of age and geographic considerations, four patients
were not contacted (mean age 78 + 4 years). Among the
remaining 43 patients, 10 were excluded because of inabil-
ity to exercise or contraindications (general physical inca-
pacity in four, hip lesion in one, sequelae of apoplexia in
two, claudication in two, and recent cerebral ischemic at-
tack in one); mean age was 70 + 6 years. Three patients
were excluded for other reasons (atrial fibrillation in one,
paravalvular leak in one, and administrative in one). The
remaining 30 patients underwent exercise testing after in-
formed consent was obtained. Technically adequate re-
cordings during exercise were obtained in 25 (83%), and
these constitute the study group. The valves inserted in the
patients undergoing a successful exercise study included
Medtronic-Hall 21 mm (n = 14), Medtronic-Hall 20 mm
(n = 3), Sorin 21 mm (n = 3), Duromedics 21 mm (n = 1),
and Carpentier-Edwards 21 mm (n = 4) (Baxter Health-
care Corp., Edwards Division, Santa Ana, Calif.).

Before surgery all but one patient underwent coronary
arteriography. Significant coronary artery disease defined
as >75% stenosis of at least one of the major coronary ar-
teries was present in 11 patients preoperatively (44 %), nine
of whom underwent concomitant coronary artery surgery.

Mean age of the study group was 68 years (range 58 to
80), and mean duration of valve implants was 19 months
(range 12 to 31) for the bioprostheses and 35 months (range
3 to 67) for the mechanical valves. All but one patient were
women, mean body surface area was 1.65 + 0.10m? and all
patients were in New York Heart Association functional
class I or IL

Doppler echocardiography. Before exercise, complete
M-mode, two-dimensional, and Doppler echocardiographic
studies were done with an Irex Meridian (Irex Technology
Group, New Brunswick, N.J.) or VingMed CFM 700
(VingMed Sound A/S, Oslo, Norway) ultrasound system.
The thickness of the interventricular septum and posterior
wall was measured at the level of the chordae tendineae
according to the criteria of the American Society of Echo-
cardiography.!* In two patients the parasternal echocar-
diographic window did not allow for adequate M-mode
measurements. Velocities across the prostheses were re-
corded with a continuous-wave Doppler technique from
the apical, suprasternal, and right parasternal positions.
From the highest velocities obtained, the transprosthetic
pressure drop was calculated according to the Bernoulli
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equation.!® At rest the gradients were calculated both with
and without correction for prevalvular velocities:
AP = 4(Voaive? — Vivot?) and AP = 4V 1%, where Vyae is
the velocity across the prosthesis and Vi is the left ven-
tricular outflow tract velocity. The valve area was calcu-
lated by means of the continuity equation.!®

Mitral flow velocities were recorded by means of a
pulsed-wave Doppler technique with the sample volume
between the tips of the mitral leaflets. The isovolumic re-
laxation time was measured as the interval from the clos-
ing signal of the prosthesis to the opening signal of the mi-
tral valve. Left ventricular ejection time was measured
from the start of the opening to the start of the closing sig-
nal of the prosthesis, and the left ventricular ejection time
index was calculated according to the formula of Weissler
et al.l?

Exercise protocol. Exercise was bicycling in the upright
position. Before the start of exercise velocity recordings
across the prosthesis and the mitral valve were repeated
after 5 minutes in the upright position with the use of a 2
MHz single Doppler transducer. The peak early (E) and
late (A) mitral flow velocities, the E/A ratio, and the
isovolumic relaxation time in the supine and upright posi-
tions were compared to assess the influence of body posi-
tion on filling parameters. The gradients across the pros-
theses in the supine and upright positions were compared.
At supine rest the highest velocities across the prostheses
were recorded from the apical position in 21 patients; in the
remaining four the highest velocities were recorded from
the right parasternal position. The same acoustic windows
were used at rest and during exercise for comparison of
gradients. A symptom-limited exercise test was performed.
The starting work load was 25 W with a further increase in
work load of 25 W every fourth minute. In a few instances
the exercise protocol had to be modified according to the
patients’ tolerance. Exercise was stopped when symptoms
of dyspnea or fatigue occurred, and exercise capacity was
expressed as cumulative work in kilojoules.

With continuous strip-chart recording (paper speed 75
mm/sec) at peak exercise, all beats with technically ade-
quate recordings could be analyzed. A computerized digi-
tizer was used for envelope tracing of Doppler velocity
curves and calculation of peak and mean gradients. Re-
cordings from at least three beats obtained at peak exercise
were averaged and compared with resting baseline data.
During exercise it was not possible to correct for left ven-
tricular outflow tract (LVOT) velocities in the Bernoulli
equation,'® inasmuch as adequate recordings of LVOT ve-
locities could be obtained only occasionally. Therefore in a
comparison of prosthesis gradients in the resting supine
and upright positions and during exercise, gradients not
corrected for LVOT velocities were used. Heart rate was
calculated from the ECG tracings on the strip chart.

Statistical analysis. Continuous variables are expressed
as mean + SD. Student’s unpaired or two-tailed paired ¢
test was used as appropriate. With multiple comparisons,
analysis of variance followed by the Student-Newman-
Keuls test was used. The association between variables was
analyzed by means of linear regression analysis (least
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Table |. Gradients and valve areas for different valve types obtained at rest supine

Peak grad! Peak grad? Mean grad’ Mean grad? Valve area
Valve type (mm Hg) (mm Hg) (mm Hg) (mm Hg) (cm?)

CE 21 mm (n = 4) 27 + 6 24 + 5 15+ 3 14 +3 1.12 £ 0.16
MH 20 mm (n = 3) 33 £ 10 26 + 11 18+ 5 14 +5 1.23 + 0.25
MH 21 mm (n = 14) 30 £ 8 26 + 8 156 + 4 13+ 4 1.837 + 0.13
SO 21 mm (n = 3) 36 + 1 31 +3 20+ 1 17+1 1.18 + 0.16

DM 21l mm (n=1) 22 19 11 9 1.4
All (n = 25) 30=x8 26 + 8 16 + 4 183+ 4 1.29 + 0.19
(15-51) (11-46) (8-25) (6-22) (0.95-1.59)

grad!, Gradients calculated before correction for LVOT velocities in Bernoulli equation (A P = 4V ,1.%); grad?, gradients calculated after correction for LVOT
velocities (AP = 4(Vyave? — Vivad) ); CE, Carpentier-Edwards; DM, Duromedics; MH, Medtronic-Hall; SO, Sorin.

Ranges are given in parentheses.

Table II. Changes in resting hemodynamics with change in position from supine to sitting on bicycle

Hemodynamics Rest supine Rest sitting p Value
Heart rate (beats/min) 67 + 8 75 + 10 <0.001
Systolic BP (mm Hg) 155 + 21 148 + 17 NS
Diastolic BP (mm Hg) 78 £ 9 80 =9 NS
Peak grad! {(mm Hg) 30«8 26+ 8 <0.001
Mean grad! (mm Hg) 16 + 4 13 + 4 <0.001
LVET (msec) 313 + 28 269 + 31 <0.001
LVETI 421 + 21 390 + 20 <0.001
IVRT (msec) 78 + 13 106 + 17 <0.001
E (cm/sec) (n = 22) 92 + 25 65 + 20 <0.001
A (cm/sec) (n = 22) 94 + 24 84 + 19 0.019
E/A (n=22) 1.00 + 0.27 0.77 + 0.16 <0.001

A, Peak late mitral flow velocity; BP, blood pressure; E, peak early mitral flow velocity; TVRT, isovolumetric relaxation time; L VET, left ventricular ejection
time; LVETI, left ventricular ejection time index; NS, not significant; other abbreviations as in Table 1.

squares). A p value <0.05 was considered statistically sig-
nificant.

RESULTS

Hemodynamics at rest and effects of posture. Table
I shows gradients and valve areas for different valve
types obtained at rest in the supine position. The
values for different valve types were similar and con-
fined within narrow ranges. For the group as a whole
the peak and mean gradients differed by an average
of 4 and 3 mm Hg, respectively, whether or not cor-
rections were made for prevalvular velocities in the
Bernoulli equation. Table II demonstrates altered
resting hemodynamics with a change in body position
from supine to sitting. Heart rate and isovolumic re-
laxation time increased significantly (both p < 0.001).
Peak and mean gradients, left ventricular ejection
time, left ventricular ejection time index, and E/A
ratio decreased significantly in the sitting position
(all p <0.001).

Exercise. The exercise test was performed without
complications, and exercise was stopped because of
general fatigue in all instances with every patient
judging the work load at least as demanding as his or

her maximal physical activity during ordinary daily
life. Angina pectoris or arrhythmias were not seen.
The heart rate at the end of exercise averaged 80%
of the age-predicted maximal heart rate, and exercise
capacity defined as cumulative work was 22.1 + 12.5
kilojoules (range 3 to 45.3) for the total group.
With exercise the prosthetic valve gradient in-
creased in all patients. Heart rate and peak and mean
gradients at rest in both the supine and upright po-
sitions and at exercise are shown in Table III. The
mean gradient at rest did not exceed 25 mm Hg in any
patient, and during exercise the mean gradient ex-
ceeded 30 mm Hg in five patients (20%). The high-
est mean gradient recorded during exercise was 37
mm Hg. Inasmuch as these gradients are not cor-
rected for LVOT velocities in the Bernoulli equation,
they represent some overestimation. Fig. 1 shows an
example from one of the patients where recordings of
LVOT velocities were obtained during exercise. In-
asmuch as LVOT velocities increase with exercise,
continuous-wave registrations without correction for
these velocities can also overestimate the true gradi-
ent increase. From supine rest to peak exercise the
average increase in peak and mean gradients for the
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Fig. 1. LVOT velocities increase with exercise, and pros-
thesis gradients calculated by Bernoulli equation without
correction for LVOT velocities will overestimate true gra-
dient increase. In this example LVOT velocity increased
from 1.37 to 1.58 m/sec, and gradients calculated from
continuous-wave registrations without correction for
LVOT velocities overestimated true gradients by 5/3
(peak/mean) mm Hg at rest and by 10/6 mm Hg during ex-
ercise.

