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Background and aim of the study: Experimental
investigations and invasive studies conducted in
small series of patients using specially designed
high-fidelity micromanometer tip catheters have
suggested that downstream pressure recovery (PR)
within the aorta may significantly affect transvalvu-
lar pressure gradient (PG) measurement. The study
aims were to evaluate in a large cohort of patients the
extent of PR when transvalvular PGs are routinely
measured by fluid-filled pigtail side-hole catheters
(FPC) using pullback from the left ventricle to the
ascending aorta (AO), and to analyze factors influ-
encing PR. The influence of PR on the correlation
between catheter and Doppler PG measurements
was also assessed in a subset of patients.

Methods: Transvalvular PG were measured in 91
patients with aortic stenosis using FPC pullback with
the catheter positioned at different sites within the
ascending aorta. In 71 patients, Doppler echocardiog-
raphy was obtained within 24 h of catheterization.
Results: Mean PR ranged from 0 to 20 mmHg, corre-
sponding to a PR index (percent of maximal PG)

The pressure gradient (PG) across the aortic valve
represents a central parameter for the hemodynamic
evaluation of patients with aortic valve stenosis, as it is
used, per se, as a basic index of valve obstruction
severity. It is also required for calculating the stenotic
valve area using the Gorlin equation (1). Severe
obstruction of the aortic valve is usually characterized
by a catheterization systolic PG exceeding 50 mmHg in
the presence of normal cardiac pump function (2-4).
Twenty years ago, based on fluid mechanics theory
and the results of experimental investigations, Clark
(5-7) introduced the concept of pressure recovery (PR)
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ranging from 0 to 31%. PG was <50 mmHg in nine of
61 patients (15%) with a PG >50 mmHg at the origin
of the aorta when further measurements were con-
ducted with the catheter positioned more distally in
the ascending aorta. PR index better correlated with
the ratio of valve area to ascending AO cross-section-
al area (r = 0.61, p = 0.001) than with valve area (r =
0.37, p = 0.001) and ascending AO cross-sectional area
(0.27, p = 0.02) alone. Differences between Doppler-
and catheter-predicted PG were minimized when
correcting Doppler by non-invasively calculated PR
(p <0.0001).

Conclusion: The magnitude of PR recorded in aortic
stenosis by FPC, as used in most clinical catheteriza-
tion laboratories, is low in the vast majority of
patients. As predicted from fluid mechanics theory,
the ratio of valve area to ascending AO cross-section-
al area is the central determinant of PR. PR may
affect the Doppler-catheter correlation in some
patients.
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in aortic stenosis - the increase of static pressure down-
stream of the stenosis due to reconversion of kinetic
energy into potential energy - and the analysis of its
determinants. More recent experimental investigations
(8-15) and three clinical studies conducted in small
series of patients using specially designed high-fideli-
ty micromanometer tip catheters measurements (16-
18) have suggested that PR may significantly affect PG
invasive measurements and, consequently, the clinical
decision in some patients with aortic stenosis. In many
clinical catheterization laboratories, transvalvular PGs
in patients with aortic stenosis are routinely measured
using fluid-filled pigtail side-hole catheters (FPC) and
a ventriculoaortic pullback method in order to avoid
discomfort and potential risk to the patient in terms of
dual catheter insertion into the arterial system. As a
consequence, it remains unknown whether the find-
ings from experimental studies or data obtained by
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specially designed high-fidelity micromanometer tip
catheters in selected patients can be extrapolated in the
practical world of routine catheterization.

In agreement with fluid mechanics theory (5-7), the
results of experimental in-vitro studies (9,12) have sug-
gested that the ratio of valve area to ascending aorta
cross-sectional area (AVA/AOA) is a major determi-
nant of PR, though in-vivo confirmation of this in a
wide population of patients is lacking. In addition,
although all parameters of PR can be calculated non-
invasively using Doppler echocardiography, no clini-
cal study has yet systematically reported the
correlation between Doppler echocardiography-pre-
dicted PR and that measured by catheterization. In
addition, as continuous-wave Doppler measures the
highest velocities through the vena contracta before
the occurrence of PR, some discrepancies between
ultrasound and catheter PG measurements may be
explained by more or fewer PR catheter recordings (8-
15,17-21).

