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Abstract This study was intended to evaluate the diag-
nostic value of three dimensional proximal isovelocity
surface area (3D PISA) derived effective regurgitant orifice
area (EROA) and the accuracy of automatic 3D PISA
detection in a population resembling clinical practice.
Quantification of mitral regurgitation (MR) remains chal-
lenging and 3D PISA EROA is a novel diagnostic tool with
promising results. However its’ usefulness compared to
guideline endorsed parameters has not been shown. In 93
consecutive patients examined in routine practice conven-
tional parameters and 3D-datasets for offline 3D PISA
evaluation were recorded. EROA was determined from the
largest (peak) PISA and also averaged over systole for
meanEROA. Results of 3D PISA calculation were com-
pared with a combination of expert grading by two
examiners and two scores for MR grading. In receiver
operator characteristic-analysis the meanEROA as deter-
mined by 3D PISA had the best diagnostic value
(AUC = 0.907 CI 0.832-0.983) as compared to peakE-
ROA (AUC 0.840 CT 0.739-0.941), vena contracta width
(AUC 0.831 CI 0.745-0.918) and 2D PISA (AUC 0.747 CI
0.644-0.850). A meanEROA of 0.15 cm? had a sensitivity
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of 88.2 % and a specificity of 81.4 % for distinguishing
severe from non-severe MR. Semiautomatic 3D PISA
detection correlated very well with manually corrected
values (r = 0.955). Semiautomatic 3D PISA measurement
is feasible in a clinical population and has better diagnostic
value compared to 2D PISA. Calculation of mean EROA
throughout systole further improves diagnostic value
compared to conventional parameters.

Keywords Mitral regurgitation - 3D echocardiography -
3D PISA

Abbreviations

2D Two dimensional

3D Three dimensional

AR Aortic regurgitation

AUC Area under the curve

BMI Body mass index

bpm Heatbeats per minute

CAD Coronary artery disease

CKD Chronic kidney disease

COPD  Chronic obstructive pulmonary disease

E/E Early mitral inflow velocity/early mitral annulus
velocity

EDV Enddiastolic volume

EROA  Effective regurgitation orifice area

1CC Intraclass correlation coefficient

LA Left atrium

LVEF Eleft ventricular jection fraction

MR Mitral regurgitation

NYHA New York Heart Association classification

PISA Proximal isovelocity surface area

PMR Primary mitral regurgitation

ROC Receiver operator characteristic

RVol Regurgitation volume
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SD Standard deviation

SMR Secondary mitral regurgitation
sPAP Systolic pulmonary artery pressure
VC Vena contracta width

VCA Vena contracta area

Introduction

A more accurate quantification of mitral regurgitation
(MR) is of great clinical importance for identifying patients
suitable for surgical or interventional valve procedures.
However, after decades of research still no true gold
standard for use in clinical practice exists. Grading of MR
takes into account many parameters and requires expert
knowledge and experience. Advances in ultrasound tech-
nology, especially the increasing availability and technical
sophistication of 3D-echocardiography should therefore be
used to improve determination of regurgitation severity.
One of those new and promising methods is three dimen-
sional (3D) evaluation of the proximal isovelocity surface
area (PISA). The conventional 2D-PISA has been shown to
correlate well with angiography [1] and thresholds sepa-
rating severe from non-severe MR have been obtained and
included into clinical guidelines [2—4]. However limita-
tions and pitfalls have long been recognized [5, 6]. Com-
pared to 2D-PISA, 3D-PISA has theoretical advantages,
especially with regard to its superior applicability in non-
circular orifices. It has been shown that 2D-PISA under-
estimates regurgitation in non-circular regurgitation ori-
fices [7, 8] and correlates better with vena contracta area
(VCA) in circular orifices [9] [10]. Despite these appealing
advantages and encouraging results from early studies [11—
15], 3D-PISA was slow to reach clinical practice, initially
because of poor temporal resolution and also analysis
remained difficult for some time. Recently an automated
segmentation of the 3D-isovelocity surface area was shown
to produce good results to correctly classify MR severity
categories [16] in vitro and in single patients [17]. The 3D-
PISA method has subsequently been compared with
another 3D color Doppler method, the VCA with both
measures correlating very well in a small number of
patients [18]. In addition 3D-PISA has been integrated over
the cardiac cycle with its known phasic variations in
regurgitation and the integrated measure compared to
results from MRI [19], again showing good results. Judging
from these evaluations of the method, 3D-PISA appears to
be very promising for future grading of regurgitation.
However, these results were either obtained in vitro or in a
very selected group of patients with almost perfect image
quality and no complicating factors such as atrial
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fibrillation or concomitant regurgitation of other valves.
Although appealing these single comparators (MRI, VCA)
have not been sufficiently validated in terms of clinical
correlation and reliance on single parameters is rightfully
discouraged by current guidelines.

