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Abstract

Estimation of accurate blood volume flow in ultrasound Doppler blood flow spectrograms is extremely
important for clinical diagnostic purposes. Blood volume flow measurements require the assessment of both
the velocity distribution and the cross-sectional area of the vessel. Unfortunately, the existing volume flow
estimation algorithms by ultrasound lack the velocity space distribution information in cross-sections of a
vessel and have the problems of low accuracy and poor stability. In this paper, a new robust ultrasound volume
flow estimation method based on multigate (RMG) is proposed and the multigate technology provides detail
information on the local velocity distribution. In this method, an accurate double iterative flow velocity
estimation algorithm (DIV) is used to estimate the mean velocity and it has been tested on in vivo data from
carotid. The results from experiments indicate a mean standard deviation of less than 6% in flow velocities
when estimated for a range of SNR levels. The RMG method is validated in a custom-designed experimental
setup, Doppler phantom and imitation blood flow control system. In vitro experimental results show that the
mean error of the RMG algorithm is 4.81%. Low errors in blood volume flow estimation make the prospect of
using the RMG algorithm for real-time blood volume flow estimation possible.
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1. Introduction

According to the World Health Organization research data, it shows that one of the three major
diseases that threaten human life and health is cardiovascular and cerebrovascular disease [1,2]. In the
diagnosis of cardiovascular disease, blood volume flow is a very important health indicator [3]. It is
natural that the measurement of volume flow is beneficial to the heart, carotid, renal and visceral
circulation, as well as to the aorta and cardiac circulation [4-6]. It is an important method to diagnose the
various diseases with the ultrasonic Doppler spectrums to detect the blood volume flow of the related
vessels [7,8]. Therefore, the ability to accurately and quickly monitor blood volume flow is very essential
for clinicians [9], which in clinical diagnosis is of great significance [10].

The general method for estimating blood volume flow using ultrasound is calculating the integral of
the measured spatial mean velocity within the vessel cross-sectional area [11-13]. Boote [14] proposed a

method estimating volume flow based on a single gate, he estimated mean velocity from the maximum
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velocity (MXV). Figueras et al. [15] estimated volume flow by single gate Doppler measurements as well.
In contrast to Boote [14], Figueras et al. [15] calculated the mean velocity of blood volume flow from the
intensity-weighted mean velocity (IWMV) method. Some good experimental results were obtained from
their research. Based on the single gate, the narrower the sampling gate, the lower the signal-to-noise
ratio (SNR), but the higher the velocity resolution. Correspondingly, the wider the sampling gate, the
higher the SNR, the lower the resolution. However, these algorithms based on a single gate do not provide
information on the local velocity distribution in the flow cross-section.

This paper proposes a robust ultrasound blood volume flow estimation based on multigate (RMG).
The vessel is divided into a plurality of sub-sampling gates. The blood flow velocity in each sub-sampling
gate can be accurately estimated as well as the blood volume flow. Therefore, the blood volume flow in
each sub-sampling gate can be accumulated to obtain the entire blood volume flow. The multigate
method can obtain different blood flow velocities in different location, which provides detail information
on the local velocity distribution. When the blood flows in the blood vessel, the blood near the tube wall
is affected by viscous friction, the SNR is low so the mean velocity estimation is affected and can may be
not obtained accurately. In order to overcome the inaccuracy of velocity, a double iterative algorithm for
estimating the mean velocity (DIV) is proposed. The first iteration eliminates the meaningless noise and
obtains the accurate signal region. In the obtained signal region, the second iteration integral is made to
obtain more accurate estimation of the blood flow velocity. In low SNR conditions, the mean velocity can
be estimated accurately using DIV algorithm. In the paper, the RMG method is validated in Doppler
phantom and imitation blood flow control system and experimental results are also given. The steadiness
in mean velocity estimation for different SNR levels suggests that the DIV algorithm is robust and with
low sensitivity to SNR. Through in vitro and in vivo experiments, it can be proved that RMG algorithm
has better robustness compared with the existing algorithms, which has important value and significance
in clinical diagnostic.

