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Background and aims of the study: Transvalvular
mean pressure gradients (MPG) are important in the
evaluation of aortic stenosis, but surprisingly they
often differ in patients having similar valve effective
orifice area (EOA) and stroke volume (SV). The
study aim was to determine if these differences
could be explained by variations in left ventricular
ejection time (LVET).

Methods: A pulse duplicator system with a constant
SV of 75 ml and incremental increases of LVET from
250 to 450 ms was used to measure MPG by Doppler
echocardiography in three fixed stenoses (0.5, 1.0 and
1.5 ¢cm?). The same variables were also measured at
rest in 192 patients with isolated aortic stenosis (EOA
<1.5 cm?) as well as during stress in a subgroup of 24
patients.

Results: In vitro, the increase in LVET produced
marked decreases of MPG ranging from -40 mmHg (-
45%) for the 0.5-cm? stenosis to -22 mmHg (-61%) for
the 1.5-cm? stenosis. In vivo, MPG measured by

The transvalvular mean pressure gradient (MPG) is
one of the major criteria utilized to evaluate aortic
stenosis severity by Doppler echocardiography. Also,
it is well understood that patients with significant
stenosis and low cardiac output will tend to have
lower gradients given that the MPG is physiologically
determined by two factors: (i) the effective orifice area
(EOQA) of the valve; and (ii) transvalvular flow.
Nonetheless, it is sometimes puzzling that, given sim-
ilar values of stroke volume (SV) and EOA, different
patients or the same patients returning for a control
examination may have quite different values of MPG.
In this context, it must be remembered that trans-
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Doppler correlated strongly (R?= 0.83) with the MPG
predicted by the formula: MPGped =
[SV/(50xECAXLVET)]? and on this basis the relative
contributions of EOA, SV and LVET to the variance
of MPG were found to be 36, 34 and 13%, respective-
ly. During stress, the contribution of LVET to the
increase in MPG was variable, but was sometimes as
important as that of SV.

Conclusion: LVET may significantly and independ-
ently influence MPG in aortic stenosis. Clinically,
variations of up to 15 mmHg in MPG may be
observed uniquely on the basis of a change in dura-
tion of LVET, and hence the MPG cannot be used as
a stand-alone parameter for serial evaluations or for
comparisons of aortic stenosis severity between
patients. A correction of MPG for LVET (in ms) such
as MPGc = MPGX(LVET/300)* might be helpful for
rendering comparisons of MPG more meaningful in
patients with aortic stenosis.
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valvular flow is determined not only by SV but also by
the left ventricular systolic ejection time (LVET), which
may vary quite extensively depending on heart rate, as
well as due to the presence of left ventricular dysfunc-
tion, systemic hypertension or cardiac arrhythmias. In
this context, it should be emphasized that many labo-
ratories rely heavily on measurement of the MPG for
the longitudinal follow up of their patients, and it is
theoretically possible that a change in aortic stenosis
severity could occur without necessarily having a
change in mean gradient, or vice versa.

The study aim was thus to examine the importance
of the contribution of LVET to MPG in the context of
aortic stenosis, and to determine if the knowledge of
this variable contributes to the evaluation of its sever-
ity. For this purpose, both in-vitro and in-vivo Doppler
echocardiographic data were used to examine how
MPG is influenced by physiological variations in
LVET.
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Materials and methods

Theoretical background

The mean valve EOA can be written as a function of
mean transvalvular flow rate (Qmen) and MPG using a
combination of the continuity equation and the modi-
fied Bernoulli equation (1,2):

Qmeun

EOAwa = =5 31PG 1)

Except for a small change in the constant, this equation
is similar to the traditional expression of the Gorlin
equation and, as previously discussed (1), it contains
other small errors of transformation without impor-
tant consequence for clinical evaluation. Mean trans-
valvular flow is the ratio of SV to LVET:

SV
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Thus, the expression of the EOA can be written as fol-
lows:

%
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and the MPG can be written under the form:
sV 2
50 EOAuean LVET
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where MPG is expressed in mmHg, SV in ml, EOAmean
in cm? and LVET in s. From a theoretical standpoint, it
is thus apparent that, for a given SV and EOA, the
MPG is inversely proportional to the LVET squared.

