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In Vitro Quantification of Mitral Regurgitation
of Complex Geometry by the Modified

Proximal Isovelocity Surface Area Method
Chlo�e Papolla, MSc, J�erome Adda, MD, Arnaud Rique, MD, Gilbert Habib, MD, and R�egis Rieu, PhD,Marseille,
Ollioules, and Aix-en-Provence, France

Background: Doppler echocardiographic methods, such as the proximal isovelocity surface area (PISA)
method, are used to quantify mitral regurgitations (MRs). However, their accuracy and reproducibility are still
being discussed, especially in the case of MR of complex geometry. The aim of this study was to evaluate the
accuracy of the PISA method depending on the shape and number of regurgitant flows.
Methods: First, variousMR shapes and severities (central, oblong, andmultiple-jet MR) weremimicked in a left
heart simulator. The effective regurgitant orifice area (EROA) was calculated using the standard and modified
PISA methods and was compared to a reference value obtained from an electromagnetic flowmeter. Second,
in order to clinically validate the in vitro findings, 16 patients were examined with two-dimensional (2D) echo-
cardiography. The results were analyzed by comparing the PISAmethod and the echocardiographic 2D quan-
titative volumetric method.
Results: Both hemicylindrical and hemiellipsoidal PISA assumptions improved the quantification of the EROA
for oblong MR compared with the traditional PISA method (hemispherical PISA assumption: 11 6 4.6 mm2,
P < .01; hemicylindrical PISA assumption: 2 6 0.8 mm2, P = .83; hemiellipsoidal PISA assumption:
6 6 3.7 mm2, P = .05). In the case of multiple jets of different sizes, an improved EROA calculation was
measured when both jets were considered (single hemispherical PISA assumption: 4.5 6 0.7 mm2, P < .01;
double hemispherical PISA assumption: 2 6 1.1 mm2, P = .64).
Conclusion: For a correct diagnosis of MR, the PISA geometry must be considered. A measurement of both
PISA radius and PISA width is necessary for an accurate quantification of an oblong MR. In the case of a
double-jet MR, a measurement of the two radii is recommended. (J Am Soc Echocardiogr 2020;33:838-47.)

Keywords: Proximal isovelocity surface area, Mitral regurgitation quantification, Secondary mitral regurgita-
tion, Multiple regurgitant orifices, 2D Doppler echocardiography
Mitral insufficiency is a frequent pathology affecting roughly 9% of the
elderly population in industrialized countries.1 An accuratemitral regur-
gitation (MR) quantification is essential for an accurate diagnosis of the
insufficiency severity and appropriate clinical decision.2 According to
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the European and the American guidelines, the main method to quan-
tifyMR is the proximal isovelocity surface area (PISA)method.3,4 In pri-
mary MR, the threshold to define MR as severe is 40 mm2 for the
effective regurgitant orifice area (EROA) and 60mL for the regurgitant
volume (RVol). However, this threshold is still debated in secondary
MR, inwhich the regurgitant orifice is frequently elliptical and therefore
an accurate quantification is more difficult. If lower thresholds are
accepted (20 mm2 for the EROA, 40 mL for the RVol), they may
lack specificity. In the era of interventional treatments for secondary
MR, a precise quantification is therefore crucial, as the outcomes are
dependent, among other parameters, on the RVol.5,6 In the case of a
round orifice, the calculation of the EROA is simple and reliable.7,8

However, for an elliptical orifice, the PISA method may underestimate
by 25% the effective RVol, mainly because it only considers the smaller
radius of a crescent-shaped regurgitant flow.9-12 Furthermore, there is
currently no recommendation for a double regurgitant orifice MR
quantification.3,4 Studies have shown that a modification in the PISA
method formula may allow a correction of the measurement. These
modifications could be either amultiplane evaluation of the PISA shape
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Abbreviations