In order to incorporate the 3D-PISA into clinical prac-
tice its diagnostic utility in routine echocardiography has
therefore to be evaluated against established methods and
current guideline based grading. While 2D methods like
vena contracta width and 2D-PISA are less accurate in
secondary (functional) mitral regurgitation (SMR), 3D-
PISA should theoretically perform well in both primary
and secondary valvular regurgitation. Since PISA-diameter
has been shown to vary substantially during systole [20,
21], we intended to include an analysis accounting for this
dynamic changes and verify diagnostic accuracy for aver-
aged 3D-PISA compared to single point determination.

We examined routine cases with MR of all etiologies
and performed complete transthoracic exams including
datasets with 3D-PISA acquisition. Diagnostic accuracy
and classification of MR with 3D-PISA based EROA and
also mean EROA was to be tested against other measures,
scores and expert judgment.

Methods

Consecutive patients referred for transthoracic echocardi-
ography to our institution, a large tertiary echocardiogra-
phy lab, which were found to have MR and had a sufficient
apical echo window where included in this study. Patients
with greater than moderate aortic valve regurgitation or
with more than mild aortic stenosis were excluded. No
other exclusion criteria were used for patient selection.

2D images and 3D datasets were acquired using a
ACUSON SC2000 (Siemens Medical, Erlangen, Germany)
ultrasound machine with a 4.5 MHz 2D transducer (4V1)
and a 2.5-MHz single-beat 3D-Volume transducer (4Z1c
Siemens Medical Solutions, USA). Image quality had to be
satisfactory for grading regurgitation and acquisition of
3D-PISA images. For the 3D volume acquisition from the
apical four chamber view, the “S1” preset of the machine
(emphasis on spacial resolution) was used and volume size,
gain, dynamic range, Nyquist limit and volume position
were adjusted to ensure optimal acquisition of the complete
PISA shell. At least three separate color-volume data sets
with two or more consecutive heart beats were stored for
later analysis. The average volume rate of the acquired 3D-
datasets was 16.7 + 2.1 volumes per second (vps).

Data was analyzed offline on a separate workstation
with Siemens Workplace software (Siemens, Mountain
View, USA). 2D data analysis and measurements were
performed according to current guidelines [3], including
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Fig. 1 Semi-automated 3D-PISA evaluation. Example of 3D-PISA
evaluation with repetitive calculation of EROA from the 3D-PISA
shell (green). The shell is generated by a semi-automated algorithm

Mitral Regurgitation

Measurement Current

Volume PISA 8.28
ERO 0.55
Aliasing Velocity 0.28
227.64
Peak Regurg Vol 61.15
Peak RF 71.81
VTI 1.1

Inst. Flow Rate

and can be examined in all three dimensions and edited manually if
necessary. Current and peak values are displayed in this case of
secondary MR with elongated PISA