In vitro study
Experimental model

The pulse duplicator used in this study is shown
schematically in Figure 1, and has previously been
described in detail and validated (3). It is constructed
of silicone, and is an anatomically shaped model of the
left heart cavities and aorta. The ventricular model is
activated by a pump and a hydrodynamic generator
which reproduce physiological flow conditions. The
blood is mimicked by using a mixture of water (60%)
and glycerol (40%) (viscosity 4 cP) containing corn
starch soluble particles. Pressure measurements are
performed using Millar catheters (MPC 500, accuracy

J Heart Valve Dis
Vol. 11. No. 5
September 2002

0.5%). The transducers of the proximal and distal
catheters are located in the left ventricle and at 5 cm
downstream from the aortic valve, respectively.
Transvalvular flow rate is measured with an ultra-
sound flowmeter (Transonic probe 28A31; accuracy
1%). An Ultramark 9 HDI (Advanced Technologies
Laboratories) equipped with a 2.25 MHz probe is used
for Doppler echocardiographic measurement of flow
velocity.

Experimental conditions

Two bioprosthetic valves (Medtronic Mosaic 21 and
25 mm) and three fixed stenotic orifices of varying size
(three plexiglass plates with circular orifices of 0.5, 1.0
and 1.5 cm?) were tested. In order to avoid flow regur-
gitation across the stenotic orifices during diastole, a
bioprosthetic valve was inserted at the distal end of
the aorta. All valves and stenotic orifices were tested
under five LVETs (250, 300, 350, 400 and 450 ms),
whilst SV (75 ml) and heart rate (65 beat/min) were
held constant.

Catheter measurements of pressures and gradients
were performed over 15 cardiac cycles and averaged.
Using the modified Bernoulli equation and the maxi-
mum aortic jet velocity measured by continuous-wave
Doppler, the Doppler-derived mean gradient was cal-
culated as the average of the instantaneous gradients
occurring during systole. Valve EOA was determined
by the standard continuity equation using the SV
measured by ultrasound flowmeter (the pulse dupli-
cator model does not allow measurement of prestenot-
ic velocities by Doppler). The measurement of
transvalvular Doppler velocity was performed over
five to seven cycles, and averaged.

In vivo study
Patient population

A retrospective study was carried out in 192 consec-
utive patients (116 males, 76 females; mean age 68 + 13
years; range: 18 to 97 years) who underwent an
echocardiographic evaluation at the Quebec Heart
Institute between January 1998 and January 1999, and
were considered to have either moderate (valve EOA
<1.5 ecm? and >1.0 cm?) or severe (EOA <1.0 cm?) aortic
stenosis based on the criteria recommended by the
American Heart Association/American College of
Cardiology (4).

Doppler echocardiography

Measurements were performed using a Sonos 2000,
2500 or 5500 ultrasound system (Hewlett Packard,
Andover, MA, USA) and included the transvalvular
flow velocity using continuous-wave Doppler, the left
ventricular outflow tract velocity using pulsed-wave
Doppler, and the left ventricular outflow tract diame-
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Figure 1: Schematic representation of the pulse duplicator system.

ter, as described previously (2,5). The LVET was meas-
ured on the transvalvular flow velocity signal from the
beginning of the systolic acceleration phase to the end
of the deceleration phase. From these measurements,
the left ventricular SV and mean transvalvular flow
rate, the MPG using the modified Bernoulli equation,
and the valve EOA using the standard continuity
equation, were each calculated.

Stress echocardiography

A stress Doppler echocardiographic study was per-
formed in a subgroup of 24 patients to assess the vari-
ation of LVET within a given patient under exercise
conditions, and its contribution to the increase in
MPG. A dobutamine infusion protocol was used in 21
patients, and a graded exercise protocol in three. The
dobutamine infusion protocol was designed to obtain
incremental increases in flow and a steady state at each

level. This consisted of 15-min increments of 2.5
ug/kg/min up to a maximum dosage of 10
ug/kg/min, and reported values for the Doppler
echocardiographic measurements were those recorded
before the infusion and at maximal dosage (5). The
exercise protocol consisted of a maximum ramp
upright bicycle exercise test with workload increments
between 15 and 35 W/min, depending on the subject’s
physical condition. Patients were encouraged to exer-
cise until exhaustion or appearance of symptoms. The
test was also stopped if there was an abnormal rise or
fall in blood pressure, electrocardiogram evidence of
ischemia, or significant arrhythmia. Doppler echocar-
diographic measurements were performed with the
patient sitting on the bicycle, and carried out at peak
exercise, 1.e. within 2 min after the cessation of maxi-
mum ramp exercise (5,6).
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Figure 2: Correlation between transvalvular mean pressure
gradient (MPG) measured by Doppler echocardiography or
by catheter in three rigid stenotic orifices and two

' bioprosthetic valves.