This paper is organized as follows. In Section 2, a detailed description of the algorithm for double
iterative flow velocity estimation and multigate blood volume flow estimation is given. Section 3
presents the experimental results and comparisons with the two existing algorithms. Finally, conclusions

are drawn in Section 4.

2. Algorithm Description

2.1 Multigate Blood Volume Flow Estimation

In this paper, a robust ultrasound blood volume flow estimation method based on multigate (RMG) is
proposed. Multigate technology divides the whole sampling gate into multiple sub-sampling gates. The
signal data in each sub-sampling gate is processed respectively. The multigate method can obtain accurate
blood flow velocities in each location and provide detail information on the local velocity distribution.
Then on the basis of the integral of the vessel cross-sectional area and velocity, the whole volume flow
estimation can be obtained accurately.

Assuming that the blood vessel is a circular cross section, as shown in Fig. 1, the entire vessel is divided
into even number of sub-sampling gates. The number of gates is N+N' equal to the number of Doppler

gates and each sub gate has a size of ;. The signal data in each sampling gate is processed separately and
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the volume flow at each sampling gate can be estimated.

The blood volume flow Vol(t) at a certain time t through the vessel cross-section is defined as:

Vol(t) = [ [Fr+V(r,t)drdg (1)

(b)
Fig. 1. (a) The vessel diameter is divided to N+N' number of sub-sampling gates equal to the number of
Doppler gates and each gate has a size of ;. (b) Schematic diagram, assuming that the vessel geometry

looks like a circular pipe with a radius of R.

where R is the radius of blood vessel cross-section and V (7, t) is the mean velocity at time ¢ when radius
isT.

The discrete form of Eq. (1) at time t; will be

Vol(t;) = 2n ¥N_,(k — 0.5)1,2 Vi (t;) )

where 1y is the sub gate size, k is the gate index, k=1,2,...,N and Vk(tj) is the velocity estimated in each
sampling gate. In Eq. (2) we assume the velocity pattern is symmetric to the vessel diameter and we only
count the gate from 1 to N.

In reality, the velocity pattern is asymmetric to the vessel diameter and the vessel diameter is divided
to N+N'number of sub gates equal to the number of Doppler gates, as shown in Fig. 1. We can calculate
the blood volume flow along the whole vessel diameter, therefore, at time ¢; , the above equation can be

written as
Vol(t;) = m Xh_1(k — 0.5)r2V, (t) + nzﬁj,':l(k' — 0.5)rV,r (&) (3)

where k=1,2,...,N and k'=1,2,..., N
The volume flow estimation by Eq. (3) is just in consideration that the whole sampling gate is divided
into even number of sub-sampling gates. Similarly when there are odd number of sub sampling gates

N+N'+1, the flow can be estimated as:
Vol(t;) = %nrleo(tj) + YN kriV () + 1 YN KRV, @) (4)

Because the ultrasonic scanning beam is not perpendicular to the flow direction, as shown in Fig. 2, so
the actual volume flow is a component of estimated volume flow Vol(t) . The volume flow from Egs. (3)

and (4) should be corrected by a factor of sin(), so the actual volume flow Vol(t) is:
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Vol(t) = Vol(t) * sin(8) (5)

where 6 defines the angle between the ultrasound beam and the flow direction.

Fig. 2. The geometry of the ultrasound scanning beam and flow direction.

The heart rate is known to be fyz, T;_; represents the end moment of the last cardiac diastolic, and T;
represents the end moment of this cardiac diastolic, then the blood volume flow per minute Vol can be

estimated as:

Vol = fur * %Ly, VoI(t) (6)

The details of multigate blood volume flow estimation algorithm are given by Algorithm 1.

