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Objectives. We sought to determine the reliability of the prox-
imal isovelocity surface area (PISA) method for calculation of
effective regurgitant orifice (ERO) of aortic regurgitation (AR).

Background. The ERO area can be calculated by the PISA
method, but this method has not been validated in AR.

Methods. ERO calculation by the PISA method was undertaken
prospectively in 71 consecutive patients with isolated AR and
achieved in 64 and compared with two simultaneous reference
methods (quantitative Doppler and quantitative two-dimensional
echocardiography). In addition, this method was compared with
angiography in 12 patients, with surgical assessment in 18 pa-
tients and with ventricular volumes in all patients.

Results. Good correlations between PISA and reference meth-
ods were obtained (both r 5 0.90, both p < 0.0001), but a trend
toward underestimation of the ERO by the PISA method was
noted (24 6 19 vs. 26 6 22 mm2 and 27 6 23 mm2, respectively,
both p 5 0.04). However, this trend was confined to five patients

with an obtuse flow convergence angle (>220°), and on multivar-
iate analysis this variable was the only independent determinant
of underestimation of the ERO. In contrast, in 59 patients with a
flat flow convergence (<2220°), the PISA method, in comparison
with reference methods, showed excellent correlations, with a
narrow standard error of the estimate (r 5 0.95, SEE 5.4 mm2,
and r 5 0.95, SEE 5.8 mm2; all p < 0.0001) and no trend toward
underestimation (22 6 18 vs. 23 6 16 mm2, p 5 0.44, and vs. 23 6
18 mm2, p 5 0.34).

Conclusions. In patients with AR, the PISA method can be used
to measure the ERO with reasonable feasibility. Underestimation
of the ERO by PISA may occur in patients with an obtuse flow
convergence angle. However, in most patients with appropriate
flow convergence, PISA provides reliable measurement of the
ERO of AR.

(J Am Coll Cardiol 1998;32:1032–9)
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Assessment of the degree of regurgitation is paramount to
clinical decision-making in patients with aortic regurgitation
(AR), because patients with severe AR most often require
surgical treatment. Semiquantitative grading of AR with color
and spectral Doppler echocardiography (1–3) or with angiog-
raphy (4) is widely used, but both techniques are hindered by
important limitations (5–8). Noninvasive and invasive quanti-
tative estimations of regurgitant volume and regurgitant frac-
tion are available (8,9), but regurgitant volume and fraction
depend on loading conditions (10,11). Recently, noninvasive
calculation of aortic effective regurgitant orifice (ERO), a
measure of lesion severity in AR, was proposed (12). The ERO
area is a fundamental descriptor of AR (13), determines the
effect of AR on the left ventricle and provides information
additional to the volume overload measurements such as

regurgitant fraction (12). However, measurement of the ERO
area by quantitative Doppler echocardiography is not always
feasible, and to obtain a high degree of reliability, a combina-
tion of methods is desirable (14).

There has been considerable interest in the proximal isove-
locity surface area (PISA) method to assess the severity of
valvular and congenital heart diseases (14–21). Based on the
conservation of mass, the PISA method has been validated
experimentally and clinically for calculating the effective orifice
area in mitral stenosis (19) and mitral (14,16,21) and tricuspid
(20) regurgitation. In AR, the importance of the concept of
ERO has been underscored (12,13), and the PISA method has
been pioneered in animal models (22), but the applicability of
this method in patients with AR has not been documented
(18).

Therefore, we hypothesized that the proximal flow conver-
gence (FC) method allows a reliable determination of the
ERO area of AR with great feasibility. To verify this hypoth-
esis, the calculation of the ERO of AR by the PISA method
was prospectively performed in patients with isolated AR, and
the results were compared with those simultaneously obtained
by two reference methods—quantitative Doppler echocardi-
ography and quantitative two-dimensional echocardiography
(12,14).
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Methods
Patients. Patients were screened prospectively in the echo-

cardiographic laboratory by one of the investigators. Inclusion
criteria included 1) isolated and pure AR of at least mild
degree, as determined by standard Doppler color flow imaging;
2) complete two-dimensional echocardiographic and Doppler
measurements, allowing calculation of the ERO area of AR;
and 3) assessment of the AR by the PISA method. Exclusion
criteria included 1) associated mitral valve disease, particularly
more than a trace of mitral regurgitation; 2) inability to obtain
the continuous wave Doppler signal of AR; and 3) inability to
acquire both quantitative reference methods.