2D = Two-dimensional

3D = Three-dimensional

AO = Aorta

CW = Continuous wave

EROA = Effective regurgitant

orifice area

EROA_2DQV = Effective

regurgitant orifice area

calculated with the
echographic quantitative

volumetric method

EROA_FM = Effective

regurgitant orifice area

determined with the flowmeter

EROA_PISA = Effective

regurgitant orifice area
determined with the proximal

isovelocity surface area

method

LA = Left atrium

LV = Left ventricle

MR = Mitral regurgitation

MV = Mitral valve

PISA = Proximal isovelocity
surface area

RVol = Regurgitant volume

RVol_2DQV = Regurgitant
volume calculated with the

two-dimensional echographic

quantitative volumetric

method

RVol_FM = Regurgitant

volume measured with the
flowmeter

RVol_PISA = Regurgitant

volume calculated with the

PISA method

TEE = Transesophageal

echocardiography

VTI = Velocity-time integral
or adirect three-dimensional (3D)
quantification.13-16 However,
calculations require many
measurements or an offline
analysis, which can be time-
consuming, making it difficult to
perform in clinical practice. The
aim of this study was to test
in vitro, with an in vivo validation,
the accuracy of the PISA method
depending on the shape and
number of regurgitant flows, as
well as themodification of the for-
mula, allowing for a more precise
assessmentwith simple and acces-
sible measurements.
METHODS

Double-Activation
Simulator

The double-activation simu-
lator of the left heart used in
this in vitro study was developed
by Tann�e et al.17 and has evolved
in subsequent research projects.
It simulates the left human heart
from the pulmonary valve to the
systemic capillaries, including
flow through the left atrium
(LA), the left ventricle (LV), and
the aorta (AO). The LV and LA
are anatomically shaped silicone
molded parts. They were both
immersed in separated, filled,
and hermetic chambers and acti-
vated by two Vivitro super
pumps (VivitroLabs, Victoria,
BC, Canada; Figure 1A).

The fluid circulating was a wa-
ter (60%) and glycerol (40%) so-
lution warmed at 37�C by a
temperature-controlled system
and had a dynamic viscosity of
3.86 0.2 cP. The system control
was achieved using a PC-Rio
DAQ system (National
Instruments, Austin, TX). The
LV, LA, and AO pressures were measured using three pressure cath-
eters (Millar MPR 500, Millar Sensor System Solution, Houston, TX;
accuracy range,6 0.5%; –50 to 300mmHg), precalibrated in awater
column. The diastolic and systolic flow volumes were measured using
an electromagnetic flowmeter (Probe 95, Carolina Medical, East
Bend, NC, internal diameter 30 mm, accuracy 6 2 mL/minute). It
was positioned between LA and LV, upstream of the mitral valve
(MV) to measure the total RVol (RVol_FM), calculated as the integral
of the backward flow volume (sum of closing and RVols). To maxi-
mize the accuracy, measurements were recorded during 100 consec-
utive cardiac cycles and then averaged.
MR Models

A total of five geometries of MRwere simulated, allowingmeasure-
ments of several RVols by varying the flow rate. Thirteen MRs were
simulated from a circular orifice in a rigid plate, 14MRs from a central
orifice in a bioprosthesis, 12 MRs from an oblong orifice in a bio-
prosthesis, 10 MRs of two jets in a rigid plate, and 10 MRs of two
jets in an anatomically shaped MV made of hydrogel.
First, in order to validate our measurement methods, circular ori-

fices were designed on rigid plates. Two rigid plates with a single
orifice were designed, one with a geometric orifice area of 28 mm2

and the other of 78 mm2. The double orifice plate was designed
with two circular holes, with a center to center distance of 15 mm
and a geometric area of 28 mm2 and 12 mm2. Second, to allow a
physiologic LV filling, a central and an oblong MR were mimicked
on a mitral bioprosthesis. The bioprosthesis leaflets were sutured to
the annulus in a semiopen position, creating a central regurgitation.
In a second set of experiments, the sutures were moved to obtain
an elliptical orifice (Figure 1C). Finally, an anatomically shaped mitral
MV made of hydrogel was designed and manufactured for this study
(LifeLike BioTissue, London, ON, Canada). This valve has six chordae
and presents tactile and mechanical properties of human tissue. An
anteroposterior suture was made on the central part of the leaflets ac-
cording to the Alfieri technique (i.e., between the A2 and P2 mitral
leaflets; Figure 1C).18 The double orifice MR was then created by
applying a calibrated strain on the chordae. The chordae were passed
through the ventricle lateral walls and then were directed into cathe-
ters fixed on introducers (Radifocus Fr. 6) positioned on the ventric-
ular activation chamber. Once out of the box, the chordae were
fixed to adjust their tension. Hemodynamic performance of this valve
has been studied and is described in Supplemental Material 1.