The main aim of the present prospective study was
to evaluate, in a large population, the extent of PR in
aortic valve stenosis when PGs were measured by cur-
rent clinical catheterization techniques, and the physi-
ological determinants of PR - with special attention
being paid to the AVA /AOA ratio. Any influence of PR
on the correlation between catheter- and Doppler-
derived PG measurements was also analyzed in a sub-
set of patients.

Clinical material and methods

Patient population

Between January 2000 and September 2001, a total of
91 patients (46 males, 45 females; mean age 70 + 11
years; range: 33 to 90 years) was referred to the
authors’ cardiac catheterization laboratory for evalua-
tion of aortic valve stenosis. All patients were in sinus
rhythm. Fifty-seven patients had no or trace aortic
regurgitation, 31 had mild to moderate regurgitation,
and three had severe regurgitation. The mean left ven-
tricular ejection fraction was 64 + 13%. Sixty patients
had no coronary artery disease, 22 had single-vessel
disease, six had two-vessel disease, and three had
triple-vessel disease.

Left cardiac catheterization

A standard procedure of left heart catheterization
using the percutaneous femoral approach was per-
formed in all patients, including coronary angiogra-
phy, left ventriculography, aortography and left heart
pressure measurements. The left ventricle could be
reached by retrograde advancement of a 5 or 6 Fr FPC
in all patients. When direct crossing of the aortic valve
was not possible with the FPC, a right Judkins or left
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Amplatz catheter was used to cross the valve first, and
this was then replaced by the FPC using an exchange
guidewire. Left ventricular body pressures were meas-
ured with the FPC positioned under fluoroscopy and
hand injections of radiographic contrast; in particular,
care was taken to position the catheter deep enough
within the ventricle but free of entrapment and to
ensure that all side holes were at distance from the out-
flow tract. After recording the left ventricular pressure,
the catheter was pulled back into the ascending aorta
and, using contrast medium hand injections under flu-
oroscopy, positioned within the aorta successively at
the level of the coronary arteries, mid-ascending aorta,
and the rise of the brachiocephalic trunk.
Corresponding peak systolic aortic pressures and
peak-to-peak left ventricular-aortic PG were then
measured: Paol = aortic pressure at the level of the
coronary arteries; PAo2 = aortic pressure at the level
of the mid-ascending aorta; Pao3 = aortic pressure at
the level of the brachiocephalic trunk; PG1 = peak-to-
peak PG between left ventricle and ascending aorta at
the level of the coronary artery, PG2 = peak-to-peak PG
between left ventricle and mid-ascending aorta, and
PG3 = peak-to-peak PG between left ventricle and
ascending aorta at the level of the brachiocephalic
trunk. Measurements were averaged over 10 to 12 suc-
cessive beats.

Doppler echocardiographic examination

In 71 patients, ultrasound examination including M-
mode, two-dimensional (2D) and Doppler echocardio-
graphy was performed in the authors’ institution
within 24 h of cardiac catheterization by two physi-
cians highly experienced in ultrasound techniques,
using a Vingmed CFM 800 equipment (Vingmed
Sound A/S, Norway). Both physicians were blinded to
the catheterization data. None of the 71 patients had
severe aortic regurgitation. Peak and mean Doppler
PGs were calculated from trans-stenotic velocities
using the simplified Bernoulli equation (PG = 4\/2).
Aortic valve area (AVA) was derived from the stan-
dard continuity equation using trans-stenotic and left
ventricular outflow tract velocity time integrals and
outflow tract cross-sectional area measured by 2D
echocardiography. The ascending aorta diameter was
measured in the left parasternal long-axis view 2 cm
distal to the sinotubular junction, and the cross-sec-
tional area of the ascending aorta (AOA) was calculat-
ed from the diameter, assuming a circular shape.