Table Ili. Heart rate and gradients at rest supine, rest up-
right, and during upright exercise

Rest Rest Exercise
supine upright upright
Heart rate 67 + 8 75 = 10 122 + 19*
Peak grad! 30=x8 26+ 8 46 = 12t
(mm Hg)
Mean grad! 16 + 4 13 + 4 24 + T*
{mm Hg)

Abbreviations as in Table 1.

*p < 0.05 versus rest supine and rest upright (by one-way analysis of vari-
ance followed by Student-Newman-Keuls test).

tp < 0.05 versus rest upright.

group as a whole was only moderate: 16 + 8 and
8 + 4 mm Hg, respectively. The increase in gradient
with exercise tended to be lower for the bioprosthe-
ses (peak 10 = 3/mean 6 + 2 mm Hg) compared with
the mechanical valves (peak 17 + 8/mean 9 + 4 mm
Hg), although the differences were not statistically
significant (peak p = 0.10, mean p = 0.16). Within
the group of mechanical valves the exercise-induced
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Fig. 2. By linear regression analysis, peak (A) and mean
(B) gradients during exercise were correlated with gradi-
ents at rest.

increase in gradients was similar for the different
types of valves (Table IV).

A linear regression analysis revealed that both
peak and mean gradients at exercise were predicted
by the resting gradients (Fig. 2, A and B). There was
no significant correlation between resting gradients
and exercise-induced increases in gradients; neither
was there any significant correlation between maxi-
mal heart rate and gradients at exercise. Duration of
valve implants did not correlate with gradients at rest
or at exercise.
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Fig. 3. Increased intraventricular flow velocity (maximum 3 m/sec) in mid and late systole occurring dur-
ing exercise. Note concave shape of curve with highest velocities occurring at end systole, a typical pattern

for dynamic intraventricular obstruction.

Table IV. Gradients at rest supine and during maximal upright exercise for different types of valves

Peak grad’ Peak grad! Mean grad! Mean grad’

rest supine exercise rest supine exercise

Valve type (mm Hg) (mm Hg) (mm Hg) (mm Hg)
CE 21 mm (n =4) 271+ 6 36 x5 15+ 3 21 +3
MH 20 mm (n = 3) 33+ 10 48 + 16 18+5 26+ 9
MH 21 mm (n = 14) 30+ 8 47 + 11 15+ 4 24 £ 6
SO 21 mm (n = 3) 36 +1 55 + 7 20+ 1 30 + 4

DM 21l mm (n=1) 22 43 11 23

All (n = 25) 30+ 8 46 + 12 16 + 4 24 £ 7
(15-51) (25-67) (8-25) (11-37)

Abbreviations as in Table I,

Coronary artery disease. Patients with prior coro-
nary artery bypass grafting were analyzed separately
and compared with the rest. Exercise capacity in pa-
tients with prior coronary bypass grafting was
23.5 + 11.6 compared with 21.3 = 12.9 kilojoules
(NS). Peak and mean gradients at rest and during
exercise showed similar values for the two groups
(resting peak/mean 30 + 7/16 + 4 vs 30 = 9/16 = 4
mm Hg and exercise peak/mean 46 + 9/24 * 4 vs
46 + 13/25 + 7 mm Hg, all NS).

Intraventricular flow patterns. Increased midventric-
ular velocities (=1.5 m/sec) directed toward the
LVOT in systole were recorded in five patients at rest
and in another five during or immediately after exer-
cise. The shape of this velocity curve was similar to
that seen in dynamic left ventricular obstruction with
the highest velocities occurring at end systole (Fig. 3).
The highest intraventricular velocity recorded was

3.76 m/sec at rest and 4 m/sec immediately after ex-
ercise, corresponding to intraventricular pressure
gradients of 57 and 64 mm Hg, respectively. Intra-
ventricular velocities (=0.2 m/sec) directed toward
the apex in the isovolumic relaxation period were de-
tected in six patients at rest and in another five im-
mediately after exercise (Fig. 4). In nine patients
both flow patterns were demonstrated. Patients with
these flow patterns did not differ significantly from
the other patients according to age (65 = 7vs 66 =+ 4
years, NS) or time from operation (2.4 + 1.4 vs
2.9 + 2years, NS). The exercise capacity was similar
in the groups with and without these velocity pat-
terns (21.8 + 12.7 vs 22.5 + 12 kilojoules, NS), and
gradients were not significantly different. In the
group with abnormal intraventricular velocities, the
peak gradient increased with 50 + 26 % from rest to
exercise compared with 62 + 26% in the rest of the
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Fig. 4. Intraventricular flow toward apex in isovolumic relaxation period (Ac, aortic closure; Mo, mitral
opening). In this patient there is also a late systolic increase in intraventricular velocities (2 m/sec) directed

away from apex.

patients; this difference, however, did not reach sta-
tistical significance (p = 0.264). In patients with one
or both of these flow patterns the left ventricular
cavity dimensions were significantly smaller (end-
diastolic diameter 39.8 + 4.8 vs 46.5 = 4.2 mm, p <
0.01; end-systolic diameter 24.2 + 3.0 vs 28.5 + 4.5
mm, p = 0.013), whereas the septal and posterior wall
thicknesses did not differ (septum 12.2 + 1.5 vs
12.3 + 2.2 mm, NS; posterior wall 114 = 1.4 vs
10.9 + 1.2 mm, NS). The left ventricular shortening
fractions were similar in the two groups (39 £+ 5 vs
40 = 7, NS).

DISCUSSION

Exercise hemodynamics in patients with small
aortic valve prostheses can be assessed by Doppler
echocardiography. With technically adequate re-
cordings obtained during exercise in 83 %, the success
rate was judged acceptable.

Prosthesis gradients. The predominant character-
istics of the patients studied (female sex, older age,
small body surface area) are considered representa-
tive for an unselected group of patients with a small
(=21 mm) aortic valve prosthesis. A similar profile of
patients with a small aortic anulus has been de-
scribed by others,!® 1% and among such patients the
degree of physical activity during daily life may be
less demanding. The exercise performed in this study
was judged to be more strenuous than the patients’
ordinary activities, and the exercise gradients re-
corded therefore likely represent maximal values for
gradients occurring with the daily activities of the

patients. Gradients at rest were acceptable with only
a moderate increase during exercise. During exercise
LVOT velocities may increase, especially in patients
with a narrow outflow tract. In an earlier study an
inverse relationship was present between the LVOT
diameter and the LVOT velocity in patients with
aortic valve prostheses (Wiseth R: unpublished data).
Therefore the difference between gradients with and
without correction for LVOT velocities in the Ber-
noulli equation may be even greater during exercise,
and the recorded increase in gradient during exercise
may to some extent overestimate the true increase in
gradient (Fig. 1). These considerations lend further
support to the judgment of the exercise-induced in-
crease in gradients as being moderate. Peak and
mean gradients at exercise correlated with resting
values, whereas the increase in gradients was inde-
pendent of resting values. Exercise gradients did not
correlate with heart rate at exercise. This is in con-
trast to what is demonstrated for mitral valve pros-
theses, where a linear correlation between heart rate
and prosthesis gradient is demonstrated,!? and it il-
lustrates the different exercise hemodynamics in mi-
tral and aortic valve prostheses. Theoretically an in-
crease in gradient in patients with coronary artery
disease could be reduced because of exercise-induced
myocardial ischemia resulting in depressed myocar-
dial function. None of our patients had angina dur-
ing exercise, and inasmuch as gradients and gradient
increases in the group with prior coronary artery
surgery were similar to the rest, it is unlikely that
myocardial ischemia influenced prosthesis gradients.
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Body position. Earlier invasive and noninvasive
studies of both resting and exercise hemodynamics of
aortic valve prostheses have mostly been performed
with patients in the supine position. 1120 In this
study an upright exercise test was chosen, because
this is more representative of ordinary physical
activities. An upright exercise test followed by an
immediate postexercise Doppler recording after the
patient has assumed the supine position has been
used,’ but the time delay between exercise and the
recordings could influence the results. In our study a
16 % decrease in heart rate was noted during the first
minute after exercise was stopped; during the second
and third minutes after exercise further decreases in
heart rate of 7% and 5%, respectively, were noted.
This indicates that the relatively largest changes in
the hemodynamic state occur in the very early pos-
texercise period, and even a slight delay before Dop-
pler recording could influence the results.

The effects of posture on resting hemodynamics in
normal subjects include an increase in heart rate and
a decrease in stroke volume with a modest decrease
in cardiac output and a decrease in pulmonary artery
and left ventricular filling pressures in the upright
compared with the supine position.?!-?3 With exercise
higher heart rates and lower filling pressures are
found in the upright compared with the supine posi-
tion.?>22 Higginbotham et al.23 demonstrated the
different mechanisms involved in regulation of car-
diac output at submaximal and maximal upright ex-
ercise in normal subjects. During low levels of exer-
cise cardiac output increased because of increases in
heart rate and stroke volume; at a high level of exer-
cise an additional increase in cardiac output was
maintained solely by the increase in heart rate.