Quantification of MR

For this study, a watertight opening was added to the LV box to
introduce a transesophageal echocardiography (TEE) probe.
Echographic measurements were acquired with a General Electric
Vivid 7 system (General Electric Medical Systems, Horten,
Norway) using a TEE probe (6Tc-RS TEE probe, 5.0 MHz) and a
Philips EPIQ7 ultrasound system with a X7-2t TEE probe (Philips
Medical Systems, The Netherlands). To minimize the distance be-
tween the valve and the TEE probe, the latter was placed directly
in the LV box within a distance of 1 cm from the apex and 8 cm
from the MV.
The EROAdetermined using the flowmeter (EROA_FM)was calcu-

lated as the ratio of the RVol directlymeasured from the flowmeter and
the velocity-time integral (VTI) of the regurgitant jet obtainedwith echo-
cardiography (EROA_FM = RVol_FM/VTI). Ten PISA radii, chosen
from the best-quality images selected from four registered cardiac cy-
cles, weremeasured and averaged. The RVol_PISAwas determined us-
ing the PISA method, RVol_PISA = EROA_PISA * VTI,
EROA_PISA = PISA_Sassumption * Va/Vmax. PISA_Sassumption was the
PISAarea calculationaccording to theassumptionmadeonPISAgeom-
etry; VTI and maximal peak velocity (Vmax) were obtained by
continuous-wave Doppler acquisitions by tracing the contour of the re-
gurgitant jet;Vawas the aliasing velocity (fixed between 20 and 40 cm/
sec to obtain an optimal PISA shape).
For each type of MR, EROA_PISA and RVol_PISA calculated using

the appropriate assumption of the PISA method were compared to
EROA_FM and RVol_FM. For the central MR, mimicked on a rigid
plate and a bioprosthetic valve, one echographic plane was acquired
at the center of the regurgitant orifice to measure the PISA radius (r;



Figure 1 (A) Image of the double-activation simulator. (B) Schematic of the experimental setup. (C)MimickedMVs. (a) Single circular
orifice in a rigid plate, (b) central orifice in a bioprosthesis, (c) oblong orifice in a bioprosthesis, (d) two circular orifices in a rigid plate, (e)
two orifices in an anatomical MV.



HIGHLIGHTS

� Adjust the PISA assumptions to the type of mitral regurgitation

encountered.

� Consider the width and radius of the PISA to quantify func-

tional mitral regurgitation.

� To quantify double-jets mitral regurgitation, both PISA should

be considered.
Figure 2A). EROA_PISA and RVol_PISA were calculated using the
hemispherical assumption (PISA_Shemispherical = 2pr2).
For the functional MR, an oblong PISA geometry was considered.

Three assumptions made on the PISA shape were compared. First, the
traditional PISA was calculated using PISA_Shemispherical. Second, the
PISA shape was considered to be hemicylindrical. The measurements
of PISA radius (r) and PISA width (W; Figure 2B) were acquired on
two orthogonal echographic planes of the orifice. The first plane was ob-
tained in the apical long axial view, and the second plane by turning the
probe by 90�. EROA_PISA and RVol_PISA were calculated using
PISA_Shemispherical = pr(r + W). Finally, the PISA shape was considered
as hemiellipsoidal. EROA_PISA and RVol_PISA were calculated using
PISA_Shemiellipsoidal deduced from the equation of an ellipsoid (x/
A)2 + (y/B)2 + (z/C)2 = 1, where Awas the radius in the x-axis, B was
the radius in they-axis, andCwas the radius in the z-axis.19Weconsidered
the shape as hemiellipsoidal revolved around the x axis (with x following
the flow direction). A simplified equation of the hemiellipsoidal areawas
calculated, PISA_Shemiellipsoidal = pB(B + A2/sqrt(B2 – A2) * ln(B + (B2 –
A2)/A), where A was the PISA radius on the x-axis, B was the PISA
half-width of the orifice in y- and z-axes, and ln is the natural logarithm.
In the case of multiple-jet MR, an echographic plane allowing the

visualization of the two convergence zones was acquired. First,
EROA_PISA and RVol_PISA were estimated using PISA_
SSingle-hemisphere = 2pr1

2 with r1 as the biggest PISA radius. Second,
PISA radii of both convergence zones were added to calculate
PISA_SDouble-hemisphere=2pr1

2+2pr2
2,with r1 and r2 as bothPISA radii.