Algorithm 1. Multigate blood volume flow estimation algorithm

Input: The number of sub gates Num_SubGate, the sub gate size 1y, the time T, velocity estimated in each
sampling gate V}, (t), the angle between the ultrasound beam and the flow direction 6 and the heart rate fz.
Output: The blood volume flow per minute Vol.
if Num_SubGate/2 = 0 then
N <« Num_SubGate/2
N' « Num_SubGate/2
fort =1,2,..,T do
Vol(t) « m¥N_,(k — 0.5)r2V, (t) + nZI,g,;l(k’ — 0.5)r2V, (t)
end for
else
N < (Num_SubGate —1)/2
N' « (Num_SubGate — 1)/2
fort =1,2,..,T do
Vol(t) « m/4r2Vo(t) + T Inoy kT2Vi () + T XN _, K'T2Vir (£)
end for
end if
Vol(t) « Vol(t) * sin(6)
Vol ¢ fyg * ZI;TH Vol(t)

2.2 Double Iterative Flow Velocity Estimation (DIV)

The algorithm proposed for mean velocity estimation is based on the spectral upper and below profile.

First find the upper and below profile of the spectral profile image, and then integrate from the upper
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profile to the below profile. In this paper, a double iterative profile detection algorithm based on energy
accumulation function is proposed.

Defining S(n) as an input signal, thus the energy accumulation function P (n) is defined as follows:
Pn)=Y~,S{), n=12,..N @)

where N is the signal length.

The slope of the connecting line between the front and rear of P(n) can be calculated as:

PIN)=P() _ %iL;SM-5(1) _ BiL,S() _
N-1 N-1 N

S (8)

where N is the signal length, P(1) and P(N) are the front and rear of P(n), respectively, S(i) is the input
signal, and § is the mean of signal S(i).

Through simple calculation, it can be known that the slope of the connecting line is similar to the mean
S of signal S(i). Because of the existence of the signal peaks, there must be an evolution process of
P(n) from less than § to more than $. And in this process, there are three important parameters to be
noticed: the negative maximum distance from the connecting line, the positive maximum distance from
the connecting line, and the intersecting position.

To get the above three important parameters, Lagrange mean value theorem [16,17] is introduced, that
if a function f(x) is continuous on the closed interval [A, B], and is differentiable on the open interval
(A, B), therefore there is at least a point & on (A, B) to satisfy the following theorem:

f@ =2I@ ©)

~ B-4a

In fact, the point of tangency is also the farthest point from the line AB on the curve f(x), namely the
point of the positive maximum distance or the negative maximum distance. The energy accumulation
curve P (n) satisfies the hypothesis of Lagrange mean value theorem and also in certain SNR conditions,
there must be the point of negative maximum distance &,;;,, the point of positive maximum distance

Emax> and the intersecting point &,.oss.
P(N)-P(1)

Rotating the coordinate system of P(n), the rotation angle is defined as 8 = arctan( = ), thus
under the new coordinate system, the energy accumulation curve P (n) is:
P(n) = P(n) *cos(8) —n+*sin(0), n=1,2,..,N (10)
Thus we obtain
P(fmin) < ﬁ(n)
P(&nin) * €05(0) — &pin * sin(0) < P(n) * cos(8) — n = sin(6)
(n = &nin) * sin(0) < (P(n) = P(Emin)) * cos(6) (11)

Since P(n) is a monotonic increasing function and 6 € (0, 7/2), by controlling the order of traversing
P(n), it can meet the requirement of n > &,,;, and P(n) = P (&) - Therefore, the above complex

trigonometric functions can be simplified as follows:

P()=P(§min) > sin(6)
n—=&min ~ cos(8)

P(N)-P(1)
N-1

(12)

= tan(0) =

824 | J Inf Process Syst, Vol.15, No.4, pp.820~832, August 2019



Yi Zhang, Jinkai Li, Xin Liu, and Dong Chyuan Liu

Similarly, the solution formula of &,,;, and &,,,ss can be derived:

P()—P(§max) < P(N)-P(1)

n—§max - N-1

(13)

P(§cross) < P(N)-P(1) & P(§crosst+1) P(N)-P(1)

SCT'DSS N-1 SCT'DSS+1 N-1

(14)

P(N)-P(1)
N-1
avoid the calculation of trigonometric functions brought by coordinate rotation, and it is very meaningful

is a constant and there is no need to repeat calculating it. The above-mentioned method can

to reduce the computational complexity. Not only that, there is the characteristics of &pin < &ross <
&max> 80 in real operations, the above three unknown parameters can be got by traversing P(n) only once.
In other words, &,,4, and &, are the upper profile and the below profile.