Pressure recovery: theoretical background, catheteri-
zation measurement and Doppler echocardiographic
calculation

Based on fluid mechanics theory (5,6), the difference
between the static pressure within the aorta distal to
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the valve orifice at a point where the jet has fully
expanded (Pao) and the lowest pressure across the
stenosis, at the site of vena contracta (Pvc), may be
written as:

AOA

g _ @ AVA| 1.
Pao-Pvc = pVV 2. { AOA

AVéJﬂ)

where Vvc is the maximal trans-stenotic velocity at the
vena contracta and p the blood density. With pressures
expressed in mmHg and velocities in m/s, Eqn. (1) can
be rewritten:

AVA| |4.
AOA

Pao-Pvc = 4Vvc2.2. { AOA| - AVAJ )

For comparison between various flow conditions,
pressure recovery is presented as a dimensionless
index (5-7,9,13,17 19) obtained by dividing both terms
of Eqn. (2) by 4Vvc? as follows:

Pao-Pvc=2.| AVA ' 1_AVA 3)
4Vvc? AOA AOA

Multiplying both terms of Eqn. (3) by 100 gives the
PR index - that is, the percentage of maximal trans-
valvular pressure gradient (dynamic pressure) recov-
ered into static pressure:

Pressure recovery in aortic stenosis 349
K. Isaaz et al.

PR and PR index can be measured by catheterization
by recording aortic pressure at various positions distal
to the valve. Predicted PR and PR index can be calcu-
lated from Doppler echocardiography using Eqns. (2)
and (4), where 4Vvc? is the maximal transvalvular PG
calculated by continuous-wave Doppler (Bernoulli
equation), with AVA obtained using the continuity
equation and AOA by 2D echocardiography.

Statistical analysis

Data were expressed as mean + SD. The relation of
catheter to Doppler PG and the relation of PR to
Doppler echocardiographic parameters were analyzed
using regression analysis. The differences between
catheterization pressure recordings at the three sites,
and between catheterization and Doppler PR index
were analyzed using a paired t-test. A p-value <0.05
was accepted as statistically significant.

Results

Catheterization PR magnitude and its influence on
correlation between catheter and Doppler PG meas-
urements

In the whole population, a paired-t-test comparison
showed that Paol (133 + 26 mmHg, p <0.0001) was
smaller than Pao2 (138 + 26 mmHg) and Pao3 (139 + 26

' Pao-Pve AVA AVA mmHg, p =0.036 versus Pao2). The c.iifference between

PR index = e 100 =200 . J1- 4) Pao2 and Pao3 confirmed the existence of further
Ve AOA AOA .
recovered pressure between these two sites (Pao3 -
Table I: Doppler echocardiography and catheterization pressure data.

Variable Value’ p-value
PG1 (mmHg) 672 +£294 <0.0001 vs. PG1 and PG2
PG2 (mmHg) 62.3 +£28.6 0.039 vs. PG3
PG3 (mmHg) 61.5 +28.6
Doppler max PG (mmHg) 79 £29 <0.0001 vs. PG1, PG2 and PG3
Doppler-predicted PR (mmHg) 9.8+34
Catheter-measured PR (mmHg) 57+38 <0.0001 vs. Doppler-predicted PR
Doppler-predicted PR index (%) 13.5+4.8
Catheter-measured PR index (%) 94 +6.5 <0.0001 vs. Doppler-predicted PR index
[Doppler max PG - PG1] (mmHg) 114 +17
[Doppler max PG - PG2] (mmHg) 164 +17 <0.0001 vs. [Doppler max PG - PG1]
[Doppler max PG - PG3] (mmHg) 17.1 +17 <0.0001 vs. [Doppler max PG - PG1]
[Corrected Doppler max PG - PG1] (mmHg) 1.6 +16 <0.0001 vs. [Doppler max PG - PG1]
[Corrected Doppler max PG - PG2] (mmHg) 6.5+16 <0.0001 vs. [Doppler max PG - PG2]
[Corrected Doppler max PG - PG3] (mmHg) 72 +16 <0.0001 vs. [Doppler max PG - PG3]

“Values are mean = SD.

PG: Pressure gradient; PG1: Peak-to-peak catheterization pressure gradient between left ventricle and ascending aorta at the
level of the coronary artery; PG2: Peak-to-peak catheterization pressure gradient between left ventricle and mid ascending
aorta; PG3: Peak-to-peak catheterization pressure gradient between left ventricle and brachiocephalic trunk; Predicted PR:
Pressure recovery predicted from Doppler echocardiography measurement (see text).