Hemodynamics Conditions

For all experiments, the pulse duplicator was used to simulate a
heart rate of 60 bpm, the mean aortic pressure was fixed at
Figure 2 Illustration of a 2D color Doppler acquisitions used for a (A
PISA width (W) in the case of functional MR, and (C) representation
100 mm Hg, and cardiac outputs, calculated as the positive portion
of flow, varied from 2 to 5.5 L/minutes.

In Vivo Investigation

Study Population. Sixteen echocardiograms of patients with
oblong or multiple jets of MR were retrospectively analyzed in this
study. Thirteen patients had an oblong MR, and three had a
multiple-jet MR. Patient characteristics including echocardiographic
measurements are shown in Table 1.
Echocardiographic Acquisitions. Two-dimensional (2D) echo-
cardiographic examination was performed with a Vivid E95 GE sys-
tem (General Electric Medical Systems, Horten, Norway) equipped
with a 10-4 MHz M5Sc-D TTE transducer. A comprehensive evalua-
tion including assessing the shape of the regurgitant orifice and the
mechanism of theMRwas performed from the parasternal and apical
views, to determine the formula that should be applied. TheLVdimen-
sions and ejection fraction were calculated with the biplane Simpson
method. The quantitative volumetric method was considered as the
clinical reference to calculate the EROA_2DQV (2D echographic
quantitative volumetric method) and the RVol_2DQV. The total LV
stroke volume was calculated as the difference between the end-
diastolic and end-systolic volumes from the biplane Simpson method
and the aortic stroke volume as the product of the left ventricular
outflow tract area and aortic VTI. The RVol_2DQV was inferred as
the difference between the total stroke volume and the aortic stroke
volume. The EROA_PISA and RVol_PISA were calculated as
previously described for the in vitro experimentations.
Interobserver and Intraobserver Variability. The interobserver
variability of the different PISA methods was evaluated indepen-
dently by two cardiologists in 10 patients. The intraobserver variability
was calculated in four patients.

Statistics

Statistical analysis was performed using SPSS (IBM Corp. released
2013, ver. 22.0. Armonk, NY). Continuous variables were expressed
as mean 6 SD. Comparisons of the mean EROA for different as-
sumptions were performed with a paired t test. Linear regression
and Bland-Altman bias with limits of agreement were performed to
estimate the precision of the different methods. Differences were
considered significant when P < .05. Due to the low number of pa-
tients (n = 3) included in vivo for the double-jet MR, no statistical
) representation of the PISA radius (r), (B) representation of the
of the two radii (r1, r2) measured in the case of a multiple-jet MR.



Table 1 Baseline characteristics of patients

Variables Values (N = 16)

Patients characteristics:

Age, years 65 6 18

Body surface area, m2 1.8 6 0.2

Echographic variables:

LV ejection fraction, % 49 6 17

LV end-diastolic volume, mL 266 6 100

LV end-systolic volume, mL 146 6 89

LV end-diastolic volume index, mL/m2 145 6 51

LV end-systolic volume index, mL/m2 79 6 45

Mean aortic flow, mL/sec 219 6 68

Stroke volume, mL 120 6 33

Stroke volume index, mL/m2 60 6 21

Data are expressed as mean 6 SD.
analysis was provided. Interobserver and intraobserver variability
were quantified by the Bland-Altman bias with limits of agreements
and by the coefficients of variation and correlation.

RESULTS

Experimental Study

Table 2 summarizes the values of RVol and EROA given by the PISA
method and the flowmeter measurements from in vitro experiments.

In the case of a single central and circular orificemimicked in a rigid
plate, the calculated EROA_PISAusing the hemispherical assumption
correlated well with the EROA_FM (r = 0.99, P < .01) without signif-
icant bias (–0.1 6 1.4 mm2, P = .71) and an absolute error of
0.5 6 0.5 mm2 (P = .98).