In the present study a change in position from su-
pine to sitting significantly influenced resting hemo-
dynamics with decreases in gradients and left ven-
tricular ejection time suggesting a decrease in stroke
volume. The diastolic filling parameters were mark-
edly changed demonstrating the influence of body
position on left ventricular filling (Table II). Our
study was not designed to assess the diastolic func-
tion of the left ventricle, and whether the marked
changes in filling parameters that occurred with the
change in body position can be attributed solely to
the reduction in preload or whether these changes
could be caused partly by impaired intrinsic left ven-
tricular diastolic properties (abnormal relaxation)
remains unanswered. However, by including these
parameters it is demonstrated that body position
significantly alters hemodynamics including prosthe-
sis gradients, and when exercise Doppler echocardi-
ography is used to assess the hemodynamics of aortic
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valve prostheses, results may differ according to
study protocol.

Intraveniricular flow. Results of the Doppler exam-
ination revealed two distinct intraventricular flow
patterns, one or both occurring in 56 % of the patients
atrest, during or immediately after exercise. Both the
dynamic late systolic intraventricular increase in ve-
locity and the flow toward the apex in the isovolumic
relaxation period are described in patients with hy-
pertrophic cardiomyopathy.?%25 A late systolic in-
crease in velocity as shown in Fig. 3 suggests good
systolic function, and it may also indicate reduced
filling.?6.27 Isovolumic relaxation flow toward the
apex is thought to be caused by nonuniform early
ventricular relaxation,?® which is present even in the
normal left ventricle, although it is less marked than
in hypertrophy.?® In the present study flow toward
the apex during isovolumic relaxation was found in
11 patients (44 % ), suggesting that asynchronous re-
laxation was frequently occurring in the group
studied. Patients with one or both of these velocity
patterns had a smaller left ventricular cavity. We
could not demonstrate that this group differed sig-
nificantly with respect to exercise capacity or pros-
thesis gradients. It should be noted, however, that
exercise capacity in the study group was very heter-
ogeneous and often limited by noncardiac factors.
These intraventricular velocity patterns could well
be markers of impaired diastolic function, and their
frequent occurrence indicates that factors other than
prosthesis gradients may be of significance for the
hemodynamic capacity in these patients. Monrad et
al.?® demonstrated abnormal exercise hemodynamics
with an increase in left ventricular filling pressures
several years after aortic valve replacement in pa-
tients with normal systolic function, and this finding
was not related to the degree of residual left ventric-
ular hypertrophy. They concluded that this abnor-
mality was caused by a primary derangement of di-
astolic function. Results of a biopsy study in the same
group suggested that persistent diastolic dysfunction
in patients with prior aortic stenosis may be due to
the presence of a relative increase in interstitial
fibrosis in the myocardium after muscular hypertro-
phy has regressed.?®

Comparison with other studies. There are several in-
vasive studies with exercise data on aortic valve
prostheses.® 21:31-3¢ Fyercise data on aortic valve
prostheses <21 mm, however, are reported infre-
quently, thus making impossible any comparisons
with data from the present study. During invasive
studies the ability to fully exercise patients may be
limited, and this could explain the modest increase in
gradient reported in several of these studies.® 2% 28 In
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a subgroup of 10 younger patients with a Medtronic-
Hall prosthesis (size 21 to 27 mm), a mean gradient
of 2.9 mm Hg at rest increasing to 6.8 mm Hg during
exercise was reported.® Horstkotte et al.3 reported
an increase in mean gradient from 18.9 + 5.2 at rest
to 28.5 + 6.5 mm Hg during exercise in 12 patients
with a Bjgrk-Shiley 23 mm aortic valve prosthesis.

In a recent study by Tatineni et al.,® rest and ex-
ercise hemodynamics of St. Jude Medical and
Medtronic-Hall prostheses were evaluated by Dop-
pler echocardiography. For Doppler recordings per-
formed with patients in the supine position immedi-
ately after upright treadmill exercise, an increase in
peak/mean gradients from 21 + 7/9 + 4 mm Hg to
35 + 12/15 + 6 mm Hg was reported in 20 patients
with a Medtronic-Hall aortic valve prosthesis. Mean
valve size for this group was 24 + 3 mm with only two
patients having a 21 mm prosthesis (number ex-
tracted from figure). They demonstrated a negative
correlation between exercise peak gradient and valve
size. Among 11 patients with either a Medtronic-Hall
21 mm (n = 2) or a St. Jude Medical 21 mm (n = 9)
aortic valve prosthesis, exercise peak gradients rang-
ing from 22 to 52 mm Hg were found (data extracted
from figure). This is somewhat lower than our range
for exercise peak gradients (25 to 67 mm Hg). These
differences could have been the result of differences
in patient groups, as well as a difference in exercise
protocols. .

Conclusions. The resting gradients in this group
with =21 mm aortic valve prostheses were acceptable
with only a moderate increase during exercise. With
the mean gradient exceeding 30 mm Hg at maximal
exercise in only five patients, this is comparable to a
mild aortic stenosis only. Furthermore, these gradi-
ents represent some overestimation because of the
lack of correction for LVOT velocities in the Ber-
noulli equation. The moderate obstruction caused by
the prostheses is not likely to be a major determinant
of exercise capacity in these patients, and other fac-
tors should be addressed as well. The results of exer-
cise studies in patients with aortic valve prostheses
may depend on which exercise protocol is used,
including body position during exercise.
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A Comparative Study of Medtronic-Hall and Carpentier-Edwards Supra-annular Valves
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Abstract. To assess the value of two-dimensional
echocardiography (2D ECHO) for predicting pros-
thetic aortic valve size, the diameter of the aortic
annulus was measured before implantation of a Med-
tronic-Hall valve in 24 patients and a Carpentier-
Edwards supra-annular valve in 34. In the Med-
tronic-Hall group, the average prosthesis size was
similar to the average annulus diameter, i.e.
© 23221 vs 23.0 = 3.4 mm (NS), 95% confidence
interval for the difference —1.0~0.7 mm. In the Carp-
entier-Edwards group the corresponding figures
were23.5 = 2.1and 22.0 = 2.3 mm (p < 0.001), with
95% confidence interval 0.9-2.0 mm. Correlation
between annulus diameter indicated by preoperative
2D ECHO and prosthesis size was stronger in the
Medtronic-Hall (r=0.88, p <0.001) than in the
Carpentier-Edwards group (r=0.73. p <0.001).
The authors conclude that prosthetic aortic valve size
may be accurately predicted by 2D ECHO, with

Medtronic-Hall valve size similar to, and Carpentier-_

Edwards prostheses on average 1-2 mm larger than
the 2D ECHO-estimated annulus diameter.

Key words: Aortic valve prosthesis, prosthesis size,
prediction, two-dimensional echocardiography.

Although acceptable hemodynamics are
obtained in most patients who undergo aortic
valve replacement, residual obstruction of the
left ventricular outflow tract may be consider-
able. A major determinant for risk of unac-
ceptable hemodynamics is the relation of
prosthesis size to the patient’s body surface
area. To avoid “prosthesis-patient mismatch”
(13) a root-enlarging operation is occasionally
necessary in patients with a narrow aortic valve
ring (7, 9, 10). Reliable prediction of prosthesis
size is valuable to the surgeon planning the
replacement, and both radiologic and echo-
cardiographic methods are used for this pur-

pose(1, 3, 8, 11). Two-dimensional echocardio-
graphy has given reliable predictions, while
M-mode has been of less value (3, 8). Earlier
reports, however, included several valve
types, often with only a few patients in each
group (3,8). and there are few published
data on the role of echocardiography in pre-
dicting size for different types of prostheses.

This prospective study assessed the value of
two-dimensional echocardiography for pre-
dicting required size of two commonly used
prostheses, one mechanical (Medtronic-Hall)
and one bioprosthetic (Carpentier-Edwards
supra-annular). We hypothesized that, because
of differences in design and implantation tech-
niques, the predictive value of the measured
annulus diameter for prosthesis size might differ
between these valves.

MATERIAL AND METHODS

Patients. Fifty-eight patients (25 men, 33 women)
undergoing aortic valve replacement were con-
secutively included in the study. Their mean age was
67 (range 44-82) years. A Medtronic-Hall (MH)
valve (Medtronic Minneapolis, Minn, USA) was
implanted in 24 cases and a Carpentier-Edwards
supra-annular (CES) valvye (Model 2650, Baxter-
Edwards, Irvine, Cal, USA) in 34. Some general
data are listed in Table 1.

Doppler echocardiography. A Doppler echocar-
diographic study was done 1-3 days before valve
implantation, using Irex Meridian or VingMed
CFM 700 ultrasound equipment. From the para-
sternal log-axis view the inner aortic root diameter
was measured at the level of the aortic annulus. Gain
setting was carefully adjusted and generally set low
to prevent augmentation of echoes from calcified
valves. In each patient at least four images were
frozen in systole and the diameter was measured with
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Table 1. Preoperative case characteristics

CES = Carpentier-Edwards supra-annular, MH = Medtronic-Hall, NS = not significant

CES valve MH valve

n=34 n=24 p
Age (years) 72.1x7.1 60.0x7.1 <0.001
Male/Female 16/18 9/15 NS
Pure stenosis 24/34 (71%) 15/24 (63%) NS
Mean gradient {(mm Hg) 65x19 67 =21 NS
Valve area (cm?) 0.66 = 0.22 0.75+0.26 NS
Annulus diameter (mm) 22.0%23 23.0+34 NS

calipers. In two patients with severe calcifications
extending into the left ventricular outflow tract we
attempted to estimate the annulus diameter that
would remain after decalcification, as this was
thought to correspond best with prosthesis size.