Fig. 2 Semiautomatic 3D-PISA detection algorithm. After image
acquisition of 3D volume data, 3D-PISA analysis is performed with
the eSiePISA algorithm. The examiner indicates the location of the
PISA by placing a dot a the base and pointing an arrow for indicating

averaging of measurements in case of atrial fibrillation. 3D
datasets were evaluated taking into account image quality
and heart rhythm with the most representative volume
being selected for 3D-PISA analysis. EROA was deter-
mined for every systolic volume (as in frame) with iden-
tifiable MR and PISA-shell. 3D-PISA calculation was done
offline with the use of a semiautomated algorithm (Siemens
eSIE PISA) (Figs. 1, 2) and manually corrected using the

the jet direction. After this 2-click procedure the 3D-PISA is detected
automatically and the detected surface is indicated in green and can
be visually checked for the quality of the detection

same software. Manual correction to the detected PISA
shell was performed to get a best fit to the color Doppler
PISA volume at the appropriate Nyquist limit (Fig. 3). If
necessary the 3D-PISA was scrolled through and edited in
two orthogonal planes. The maximum regurgitation orifice
area (peakEROA) and the mean regurgitant orifice area
(meanEROA) were determined using the maximum
regurgitation jet velocity. The mean EROA was calculated
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Fig. 3 Manual correction of 3D
PISA. Example for the manual
changes that can be made to the
automatically detected PISA
shell. On the left, the detected
3D-PISA (green) does not
include the complete shell, as
can be seen by the yellow
residual. The right image
demonstrates a manual
correction result after painting
the yellow areas green up to the
border of color change at the
respective Nyquist limit

by dividing the sum of all EROAs (calculated from con-
secutive 3D-PISA shells; Fig. 2) by the number of systolic
volume frames.

Grading of mitral regurgitation severity

MR severity was graded by the physician performing the
echocardiographic exam (taken from the written report)
and again separately after data collection by a single expert
echocardiographer unaware of the original report. Both
readers were Level 3 trained [22] and grading was done per
standard of current EACVI recommendations [3]. Neither
the initial examiner nor the second reader had results from
3D-PISA analysis at the time of grading MR. Jet area was
measured in the standard four chamber view, vena con-
tracta width in the four chamber or long axis view.

In addition we determined MR severity with the use of
the scoring system proposed by Buck et al. [23] and the
MR Index introduced by Thomas et al. [24]. As standard
for comparison we calculated a meta-score integrating the
two gradings of echocardiographers and both scoring sys-
tems (meta-score = (examinerl + examiner2 + (Buck-
Score)*0.4 + (MR Index)*2)/4). As a cutoff for significant
MR we used a meta-score of >3.5. This cutoff was chosen
prior to analysis to give equal weight to all components of
the score according to published cutoffs for differentiating
moderate from moderate-to-severe MR.

Clinical data was obtained retrospectively from elec-
tronic patient records. Echocardiographic data was
remeasured offline separately from the original exam.

Data was scrutinized for plausibility and outliers. Unu-
sual values were then rechecked from the original data.
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Table 1 Patient characteristics

Age

Female sex

BMI

Rhythm
Sinus
AF

NYHA class
v
/v

CAD

Hypertension

CKD

COPD

Diabetes

Secondary MR

Mitral regurgitation
Mild
Moderate
Moderate to severe
Severe

L/S >1.5

RVol 2D

RVol 3D

Aortic regurgitation
AR % >I°

LVEF

EDV

LA area

sPAP (TR)

E/e’

712 £ 12.01
38.7
26.1 £4.0

52.7
37.6

48.2
51.8
79.6
81.7
51.1
14.1
23.6
80.4

6.5

23.7

26.9

43.0

60.2

333+ 219
47.6 £ 27.6
50.6

7.6

347+ 129
201.5 £ 79.8
28.95 £ 8.73
39.33 £ 10.26
120+ 72

years
%
kg/m?