The above process is simply referred to as one iterative algorithm. Because the computational
complexity is only O(2N), it is very suitable for real-time systems.

In order to further improve the performance of the algorithm to obtain the details of the profile, this
paper designs a double iterative profile detection algorithm. After obtaining the result of one iterative

algorithm, we will truncate the P(N) , and then the truncated signal P(N) can be obtained:

IS(N) = P(0),i = &ross — Shift, ..., §cross + Shift (15)

where Shift is a constant value of experience. In the strong physical meaning condition (such as blood
flow velocity limit), Shift can be a relatively small value, then one more iteration can obtain more
accurate value. On the contrary, in the less physical meaning condition, it requires multiple iterations to
find the optimal solution of Shift. By truncating the signal P(n), the meaningless signal is eliminated,
which can improve the SNR of the signal P(n). The truncated signal P(N) performs the same processing
as one iterative algorithm, and further obtains the local optimal solution, thus improves the detailed
resolution of the profile.

Generally, intensity-weighted integral is used to calculate mean velocity. Thus the mean velocity
V,.(t) of the k™ gate at time ¢ could be given by

YN PRV (x)

22’:1 Ptk(x) (16)

V(D) =
where PF(x) is Doppler power spectrum of the k" gate at time ¢, and V (x) is the velocity of the k" gate.
However, intensity-weighted integral is a global algorithm and can ignore local details. To overcome
the inaccuracy, this paper proposes an accurate flow velocity estimation algorithm based on the double
iterative profile detection. The double iterative algorithm changes the range from the global to the local,
and eliminates the unnecessary information that interferes with the signal, so the accuracy will increase.
In the estimation of mean velocity, the calculation range is calculated from the upper profile position to
the below profile position.

Thus the mean velocity V, (t) of the k" gate at time t could be given by

Supper(t)
_ Zx=Spelow(®
Vk(t) - Zsupper(t) Pk(x)
*=Spelow(®) "t

PEQO)V ()

17)

where PF(x) is Doppler power spectrum of the k* gate at time t, Supper (t) and Spei0w (t) are the upper

J Inf Process Syst, Vol.15, No.4, pp.820~832, August 2019 | 825



Robust Ultrasound Multigate Blood Volume Flow Estimation

profile position and the below profile position at time t, respectively, and V (x) is the velocity of the k"
gate.

upper profile

below profile

Fig. 3. The velocity pattern V (x) at time t.

As shown in Fig. 3, the power spectrum within the upper and the below profile in each sampling gate
will be used to calculate the mean velocity of Eq. (17).

The details of double iterative flow velocity estimation algorithm are given by Algorithm 2.

Algorithm 2. Double iterative flow velocity estimation algorithm
Input: An input signal S(n), the signal length N, the time T, and the number of sub-
gates Num_SubGate.

Output: The mean velocity V, (t) of the k™ gate at time ¢.
forn=1,2,...,N do

P(n) « X, S()
end for

P(N)-P(1)
N-1

forn=23,..,N—1do

ifmSm and M>mthen
n n+1
fCTOSS « n
end if
end for

start « &po5s — Shift
end « &5 + Shift

P(end)—P(start)
end-start
Supper < Start

new_m <

Spelow < Start

for n = start, ...,end do
P(n)—P(S;
diff_max(n) - (n)-P( upper)
n— Supper

dlff min(n) P P(n)—P(Spelow)

n— Shelow
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if dif f_max(n) = new_m then