Statistical analysis

Data were expressed as mean + SD. Statistical analy-
sis of the association of variables was performed with
the Pearson correlation coefficient. Graphs were con-
structed with the corresponding regression equation.
A p-value <0.05 was considered significant.

Results

In vitro study
Correlation between Doppler and catheter gradients
In all valves and stenoses, an excellent correlation
was found between Doppler and catheter measure-
ments of MPG (12 = 0.96) (Fig. 2). Several previous
studies have shown that the magnitude of pressure
recovery is clinically relevant when the aorta diameter
is <30 mm (2,7,8). In this in-vitro model, the aorta
diameter in systole was >40 mm. Accordingly, Figure 2
shows that there is a good agreement between the
Doppler MPG (i.e. MPG at the vena contracta) and the
catheter MPG measured at 5 cm downstream to the

Table I: Doppler echocardiographic data measured at rest in
192 patients with aortic stenosis.

Variable Mean + SD Range

Heart rate (beats/min) 69 + 14 43-123
Stroke volume (ml) 74 +19 29-127
LV ejection time (ms) 308 + 37 206-418
Mean transvalvular flow rate (ml/s) 238 + 58 70-417
Cardiac output (I/min) 5.00+130 1.85-8.73
Valve EOA (cm?) 098 +0.25 0.31-1.45
Mean gradient (mmHg) 30+£15 682

EOA: Effective orifice area; LV: Left ventricular.
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valve, and it therefore confirms that the magnitude of
pressure recovery is minimal in this model. Given the
high correlation between Doppler- and catheter-
derived MPGs and the fact that MPG was only meas-
ured by Doppler in patients, the data reported
hereafter are those obtained by Doppler.

Effect of ejection time on gradient

Figure 3A shows the variation of MPG as a function
of LVET for the three fixed stenotic orifices and the
two bioprosthetic valves. In all cases, MPG decreased
significantly (p <0.001) as LVET was increased from
250 ms to 450 ms: -13 mmHg for the 25-mm Mosaic
valve, -20 mmHg for the 21-mm Mosaic valve, -22
mmHg for the 1.5-cm? stenosis, -27 mmHg for the 1.0-
cm? stenosis, and -40 mmHg for the 0.5-cm? stenosis.
From these results, it became obvious that, in each
case, the 200-ms increase in LVET resulted in an
approximately 50% reduction in MPG.

Effect of ejection time on EOA

The statistical analysis showed that the values for
EOA did not change significantly with increasing
LVET (Fig. 3B), except in the case of the 1.5-cm? steno-
sis, where it increased when the LVET varied from 250
to 300 ms.

In vivo study

The Doppler echocardiographic data recorded in the
192 patients with aortic stenosis are shown in Table L.
The LVET at rest in these patients ranged from 206 to
418 ms, and was inversely related to the heart rate (R*=
-0.41; p <0.001). There was a significant inverse correla-
tion (r = -0.23; p = 0.002) between LVET corrected for
heart rate using the formula LVETc = LVET(HR/70) and
valve EOA. This finding suggests that the aortic steno-
sis severity, per se, also has a significant effect on LVET.

Table IT: Variation in mean transvalvular pressure gradient
(MPG) in three pairs of patients with different degree of
aortic stenosis.”

Pair  Patient EOA SV LVET Qmen MPG

no. no. (em?)  (ml) (ms) (ml/s) (mmHg)

#1 #53 1.21 93 290 321 28
#27 1.21 94 345 273 23

#2 #31 1.01 90 315 286 32
#45 1.02 91 380 240 22

#3 #50 0.71 54 295 183 38

#69 0.70 55 340 162 23

‘In each pair, the patients had similar valve effective orifice
areas (EOA) and stroke volume (SV), but different left
ventricular ejection times (LVET).