In addition, 80 patients (46 men, age 57 6 15 years) without
regurgitation had the Doppler echocardiographic measure-
ments prospectively performed to assess the accuracy of stroke
volume measurements.

PISA method. The PISA method, derived from analysis of
the FC region proximal to the regurgitant orifice and from the
conservation of mass, has been previously described (14–
16,20,23). Doppler color flow images of the proximal FC of the
AR were obtained from an apical long-axis view. The position
of the transducer was modified to minimize the angle between
the centerline of the FC and the ultrasound beam. The frame
rate was maximized by reducing the depth of imaging and by
using the narrowest color sector window possible. A zoom view
of the region of interest was obtained. The color flow velocity
scale was maximized and its baseline shifted upward to reduce

the aliasing velocity until the FC region was clearly visualized
of optimal shape and measurable. Because only the axial
component of velocity was visualized with color flow imaging,
the optimal visible shape of the FC region was close to a
portion of a sphere, with the base of the truncated sphere
located at the level of the regurgitant orifice, as previously
demonstrated (14,23) (Fig. 1). The radial distance, r (radius),
between the first aliasing contour (red–blue interface) of the
FC region and the regurgitant aortic orifice was measured
along the centerline of the FC region in early diastole,
simultaneously with the maximal aortic regurgitant velocity.

Assuming a hemispheric shape of the PISA, the diastolic
aortic regurgitant flow, RFlow, was calculated as

RFlow 5 2p 3 r2 3 Vr

where r was the radius of the FC measured in early diastole,
and Vr was the corresponding aliasing velocity (15). The aortic
regurgitant ERO area was then calculated (14,16) as

ERO ~PISA! 5 RFlow/RVel

where RVel was the maximal velocity of the aortic regurgitant
jet in early diastole recorded with continuous wave Doppler
echocardiography from the apical, para-apical or right
parasternal transducer position. In 12 patients, PISA measure-
ments of the ERO area were repeated by a second observer
during the same examination to determine the interobserver
variability.

To assess the interaction of AR characteristics with the
accuracy of the PISA method, four variables were analyzed:
nonplanar FC, valvular prolapse, eccentricity of the AR jet and
confinement by the aortic wall. The valvular coaptation zone
was imaged at a high frame rate and with high contrast in the
parasternal long-axis view. To assess whether nonplanar FC
was present, the angle of the aortic leaflets forming the FC
region (19–21), corresponding to the inverted aortic valvular
funnel (Fig. 2), was measured on a printout of the specific

Abbreviations and Acronyms

AR 5 aortic regurgitation
ERO 5 effective regurgitant orifice
FC 5 flow convergence
PISA 5 proximal isovelocity surface area
SEE 5 standard error of the estimate

Figure 1. Example of calculation of the ERO
area with the PISA method. Left, Color flow
Doppler imaging of the proximal FC recorded
from the apical view. Right, Aortic regurgitant
jet recorded by continuous wave Doppler
echocardiography. R 5 radius of FC in early
diastole.
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image with use of a protractor. Because of the potential
limitations of such measurement, the patients were classified as
having an obtuse angle (.220°) (corresponding to a change in
ERO of at least 20%, depending on the shape of the FC
region) (24) or a flat angle (#220°) of FC. The angle classifi-
cation was confirmed in all patients by multiple-view imaging
of the aortic valve in diastole. The diagnosis of valvular
prolapse was based on movement of the body of the cusps
beyond the plane of the aortic annulus in diastole. An eccentric
AR jet was determined by the direction of the jet immediately
below the regurgitant orifice. Confinement of the FC was
analyzed by measuring the size of the aorta at the sinuses and
by observing possible compression of the FC by the aortic
walls.

Doppler echocardiographic reference methods. All pa-
tients had complete two-dimensional and Doppler echocardio-
graphic studies (25,26). Data for quantitative Doppler echo-
cardiography and quantitative two-dimensional Doppler
echocardiographic ERO area measurements (12,14) were col-
lected simultaneously with the PISA method during the same
examination. The aortic ERO area with quantitative Doppler
echocardiography (ERO [Dop]) and with quantitative two-
dimensional echocardiography (ERO [2D]) methods was cal-
culated as

ERO 5 RVol/RTVI

where RVol was the aortic regurgitant volume and RTVI was
the regurgitant time–velocity integral of the aortic regurgitant
jet obtained by continuous wave Doppler echocardiography.