Supper < 1
end if
if diff_min(n) < new_m then
Shetow < N
end if
end for

fort =1,2,...,T do
fork = 1,2,..., Num_SubGate do

Supper(t)

X=Spelow(t)
Vi (t) « Supper® e
*=Spelow(®) "t

PEQ)*V (x)

end for

end for

3. Experimental Results

The proposed DIV algorithm is compared with the two existing algorithms, IWMYV and MXV. The
three algorithms for mean velocity estimation are tested in vivo recordings. And also, flow simulations
are performed and the algorithms are tested on them. In this section, the accuracy of mean velocity
estimation is evaluated and the robustness of the proposed algorithm is presented.

The volume flow estimation based on the IWMV and MXV of single gate is presented, referred as
intensity-weighted mean flow (IWMF) and maximum flow (MXF). MXF is defined as maximum flow. In
the proposed RMG algorithm, the blood vessel is split into 10 sub-sampling gates. According to the
double iterative velocity estimation formula, the mean velocity of the 10 sampling gates can be calculated
respectively, as well as the volume flow. Then the volume flow of 10 sampling gates can be accumulated
to get the whole vessel volume flow.

The in vitro tests have been carried out through the experimental set-up, KS205D-1 type Doppler
phantom and imitation blood flow control system developed by the Institute of Acoustics, Chinese
Academy of Sciences. This set-up can measure the blood volume flow. With this set-up, the performance
of the algorithms can be verified.

The measurements performed with the same pump setting were compared for different methods. The
error is the ratio between the absolute error caused by the measurement and the actual value of the volume
flow. As shown in Table 1, under different flow settings, estimated volume flow values and mean errors
by the RMG method and the two comparison methods (IWMF and MXF) are presented.

As shown in Table 1, at different flow rates, the error of the proposed RMG algorithm is significantly
lower than the MXF and IWMF. The RMG algorithm can more accurately measure the volume flow
under different flow settings. The mean error of the proposed RMG algorithm is 4.81%, which is much
smaller than the mean error obtained by the traditional single sampling gate algorithms MXF and IWMF.
Due to the steadiness and robustness of the RMG algorithm, it can be used in clinical practice to estimate

volume flow and detect cardiovascular diseases.
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Experiments to test the performance of the DIV algorithm were done for several different SNR levels.
The data we deal with in this sectuib comes from the radio frequency (RF) carotid blood flow signals
collected by ultrasound instruments. On the basis of the original spectral profile image, we add the
Gaussian white noise with a constant mean of 0 and variance of 0.01, 0.02, 0.03, 0.04, and 0.05,
respectively, to test the performance of the three algorithms in different SNR levels. The ideal curve of
the experiment is the mean velocity curve drawn by an experienced clinician according to the spectral
profile image.

Table 1. Estimated volume flow values and mean errors by the proposed method and the two comparison
methods

Measured RMG IWMEF MXF
Flow flow Volume Volume Volume
(L/hr) (mL/s) flow Error (%) flow Error (%) flow Error (%)
(mL/s) (mL/s) (mL/s)
20 5.28 5.58 5.68 5.89 11.55 7.93 50.20
24 6.33 6.32 0.16 6.10 3.60 8.34 31.75
30 7.92 7.29 7.95 6.63 16.29 9.41 18.81
40 10.56 10.11 4.26 8.48 19.70 13.09 23.96
50 13.19 12.40 5.99 9.63 27.00 15.42 16.91
Mean error (%) 4.81 15.65 28.33

Fig. 4 shows the experimental results of mean velocity estimation in the spectral profile images of six
different SNR conditions. It is found that in the lower SNR spectral profile images, as shown in Fig. 4, the
IWMV and MXV have larger errors. With the increase of noise, the mean velocity curves obtained by
IWMYV and MXV show serious jitter and it leads to inaccurate calculation of the mean velocity at the
local details. Therefore, in the results from IWMV and MXV in Fig. 4, the mean velocity estimation is
failing in the case of greater noise. In the same condition of low SNR, the proposed DIV algorithm works
well.