The central orifice regurgitant jet in the bioprosthesis was quanti-
fied using the hemispherical assumption (Figure 3). The
EROA_PISA had an excellent correlation with the EROA_FM
(r = 0.96, P < .01), with no significant bias (–1.7 6 10.5 mm2,
P = .28) and no significant absolute error (4.9 6 2.4 mm2, P = .19).

In the setting of an oblong MR, three assumptions were tested: the
classic method with the hemispherical PISA, the hemicylindrical, and
the hemiellipsoidal modified PISAs (Figure 4). Using the hemispheri-
cal PISA assumption, the EROA_PISA correlated well with the
Table 2 Average values from in vitro experiments of RVol and ER

PISA assumption EROA_FM EROA_PISA

Central MR

Hemispherical 22.0 6 19.5 23.9 6 16.1

Oblong MR

Hemispherical 25.5 6 11.3 14.8 6 7.0

Hemicylindrical 25.5 6 11.3 25.5 6 10.5

Hemiellipsoidal 25.5 6 11.3 20.2 6 6.8

Double-jet MR

Hemispherical 15.6 6 5.6 11.0 6 5.12

Double hemispherical 15.6 6 5.6 15.2 6 7.42

Data are shown as mean 6 SD. EROA is in units of mm2, and RVol is in un
EROA_FM (r = 0.97, P < .01) but led to a significant underestimation
of 44%6 12% (bias, –10.66 8.9 mm2, P < .01) with a significant ab-
solute error of 10.6 6 4.6 mm2, P < .01. The EROA_PISA and
EROA_FM calculated using the hemicylindrical assumption had an
excellent correlation (r = 0.98, P < .01), with no significant underes-
timation (bias, 0.1 6 3.6 mm2, P = .93) and an absolute error of
2 6 0.8 mm2 (P = .83). The quantification of the EROA_PISA with
the hemiellipsoidal assumption correlated also well with the
EROA_FM (r = 0.90, P < .01), with a slight underestimation (bias,
–5.2 6 10.3 mm2, P = .01) and an absolute error of
6 6 3.7 mm2 (P = .05).

Double regurgitant orificeMRwas first simulated in a rigid plate and
quantified using both the single and double hemispherical PISA as-
sumptions. The EROA_PISA obtained with the single hemispheric
PISA assumption correlated well with the EROA_FM (r = 0.99,
P < .01). However, a significant underestimation of 24% 6 7% of
the EROA_PISA was observed (bias, –5.6 6 2.0 mm2, P < .01) with
a significant absolute error of 5.6 6 3.9 mm2 (P < .01). The
EROA_PISA obtained with the double hemispherical PISA assump-
tion showed an excellent correlation with the EROA_FM (r = 0.99,
P < .01) and had neither a significant bias (–0.4 6 3.7 mm2,
P = .57) nor a significant absolute error (1.461.2 mm2, P = .64).

MR with double jets was then simulated in anatomically shaped MV
(Figure 5). The EROA_PISA obtained with the single hemispherical
PISA assumption correlated with the EROA_FM (r = 0.99, P < .01). As
observed previously on the rigid plate, a significant underestimation
was observed (bias, –4.561.3 mm2, P < .01) with a significant absolute
error of 4.5 6 0.7 mm2, P < .01). The EROA_PISA obtained with the
double hemispherical PISA assumption correlated well with the
EROA_FM (r = 0.99, P < .01) with no significant bias (bias,
�0.4 6 4.7 mm2, P = .64) and no significant absolute error
(2.061.1 mm2, P = .50).
Clinical Study

Clinical data are summarized in Table 3. Functional MR was quantified
with the hemispherical, hemicylindrical, and hemiellipsoidal assumptions
and compared to the EROA and RVol obtained by the 2D quantitative
volumetric method (Figure 6). The hemispherical PISA assumption
showed a good correlation for EROA_PISA and EROA_2DQV
(r = 0.90, P = .04). However, the EROA_PISA was underestimated
compared with the EROA_2DQV (bias, –11.3 6 26.6 mm2, P < .01),
with a significant absolute error of 13.1 6 22.8 mm2, P = .01. The
EROA_PISA calculated using the hemicylindrical PISA assumption
OA given by PISA method and flowmeter measurements

P value RVol_FM RVol_PISA P value

.18 31.9 6 21.7 35.1 6 16.1 .11

<.01 44.0 6 19.8 25.6 6 12.6 <.01

.83 44.0 6 19.8 43.8 6 18.9 .85

.55 44.0 6 19.8 45.9 6 22.1 .39

<.01 37.3 6 19.0 26.5 6 16.4 <.01

.64 37.3 6 19.0 38.5 6 24.3 .50

its of mL.