In 46 patients (23 with MH and 23 with CES valve),
Doppler echocardiography was repeated after an
average postoperative interval of 3 months. Trans-
prosthetic velocities were recorded, and gradients
were calculated according to the Bernou.lli equation
with  correction for  prevalvular  velocities;
Gradient = 4 (Vi,, — Vio). where V,,, = velocity
across prosthesis and V= left ventricular outflow
tract velocity (5). For calculation of the prosthetic
valve area the continuity equation (16) was used.
Finally, the calculated prosthetic valve area was div-
ided by the preoperative aortic annulus area. This
gives an index expressing how effectively the pros-
thesis utilizes the preoperatively available annulus
area.

Surgery. Standard techniques were used, with pot-
assium cardioplegia for myocardial protection. The
diameter of the aortic annulus was measured with
valve sizers and the appropriate valve size was deter-
mined. The standard implantation technique for MH
valves was annular insertion, but in a few cases with
a narrow root a partly supra-annular technique was
used, with the sewing ring placed on the top of the
noncoronary sinus. Supra-annular implantation was
standard for the CES valves. Interrupted sutures
were used for both valve types. The surgeon was
unaware of the preoperative estimate of annulus
diameter, except in one case with severely hypoplas-
tic ring and obvious need for a root-enlarging pro-
cedure, in which withholding of this information
would have been unethical. This patient was
excluded from the analysis.

Statistical analysis. All values are expressed as
mean * SD. For comparisons between preoperative
annulus diameter and prosthesis size a two-tailed
paired t-test was used, and the 95% confidence inter-
val (95% CI) for the difference was calculated. Com-
parisons between means of two groups were made
with an unpaired t-test. Categorical data were ana-
lyzed with chi-square test and association between
variables with linear regression analysis; p < 0.05
was considered significant. Reproducibility is
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expressed as the 95% limits of agreement between
pairs of measurements as described by Bland &
Altman (2).

RESULTS

The patients who received a CES valve were
significantly older than those with MH valves.
Other preoperative data were similar in the two
groups (Table I).

Root diameter vs prosthesis size (Table 11). In
the CES group, prosthesis size was on average
1.5 mm larger than the echocardiographic esti-
mate of annulus diameter. In the MH group
the annulus diameter and prosthesis size were
similar. All the MH valve sizes, except for
the 20 mm, are in odd numbers of mm, and
prediction of prosthesis size was considered cor-
rect when the difference from estimated annu-
lus diameter did not exceed 1 mm. Prosthesis
size was within =1 mm of the measured dia-
meter in 21 (62%) of the 34 patients in the CES
group and in 17 (71%) of the 24 in the MH
group (NS). In cases with discrepancy
exceeding 1 mm, the implanted valve was
always larger than the meusured annulus dia-
meter in the CES group. Three MH patients
received a smaller prosthesis than predicted,
but all three implanted valves were large
(25mm in 1 case, 27 mm in 2 cases). It is note-
worthy that when the prosthesis was =23 mm,
discrepancy exceeding 1 mm always involved
implantation of a larger prosthesis than
predicted. This applied to both valve types.
The estimated aorticroot diameter was strongly
correlated to the prosthesis size in the MH
group (Fig. 1A). In the CES group the cor-
relation was weaker (Fig. 1B).
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Table 1I. Comparison between preoperative aortic annulus diameter (measured with 2D echo-

cardiography) and size of implanted prosthesis
Abbreviations as in Table 1

Annulus Prosthesis
Prosthesis diameter size A
type (mm) (mm) 95% CI19 p
CES (n = 34) 2.0+23 23.5=%2.1 0.9-2.0 <0.001
range 17-27 21-29
MH (n=24) 23.0x3.4 23.2=z22.1 -0.7-1.0 NS
range 18-31 20-27

a) = 95% confidence interval for difference between prosthesis size and annulus diameter.
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Fig. 1. Linear regression analysis showing strong
correlation of preoperatively measured aortic annu-
lus diameter to Medtronic-Hall valve size (A) and
weaker correlation to Carpentier-Edwards supra-
annular valve size (B).

Small (=21 mm) prostheses. These cases were
separately analyzed. The preoperative annulus
diameter was 19.4 = 1.3 mm in the CES 21 mm
group (n = 10) and 20.4 = 1.2 mm in the MH
21 mm group (n = 7) (NS). Prosthesis size sig-
nificantly exceeded annulus diameter for the
CES 2lmm valves (95% Cl 0.6-2.6 mm,
p <0.005). For the MH 20 and 21 mm valves,
prosthesis size and annulus diameter did not
significantly differ (95% CI1-0.5-1.5 mm).
Postoperative  hemodynamics (Table 1II).
Among the 46 patients (79% of the total) who
underwent postoperative Doppler echocar-
diography, the mean prosthesis size was similar
in the CES and MH groups. Although gradients
did not differ between the groups, analysis of
each valve size separately revealed significantly
higher mean values in the CES 21 mm (n = 4)
than in the MH 2imm (n=7) valves
(18.3%3.1 vs 124 23.1mm Hg, p <0.05).
For other prosthesis sizes the gradients were
similar, with narrow ranges of values (peak
17.8-23.4 mm Hg, mean 9.5-12 mm Hg).
Valve area, relation 1o preoperative annulus dia-
meter (Table 111). When the 21 mm valves were
separately analyzed, their estimated area was
significantly smaller in the CES than in the
MH group (1.05 £ 0.09 vs 1.40 = 0.20 cm?, p =
0.010). The areas of the other prosthetic sizes
did not differ significantly between the two
groups. The number of patients in each group
was small, however. When the prosthetic valve
area was divided by the preoperative annulus
area, there was no longer a statistically signifi-
cant difference between the CES 21 mm and
the MH2Imm valves (0.35= 0.07/0.43 =
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Table 111. Hemodynamics at 3-month follow-up

CES valve MH valve

n=23 n=23 P
Mean prosthesis size (mm) 23.8=1.7 233+2.0 NS
Peak gradient (mm Hg) 20773 22.729.8 NS
Mean gradient (mm Hg) 11.7x4.4 11.8x5.6 NS
Prosthesis valve area (cm®) 1.59-0.46 1.79 = 0.51 NS
Prosthesis valve area/left

ventricular outflow tract area 0.40 = 0.08 0.43%0.10 NS

0.05). Nor did this index significantly differ
when the total groups were compared (Table
I).

Reproducibility. Interobserver variability in
preoperative estimates of diameter was
assessed from measurements made indepen-
dently by two observers in 19 randomly selected
patients. The two measurements were identical
in nine patients and did not differ by more than
2 mm in any case. The 95% limits of agreement
between pairs of measurement were —1.1-
2.5 mm. The independent measurements made
by the two observers were strongly correlated
(r=0.97, p <0.001).

DISCUSSION

This study demonstrated reliable prediction of
the size of both CES and MH aortic valves, and
preoperative measurement of annulus dimen-
sion may indicate patients with obvious or likely
need for root enlargement. Whereas on average
the MH valve size was similar to the estimated
annulus diameter, the CES valves were 1.5 mm
larger. The CES valve is designed so as to
implant the stent in a supra-annular position
in order to improve hemodynamics (14). This
improvement has been demonstrated in vitro
(17), and in vivo testing showed better hemo-
dynamics with the supra-annular than with the
Carpentier-Edwards standard porcine valve
4).

Prosthesis gradients result mainly from
impedance by the stent and the aortic remnants
supporting the cusps (14). With the supra-annu-
lar valve, when both stent and aortic remnants
are implanted above rather than inside the ring,
a larger prosthesis can be used, so that only the
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cusps are exposed to the column of blood (14).
The supra-annular implantation technique can
therefore explain why size of CES exceeded the
estimated aortic annulus. For the MH valve,
the standard annular implantation technique
implies that the prosthesis must fit within the
aortic ring, which explains the closer agreement
between the estimated annulus dimension and
prosthesis size.

The differences between the two valve types
as regards agreement between annulus dia-
meter and size of prosthesis can therefore be
explained by dissimilarities of design and
implantation techniques. We have found no
earlier report comparing and quantifying the
effect of these differences on the relationship
between prosthesis size and annulus diameter.
This relationship has clinical significance, as
with a specified root diameter the implanted
valve's size can vary according to prosthesis
type, and when the annulus is narrow the need
for a root-enlarging procedure may depend on
the type of prosthesis to be used. Preoperative
echocardiography of patients with aortic valve
disease should therefore routinely include esti-
mation of the annulus dimension. This is par-
ticularly relevant as, due to use of Doppler
technique, increasing numbers of patients are
referred for aortic valve replacement without
preceding ventriculography. The only pre-
operative information about relations of the left
ventricular outflow tract then is provided by the
echocardiographic study.

The supra-annular valve may also be
implanted in annular position. Hence there is
more flexibility in the choice of prosthesis size,
and some size variation may therefore be
attributable to the surgeon’s personal
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technique. These circumstances may explain
the weaker correlation between dimensions of
the aortic annulus and size of the CES pros-
theses in this study.