%
%

%
%
%
%
%
%
%
%

%
%
%
%
%
ml
ml
%
%
%
ml
cm

mmHg
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Fig. 4 Correlation between manually corrected and automatically
detected 3D-PISA. Linear regression between automatically and
manually traced PISA shells with 436 of 465 PISA shells analyzed.
Pearson’s r = 0.931

Outliers in linear regression were determined in SPSS by
calculating cook’s distance and excluding cases with values
>0.007. All outliers were more than two SD from the mean
residual. To calculate indices from variables we used for-
mulas in Excel data sheets (Excel for Mac 2011, Microsoft,
USA). For statistical analysis we used SPSS Statistics
version 20.0 (IBM Corp., USA) and Prism 5 for MacOS
(GraphPad Software, La Jolla, USA). Continuous variable
are expressed as mean £ SD, categorical variables are
given in absolute numbers or percentage of. p values <0.05
were considered significant.

Results

A total of 93 (57 male, 36 female) patients with MR (17
primary, 76 secondary MR) were available for analysis. Of
those six were judged to have mild, 22 moderate, 25 mod-
erate to severe and 40 to have severe MR by the initial
examiner. 47 patients had some degree of aortic regurgita-
tion, mostly mild AR (85 %). 49 patients were in sinus
rhythm during the exam, 35 in atrial fibrillation and 9 patients
had paced ventricular rhythm. 29.2 % of patients had
regurgitation jets with two jet components, however only on
confluent PISA shell. Patients with two or more completely
separate jets were not included in the study. 91.4 % of
patients had a jet impinging on at least one atrial wall. The
average heart rate was 73.8 £ 19.8 beats per minute (bpm)
with 90 % of patients having less than 100 bpm. Further
details about the study population are given in Table 1.

3D-PISA detection

3D-PISA shells demonstrated on average a moderate ovaloid
shape with a mean L/S ratio (larger diameter/smaller

ROC-curves for meta score > 3.5
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Fig. 5 ROC curves against meta score at 3.5 cutoff. Receiver
operator characteristics curve for different quantitative measures of
MR severity using a cutoff of our meta-score of 3.5, meaning more
than moderate MR. Red meanEROA 3D-PISA derived, interrupted
red peakEROA 3D-PISA derived, orange EROA 2D-PISA derived,
green VC, blue jet area

diameter) of 1.68 £ 0.61. The distribution showed one
maximum around L/S = 1 and another one around L/S = 2.
The median Nyquist limit used was 0.28 m/s. For calculation
of meanEROA from 3D-PISA an average of 6.7 &+ 1.4 sys-
tolic frames were analyzed. For comparison of semiautom-
ically determined and manually corrected 3D-PISA values,
465 data sets were available for analysis. After outlier
elimination as described above, 434 data sets remained for
analysis. The semiautomatically determined 3D-PISA shell
had a mean surface of 2.799 + 2.134 cm® compared to
3.339 £ 2.287 cm® for manually corrected PISA shells.
The resulting EROA for semiautomated detection was
0.166 + 0.138 cm” versus 0.197 & 0.152 cm® for manually
corrected detection. Correlating semiautomated and manual
corrected values, Pearson’s r was r = 0.909 (p < 0.001) for
3D-PISA volume and r = 0.931 (p < 0.001) for EROA
determination (Fig. 4).

Analysis using automated outlier detection resulted in
the exclusion of 45 outliers or 9.7 % of results. The best-fit
line was calculated as y = 1.073 *x 4+ 0.026 with y being
manual corrected EROA and x being automated PISA
detection. This model had an excellent fit with r* = 0.955.

Mitral regurgitation assessment

The intraclass correlation coefficient for the readers grad-
ing the MR was ICC = 0.869 (0.801-0.914) for absolute
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ROC-curves for severe vs. non-severe MR
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Fig. 6 ROC curves for expert grading. Receiver operator character-
istics curve for different quantitative measures of MR severity using
expert grading severe versus non-severe. Red meanEROA 3D-PISA
derived, interrupted red peakEROA 3D-PISA derived, orange EROA
2D-PISA derived, green VC, blue jet area

agreement. The average modified MR Index was 1.79
(£0.41) and the average point score according to Buck
et al. was 10.21 (£1.71).