Corrected Doppler max PG = Doppler max PG - predicted PR
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Figure 1: Correlations between Doppler and catheterization
pressure gradients (PG). The thin line represents the
relationship of Doppler pressure gradient to PG1, and the
dotted lines represent the relationship of Doppler to PG2
and PG3. The thick line represents the line of identity.

Paol = 5.7 + 4.1 mmHg versus Pao2 - Paol = 4.9 +4.3
mmHg, p = 0.036). Therefore, all subsequent analyses
were conducted with PR measured as (Pao3 - Paol). As
shown in Table I, PG was maximal at position 1. Mean
PR ranged from 0 to 20 mmHg (mean value 6 mmHg),
and mean PR index was 9% (range: 0-32 %). Nine of
the 61 patients with PG1 >50 mmHg had a PG2 or PG3
2 50 mmHg. In 50 of the 52 patients with PG1 = 60
mmHg, both PG2 and PG3 remained > 50 mmHg. The
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Figure 2: Correlation between pressure recovery (PR) index
predicted by Doppler echocardiography and that measured
by catheterization.

Doppler-catheter correlations regarding PG in the 71
patients with both Doppler echocardiography and
catheter measurements are depicted in Figure 1, with
linear regression equations shown in Table IL

Doppler echocardiographic prediction of PR

In 71 patients who underwent both catheterization
and ultrasound measurements, PR predicted by
Doppler echocardiography using Eqn. (2) was 10
mmHg (range: 4 to 21 mmHg) versus 6 mmHg (range:
0 to 16 mmHg) (p <0.0001) for catheterization, while
the Doppler echocardiography-derived PR index
using Eqn. (4) was 14% (range: 5 to 25%) compared
with 9% (range: 0 to 31%) (p <0.0001) for catheteriza-
tion (Table I). Subtracting Doppler echocardiography-
predicted PR from Doppler maximal PG reduced the
overestimations by Doppler of catheter-measured PG
(Tables I and II; Fig. 1). A significant correlation was
found between catheterization-measured PR index
and PR index predicted from Doppler echocardio-
graphic measurements using Eqn. (4) (Fig. 2). The ratio
AVA/AOA predicted from catheterization PR using
Eqn. (3) correlated with that ratio measured by
Doppler echocardiography (r = 0.62, p <0.0001).

Determinants of PR

PR index was linearly related to AVA (r = 0.37, p =
0.001) and to the ratio AVA/AOA (r = 0.61, p = 0.001),
and inversely related to AOA (r = -0.27, p = 0.02) (Fig.
3), to the maximal transvalvular velocity (r =-0.38, p =
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Figure 3: Determinants of pressure recovery (PR). AOA:
Ascending aorta cross-sectional area; AVA: Aortic valve
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Figure 4: Relationship of pressure recovery (PR) index to
diameter of the ascending aorta as measured by
echocardiography.

0.001), to the maximal Doppler transvalvular PG (r = -
0.37; p = 0.001), and to the mean Doppler transvalvu-
lar PG (r = -0.39, p = 0.0007).

Discussion

Herein, the clinical relevance of the theoretical con-
cept of PR on the hemodynamic evaluation of aortic
stenosis as performed with current, most-often used
techniques of clinical catheterization, was analyzed in
a large population of 91 patients. This was also the first
clinical prospective study to compare directly the PR
predicted non-invasively from Doppler echocardiogra-
phy using fluid mechanics principles with that meas-
ured invasively by catheterization and to confirm, in
vivo, the role of the ratio AVA/AOA measured by
Doppler echocardiography as a major determinant of
PR.

Extent of PR measured by fluid-filled catheters, and
clinical relevance in aortic stenosis

Previously, only one clinical study has reported, in
15 patients with aortic stenosis, the effects of fluid-
filled catheter positioning in the aorta on transaortic
pressure gradient (22). In this latter study, as only one
aortic position distal to the valve was evaluated, some
additional recording of PR may have been omitted
(22). In the present study, it was shown in a large pop-
ulation of 91 patients that pullback of a fluid-filled pig-
tail catheter - a method currently used in many clinical
laboratories - allows the recording of PR in patients
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Table II. Correlations between Doppler and catheterization pressure gradients.
Xy r Slope Intercept SEE p-value
(mmHg)
Max Doppler PG
PG1 0.83 0.85 0.63 57 <0.0001
PG2 0.83 0.82 -2.37 5.6 <0.0001
PG3 0.84 0.83 -3.73 5.5 <0.0001
[Max Doppler PG] - [predicted PR]
PG1 0.84 0.90 5.35 52 <0.0001
PG2 0.84 0.88 1.98 5.1 <0.0001
PG3 0.85 0.89 0.596 49 <0.0001