Figure 3 In vitro acquisition of a central MR mimicked in a bioprosthesis and quantified using the traditional PISA assumption. (A)
Linear regression analysis of the EROA_PISA and EROA_FM. (B) Bland-Altman analysis of differences between the EROA_PISA
and EROA_FM.
correlatedwell with the EROA_2DQV (r=0.95, P< .01), with no signif-
icant underestimation (bias, 3.56 20.8 mm2, P= .25) and no significant
absolute error (8.4613.8mm2,P= .26). Thehemiellipsoidal assumption
also had an excellent correlation (r = 0.93, P < .01), with no significant
underestimation (bias, –7.36 23.6 mm2, P = .05) and an absolute error
of 11.4615.5 mm2 (P = .05).

In the setting of a multiple-jet MR, the hemispherical PISA under-
estimated the EROA_PISA by 22.5% 6 13.6% compared with the
EROA_2DQV. The error was reduced by considering both conver-
gence zones and applying the double-hemispherical assumption
(10.4% 6 11.6%).

The interobserver and intraobserver variabilities for EROA mea-
surements with the modified PISA methods are reported in Table 4.
DISCUSSION

The aim of the study was to evaluate the precision of the PISA
method in specific situations. The conclusions were that (1) the clas-
sical PISA method underestimated the RVol for an oblong orifice, but
a correction in the formula taking into account the width of the
convergence zone allows for a more reliable evaluation; and (2) the
PISA method was reliable for a single round orifice and convergence
zone, while in the case of an MR through double regurgitant orifices,
both convergence zones must be considered in order to avoid an un-
derestimation.

With the development of transcatheter treatments of secondary
MR, the precise assessment of the RVol is of crucial importance.
European and American guidelines consider the PISA method as
the reference for MR quantification and point out that it should be
performed whenever possible.20,21 As the COAPTandMitra-FR trials
showed, the benefit of invasive procedures is directly linked to the de-
gree of regurgitation: among other parameters, an EROA > 40 mm2

was associated with an improvement in survival in the COAPT trial,
whereas smaller degrees of regurgitation did not demonstrate any
benefit from interventional procedures.22 This is also supported by
the latest American guidelines, that considered the 20 mm2 cutoff
not specific enough for severe MR in secondary MR, whereas a
40 mm2 cutoff should be considered as more specific, although lack-
ing sensitivity.3 Grayburn et al.23 also developed the concept of
disproportionate MR, showing that the degree of secondary MR
could be proportionate or disproportionate when compared with



Figure 4 In vitro acquisition of an oblongMRmimicked in a bioprosthesis and quantified using three PISAs assumptions (hemispher-
ical PISA, hemicylindrical PISA, and hemiellipsoidal PISA). (A, C, E) Linear regression analysis of the EROA_PISA and EROA_FM. (B,
D, F) Bland-Altman analysis of differences between the EROA_PISA and EROA_FM.

Figure 5 In vitro acquisition of double-jet MR mimicked in an anatomically shaped MV and quantified using two PISAs assumptions
(single hemispherical PISA and double hemispherical PISAs). (A, C) Linear regression analysis of the EROA_PISA and EROA_FM. (B,
D) Bland-Altman analysis of differences between the EROA_PISA and EROA_FM.