For quantitative Doppler echocardiography, the aortic regur-
gitant volume was calculated as the difference between the
mitral and the aortic stroke volumes measured with pulsed
wave Doppler echocardiography (9,27). Calculation of the
mitral annulus area used diameters measured along multiple

axes to account for the noncircular shape of the annulus. The
Doppler sample was repeatedly positioned at the mitral annu-
lus level to avoid interaction with the AR flow. For quantitative
two-dimensional echocardiography, the total left ventricular
stroke volume was calculated as the difference between the
end-diastolic and end-systolic volumes measured at end-
diastole and end-systole by use of Simpson’s rule (method of
disks), as recommended by the American Society of Echocar-
diography (28). The regurgitant volume was calculated as the
difference between the left ventricular stroke volume (9) and
the pulsed wave Doppler mitral stroke volume (27).

Other methods. During the same episode of care, 12
patients underwent invasive aortography in which the degree
of AR was graded 1 to 4, and 18 patients underwent surgical
examination of the aortic valve during which the lesion was
classified as severe or not severe by the surgeon.

Statistical analysis. Descriptive results were expressed as
the mean value 6 SD for continuous variables and as percent-
ages for categorical variables. The calculated ERO area ob-
tained by the three methods was compared by analysis of
variance for repeated measurements and by the paired t test in
the entire study group and in subgroups defined according to
the presence or absence of a valve prolapse, an eccentric jet
and a nonplanar angle of FC. The association between the
PISA and reference methods of measuring the ERO area was
analyzed with linear regression and the Bland and Altman
method (29). Then, the differences between the ERO area by
the PISA method and the reference methods were used as
dependent variables in multivariate analyses in which jet
eccentricity, valve prolapse and nonplanar FC angle were
independent variables. Also, the association of ERO [PISA] to
left ventricular volumes was based on linear correlations and to
angiographic and surgical evaluations was based on nonpara-
metric correlations and the Fisher exact test. A p value ,0.05
was considered significant.

Results
Seventy-one patients were prospectively examined for study

inclusion. The proximal FC region was not adequately visual-
ized by color flow imaging in 7 of the 71 patients. Thus, the
feasibility of measuring the aortic ERO area with the PISA
method was 90% (64 of 71 patients). These 64 patients
comprised the final study group (age 53 6 18 years, 44 men);
63 were in sinus rhythm and 1 had atrial fibrillation. The
mechanism of AR was degenerative valve disease in 21 pa-
tients, bicuspid or congenitally abnormal aortic valve in 16,
aortic root dilation in 12, valve prolapse in 6, rheumatic in 5
and unclear in 4. The jet was central in 25 patients and
eccentric in 39. The FC angle was flat in 59 patients and obtuse
in 5. An obtuse angle was associated in all cases with aneurys-
mal dilation of the ascending aorta. The aortic root diameter
was overall 4.1 6 1.0 cm and was $5 cm in all 5 patients with
an obtuse angle, but was $5.0 cm in only 2 of 59 patients with
a flat angle (p , 0.001). No confinement of the FC, in
particular by the walls of the aorta, was observed. There was a

Figure 2. Flow convergence with an obtuse angle in a patient with
aneurysm of the ascending aorta. The position of the aortic leaflets is
associated with an obtuse angle of the FC region proximal to the
regurgitant orifice (.220°). Ao 5 aorta; LV 5 left ventricle.
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significant correlation between the aortic diameter and the
ERO [Dop] (r 5 0.65, p , 0.0001) and the ERO [2D] (r 5
0.63, p , 0.0001), demonstrating that the aortic size increased
with the degree of AR.

The mean values of the variables used to calculate the ERO
area by the three methods are listed in Table 1. Good
correlations were found between the ERO [PISA] and the
ERO [Dop] (r 5 0.90, p , 0.0001, SEE 8.2 mm2) and ERO
[2D] (r 5 0.90, p , 0.0001, SEE 8.0 mm2). The ERO area
calculated by the three methods in the study group and in the
subgroups are presented in Table 2. Overall, the ERO [PISA]
tended to slightly underestimate (p 5 0.019) the ERO [Dop]
(p 5 0.04) and ERO [2D] (p 5 0.04) (Table 2). Multivariate
analysis of the predictor of the difference between the ERO
[PISA] and the ERO by reference methods identified obtuse
FC as the independent determinant of underestimation with
both reference methods (both p 5 0.0001). Valvular prolapse
and eccentric jet were not significantly associated with under-
estimation on multivariate analysis. Marked underestimation
of the ERO [PISA] compared with both reference methods
(Fig. 3 and 4) was noted only in the five patients with an FC

with obtuse angle and not in the 59 patients with a flat FC
angle (Table 2).