Abbreviations as for Table I.

with aortic stenosis. In this study, PR ranged from 0 to
20 mmHg (mean 6 mmHg), while the mean PR index
was 9% (range: 0 to 32%). This extent of PR, which was
in agreement with that reported previously using
micromanometer methodology (16-18), appears to be
relatively small in the majority of patients. However,
15% of the patients with a maximal peak-to-peak PG
>50 mmHg had a PG <50 mmHg at the site of pressure
recovery, whilst only two of the 52 patients (4%) with a
maximal peak-to-peak PG 260 mmHg had a PG <50
mmHg at the site of PR. Thus, PR might cause mis-
classification in some patients of the subgroup with
peak-to-peak PGs of 50-60 mmHg, whereas its impact
appears to be negligible in patients with peak-to-peak
PGs >60 mmHg.

Central role of AVA/AOA ratio as a determinant of
PR

Fluid mechanics theory (5,7) predicts that the PR
index is a function of the ratio AVA/AOA (Eqn. (4)).
Whilst several in-vitro studies (9,12,23,24) have con-

firmed the role of AVA/AQOA ratio as an important
determinant of PR, very few clinical data are available
demonstrating, in vivo, the relationship between
AVA/AOA and PR. In one clinical study with 34
patients in whom AVA was calculated invasively using
the Gorlin formula and the ascending aorta systolic
diameter measured by contrast aortography, Schobel
et al. (17) showed that the PR index, when measured
by using specially designed high-fidelity micro-
manometer tip catheters, correlated with AVA/AOA (r
= 0.44). Surprisingly, in their study, Schobel et al. (17)
found that AVA/AOA, despite being the main variable
of PR as predicted by fluid mechanics theory (Eqn. (4)),
correlated less with PR than did AVA alone (r = 0.68).
Gijertsson et al. (25) estimated non-invasively the PR by
Doppler echocardiography based on fluid mechanics
(Eqns. (2-4)), but no invasive pressure measurement
was obtained by these authors (25). In the present
study, the AVA /AOA ratio was found to correlate bet-
ter with PR index than did valve areas and ascending
aorta cross-sectional areas alone (see Fig. 2). Thus, in

Table I11: Correlations between Doppler using the long form of the simplified Bernoulli equation (incorporating subvalvular
velocities) and catheterization pressure gradients.

Xy r Slope Intercept SEE p-value
(mmHg)

[4Vvc3- 4Vsub?]
PG1 0.83 0.86 0.86 5.5 <0.0001
PG2 0.83 0.83 0.06 5.6 <0.0001
PG3 0.84 0.84 -1.4 5.5 <0.0001

[4Vvc*- 4Vsub?] - [predicted PR]
PG1 0.84 0.91 8.2 5.0 <0.0001
PG2 0.84 0.88 4.8 49 <0.0001
PG3 0.85 0.90 34 4.8 <0.0001

Vsub: Subvalvular velocity measured by pulsed Doppler; Vvc: Maximal trans-stenotic velocity at the vena contracta measured

by continuous-wave Doppler. Other abbreviations as for Table I.
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agreement with hydrodynamic principles and previ-
ous experimental findings, the post-valvular to orifice
cross-sectional areas ratio does represent an important
hemodynamic index of aortic stenosis due to its crucial
role on downstream flow and pressure perturbation
(26). An independent role of this ratio in the clinical
course of patients with aortic stenosis has been recent-
ly suggested (23).

Does relevant PR occur only in patients with small
ascending aortas?