The average EROA and Regurgitation volume (RVol)
were significantly larger for 3D-PISA (EROA 0.33 +
0.19 cm? and Rvol 47.6 + 27.6 ml) compared to 2D-PISA
(EROA 0.21 +0.13 cm®> and RVol 33.3 + 21.9 ml;
p < 0.001). There was no significant difference between
PMR and SMR in this respect.

In a receiver operator characteristics curve analysis
(ROC) using the meta score described above, the mean 3D-
EROA as determined with 3D-PISA performed best
(AUC = 0.907 CT 0.832-0.983) compared with the peak
3D-EROA (AUC 0.840 CI 0.739-0.941), EROA calculated
from 2D-PISA (AUC 0.747 CI 0.644-0.850), vena con-
tracta width (AUC 0.831 CI 0.745-0.918) or jet area (0.869
CI 0.793-0.945) (Fig. 5).

Compared to the MR grading of the second experienced
reader, mean3D-EROA again performed better (AUC
0.914 CI 0.859-0.969) in ROC analysis than the other
parameters for distinguishing severe from non-severe MR
(peak 3D-EROA AUC = 0.822 CI 0.739-0.906; 2D-
EROA AUC = 0.747 CI 0.636-0.858; VC AUC = 0.855
CI 0.778-0.933; Jet area AUC = 0.842 CI 0.842-0.922)
(Fig. 6).

A meanEROA of 0.15 cm? had a sensitivity of 88.2 %
and a specificity of 81.4 % for distinguishing severe from
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non-severe MR. For peakEROA a cutoff of 0.36 cm? had a
sensitivity of 76.5 % and a specificity of 79.7 % for dis-
tinguishing severe from non-severe MR.

When looking at spherical versus non-spherical (L/S
ration >1.5) PISA shells, meanEROA was better for more
spherical PISA (AUC 0.965 vs. 0.878) a difference that
was even more pronounced for peakEROA (AUC 0.914 vs.
0.767). The same relationship was seen for 2D-PISA, but at
lower AUC values (AUC = 0.822 for L/S <1.5 wvs.
AUC = 0.706) Separate evaluation of severe PMR and
SMR showed larger AUC for meanEROA in PMR (0.948
vs. 0.904) but these results are based on rather small
number of PMR in the study population. No significant
gender differences were found.

Discussion

The results of this study demonstrate the utility and diag-
nostic value of an averaged effective orifice area as
determined by the 3D-PISA method. In contrast to earlier
studies we examined a population of patients that more
closely resembles the patients encountered in daily prac-
tice. Patients with rhythm disturbances such as atrial
fibrillation and ventricular pacing were included just as
were patients with less than optimal acoustic windows. For
the first time we report the performance of a semiauto-
mated algorithm in comparison to manual correction in the
clinical setting. Except for obvious aberrations, the algo-
rithm produces numerically smaller values with very good
correlation to manual tracing of the PISA.

When new diagnostic methods are introduced, we would
like to establish their value in comparison with the current
clinical standard. In practice it is less important how well
the numbers of two methods (like EROA and VCA) match,
than if the new quantitative measure is better for clinical
decision making than those we currently use.

We were able to demonstrate that the meanEROA is
superior to other quantitative measures of regurgitation
severity in diverse groups of patients.

Other authors have chosen to use an averaged regurgi-
tation volume for their 3-D integrated PISA [19]. Both
approaches appear justified since basically the same mea-
surements are used for calculation of integrated RVol and
meanEROA. 3D-PISA derived meanEROA demonstrated
its diagnostic performance with better AUC than any other
measure. Contrary to earlier studies [1] we found jet area
and vena contracta width to be superior to 2D-PISA in our
cohort, probably due to the predominance of SMR.