A modified implantation technique with the
sewing ring placed on the top of the non-
coronary sinus has been described for disc
valves (12). This partly supra-annular technique
was used in some of our patients who received
an MH valve, and could explain why some
MH prostheses were larger than the estimated
annulus diameter.

Postoperative hemodynamics. Although gradi-
ents were higher and valve areas smaller for the
CES 21 mm than for the MH 21 mm valves,
these differences were minor and their clinical
significance could be questioned. In all patients
with a 21 mm prosthesis the hemodynamics
were acceptable, with highest mean gradient
23 mm Hg in the CES 21 mm group and 19 mm
Hg in the MH 21 mm group.

Prosthesis hemodynamics related to annulus
dimension. The ratio of effective prosthesis area
to preoperative annulus area (Table III) pro-
vides an index that expresses the ability of a
particular prosthesis to make maximal use of
the available root space. This index did not
differ significantly between the two prosthesis
groups, either for the total groups or for the
21 mm valves. Consideration of the preop-
erative annular dimension may permit a more
complete and better overall judgement of the
hemodynamic properties of the valve in ques-
tion. This judgement may be particularly
important in evaluation of small aortic valve
prostheses, and prospective studies designed to
compare hemodynamics with different valve
types should include a preoperative estimate of
annulus dimension. Theoretically the outflow
tract diameter may influence hemodynamics of
identical valves (6, 15), but such influence does
not seem to have been evaluated in clinical
studies.

Limitations of the study. Allocation of patients
to prosthesis type was not randomized, but
our standard criteria for selection of prostheses
were based mainly on patient age. The pre-
dictive value of the two-dimensional estimate
of prosthesis size was unlikely to have been
influenced by the non-randomized design. In

comparing the hemodynamics of two valve
types, however, a randomized study is greatly
preferable, and consequently our data should
be interpreted as indicative rather than con-
clusive.

Conclusions. Relationships between prosthesis
size and preoperative diameter of the aortic
annulus differ in comparisons between CES and
MH valves. CES valves are on average 1-2 mm
larger than the annulus diameter, whereas
the two measurements are similar with MH
valves. The differences can be explained by
dissimilarities of design and implantation
techniques. Correlation of postoperative
hemodynamics to preoperative annulus dia-
meter is proposed, in order to obtain more
complete and satisfactory judgement of the
hemodynamic properties of different valve
types. This approach is particularly relevant for
evaluating hemodynamics of small aortic valve
prostheses.
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Rapid Systolic Intraventricular Velocities After
Valve Replacement for Aortic Stenosis

Rune Wiseth, MD, Terje Skjaerpe, MD, and Liv Hatle, MD

To assess the frequency and severity of intraven-
tricular gradients after valve replacement for se-
vere valvular aortic stenosis 25 patients (valve
area 0.59 + 0.19 cm?) were studied serially with
Doppler echocardiography on postoperative days
1, 2, 3, 5 and 7. Pulsed Doppler was used to
search for increased intraventricular velocities.
Mid-to-late systolic intraventricular velocities >2
m/s were defined as intraventricular gradients. In
13 patients (52%) intraventricular gradients were
found at least once during days 1 to 7 (group A)
and were most frequent at day 3 (44%). The typi-
cal location of these velocities was at the midven-
tricular level close to the septum. In 4 patients in-
traventricular gradients >64 mm Hg were found.
Left ventricular end-diastolic and end-systolic di-
ameters recorded preoperatively were significant-
ly smaller in group A than in the rest (43.6 = 5.4
vs 50 = 5.8 mm and 24.6 = 5.6 vs 33.1 = 7.3 mm,
both p <0.05) and the fractional shortening was
significantly higher (44 = 9 vs 34 = 9%, p <0.05).
It is concluded that intraventricular gradients are
frequent during the first week after valve replace-
ment for severe aortic stenosis. These gradients
are mostly mild and transient in nature, but signif-
icant gradients associated with clinical deterio-
ration may occur. The risk of developing intra-
ventricular gradients postoperatively may be pre-
dicted at a preoperative echocardiographic exam-
ination, and patients with a small left ventricular
cavity size and maintained contractility are at par-
ticular risk. With Doppler echocardiography intra-
ventricular gradients may be detected and fol-
lowed even in the early postoperative period, this
noninvasive technique is a valuable supplement in
the early postoperative monitoring after valve re-
placement for severe aortic stenosis.

(Am J Cardiof 1993;71:944-948)
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fter valve replacement for severe aortic stenosis
Alhere is a marked change in hemodynamics, with

the hypertrophic ventricle contracting against a
greatly reduced afterload. After relief of a fixed left ven-
tricular outflow tract obstruction, dynamic intraventricu-
lar gradients may occur with the risk of a less favorable
clinical outcome.'* With Doppler echocardiography,
systolic intraventricular gradients can be detected, local-
ized and quantified.>7 In a recent study by Laurent et
al,® intraventricular gradients >25 mm Hg were demon-
strated in 5 of 41 patients at a mean interval of 13 days
after valve replacement for severe aortic stenosis and in
another 4 after provocation with amyl nitrite. The fre-
quency of spontancously occurring intraventricular gra-
dients in the very early postoperative period after valve
replacement for aortic stenosis, however, is not known.
The purpose of this prospective study was to assess se-
rially the frequency and severity of systolic intraventric-
ular gradients by Doppler echocardiography during the
first week after valve replacement for aortic stenosis.
Second, the aim of this study was to describe preoper-
ative parameters associated with the occurrence of in-
traventricular gradients in the early postoperative period.

METHODS

Patients: The study comprised 25 symptomatic pa-
tients (9 men and 16 women, age range 48 to 82 years,
mean 69) undergoing valve replacement for pure or pre-
dominant aortic stenosis. Mean gradient was 77 + 20
mm Hg and valve area was 0.59 + 0.19 cm? A bio-
prosthesis was implanted in 16 patients and 9 received
a mechanical valve,

Preoperative Doppler echocardiography: A com-
plete Doppler echocardiographic study was performed at
a mean interval of 3.5 (range 1 to 15) days before
surgery. An Irex Meridian or VingMed CFM 700 ul-
trasound system with a 3.0 MHz imaging and a 2.5
MHz transducer for Doppler recordings was used. M-
mode measurements were obtained according to the cri-
teria of the American Society of Echocardiography.? The
fractional shortening was calculated as the difference be-
tween the left ventricular end-diastolic and end-systolic
diameters in percentages of the former. The left ven-
tricular mass was calculated according to the formula of
Devereux et al.? Six patients were excluded from the
analysis of M-mode data because measurements were
technically inadequate.

Mapping of intraventricular velocities: Pulsed
Doppler was used to search for increased velocities
within the left ventricle. The sample volume was moved
stepwise from the apex through the left ventricle and the
outflow tract to the level of the prosthesis. A concave
velocity curve typical of dynamic intraventricular ob-
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struction with velocities 22 m/s was defined as an in-
traventricular gradient (Figure 1). With velocities ex-
ceeding the Nyquist limit, the apparatus was switched to
the high-pulse repetition mode or to the continuous-
wave mode. Peak velocity was measured and the maxi-
mal intraventricular gradient was calculated using the
modified Bernoulli equation: gradient = 4VZ2, where V is
peak velocity (m/s).

Postoperative Doppler: The study protocol includ-
ed mapping of systolic intraventricular velocities on
postoperative days 1, 2, 3, 5 and 7; thus, a total of 125
(25 X 5) postoperative Doppler recordings were to be
performed. Recordings were omitted during assisted
ventilation (5 instances) and during intraaortic balloon
treatment (2 instances). In 2 patients the recordings on
the seventh postoperative day were missed because of
administrative reasons. Thus, a total of 116 Doppler re-
cordings were performed from postoperative day 1 to 7
(93% of recordings were planned according to protocol).

Statistical analysis: All values are expressed as
mean * SD. Means of 2 groups were compared using
an unpaired Student’s ¢ test and categorical data were
analysed using chi-square statistics. A p value <0.05 was
considered significant.

RESULTS

Intraventricular gradients defined as systolic intra-
cavitary velocities 22 my/s directed toward the outflow
tract were found in 32 of 116 recordings (28%) and were
detected at least once during the first postoperative week

- dmis - -(
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FIGURE 1. Left ventricular velocities (continuous-wave Dopp-
ler). Note the typical concave shape of the curve with the
highest velocities occurring at the end of systole. The trans-
ducer is located at the cardiac apex.

in 13 patients (52%) (group A). These velocities were
typically located close to the septum at the mid-
ventricular level (Figure 2). When moving the sample
volume further toward the prosthesis, velocities in the
outflow tract were always lower (range 0.8 to 1.87 my/s)
than the midventricular velocities. The frequency of in-
traventricular gradients was highest (44%) on the third

TABLE I Number of Examinations on Separate Days and Number and Percentage of
Patients with intraventricular Velocities > 2 m/s on Each Day

Preop. Day 1 Day 2 Day 3 Day 5 Day 7
No. of exams 25 22 24 25 23 22
No. with iw 3 5 6 11 8 7
z2m/s(%) (12) (23) (25) (44) (35) (32)

IVV = intraventncutar velocities; Preop. = preoperative.

FIGURE 2. The highest veloci-
ties recorded were typically lo-
cated at the midventricular
level close to the septum and
did not represent left ventricu-
iar outflow tract obstructions.