Although fluid mechanics theory states that PR
depends essentially on the AVA/AOA ratio, some
investigators (12,20) have suggested that AOA size
should be the most important variable, and must be <3
cm diameter before clinically relevant PR can be
expected. By contrast, Schobel et al. (17) documented a
PR index as high as 29% even in patients with an aorta
>3.5 cm at aortography. In the present study, a modest
(but significant) inverse relationship was found
between PR index and AOA diameter, though many
patients with an aorta of >3 cm diameter and some
with a diameter >3.5 cm still had a significant PR index
of >15% (Fig. 4).

Impact of PR on catheterization-Doppler echocardio-
graphy correlation

As continuous-wave Doppler measures the highest
velocities through the vena contracta before the occur-
rence of PR, ultrasound techniques using the Bernoulli
equation may, in theory, provide a higher PG than
those measured by catheterization due to more or
fewer PR catheter recordings (8,9,11,12,14,19,21,24). In-
vitro studies (11, 12) have confirmed that, under cer-
tain conditions, PR may lead to significant
Doppler-catheter differences, but the relevance of this
phenomenon in a clinical setting remains the subject of
debate. Simultaneous Doppler-catheter correlative
studies on large series of patients with aortic stenosis
have shown excellent correlations, despite neglecting
PR (27,28). More recent studies using high-fidelity
micromanometer catheter measurements have report-
ed significant differences between Doppler and
catheterization that were reduced after correction by
the PR (18,20). Multiple methodological factors,
including small versus large population sample size,
simultaneous versus non-simultaneous measure-
ments, use of fluid-filled versus high-fidelity micro-
manometer catheters, and the recording in some cases
of dynamic pressure rather than purely static pressure,
might explain discrepancies at the level of clinical
studies with regard to the influence of PR on the
Doppler-catheter PG relationship. In addition, many
physiological factors (other than AVA/AOA ratio)
such as viscosity, inertial/turbulent effects, geometry
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of the stenosis, eccentricity of the jet, aorta and periph-
eral arterial mechanical properties, are difficult to
assess in a clinical situation and may modify the extent
of PR (9-15).

In the present prospective clinical study, it was
shown in a large population that PR does not signifi-
cantly influence the values of correlation coefficients,
but the findings do in part explain the overestimation
in absolute value of catheterization PG by Doppler PG
using the Bernoulli equation. By applying a linear
regression equation (see Table II), it can be shown that
a non-corrected Doppler PG of 100 mmHg may over-
estimate the catheterization PG by between 15 and
21%, whereas the overestimation ranged from only 5 to
11% with Doppler corrected by the non-invasively cal-
culated PR. The remaining differences between
Doppler and catheterization PGs after correction by
calculated PR can be explained by the non-simultane-
ous measurement with fluid-filled catheters, the com-
parison of peak Doppler PG with catheterization
peak-to-peak PG (27,28), and use of the short form of
the simplified Bernoulli equation (PG = 4V?) rather
than the fully developed formula. A simplified form of
the Bernoulli equation that incorporates only the con-
vective flow acceleration can be used for trans-stenotic
PG calculations because the inertial term can be neg-
lected in stenotic valves (29,35-37). Due to the low
magnitude of subvalvular flow velocities compared
with jet velocities, it has been proposed that the pres-
sure drop related to these latter velocities be neglected
in the simplified Bernoulli equation (29), and the short
form of the simplified Bernoulli equation has been
used in previously published studies validating trans-
valvular PG measurements by Doppler in large series
of patients (27,28). Moreover, in previously published
experimental investigations analyzing the role of PR
on catheterization-Doppler correlations, Doppler PGs
were measured using the short-form Bernoulli equa-
tion (9,11,12,20,24). The PGs calculated automatically
with commercially available ultrasound equipment are
also based on using the short-form Bernoulli equation.
However, it remains possible that neglecting sub-
valvular velocities in the Bernoulli equation may con-
tribute to an overestimation of PG by Doppler in some
situations, especially in cases of high left ventricular
outflow rate or in moderate stenosis. In the present
patients, a non-corrected Doppler PG of 100 mmHg
(calculated with the long form of the simplified
Bernoulh equation: 4 jet Veloc1ty - 4 subvalvular
Veloc1ty ) overestimates the catheterization PGs from
11 to 17% (versus 15 to 21% with PG = 4 jet Ve10C1ty ),
and the overestimation varies from only 1to 7% (ver-
sus 5 to 11% with PG = 4 jet Veloc:lty ) when the long
form of the Bernoulli equation is corrected by the non-
invasively calculated PR (Table III). Thus, although the
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short form, simplified Bernoulli may contribute to an
overestimation of catheter PGs, pressure recovery may
still represent an additional factor that causes catheter
PG overestimation by Doppler measurements.