Qmean: Mean transvalvular flow rate.
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Figure 3: Changes in (A) mean transvalvular pressure
gradient (MPG) and (B) valve effective orifice area (EOA)
as a function of left ventricular ejection time (LVET) in
three rigid stenotic orifices and two bioprosthetic valves.

To better illustrate the effect of LVET on individual
data, the results of three actual pairs of patients select-
ed on the basis of similar 5Vs and EOAs but different
LVETs, are shown in Table II. In each case, MPG is sys-
tematically lower in the patient having the longer
LVET, and the greatest difference is observed in the
pair of patients with the most severe stenosis (pair # 3,
15 mmHg)

As expected from the theoretical background, there
was an excellent correlation (R? = 0.83) between MPG
measured by Doppler and MPG as theoretically pre-
dicted by Eqn. (4) (Fig. 4). Comparison of the MPG
measured by Doppler with MPG predicted by Eqn. (4)
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Figure 4: Correlation between transvalvular mean pressure
gradient (MPG) measured directly by Doppler
echocardiography in patients with aortic stenosis, and
MPG predicted from Eqn. (4) using the values of valve
effective orifice area (EOA), stroke volume and left
ventricular ejection time.

is particularly valuable to analyze the independent
effect of LVET from SV and valve EOA. In this context,
it is interesting to note that the correlation between
MPG and EOA in the same patients was only moder-
ate (R? = 0.39; p <0.001), but that it improved marked-
ly when the SV was factored in (R*= 0.70), and even
more when the LVET was introduced (R*> = 0.83).
Hence, the combination of SV, EOA and LVET as
defined in Eqn. (4) allows an explanation of the 83%
variance of MPG in these patients, thereby confirming
the experimental results.

Stress echocardiography

The Doppler echocardiographic data in the sub-
group of 24 patients who underwent stress echocar-
diography are shown in Table IIl. On average, MPG
increased by 67% during the test, whilst SV increased
only by 23%. This increase in SV was also associated
with a concomitant 18% decrease in LVET, thus result-
ing in a 52% increase in mean transvalvular flow rate
(since mean flow rate = SV/LVET). Because MPG is a
square function of flow rate (see Eqn. (4)), a 52%
increase in flow rate should theoretically have pro-
duced an increase in MPG greater than 67%. However,
as is often the case in patients with moderate aortic
stenosis and a semi-rigid valve, there was also a con-
comitant increase in EOA during stress (+22%), thus
minimizing the increase in MPG that would have been
expected based on the increase in flow rate.

Moreover, it should be emphasized that the direc-
tional changes in the aforementioned parameters may
vary quite significantly from one patient to the other.
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Figure 5: Change in valve effective orifice area (panel A), mean transvalvular pressure gradient (panel B), left ventricular
(LV) stroke volume (panel C), and LV ejection time (panel D) in two patients undergoing maximum ramp bicycle upright
exercise. Data of patient #19 (severe aortic stenosis) and patient #21(moderate aortic stenosis) are represented by filled and
open symbols, respectively. The measurements were performed: (i) at rest; (ii) at 30 W steady-state exercise; and (iii) at peak
of maximum ramyp exercise within 2 min after test termination.

Hence, Figure 5 compares the values at rest and dur-
ing exercise (30 W and peak exercise levels) for EOA
(panel A), MPG (panel B), left ventricular SV (panel C)
and LVET (panel D) in two patients, one of whom had
severe stenosis (resting valve EOA = 0.8 cm?) and one
who had moderate stenosis (valve EOA = 1.38 cm?). In
both cases, the MPG increased significantly during
exercise. However, the patient with severe stenosis
had an only modest increase in SV (+7%), and in his
case the increase in MPG can be mostly related to an
important decrease in LVET (-31%) due to the marked
acceleration in heart rate (66 to 183 beats/min) that
occurred during exercise. In contrast, the patient with
moderate stenosis had a lesser increase in heart rate

during exercise (66 to 122 beats/min) and consequent-
ly, his LVET decreased by only 9% during exercise.
Hence, in his case the increase in MPG was more relat-
ed to an increase in SV (+23%) rather than to a
decrease in LVET.