When comparisons were restricted to the 59 patients with
optimal measurements (i.e., flat FC angle), excellent correla-
tions were found between ERO [PISA] and ERO [Dop] (r 5

Table 1. Quantitative Measures of Regurgitant Volume Overload

Variable Mean 6 SD Range

PISA
Vr (cm/s) 29 6 9 12–61
r (cm) 0.7 6 0.2 0.2–1.3
Regurgitant flow rate (cm3/s) 112 6 89 8–414

Quantitative Doppler
echocardiography

Regurgitant volume (cm3) 58 6 41 6–209
Regurgitant fraction (%) 38 6 16 5–72

Quantitative two-dimensional
echocardiography

Regurgitant volume (cm3) 58 6 43 4–216
Regurgitant fraction (%) 37 6 17 6–73

Regurgitant velocity (cm/s) 461 6 45 381 6 554
RTVI (cm) 233 6 56 105 6 370

PISA 5 proximal isovelocity surface area; r 5 radius of flow convergence
region; RTVI 5 regurgitant time–velocity integral; Vr 5 selected aliasing velocity.

Table 2. Value of the Aortic Effective Regurgitant Orifice Area Calculated With the Proximal
Isovelocity Surface Area Method and Quantitative Doppler and Two-Dimensional Echocardiographic
Methods in the Overall Study Group and in Subgroups of Patients

Group n

ERO (mm2)

PISA Doppler p Value* 2D p Value†

Overall 64 24 6 19 26 6 22 0.04 27 6 23 0.04
Prolapse 6 43 6 12 44 6 12 0.40 46 6 13 0.35
No prolapse 58 22 6 18 25 6 22 0.06 25 6 23 0.06
Eccentric jet 39 27 6 21 30 6 25 0.15 30 6 26 0.06
Noneccentric jet 25 19 6 14 21 6 15 0.13 21 6 15 0.38
Obtuse flow convergence 5 43 6 21 68 6 35 0.04 69 6 37 0.04
Flat flow convergence 59 22 6 18 23 6 16 0.44 23 6 18 0.34

*Comparison between PISA method and quantitative Doppler echocardiographic method. †Comparison between
PISA method and quantitative two-dimensional echocardiographic method. 2D 5 two-dimensional; ERO 5 effective
regurgitant orifice; PISA 5 proximal isovelocity surface area. Data are presented as mean value 6 SD.

Figure 3. Correlations between the PISA method and (A) quantitative
Doppler echocardiography and (B) two-dimensional echocardiography
for calculation of the ERO area. Solid line regression line; gray zone 5
95% confidence interval for 59 patients with a flat angle (220°) of the
FC region (solid dots). Dashed line 5 identity line. Open dots
superimposed represent the five patients with an obtuse angle of the
proximal FC region (.220°).
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0.95, p , 0.0001, SEE 5.4 mm2) and ERO [2D] (r 5 0.95, p ,
0.0001, SEE 5.8 mm2) (Fig. 3), with no significant differences
(overall p 5 0.53) between the calculated values (p 5 0.44 and
0.34, respectively, compared with the reference methods). The
absolute values of the differences between the PISA method
and the reference methods were 3.8 6 3.7 mm2 and 4.6 6 3.6
mm2, respectively. Quality control plots using the Bland and
Altman method in patients with an optimal (flat) FC indicated
that there was no trend toward underestimation (Fig. 4). The
superposition of the five patients with nonplanar FC illustrated
the marked underestimation of the ERO area observed in four
of the five patients with an obtuse FC angle.

In comparison with other methods, the correlation with
angiographic grade was good (r 5 0.81, p 5 0.0014). Five of six
patients with an AR grade #3 had an ERO [PISA] ,30 mm2,
and five of six patients with an AR grade 4 had an ERO [PISA]
$30 mm2 (p 5 0.04). In comparison with surgical assessment,
13 of 14 patients with a severe lesion had an ERO $30 mm2,
whereas 4 of 4 patients with a less severe lesion had an ERO
[PISA] ,30 mm2. There were good correlations of the ERO
[PISA] with left ventricular end-systolic (r 5 0.74, p , 0.0001)

and end-diastolic (r 5 0.83, p , 0.0001) volumes indexed to
body surface area.