INTRAVENTRICULAR GRADIENTS AFTER AORTIC VALVE REPLACEMENT
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postoperative day (Table I). In 12 patients, intraventric-
ular gradients could not be detected (group B). One
group A patient died in pump failure on the seventh
postoperative day; this was the only case of early mor-
tality (within 30 days of surgery).

Relation to preoperative and operative data: Groups
A and B were similar with respect to age (71 = 11 vs
68 + 8 years, p = NS) and severity of valve lesion (mean
gradient 80 * 16 vs 73 * 22 mm Hg, valve area 0.58 £
0.17 vs 0.61 £ 0.21 cm?, both p=NS).

Before surgery intraventricular gradients were found
in 3 patients, afl these had intraventricular gradients
postoperatively. In 1 patient with intraventricular veloc-
ities of 3 m/s preoperatively, velocities >4 m/s were pres-
ent at all postoperative recordings and the maximal ve-
locity recorded was 6.0 m/s (Figure 3).

In Table II preoperative M-mode data are compared
for groups A and B. Left ventricular end-diastolic and
end-systolic diameters were significantly smaller in
group A, and the fractional shortening was higher., Nei-
ther thicknesses of septum and posterior wall nor left
ventricular mass differed significantly. All patients un-
derwent coronary arteriography preoperatively. Coronary
artery disease defined as >75% stenosis in at least 1 of
the 3 main coronary arteries was found in 5 of 13 pa-
tients i group A and in 6 of 12 in group B (p = NS).

can: el wg
IREX

Concomitant coronary artery bypass surgery was per-
formed in 2 patients in group A and 6 in group B. In
both groups, 8 patients received a bioprosthesis and 5
patients in group A and 4 in group B received a me-
chanical valve. Mean prosthesis size was 22.4 = 1.4 mm
in group A and 23 + 1.6 mm in group B (p = NS).

Hoart rate (Figure 4): Preoperatively and on postop-
erative day 1 heart rates were similar for the 2 groups.
From postoperative day 2 heart rates were higher in
group A, the difference being statistically significant for
postoperative days 2, 3 and 7.

Severity of gradients: Group A could be divided
into 2 subgroups according to the severity of intraven-
tricular gradients. In 9 of the 13 patients in group A sys-
tolic velocities were only moderately increased ranging
from 2 to 2.8 m/s. The remaining 4 patients all had
markedly increased velocities ranging from 4.1 to 6 m/s,
corresponding to intraventricular gradients of 67 to 144
mm Hg. Clinically, these 4 patients had a protracted

TABLE Il Comparison of Preoperative Echocardiographic
Measurements in Patients With (group A) and Without (group
B) Intraventricular Velocities = 2 m/s in the Early Postoperative
Period

P

Group A Group B Vaiue

Number 10 9

Septum (mm) 16+3 15%2 NS
Posterior wall (mm) 14 2 132 NS
Septal to posterior wall ratio 1.15x0.11 1.16 20.16 NS
End-diastolic diameter (mm) 44 x5 50 x 6 *
End-systolic diameter (mm) 25+ 6 33+7 *
Left ventricular mass (g} 257 = 55 296 x 67 NS
Left ventricular mass index {g/m?) 157 = 40 169 = 31 NS
Fractional shortening (%) 4+ 9 349 *

*n <0.05.

REJhﬁ‘ W
ECHO DEP ¢

BEIMT

AHE @

$.8/8.8 MRE OFY Vg

FIGURE 3. Increased intraventricular velocities (3 m/s) recorded before surgery in 1 patient (lefl). In the same patient a so-
vere intraventricular ocbstruction (maxima! veiocity 6 m/s = 144 mm Hg) was present at the seventh postoperative day

(right).
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postoperative course with dyspnea, fatigue and delayed
mobilization. They were all given verapamil and 3 of
them were reexamined at 3 months. In 1 the intraven-
tricular gradient disappeared, and the other 2 had only
mild gradients (30 to 36 mm Hg) at that time. The
fourth patient died 6 weeks after surgery after a cerebral
stroke.

Inotropic drugs: Before surgery 5 patients (20%)
used digitoxin; none of them had severe intraventricular
gradients postoperatively. Two patients with severe in-
traventricular gradients late in the first postoperative
week (day 7) were given digitoxin in the early postoper-
ative course because of atrial fibrillation.

Among the total of 116 postoperative recordings 10
(9%) were performed during ongoing dopamine infu-
sion. In 8 of these recordings intraventricular velocities
22 m/s (2 to 3.5) were found. However, in 4 of the 5
patients with intraventricular gradients detected during
dopamine infusion, similar or higher gradients were also
recorded on other days in the postoperative period with-
out the patient receiving dopamine.

DISCUSSION

This study shows that dynamic systolic intraventric-
ular gradients are frequent in the early postoperative pe-
riod after valve replacement for severe aortic stenosis,
and the risk of developing such gradients is related to
left ventricular cavity dimensions and left ventricular
contractility as assessed by a preoperative M-mode ex-
amination. Intraventricular gradients after aortic valve re-
placement may have important therapeutic implica-
tions,>!0 and the ability to noninvasively detect, quanti-
tate and follow these gradients represents a valuable
supplement to postoperative monitoring.

Pathophysiologic considerations: Theoretically it
may be expected that after the relief of a fixed left ven-
tricular outflow tract obstruction, intraventricular gra-
dients similar to that seen in hypertrophic cardiomyopa-
thy could develop when the hypertrophic ventricle con-
tracts against a greatly reduced afterload.!'-13 Additional
factors including hypovolemia, enhanced sympathetic
activity and the possible influence of inotropic drugs,
also may contribute to the development of intraventric-
ular gradients postoperatively.>!!12 The dynamic char-
acter of these gradients is demonstrated in our study be-
cause both their presence and severity changed during
the study period. Although the number of patients stud-
ied on each day differed slightly, our results indicate that
the frequency of intraventricular gradients increased dur-
ing the first postoperative days (Table I). In patients with
severe gradients, these were most often recorded from
days 3 to 7. The lower frequency and lesser severity of
intraventricular gradients during the very first postoper-
ative days could be due to several factors, including con-
tractility of the myocardium, heart rate and loading con-
ditions.>31? Rastelli and Kirklin'* followed intrapericar-
dial pressure during the first postoperative days after
aortic valve replacement and found it highest on the third
postoperative day. This could be due to some increase
in pericardial effusion after removal of drainage
catheters. Although there was no case with signs of car-

INTRAVENTRICULAR GRADIENTS AFTER ACRTIC VALVE REPLACEMENT

diac tamponade in our study, varying amounts of peri-
cardial effusion were present, and fluctuations in in-
trapericardial pressure could be important factors in de-
termining the presence and severity of intraventricular
gradients.?

Outflow tract obstruction versus cavity obliter-
ation: The mechanisms generating dynamic intraven-
tricular gradients remain controversial and may
vary.>!115-17 Two different mechanisms for gradient pro-
duction are proposed in hypertrophic obstructive cardio-
myopathy'®18: the “‘true obstruction’” associated with
systolic anterior movement of the mitral valve and *‘gra-
dient without obstruction’’ resulting from cavity obliter-
ation. After aortic valve replacement most intracavitary
gradients are found at the midventricular level without
the presence of systolic anterior movement.” Based on
the pulsed Doppler recordings, the typical location of the
intraventricular gradients in the present study was at the
midventricular level. Although midventricular gradients
may not always represent obstruction, their presence is
thought to be of hemodynamic significance,!” and they
are ascribed a deleterious role after valve surgery.? In our
study deterioration of clinical status was present con-
comitant with high intraventricular gradients, supporting
the suggestion that such gradients can be of clinical sig-
nificance. Most group A patients had only moderate in-
traventricular gradients ranging from 16 to 31 mm Hg.
These gradients are not likely to be of any hemodynamic
significance and may occur even in normal ventricles
during hypovolemia or increased sympathetic tone, or
both.>19

Relation to preoperative echocardiographic data:
A decrease in left ventricular cavity dimensions is
shown immediately after valve replacement for severe
aortic stenosis.”? Because a midventricular obliteration is
proposed as a mechanism of intraventricular gradients
following valve replacement for aortic stenosis,® this
early postoperative reduction in ventricular size may ex-
plain the increased risk of developing intraventricular
gradients in patients with small left ventricular cavity
dimensions as demonstrated in our study. Laurent et al®
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FIGURE 4. Heart rate at the preoperative and at the postop-
erative (Po) recordings. Postoperatively, heart rate was in-
creased in group A. *p <0.05; **p <0.01.
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also demonstrated smaller dimensions of the left ventri-
cle in patients with intraventricular gradients after valve
replacement for aortic stenosis. Furthermore, our study
indicates that the presence of intraventricular gradients
preoperatively is a strong predictor for these to occur
postoperatively.

Heart rate, inotropic drugs: Postoperatively heart
rate was higher in group A. A causal relation between
increased heart rate and intraventricular gradients could
not be established with the design of our study. Tachy-
cardia might be considered as a compensatory mecha-
nism for a reduced cardiac output due to reduced ven-
tricular filling caused both by impaired diastolic function
of the hypertrophic left ventricle and by an imbalanced
volume status with hypovolemia. Therefore, both the in-
creased heart rate and the presence of intraventricular
gradients in group A could be markers of the same
pathophysiologic relations. However, with tachycardia,
diastolic filling and ventricular volumes can be further
reduced resulting in a vicious cycle.