Table 3 Average values from in vivo investigations of RVol and EROA given by PISA method and 2DQV measurements

PISA assumption EROA_2DQV EROA_PISA P value RVol_2DQV RVol_PISA P value

Oblong MR

Hemispherical 57.6 6 21.5 32.6 6 19.8 .01 62.8 6 19.8 44.1 6 22.1 <.01

Hemicylindrical 57.6 6 21.5 47.4 6 23.7 .26 62.8 6 19.8 63.8 6 24.7 .83

Hemiellipsoidal 57.6 6 21.5 36.7 6 17.3 .05 62.8 6 19.8 49.2 6 11.6 <.01

Double-jet MR

Hemispherical 42.7 6 18.8 30.8 6 22.3 — 71.8 6 37.8 49.7 6 43.1 —

Double hemispherical 42.7 6 18.8 38.0 6 24.7 — 71.8 6 37.8 60.9 6 48.6 —

Data are shown as mean 6 SD. EROA is in units of mm2, and RVol is in units of mL.
the level of LV dysfunction. Therefore, patients with disproportionate
MR could theoretically have more benefits from catheter-based inter-
ventions. Consequently, a precise evaluation of MR is crucial for diag-
nosis and optimal treatment.

The underestimation of the RVol in secondary MR is mainly the
consequence of the crescent shape of the regurgitant orifice area. In
previous studies, as the short radius was used in the classical PISA
calculation, the underestimation of the EROA could reach up to
24%.24 Among the tools to correct this underestimation, 3D echocar-
diography appears to be a good choice, as it allows a global visualiza-
tion and measurement of the regurgitant orifice area. Yosefy et al.25

used a modified hemielliptical formula using 3D data, which totally
corrected a 29% underestimation obtained by the classical PISA
method.25 More recently, direct measurement of the 3D vena con-
tracta was proposed as an alternative, increasing the measurement
of the EROA by 27% and improving the accuracy of MR grading
by eliminating geometric and flow assumptions.26 However, 3D
echocardiography is also subject to pitfalls: color Doppler blooming,
Figure 6 In vivo acquisition in a patient with oblong MR and quantifi
lindrical PISA, and hemiellipsoidal PISA). (A, C, E) Linear regression
Altman analysis of differences between the EROA_PISA and EROA
limited temporal and spatial resolution, and time-consuming offline
analysis. Recent evolutions, such as the 3D field optimization method
algorithm, did not significantly outperform the classical 2D PISA.27

Considering these shortcomings, we developed in vitro a 2Dmulti-
plane method, based on the measurement of both the height and the
width of the PISA. Interestingly, in the oblong regurgitant orifice, an
actual in vitro RVol_FM of 40 mm2, which is the threshold for severe
primary regurgitation, was calculated with the classical PISA method
as 20 mm2, the threshold for severe secondary regurgitation.21,28 An
improvement in the measurement method would potentially allow a
standardization of the cutoff for severe MR.

The in vivo evaluation first included a comprehensive evaluation of
the regurgitation mechanism and jet orientation, in the short- and long-
axis views. Themost relevant formula could thenbe chosenbetween an
oblong one jet (hemispheric or hemicylindrical) or two separated jets.
The results obtained with the hemicylindrical assumption were very
positive, both in the in vitro and in vivo experiments. With the RVol ob-
tained with the flowmeter as reference, the hemicylindrical method
ed using three PISA assumptions (hemispherical PISA, hemicy-
analysis of the EROA_PISA and EROA_2DQV. (B, D, F) Bland-

_2DQV.



Table 4 Interobserver and intraobserver variabilities

EROA calculation

method

Interobserver variability (n = 10) Intraobserver variability (n = 4)

Variability

coefficient, %

Correlation

coefficient

Bland-Altman

bias 6 1.96 * SD, mm2
Variability

coefficient, %

Bland-Altman

bias 6 1.96 * SD, mm2

EROA_PISA hemispherical

assumption

1.0 r2 = 0.98 (P < .001) 0.3 6 4.3 (P = .66) 1.3 1.3 6 6.4 (P = .47)

EROA_PISA hemicylindrical
assumption

1.6 r2 = 0.98 (P < .001) 2.1 6 5.6 (P = .06) 2.3 2.7 6 8.1 (P = .28)

EROA_PISA hemiellipsoidal

assumption

2.7 r2 = 0.91 (P < .001) –1.2 6 10.4 (P = .53) 2.2 2.5 6 5.6 (P = .17)
allowed a close to perfect correction in vitro, with a slope of 0.93 for a
nonsignificant bias of –0.2 mm2. The in vivo results were consistent,
with an improvementof correlation slope from0.69 to0.91,withno sig-
nificant bias. Moreover, the modified PISA calculation required only
one additional echocardiographic measurement—the width of the re-
gurgitant jet in the apical two-chamber view—so that themethodwould
not extend the exam time and could even be implemented in ultra-
sound devices, without long postprocessing times. For comparison, off-
line analysis of 3DPISA can last up to 45minutes.29 Although based on
geometric assumptions, our method would allow for a reliable, repro-
ducible, and easy to apply method without postprocessing.