In the subgroup of patients who underwent stress
echocardiography, there was a strong (R? = 0.96) corre-
lation between MPG measured by Doppler and MPG
predicted by Eqn. (4). However, when LVET was
removed from this equation, the strength of the corre-
lation decreased markedly: R* = 0.40. According to
these results, the consideration of both valve EQA and
SV explains only 40% of the variation of MPG in indi-
vidual patients undergoing stress echocardiography.
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Figure 6: Correlation between transvalvular mean pressure
gradient (MPG) measured directly by Doppler
echocardiography and corrected for left ventricular ejection
time (LVET) (using Eqn. (5)) and transvaloular MPG
predicted from Eqn. (4) using the values of valve effective
orifice area and stroke volume, but assuming a
standardized LVET of 300 ms in all cases.

In contrast, the LVET has an important and independ-
ent contribution (56%) to the variation of MPG during
dobutamine or exercise tests.

Discussion

To the authors” knowledge, the present study is the
first to examine specifically the contribution of LVET
to the variation of MPG in the context of aortic steno-
sis. Hence, in the present patients it was found that
only 70% of the variance of MPG could be explained
on the basis of valve EOA (39%) and left ventricular SV
(31%), which are the parameters usually taken into
consideration when interpreting a gradient clinically.
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The introduction of LVET into the multivariate model
further improved its predictive performance to 83%,
consistent with an approximately 13% contribution of
LVET to the variance of MPG. Because heart rate may
vary over a wide range during exercise or dobutamine
infusion, the independent contribution of LVET to the
change in MPG was much more important (56%) in
patients undergoing stress echocardiography. The
remainder of the variance of MPG (17% in the com-
plete cohort and 4% in the subgroup undergoing stress
echocardiography) was not readily explained but was
likely due to other factors such as the temporal rela-
tionship between instantaneous valve EOA and
instantaneous flow. Indeed, it should be remembered
that, notwithstanding similar values of SV, mean EOA
and LVET, the MPG could in theory vary depending
on the pattern of opening of the valve and on the pro-
portion of flow which is ejected when the valve is in a
more or less open position.

Nonetheless, the present results suggested that a dif-
ference in the duration in LVET may translate clinical-
ly into a variation of up to 15 mmHg in MPG. This
may be best illustrated by considering the results
shown in Table II which were obtained in three differ-
ent pairs of patients with similar left ventricular SVs
and EOAs, but markedly different LVETs, as well as in
the patient with severe stenosis illustrated in Figure 5
whose gradient increased markedly during exercise,
almost uniquely on the basis of a decrease in LVET due
to a marked increase in heart rate. The practical impli-
cations of these results are that many factors must be
considered when interpreting a gradient (including
LVET), in addition to previously recognized factors
such as left ventricular function, body surface area,
EOA and indexed EOA (5,9-13). In particular, if con-
fronted with a relatively low gradient in association
with a small EOA and normal left ventricular function,
the case should not necessarily be dismissed as being

Table I1I: Doppler echocardiographic data in 24 patients with aortic stenosis at rest and at peak stress (peak dobutamine dose,
' n = 21; peak exercise, n = 3).

Parameter Rest Peak stress Relative p-value
difference*
(Mean = SD (range)) (Mean = SD (range)) (Mean = SD)
Heart rate (bpm) 67 + 11 (50-97) 91 + 31 (56-183) +35 + 40% <0.001
Stroke volume (ml) 81 £ 22 (38-122) 100 + 30 (41-154) +23 = 12% <0.001
LVET (ms) 309 + 32 (240-370) 251 + 26 (200-310) -18 £ 9% <0.001
Mean flow rate (ml/s) 260 + 66 (141-414) 397 + 117 (191-633) +52 +19% <0.001
Cardiac output (1/min) 5.28 + 1.23 (2.77-8.05) 8.65 +2.92 (4.05-15.4) +64 + 41% <0.001
Valve EOA (cm?) 1.07 £ 0.25 (0.67-1.45) 1.31 + 0.34 (0.72-1.86) +22 + 15% <0.001
Mean gradient (mmHg) 26 £ 7 (13-42) 44 + 17 (16-83) +67 + 28% <0.001

*Relative difference (Stress-Rest)

EOA: Effective orifice area; LVET: Left ventricular ejection time.
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mild or moderate aortic stenosis, particularly if the
LVET is relatively long (>350 ms). Indeed, in such
patients, the gradient may increase markedly during
exercise and reveal that there is an unacceptably high
burden on the left ventricle in these circumstances
(Fig. 5).