This study was not designed to address the influence
of inotropic drugs on the occurrence of intraventricular
gradients. However, intraventricular gradients were re-
corded in 8 of 10 recordings obtained during dopamine
infusion. These were usually low, and their presence did
not seem to depend solely on the inotropic drug because
they were also present in the same patients on days
without dopamine infusion.

Study limitations: There was no invasive monitor-
ing of the patients during the study period, and the
occurrence of intraventricular gradients could not be re-
lated to parameters of preload or afterload. Further in-
sight into the mechanisms of these gradients could pos-
sibly have been obtained in a study design with con-
comitant assessment of other hemodynamic parameters.

Clinical implications: During the first week after
valve replacement for severe aortic stenosis, dynamic in-
traventricular gradients are frequent. Although mostly
mild and transient in nature, severe gradients with he-
modynamic consequences are not rare. Patients with a
small left ventricular cavity dimension and maintained
contractility are at particular risk. To avoid severe in-
traventricular gradients, such patients should be carefully
monitored to avoid hypovolemia and the use of in-
otropics should be restricted. With the Doppler tech-
nique the presence and severity of intraventricular gra-

948 THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 71

dients are easily assessed and the response to therapeutic
interventions may be followed. This innocuous tech-
nique is therefore a valuable supplement in postoperative
monitoring of patients after valve replacement for severe
aortic stenosis.
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Cross-sectional Left Ventricular Outflow
Tract Velocities Before and After Aortic Valve
Replacement: A Comparative Study With
Two-dimensional Doppler Ultrasound

Rune Wiseth, MD, Stein Samstad, MD, Ole Rossvoll, MD, Hans G. Torp, MS,
Terje Skjaerpe, MD, and Liv Hatle, MD, Trondheim, Norway

To assess whether aortic valve replacement (AVR) results in changes in the flow
velocity distribution in the left ventricular outfiow tract (LVOT), 10 patients
undergoing AVR for aortic stenosis were studied. By extracting velocity information
from color flow maps as digital data, instantancous cross-sectional velocity profiles
were constructed. Velocity profiles obtained 1 to 3 days before AVR were compared
with recordings made 3 months later. The LVOT velocity profiles were variably
skewed both before and after surgery, and no systematic or uniform changes could be
detected after AVR. The highest velocities were most often localized in the region
from the center of the outflow tract diameter toward the septum both before and after
surgery. At the time of peak flow the ratio of the maximum to the cross-sectional
mean velocity was 1.38 = 0.13 before and 1.39 * 0.08 after AVR (NS), and the ratio
of the maximum to the mean velocity time integral was 1.47 = 0.10 before and

1.56 = 0.10 after (NS). We conciude that AVR in patients with aortic stenosis does
not result in a change in LVOT velocity profiles that will influence stroke volume
estimates with the Doppler technique. (] AM Soc ECHOCARDIOGR 1993;6:279-85.)

Dopplcr echocardiography is established as a valu-
able tool in assessing function of native and pros-
thetic aortic valves.* Measurement of flow velocities
in the left ventricular outflow tract is an integral part
of stroke volume estimate, necessary for cardiac out-
put and valve area calculations.'® When stroke vol-
ume is calculared as the product of the left ventricular
outflow tract area and the velocity time integral, the
spatial distribution of blood flow velocities is gen-
erally assumed to be uniform, and the velocities ob-
tained from a pulsed Doppler sample volume are
taken as representative for the whole cross-sectional
area. A skewed or nonuniform velocity profiie across
the flow area would influence the accuracy of the
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Doppler-obtained stroke volume. The flow velocity
distribution in the ascending aorta has been shown
to be skewed,*® whereas the flow velocity profile in
the left ventricular outflow tract is less studied.” Re-
cently our laboratorv described a method for con-
structing velocity profiles based on digital data from
two-dimensional Doppler flow maps.*!'® With this
technique, the velocity profile in the aortic annulus
in normal subjects is demonstrated to be flat but
slightly skewed with the highest velocities toward the
septum.® To our knowledge there are no earlier stud-
ies published on the left ventricular outflow tract flow
velocity distribution in patients with aortic valve dis-
ease. The aim of this study was to describe instan-
taneous cross-sectional velocity profiles in the left
ventricular outflow tract in patients with aortic ste-
nosis before and after valve replacement. Second, we
would assess whether valve replacement results in
changes in left ventricular outflow tract velocity dis-
tribution that could influence stroke volume and
prosthetic valve arca estimates with the Doppler
echocardiographic technique.
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VELOCITY

POSITION

Figure 1 Three-dimensional plot of velocity distribution
in left ventricular outflow tract close to the level of aortic
annulus. Velocity is ploted against position in the left
ventricular outflow tract diameter and against tme.
There are 20 msec intervals along the time axis and ap-
proximately 2 mm berween cach observation along the
diameter axis.

PATIENTS AND METHODS

Patients

Ten patients, (seven women, three men) with a mean
age of 63 vears (range 50 to 74 vears) were studied.
All patients had pure or predominant aortic stenosis.
Mean gradient was 63 = 16 mm Hg (range 41 to
91 mm Hg) and valve area was 0.77 = 0.14 cm?
(range 0.57 to 1.00 cm?). The patients were studied
1 to 3 days before and 3 months after surgery. A
Medtronic-Hall 21 to 23 mm mechanical valve
(Medrronic Inc., Minneapolis, Minn.) was implanted
in five patents and five received a Carpentier-
Edwards supraannular 23 to 27 mm bioprosthesis
(Baxter Healthcare Corp., Edwards Div., Irvine,
Calif.). All patients were in sinus rhythm at both
examinations.

Methods

Three-dimensional, instantaneous cross-sectional ve-
locity profiles were constructed by extracting velocity
information from color flow maps as digital data by
use of a method earlier described by our labora-
tory.™® A VingMed CFM 700 (VingMed Sound
A/S, Oslo, Norway) was used for ultrasound ex-
amination. This system has a mechanical, annular-
array transducer. A 2.5 MHz transducer was used
for Doppler and a 3 MHz transducer for imaging.
In the color flow mode, a two-dimensional echocar-
diographic image is first constructed by a left-to-right
sweep of the transducer. On the rerurn sweep, ve-
locity information is sampled.
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The digital velocity information in each sample

volume is color coded and superimposed on the two-
dimensional image as a flow map. The data from the
most recently recorded flow-tissue images are stored
in a digital replay memory.'! Governed by custom
software (Transdisp, Vingmed Sound), the contents
of the digital memory can be transferred via a parallel
interface to an external computer for further pro-
cessing. Combined echo and flow map recordings
were done from the apex with the patient in a left
lateral decubirus position. A slightly modified stan-
dard apical four-chamber view was used to clearly
visualize the oudflow tract. To minimize movement
of the heart, the records were done in held midex-
piration. Velocity information was sampled along a
line approximately perpendicular to the assumed flow
direction at a distance of 0.5 to 1.0 cm proximal to
the aortic valve or prosthesis to construct velocity
profiles from the level of the outflow tract where the
sample volume is placed in pulsed Doppler record-
ings. The instrument was set to an electrocardio-
gram-triggered mode, where the two-dimensional
image and color sector were updated once per heart
cycle. The start of the transducer sweep was triggered
with adjustable delays in 20 msec intervals from the
R wave in the electrocardiogram. The delay interval
was increased 20 msec for each consecutive beat and,
to overlap a full systole, 12 to 18 sequential flow
maps (each requiring 50 msec for updating and each
delayed 20 msec to the former) were needed. Inher-
ent in this velocity sampling technique is the fact that
the transducer needs time to sweep across the flow
sector, resulting in a time distortion in the color flow
map. With pulsatile flow this distortion will make a
flat velocity profile appear skewed. To correct for the
time distortion, a linear interpolation was done be-
tween sequentially delaved flow maps.*'° By this trig-
gering technique and postprocessing procedure, ve-
locities with known uming relative to the R wave in
the electrocardiogram were available and instanta-
neous cross-sectional velocity-profiles could be con-
structed.®1%!? Velocity distributions were visualized
in three-dimensional plots with velocity against time
and diameter as demonstrated in Figure 1.
" As a semiquantitative assessment of the velocity
distribution, the ratio of the maximum to the cross-
sectional mean velocity at the time of peak flow and
the maximum to the mean velocity time integral were
compared at the two recordings. Finally, the relarive
position of the maximal velociry in the outflow tract
diameter was noted.
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Figure 2 Examples of velocity profiles in left ventricular outflow tract before and after aortic
valve replacement in three patents. No systematic or uniform changes in velocity distribution
were found after valve replacement. (For definition of axes, see Figure 1.)

Table 1 Comparison of hemodyvnamic and flow parameters at the preoperative and postoperative examinations

Before surgery After surgery P value
Heart rate (beats/min) 62 =8 66 = 6 NS
LVET (msec) 322 =23 298 + 29 NS
V max (cm/sec) 87 = 12 98 + 19 NS
V mean (cm/sec) 64 = 12 71 = 14 NS
VTI max (cm) 15.6 = 3.0 175 = 3.3 NS
VTI mean (cm) 106 = 2.4 113 =27 N§
V max/V mean 1.38 = 0.13 1.39 = 0.08 NS
VTI max/VTI mean 1.47 + 0.10 1.56 = 0.10 NS

LVET, Left ventricular gjection time; V max, maximum velocity at time of peak flow; V mean, mean velocity at ime of peak flow; VTT max, maximum velocity
time integral; VTT mean, mean velocity time integral.
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Figure 3 The highest velocities in the outflow tract were most often localized in the region
from the centrum of the outflow tract roward the seprum.