Since no gold standard exists for grading of MR
severity, new methods are often tested against either expert
opinion or a single comparator method like MRI. While
legitimate, this practice has obvious limitations with regard
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to objectivity and generalizability. In order to make our
comparator more objective while also using an integrated
approach, we decided to combine the results of two readers
(using guideline based integrative grading) and established
scores using multiple quantitative parameters. This meta-
score is a novel way for comparison of different parame-
ters, especially in patients where other methods may not be
applicable e.g. due to atrial fibrillation, aortic regurgitation
or the presence of pacemaker leads.

Whereas previous studies used values as calculated by
the semiautomated analysis tool and reported good results,
we also used the possibility to make manual corrections to
the 3D-PISA surface detection. Although differences are
negligible in many cases, it is necessary in some cases with
problematic automated detection. The availability of a
manual correction to PISA detection may be of consider-
able usefulness in a population with less than optimal
conditions. While there was a very good correlation of
values for over 90 % of cases, some outliers will need
manual editing. From our experience we would recom-
mend to use the semiautomated analysis tool, check the
PISA detection visually and make corrections only for
relevant discordances. While corrections may often not be
necessary, checking the results of automated detection
should be mandatory.

Evaluation of PISA with the use of one-beat real-time
3D-echocardiography has many theoretical and also prac-
tical advantages compared to other methods. The PISA
shell is closer to the transducer in TTE and less effected by
valvular calcifications or other sources of ultrasound
dropout than methods that assess flow on the more distal
atrial side. Also 3D-PISA does not rely on determining a
certain cut plane for measurement (in contrast to VCA). In
our own experience this reduces interobserver variability.
3D-PISA should be superior to the conventional 2D-PISA
especially in cases were the assumption of the PISA being
more or less spherical does not hold true. This is the case in
most patients with functional MR. 3D-PISA can be per-
formed non-invasively during routine transthoracic exam
with relatively fast data acquisition due to the one-beat
technology. Interestingly, we found a better diagnostic
performance in round rather than elongated PISA shells not
only for 2D-PISA but also for 3D-PISA. This finding
suggests that recording the PISA shell in three dimensions
does not completely eliminate all reasons why PISA works
better for round orifices (e.g. Doppler angulation and
velocity distribution).

For conventional methods different cutoffs have been
proposed for the use in PMR and SMR [3] based on data
demonstrating worse prognosis at smaller EROA in
patients with SMR [25]. For 3D-PISA evaluation different
cutoffs may not be necessary, however more data is needed
to definitely answer this question. Previous results and our

work have shown that 3D-PISA is superior to 2D-PISA
especially in SMR and that further improvement can be
achieved by replacing a one-time measurement of MR with
an integration over the full regurgitation period. The cut-
offs we found remain preliminary and the ongoing multi-
center POMAR study should establish values on clinical
grounds for patients with SMR. Further improvement in the
software would be helpful for use of averaged values in
routine practice.

Limitations

Although the 3D-PISA as used in this study appears to be
superior to it’s 2D counterpart, we must be aware of the
limitations of color Doppler in detecting the true isove-
locity surface. Detected velocities depend on the angle of
flow relative to the transducer which represents a theoret-
ical limitation to the method. Furthermore calculation of
EROA assumes the PISA and peak velocity to occur
simultaneously, which is never true due to limitations in
temporal resolution of color Doppler and the technical
inability to acquire both Doppler modalities simulta-
neously. Nevertheless, we were able to demonstrate that
EROA determined with 3D color Doppler is useful in
clinical practice and averaging over the cardiac cycle fur-
ther improves results.

Conclusion

In a diverse population with average ultrasound conditions
the use of 3D-PISA and simple calculation of a mean
systolic regurgitation orifice area proved to be superior to
2D measures (VC, 2D-PISA, jet area) for distinguishing
moderate from severe MR. Use of Real-time non-stitched
3D-Color-Doppler echocardiography with semiautomated
PISA analysis is helpful in the evaluation, classification
and grading of MR in a routine clinical cardiology setting,
where many other methods fail. 3D-PISA reduces
assumptions and seemingly improves diagnostic value as
compared with 2D-PISA.
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