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Abstract—Severe valvular regurgitation can lead to pulmonary hypertension, atrial fibrillation and heart failure.
Vena contracta width is used to estimate the severity of the regurgitation. Parameters affecting visualization of
color Doppler have a significant impact on the measurement. We propose a data-driven method for automated
adjustment of color gain based on the peak power of the color Doppler signal in the vicinity of the vena contracta.
A linear regression model trained on the peak power was used to predict the orifice diameter. According to our
study, the color gain should be set to about 6 dB above where color Doppler data completely disappears from the
image. Based on our method, orifices with reference diameters of 4, 6.5 and 8.5 mm were estimated with relative
diameter errors within 18%, 12% and 14%, respectively. (E-mail: pawel.kozlowski@outlook.com) © 2018 World
Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Valvular regurgitation (VR) is a condition that, when left
untreated, can lead to complications such as pulmonary
hypertension, atrial fibrillation and heart failure. Quanti-
fication of the severity of VR is required to determine the
optimal treatment for a patient. It may influence patient
follow-up intervals and is an important data point for de-
cisions regarding potential intervention.

In clinical practice, various metrics are being used
to assess the severity of VR. Thavendiranathan et al. (2012)
reported a few of them: effective regurgitant orifice area
measured by proximal isovelocity surface area; regurgi-
tant volume and regurgitant fraction measured by
calculating the difference between inflow and outflow stroke
volumes; and vena contracta (VC) width, which is the width
of the narrowest portion of a regurgitant jet. Nishimura
et al. (2014) emphasized that grading of VR severity is
complicated and should be based on integration of mul-
tiple hemodynamic parameters measured by Doppler

echocardiography, rather than just a single parameter. They
recommend performing several different measurements and
comparing them with defined-in-clinical-practice “trig-
gering values.” Once one of the triggers is reached, the
patient should be considered for surgery.

Quantification of VR after interventions to reduce re-
gurgitation, such as percutanous mitral valve repair, is also
increasingly important clinically. Foster et al. (2007) mea-
sured VC diameter, regurgitant volume, regurgitant fraction
and effective regurgitant orifice area with relatively low
reproducibility of the VC diameter.

Yoganathan et al. (1988) stated that the location of
the VC depends on the nature of the orifice causing re-
gurgitation and is independent of flow rate. They also
asserted that the VC can be found at, or in close vicinity
of, a smooth orifice. In the case of a sharp-edged orifice,
VC is just downstream of the orifice. Furthermore, the size
of a regurgitant jet increases with the size of VC and is
relatively independent of flow rate (Little et al. 2008).

Measurement of VC width is performed with 2-D
color Doppler echocardiography in a slice aligned with the
long axis of the jet (Thavendiranathan et al. 2012). Biner
et al. (2010) found that the inter-observer agreement for
grading mitral regurgitation (MR) as severe and non-severe
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based on VC width is suboptimal. This was the first mul-
ticenter study where 18 cardiologists at 11 different
institutions manually measured VC width. Inter-observer
agreement on the severity of MR was only fair. Raw agree-
ment and κ coefficients were 75 ± 15% and 0.28 (95%
confidence interval [CI]: 0.11–0.45), respectively. What is
more, technical parameters are not standardized between
studies and vendors. Thus, different settings of param-
eters like color gain, arbitration, wall filter, depth and sector
size can lead to under- or overestimation of VC measure-
ments (Maragiannis and Little 2013). Automatic adjustment
of these parameters could be an important aid in perform-
ing VC measurements. It would simplify the workflow and
allow for more reproducible quantification results, and that,
in turn, could make VC a more robust indicator of VR
severity.

The purpose of this study was to optimize selection
of the color gain parameter during VC measurement. Many
studies recommend keeping the color gain at its maximum
just below where random noise develops (Hyodo et al.
2012; Shanks et al. 2010; Thavendiranathan et al. 2012;
Yosefy et al. 2009; Zeng et al. 2011). This introduces the
blooming artifact, and care must be taken to measure only
the highest velocities within the visible color Doppler signal
(Zoghbi et al. 2017). The primary goal of automatic op-
timization of color gain is to eliminate this artifact, thus
revealing the true extent of the jet core. This will elimi-
nate user variability with respect to color gain and shows
promise in increasing the overall reproducibility of grading
VR. The reproducibility of VR is influenced by several
factors (e.g., image quality, filling pressure, probe-to-jet
angle) that need to be taken into account. A study of all
these factors was beyond the scope of this article. To
achieve our goal, color Doppler data of jets with known
orifice diameters were acquired. The optimal color gain
was found based on a linear regression model evaluated
on a subset of the acquired data. The remaining data were
used for verification of the model.

METHODS

We built a phantom to produce controlled flow jets
and acquired 2-D image sequences of the flow with the
Vivid E95 cardiovascular ultrasound system (GE Health-
care, Horten, Norway) equipped with the 4V transthoracic
probe. The scanning sector included the orifice, the VC
and the downstream jet, and was aligned with the long axis
of the jet.

The parameters of interest were color gain, peak color
Doppler signal power in the vicinity of the VC and flow
velocity. To compute peak power, raw color flow data were
harvested right after the flow parameter estimation stage
(Ferrara and DeAngelis 1997). These data included the
power of the Doppler signal. To increase the number of

data sets in the experiment and to obtain a wider range
of signal-to-noise ratio (SNR), artificial noise was intro-
duced in a post-processing step.

Jet phantom
A jet phantom composed of two chambers, one open

and one closed, was designed (Fig. 1). Between the cham-
bers was a frame allowing us to mount a plate with an
orifice that connected both chambers. The two chambers
were filled with a 0.01% weight suspension of Sephadex
G-25 (Sigma-Aldrich, St. Louis, MO, USA) in de-ionized
water. The closed chamber was pressurized with a
computer-controlled centrifugal pump (RS Pro, RS Com-
ponents Ltd., Northants, UK), and the open chamber was
kept at atmospheric pressure. Because of the pressure dif-
ference, a jet was produced in the open chamber. The flow
rate was monitored using a turbine flowmeter (RS Pro, RS
Components Ltd.), which was calibrated in-house.

Three plates made of acrylonitrile butadiene styrene
(ABS) were 3-D printed through fused deposition mod-
eling (Lulzbot, Aleph Objects Inc., Loveland, CO, USA).
The ABS plates were designed with orifices 4, 6.5 and
8.5 mm in diameter to represent clinically relevant, mod-
erate and severe regurgitation (Zoghbi et al. 2017). A profile
was designed to induce a 45° flow angle at the edges of
the orifice. Figure 2 is a photograph of the three ABS plates
used.

For each plate, data were acquired at different flow
rates. Table 1 summarizes flow rates and flow velocities
in acquired data sets, grouped by orifice size.

Noise level modification
The signal power from the raw color flow data PdB

was given in logarithmic scale. It was then converted to
linear scale using

P
P

= 10 10
dB

(1)

Fig. 1. Schematic of the in vitro setup used to re-create the jet.
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