Reproducibility

At both examinarions the whole recording sequence
was repeated, resulting in a total of 40 separate re-
cordings. Five of those were technically inadequate.
Accordingly, repeatability could be analyzed from 15
paired recordings obtained within a few minutes of
each other and is expressed as the absolute difference
berween repeated analyses in per cent of the mean
value. Repeat analyses of the same recordings were
also performed.

Statistics
All values are presented as mean + SD. Paired data
were compared by use of a two-tailed paired ¢ test.

A p value <0.05 was considered statisticallv sig-
nificant.

RESULTS

Data obtained at the preoperative and the postop-
erative recordings are compared in Table 1. Heart
rate was similar at the two recordings. Left ventric-
ular ejection time tended to be shorter while the
maximum velocity at the time of peak flow and the
maximum velocity time integral tended to increase
after surgery, although these differences did not reach
statistical significance. The left ventricular cutflow
tract velocity profiles were variably skewed both be-
fore and after surgery. When comparing the preop-
erative and postoperative profiles, no systematic or
uniform changes could be detected after aortic valve
replacement. Figure 2 shows velocity profiles at the
two recordings from three different patients. The
localization of the highest velocities showed individ-
ual variation; however, in most patients they were
found in the region from the centrum of the outflow

tract diameter toward the septum both at the pre-
operative and postoperative recordings (Figure 3).
The ratio of the maximum to the cross-sectional mean
velocity at the time of peak fiow and the ratio of the
maximum to the mean velocity time integral did not
significantly change from the preoperarive to the
postoperative recordings (Table 1).

At 3 months, abnormal (paradox) sepral move-
ment (defined as the septum moving away from the
posterior wall during systole) in an M-mode record-
ing was present in one patient only. The velocity
profiles in this patient did not differ compared with
the rest. In this particular patient, the ratio of the
maximum to the mean velocity was 1.24 before sur-
gery and 1.26 after surgery; the ratio of the maximum
to the mean velocity time integral was 1.48 betore
surgery and 1.43 after.

Prosthesis Type

None of the parameters studied differed significantly
according to the type of prosthesis implanted. In
patients with a bioprosthesis the ratio of the maxi-
mum to the mean velocity at the time of peak flow
was identical at the two recordings (1.35 at both);
in patients with mechanical valves this ratio was
1.41 + 0.16 before surgery and 1.42 = 0.05 after.
The ratio of the maximum to the mean velocity time
integral was 1.44 = 0.09 before and 1.52 = 0.05
after surgery in patients with bioprostheses compared
with 1.5 = 0.11 before and 1.59 = 0.12 after sur-
gery in the group with mechanical valves.

Reproducibility

The variability between two scparate recording se-
quences for the maximum velocity was 9.4%, for
mean velocity 11.8%, for the maximum and mean
velocity time integral 18.1% and 14.8%, respectively,
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and for the ratio of the maximum to the mean velocity
and ratio of maximum to the mean velocity time
integral 5.0% and 11.3%, respectively. When re-
peated analyses were performed on the same record-
ings, the variability was between 5.6% to 8.6% for
all parameters.

DISCUSSION

In this study blood velocity distribution in the left
ventricular outflow tract close to the aortic annulus
was studied in patients with aortic stenosis imme-
diately before and 3 months after valve replacement.
A newly developed technique based on digital data
extracted from sequentially delayed electrocardio-
graphic-triggered two-dimensional Doppler flow
maps was used. With this technique no uniform qual-
itative or quantitative changes could be demonstrared
in velocity distribution in the outflow tract after aor-
tic valve replacement. The flow velocity distribution
in the left ventricular outflow tract in patients with
aortic stenosis and aortic prosthesis is of considerable
clinical relevance because pulsed Doppler recordings
in the outflow tract are necessary for estimation of
cardiac output and valve area in these patients. In
aortic stenosis the continuity equation is well vali-
dated against invasive methods'** and is widely
accepted for assessing severity of native aortic ste-
nosis. In patients with aortic valve prostheses, how-
ever, the continuity equation is less validated and its
accuracy in evaluating prosthetic valve area remains
undetermined.*!*!¢ Several factors might contribute
to the continuity equation being less reliable in aortic
prostheses compared with native valves; a less uni-
form velocity pattern in the outflow tract after valve
replacement could be one. According to our study,
this should not be the case. Our findings suggest thar
the limitations and sources of error inherent in the
Doppler technique in volume, flow estimates in the
outflow tract are similar before and after aortic vaive
replacement. This assumption may not be valid in
the early postoperative period when a more hyper-
dynamic circulatory state (with increased heart rate
and a shorter left ventricular cjection time) is pres-
ent.'” These altered hemodynamics might result in
different velocity patterns in the outflow tract com-
pared with the findings 3 months after surgery in
this study.

A nonuniform, skewed velocity profile was found
both in aortic stenosis and after valve replacement,
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with the highest velocities typically located from the
center of the outflow tract toward the septum. These
findings are in accordance with results from normal
subjects studied by the same technique® and with data
from a peroperative Doppler study analyzing the ve-
locity distribution in the proximal aorra 1 to 2 cm
above normal valves.® In these studies the maximal
velocities were found toward the septum® and right-
ward toward the anterior aortic wall.?

Mathison et al.® discussed the relation of the ve-
locity distribution in the aorta to the genesis of aortic
valve calcificarion, inasmuch as this calcification usu-
allv occurs first at the site of the commissure of the
right coronary and the noncoronary cusp. They con-
cluded that the jet directed toward this cusp may
cause damage to it. The method used in the present
study gives the opportunity to study left ventricular
outflow tract velocity parterns in various categories
of aortic valve disease.

Knowledge of left ventricular outflow tract veloc-
ity distribution after aortic valve replacement may
have implications for what is the optimal implanta-
ton technique for prosthetic valves. Segadal and
Matre® studied blood velocity distribution in the as-
cending aorta 6 to 7 cm above the valve in patients
undergoing open heart surgery. In patients with nor-
mal aortic valves, a skewed peak systolic velocity pro-
file with the highest velocity along the left posterior
wall was found, and during systole a clockwise ro-
tation of the maximum velocities was demonstrated.
In patients with Medtronic-Hall tilting disc valves,
where the major orifice was directed posterioriv and
to the right, the velocity profile in the ascending aorta
was skewed in the opposite direction of normal.® A
clockwise, helical rotation of the flow vector 1s also
described in the proximal ascending aorta in normal
subjects.®? With the finding in the present study that
the outflow tract velocity distribution in patients
with aortic valve prostheses principally shows the
same patterns as in normal subjects,” it can be antic-
ipated thar with the disc valves the deviation from
normal flow pattern in the ascending aorta will de-
pend on the orientation of the major orifice of the
prosthesis. Whether this could influence prosthesis
hemodynamics is not known, bur there are data in-
dicating that hemodynamics of aortic disc valves are
influenced by the orientation of the major orifice.'®

With a nonuniform velocity distribution in the
outflow tract, recording of the maximum velocities
will result in an overestimation of stroke volume. In
normal subjects this overestimation was calculated to
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about 15%.7 The present study indicates the possi-
bility of an even larger overestimation in patients
with aortic valve disease. However, when the sample
volume is positioned in the left ventricular outflow
tract it will not necessarily record the highest veloc-
ities; furthermore, the velocities recorded may to
some extent be underestimated by the angle berween
the ultrasound beam and the flow direction. This
could explain the acceptable correlations demon-
strated berween invasive and noninvasive methods in
calculating cardiac output and valve area in patients
with aortic valve prostheses.!® Nevertheless, the
nonuniformity of velocity profiles (demonstrated also
in patients with aortic stenosis or an aortic prosthesis)
may result in a variable overestimation of stroke vol-
ume and valve area, and care should be taken to try
to obrain a mean value by scanning across the outflow
tract.

Limitations of the Study

In this study the velocity distribution was evaluated
in only one plane without a complete mapping of
velocities in the outflow tract. Accordingly, the high-
est velocities might have been missed at least in some
cases. The velocity profiles were constructed from
only one sequence of time-gated recordings in each
patent. In each patient two separate recordings were
done, and velocity profiles obtained from pairs of
recording sequences were similar. Velocity data were
lost at the start and at the end of ejection; accord-
ingly, the computed velocity-time integrals are im-
precise concerning absolute values. These limitations,
however, were the same at both recordings and
should not influence the comparison of velocity pro-
files before and after surgery.

Conclusions

In patients with aortic stenosis the velocity profile in
the left ventricular outflow tract is skewed both be-
fore and after valve replacement. The highest veloc-
ities are usually, but not invariably, located toward
the septum both before and after surgery. The max-
imum velocity at peak flow and the maximum ve-
locity time integral overestimated the mean values to
the same extent before and after surgery. Accord-
ingly, the limitations and sources of error inherent
in the pulsed Doppler technique are likely the same
before and after surgery in patients with aortic ste-
nosis. The nonuniformity of velocity profiles dem-
onstrated may influence stroke volume and valve
areas estimates obtained by the pulsed Doppler tech-
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nique. Further studies with sampling of velocity data
from several imaging planes are required to construct
more complere left ventricular outflow tract velocity
profiles to allow for a more accurate validation of the
Doppler estimates as well as correcting for the over-
estimation probably inherent in the method. Further
studies are also required to study left ventricular out-
flow tract velocity distribution in various subgroups
of aortic valve disease as well as at different hemo-
dynamic states.
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