For the 12 patients in whom the PISA measurements were
repeated by a second observer, interobserver variability was
low, with an absolute value of the difference of ERO of 3.0 6
2.5 mm2. For the 80 patients without regurgitation, the abso-
lute value of the difference between aortic and mitral stroke
volumes was 4.1 6 3.1 ml, and between the left ventricular and
mitral stroke volumes it was 3.8 6 3.6 ml.

Discussion
This study showed that for measurement of the ERO of

AR, 1) the proximal FC could be analyzed in a high proportion
of patients with various degrees and causes of AR; 2) there was
a trend toward overall underestimation of the ERO by PISA,
observed only in a minority of patients with an obtuse FC angle
due to aneurysmal dilation of the ascending aorta; and 3) the
PISA method could obtain a reliable measurement of the ERO
area in patients with an appropriate flat FC, including those
with an eccentric jet or valve prolapse.

Effective regurgitant orifice: concept and previous determi-
nations. The concept of ERO area was originally described
for mitral regurgitation (30). The ERO corresponds to the area
of the vena contracta, which is smaller than the anatomic
regurgitant area (31). Experimental (10,32–34) and clinical
(35–37) studies have suggested that the ERO area yields
unique information on the severity of regurgitation, is less
dependent on hemodynamic variables than is regurgitant vol-
ume and fraction (10,32,34) and is not dependent on heart rate
(38). Recently, the aortic ERO area in AR was determined by
Doppler echocardiography invasively (13) and noninvasively
(12). These studies showed that the ERO area is an important
and clinically significant index of AR severity that provides
additional information to the regurgitant fraction (12). Thus,
development of other clinically reliable noninvasive methods is
essential so that the ERO area can be obtained in all circum-
stances with a combination of methods during the same
Doppler echocardiographic examination, to reach a high de-
gree of reliability in the evaluation of severity of the AR (14).

PISA method. Recently, the PISA method, based on the
conservation of mass, was validated clinically to measure the
ERO area in mitral (14,16) and tricuspid (20) regurgitation. It
has been used also in mitral stenosis (19), ventricular septal
defect (17) and prosthetic regurgitation (39). The PISA
method is particularly attractive because of its simplicity (14).
Experimental studies have suggested that the PISA method
may be of value in the quantitation of AR (22,40). The
proximal FC region is considered technically difficult to access
in AR (41), but in this study it was measurable in 90% of
patients and adequate for calculation of the ERO in 83% of
patients. This feasibility is slightly lower than that found in
mitral regurgitation (14,16), because, in contrast to its mitral
counterpart, the aortic FC may be shadowed by thickened
valvular tissue.

The present study is, to our knowledge, the first to apply the

Figure 4. Scatterplots of the difference (PISA minus reference meth-
ods, y-axis) to the reference methods (x-axis) for calculation of ERO
using the Doppler echocardiographic method (A) or two-dimensional
method (B) as a reference. The patients with appropriate FC are
represented by solid dots, and their 95% confidence interval is
represented by the gray zone. The differences were not statistically
different from zero. The open dots superimposed represent the five
patients with an obtuse angle of the proximal FC region (.220°).
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PISA method in a large number of patients with AR. The ERO
area calculated by the PISA method correlated well with that
obtained by Doppler and two-dimensional echocardiographic
methods. However, there was an overall trend toward under-
estimation of the aortic ERO area by the PISA method. In
fact, marked underestimations were found in a minority of
patients with an obtuse FC angle (Figs. 3 and 4). This complex
nonplanar geometry of the aortic valve was observed only in
patients with aneurysmal dilation of the ascending aorta (Fig.
2). The significant association between dilation of the aortic
root and valvular morphology suggests that the aortic defor-
mation imposes tension on the attachment of the aortic cusps,
with secondary tenting of the valvular apparatus. Such cases
invalidate the geometric assumptions of the PISA method, but
can easily be identified with echographic examination of
valvular morphology. When the ERO was measured in patients
with appropriate planar FC, excellent correlation with no trend
toward underestimation, in comparison with the reference
methods, was observed. Recent pioneering animal studies
demonstrated the accuracy of appropriate ERO measurements
in AR in comparison with the definitive standard of electro-
magnetic flow measurement (22). Therefore, both animal and
clinical studies confirm that in AR, the PISA method is highly
feasible and provides an accurate measurement of the ERO
area.