Likewise, the consideration of LVET should also be
useful when interpreting results in patients undergo-
ing serial examinations for the longitudinal follow up
of asymptomatic aortic stenosis or after aortic valve
replacement (4). Indeed, underlying conditions such
as heart rate, rhythm disturbances, left ventricular
function and medication may have changed from one
examination to the other, resulting in a change in MPG
that is not necessarily due to a change in aortic steno-
sis severity or prosthetic valve function. The LVET is
an easy measurement to perform, and it can easily be
compared to the values observed during the previous
examination. In the present authors’ experience, the
differences in LVET from one examination to another
might be quite important and often readily explain
apparent discrepancies in MPG. This observation is
particularly frequent in patients who have undergone
valve replacement and in whom there is often a notice-
able increase in LVET between the early and late post-
operative period.

The average LVET, which was 308 + 39 ms in the
present patients, can easily be measured either on-line
or off-line on the aortic jet continuous-wave Doppler
signal that is already collected for MPG and EOA
measurement. Hence, it might be advantageous rou-
tinely to measure LVET and to correct MPG for LVET
if the latter is noticeably shorter or longer than usual.
In this context, the following formula could be sug-
gested:

LVET )2

MPGe = MPG ( 300

%)

where MPGc is the MPG corrected for LVET, assuming
that the average LVET is 300 ms (the value of 300
rather than 308 was chosen for the sake of conven-
ience). In Figure 6, the actual values of MPGc as calcu-
lated in the present patients were then compared to
the values of MPG predicted from Eqn. (4), using the
values of EOA and SV but now assuming a standard-
ized LVET of 300 ms in all cases. As can be seen, the
correlation (R? = 0.85) is very close to that observed in
Figure 4, suggesting that the correction is successful in
accounting for the effect of LVET on MPG, the remain-
der of the variance being due to factors other than
EOA, SV and LVET. The correlation between MPGc
and MPG predicted from Eqn. (4) (R? = 0.94) was even
better in the subgroup of patients undergoing stress
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echocardiography, thus underlining the potential
value of this correction when interpreting the changes
in MPG during dobutamine or exercise stress tests.

In many laboratories, the follow up of aortic stenosis
progression in asymptomatic patients is based solely
on the consideration of MPG because this parameter is
easier and more rapid to measure than valve EOA.
However, several previous studies have demonstrated
that the severity of the stenosis may have an effect on
LVET (14-16). In general, the more severe the stenosis,
the longer the LVET. Accordingly, in the present study,
a significant association was found between valve
EOA and LVET corrected for heart rate. These findings
suggest that the patient’s follow up based solely on
MPG may underestimate the worsening of the stenosis
because the increase in MPG due to the increased
severity may be tempered by the concomitant length-
ening of LVET. In this context, the correction of MPG
for LVET that is proposed in Eqn. (5) may be useful to
overcome this limitation - particularly in those labora-
tories which use MPG as their prime measure of fol-
low up.

The impact of these findings with regard to clinical
decision-making remains to be determined.
Nonetheless, LVET and MPGc are simple to calculate
and, from a practical standpoint, they could easily be
used as adjuncts to the other Doppler echocardio-
graphic parameters, particularly when there are
apparent discrepancies in results. In this context, it
must however be remembered that 17% of the vari-
ance of MPG remains unexplained. As demonstrated,
the use of these parameters could also prove especial-
ly useful during stress echocardiography as it may
allow better understanding and interpretation of the
changes in gradient that occur during these examina-
tions. The results of this study also raise the interesting
possibility that medications targeted at decreasing the
heart rate (and thus increasing LVET) could be helpful
in decreasing transvalvular gradients and left ventric-
ular systolic wall stress in patients with aortic stenosis.
Further studies are necessary however to assess the
potential benefits and limitations of such interven-
tions.
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