Currently, in the case of multiple jets, it is not recommended to add
the vena contracta and the PISA assumption is not considered valid.21

Recently, the use of combined 2D formulas (classical PISA for a single
jet, partial hemicylinder for fused PISAs, full hemicylinder for non-
fused PISAs) was performed as well as the 3D EROA in vitro
compared with the quantitation by flowmeter.10 Conversely, in our
experiment, we quantified two uneven nonfused jets, in rigid plates
and in a physiologic MV. In both situations, the addition of the
RVol_PISA was validated with respect to the flowmeter. The correc-
tion formula led to an increase in the slope of the correlation (from
0.9 to 1.3), which made the error more sensitive to the EROA.
However, with the correlation line crossing the identity line around
17mm2, the error after correction for the degrees ofMR encountered
in clinical conditions, the error was always lower than 5mm2, which is
lower than the error for the PISA method for a central orifice in a bio-
prosthesis. Moreover, considering a regurgitation with a VTI of
150 cm, the error in the EROAwould range from 0 for moderate re-
gurgitations to 5 mm2 for severe regurgitations, which seems accept-
able in clinical practice. Although the number of patients with two
separated jets was relatively low in the in vivo confirmation, the results
obtained with the addition of the two EROAs were encouraging. We
did not have 3D echocardiography at our disposal in this study, but it
could be of use to visualize that the two jets are clearly separated,
rather than an oblong jet only visualized at the commissures.
Therefore, the summation of the RVol and thus of the EROA seems
to be an acceptable method to quantify two even or uneven
nonfused jets.
Study Limitations

An inherent pitfall with the PISA method is the assumption that the
flow is constant throughout the systole, whereas the radius is larger
during early and late systole in functional regurgitation.10 Themethod
does not take into account the variations of the flow during the cycle.
Like in clinical practice, we chose to measure the PISA radius at mid-
systole, corresponding to the peak velocity measured with
continuous-wave Doppler.
In our in vivo study, the sample of patients was relatively small.
However, its purpose was only to test the feasibility of the method.
Therefore, its applicability and potential new thresholds should be
tested in larger-scale trials. As patients were included in a retrospective
way, cardiacmagnetic resonance and 3Dvolumeswere not available in
all patients for MR quantification. However, the 2D quantitative volu-
metric method is recommended as a valid method in the American
Society of Echocardiography guidelines and is an efficient way to over-
come the MR geometry, especially in experienced centers.20
CONCLUSION

The PISA method was investigated in this study by examining several
configurations of regurgitant orifices in a controlled and physiologic
environment. For an MR with an oblong regurgitant orifice, the hemi-
cylindrical assumption of PISA allowed for a better quantification of
the RVol than the conventional hemispheric assumption. In the
case of an MR with several regurgitant orifices, the quantification
assumption should take into account all the regurgitant orifices and
not only the largest one.

All methods of quantification of mitral insufficiency proposed in
this study require simple measurements and could therefore be easily
used in clinical practice and implemented on ultrasound machines.
More precise evaluation is required in the era of catheter-based inter-
ventional correction of secondary MR, as the expected benefits are
directly dependent on the RVol. Larger clinical studies are required
to evaluate these new approaches to MR quantification.
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SUPPLEMENTARY MATERIAL 1

Validation of the Anatomically Shaped MV

Echographicmeasurements were acquired for several hemodynamics
conditions: variation of the mean aortic pressures (40 and 100 mm
Hg), of the mitral flow volumes (3, 4.5, and 5.5 L/min), and of the
heart rate (45 and 70 bpm) and the mitral flow profile (E wave/A
wave = 1.5). The measured mean transvalvular pressure gradient
was 3 6 1 mm Hg. The vortex formation time defined by Gharib
et al.30 was calculated to be T = 5.3, which is within the optimal range
of 3.3 < T < 5.5, a predictor of a healthy LV.
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