With nonplanar FC, angle corrections have been used
(19–21,24). However, the exact geometry of aortic regurgitant
valves with obtuse FC, and therefore the most appropriate
correction formula, have not been established. In most ma-
chines, angle measurements are not possible on-line or on-
screen and have a relatively high variability (21). Therefore, we
did not attempt angular correction and currently consider
obtuse FC angles inappropriate for measurement. This ap-
proach, which makes the present results applicable to most
patients and most centers, may be reconsidered after further
human studies in which three-dimensional reconstruction of
valve geometry and velocity field is used (42).

Another important consideration with quantitation of AR
is the calculation of the mean ERO over the regurgitant phase
of the cardiac cycle as a measure of lesion severity (12). The
PISA method provides instantaneous measurements of flow
and ERO. Because the regurgitant flow rate by the PISA
method and the regurgitant velocity were measured simulta-
neously in early diastole, the calculated aortic ERO area is the
early diastolic ERO. In AR the potentially dynamic nature of
the regurgitant orifice area during diastole remains controver-
sial (22,43). Despite these conjectural considerations, an im-
portant result of the present study is that in patients with AR
and appropriate FC, early diastolic measurements concomitant
to peak regurgitant velocity provide a calculated ERO that
correlates closely with the mean ERO measured by the refer-
ence methods, without a significant trend toward overestima-
tion or underestimation. Such a result is consistent with
previous observations in mitral regurgitation showing that even
in patients with highly variable EROs, measurements by PISA
at peak velocity correlated well with the mean ERO (44).

Therefore, despite the instantaneous nature of the PISA
method, measurement of the ERO at peak regurgitant velocity
of AR provides an appropriate estimate of the mean aortic
regurgitant ERO. The mean ERO is a strong determinant of
the consequences of the regurgitation and is a clinically
relevant measure of lesion severity (12); consequently, the
PISA method, which is reasonably feasible and highly accurate
with appropriate FC, can be used in clinical practice for the
quantitation of AR.

Importantly, the ERO by the PISA method correlates well
with other methods of assessment of the degree of AR using
left ventricular volumes, angiographic grade or surgical assess-
ment of lesion severity, further supporting the relevance of this
measure in patients with AR.

Study limitations. Although the accuracy of Doppler echo-
cardiographic methods for quantitation of regurgitation and
measurement of left ventricular volumes has been questioned
(27,45,46), reliability has been confirmed through high resolu-
tion imaging and consistent use (9,47,48). Importantly, the
analysis of the patients without regurgitation confirms the
reliability of stroke volume measurements, even on the mitral
valve, with the present methods. Furthermore, the reference
methods used allowed all measurements to be made simulta-
neously, avoiding changes of loading conditions, and showed
similar results, confirming that their utilization is not a limita-
tion (14).

Possible limitations of the PISA method, related to assump-
tion of a hemispheric shape of the proximal FC, have been
discussed (23,24,42,49–52), but clinical series have demon-
strated that in most cases the hemispheric assumption provides
appropriate measurement of the flow rate and ERO
(14,16,20). Confined FC was not observed in the current study.
This is easily understandable in light of the enlarged aortic root
of patients with AR, which tends to be larger in patients with
more severe AR, avoiding interference of aortic walls with the
FC. Furthermore, examination of the FC region allows iden-
tification of the cases in which the geometry of this region may
invalidate the hemispheric assumption (14,21), so that they can
be either corrected or classified as inappropriate. The shape of
the observed proximal FC, and therefore the reliability of the
ERO calculation, depends on the radius value (52), which is
determined by the selected aliasing velocity (22,23). The
appropriate and individualized selection of the aliasing veloc-
ity, as performed in the present study, avoids overestimation or
underestimation of the flow rate (16,23). Because the angle
between the centerline of the FC and the ultrasound beam may
affect imaging by the Doppler color flow technique (41), apical
or para-apical views were used in the present study to align the
regurgitant flow direction and the ultrasound beam.

Conclusions. The current study shows that for the mea-
surement of the ERO of AR, the PISA method has a reason-
able feasibility and high accuracy with appropriate FC and can
be used clinically, including in patients with an eccentric jet
and valve prolapse. The major pitfall is an obtuse angle of the
FC region due to the geometry of the aortic cusps. However,
this morphology of the aortic valve can be easily recognized as
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inappropriate for the PISA method. In most patients, the FC
angle is flat and determination of the aortic ERO area is
reliable. Thus, multiple noninvasive Doppler echocardio-
graphic methods can be combined during the same examina-
tion to obtain an accurate measurement of the ERO area in
AR in most circumstances. The development of these methods
should foster understanding of the clinical importance of the
regurgitant orifice area on the natural history of AR and on the
development of left ventricular dilation and dysfunction.
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