Comparison of Doppler-predicted PR with invasive
measurements

A significant correlation was found between PR cal-
culated by Doppler echocardiography based on fluid
mechanics theory and that measured by catheteriza-
tion (see Fig. 2), though the extent of PR predicted by
Doppler was greater than that measured by catheteri-
zation. The mean PR predicted by Doppler was 1.7-
fold greater than that measured by catheter, whereas
the differences were smaller for the PR index (14 ver-
sus 9%), which is more relatively flow-independent.
The use of non-simultaneous measurements with
fluid-filled catheters, as well as several physiological
factors including viscosity, inertial/turbulent effects,
geometry of the stenosis, eccentricity of the jet, aorta
and peripheral arterial mechanical properties (9-15)
not considered in Eqns. (2-4), may explain the discrep-
ancies found between Doppler and catheter with
regard to PR measurements.

Study limitations

As the present study was designed to reproduce the
conditions of invasive and non-invasive evaluation in
clinical practice, Doppler and catheterization measure-
ments were not performed simultaneously; hence,
hemodynamic changes may have occurred between
the times when the catheterization and ultrasound
examinations were conducted. The coefficients of cor-
relation between Doppler and catheterization PGs
were therefore lower than those reported when
Doppler and catheterization measurements are con-
ducted simultaneously (27,28), but similar to those
reported by Currie et al. (27,28) in their subgroups of
patients with non-simultaneous Doppler and catheter
measurements. Likewise, the use of fluid-filled
catheters (which have a poor frequency response)
instead of high-fidelity manometer catheters may have
minimized the actual extent of PR measured during
catheterization. However, as one of the study aims was
to quantify the level of PR that may be recorded by
fluid-filled catheters, these findings suggest that
although catheterization data obtained by typical prac-
tices may distort the actual physical phenomenon, PR
may still be observed and lead to misclassification in
patients with peak-to-peak PGs of 50-60 mmHg.

The left ventricle to ascending aorta pullback
method used in the present study is widely used in
clinical laboratories, and results obtained with this
method are similar to those obtained with simultane-
ous recording of left ventricular-ascending aortic pres-
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sures, provided that the patients are in sinus rhythm
(38). In addition, in clinical practice, the severity of aor-
tic stenosis is often hemodynamically quantitated by
monitoring peak-to-peak PGs in the absence of severe
left ventricular dysfunction (2-4). A comparison of
peak instantaneous PG with peak-to-peak values may
influence the correlations for PGs between catheteriza-
tion and Doppler echocardiography, independently of
the PR phenomenon. Although peak instantaneous
PGs are higher than peak-to-peak values (27,28), in-
vitro studies have shown the extent of PGs to be simi-
lar when measured in either manner (9). Consequently,
the findings of the present study in terms of PR should
not be significantly affected by the use of peak instan-
taneous versus peak-to-peak PG measurements.

The present study was mainly designed to evaluate
the impact of PR on PG measurement in a clinical set-
ting. The influence of PR on valve area calculations
using the Gorlin formula was not directly assessed.
However, the variations of valve area in a given
patient due to PR can be easily deduced as they are
directly related to the square root of the PG variations.
In the present series, PR measured by catheterization
may have led to an average change in valve area of 5%
(range: 0 to 21%) when using the Gorlin formula. The
impact of PR on valve area measurements has been
previously reported (17,24,39).

In conclusion, some PR in aortic stenosis - even in
patients with a large aorta - can be recorded using
fluid-filled pigtail side-hole catheters, and this may
affect Doppler-catheterization PG correlation. The
extent of PR is, however, small in the vast majority of
patients, and might cause misclassification of severity
of the disease in a subset of patients with PGs of 50-60
mmHg. As predicted from fluid mechanics theory, the
ratio of aortic valve area to ascending aorta cross-sec-
tional area appears to be the main determinant of PR.
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