In this section, the index called Pratt’s figure of merit (PFOM) is used [18,19]. It represents deviation
of the calculated curve from the ideal curve. The closer the PFOM value is to 1, the closer the two curves
are [20]. By calculating the PFOM value of the velocity curve obtained and the ideal curve, the accuracy

of the algorithm can be observed. PFOM value is defined as:

PFOM = max;N,M} ?11 1+0:1(i)2 (18)
where M is the actual number of estimated mean velocity points, N is the number of standard mean
velocity points, a is the scaling constant (usually 1/9), and d (i) is the distance between estimated mean
velocity point and standard mean velocity.

Experiments on 10 sets of data are carried out to obtain the mean values and standard deviations of
PFOM values under different noise conditions. We add the Gaussian white noise with a constant mean
of 0 and variance of 0.01, 0.02, 0.03, 0.04, and 0.05, respectively, to each set of original data. Fig. 5 gives
the results of PFOM mean for the three algorithms. The PFOM mean of DIV is significantly higher than
the IWMYV and MXV. The PFOM mean of DIV is closer to 1 and it shows that the mean velocity curve
obtained by DIV is closer to the ideal curve drawn by the experienced clinician. Moreover, the line chart
shows that the PFOM mean of the algorithm DIV is more stable and its jitter is smaller in the case of

different noises.
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Fig. 4. Comparison of the mean velocity estimation using IWMV, MXV, and DIV algorithms and the
ideal curve drawn by an experienced clinician, on carotid artery spectral profile images, in different noise
conditions: (a) the original spectral profile image, (b)-(f) are the spectral profile images added Gaussian
white noise with mean of 0 and variance of 0.01, 0.02, 0.03, 0.04, and 0.05, respectively.

Fairly low standard deviations of DIV algorithm in different noise conditions are found in Table 2.
Less than 6% mean standard deviation by using DIV algorithm to estimate mean velocity is observed.
Therefore, it is steady when Gaussian white noise is added with mean of 0 and variance range of 0.1-0.5,
which indicates that the mean velocity estimated by DIV has very low sensitivity to SNR. Mean velocity
estimated using DIV in vivo data can be observed to show better performance compared with IWMYV and
MXV at the same SNR level. These results point toward robust mean velocity estimation of DIV
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algorithm with low sensitivity to SNR. When the noise level is very high, the algorithm MXV fails
completely and the PFOM mean of each set of data is very small, as shown in Fig. 5, so the standard
deviation is very small. Therefore, there will be such a case that the standard deviation is small in Table 2.

1.2} —F—— IWMWV |
DIV
1 ]
s 0.8 -
A . - . i
Q - %
o 0.6 1
0.4t . < 1
0.2} o \ ]
0 L L L L ]
0 0.01 0.02 0.03 0.04 0.05
Noise Level

Fig. 5. PFOM mean of DIV, IWMYV, and MXV algorithms by varying variance of Gaussian white noise
from 0.01 to 0.05 when mean of Gaussian white noise is 0.

Table 2. PFOM standard deviations by the proposed method and the two comparison methods
PFOM standard deviation (%)

Different noise conditions

DIV IWMV MXV
Original 2.56 12.77 12.29
0.01 0.99 9.56 14.96
0.02 11.60 41.42 31.82
0.03 6.32 7.23 23.84
0.04 8.59 24.21 31.20
0.05 5.25 39.18 7.98
Mean standard deviation 5.34 22.40 20.35

4. Conclusion

In this paper a robust ultrasound blood volume flow estimation algorithm based on multigate (RMG)
and an accurate double iterative algorithm for estimating the mean velocity (DIV) have been presented.
Based on the multigate method, the velocity and volume flow of each sub sampling gate can be estimated,
which provides clinicians with detail information on the local velocity distribution. Experiments to test
the performance of the DIV algorithm were done for different SNR levels. Low errors in mean velocity
estimation are observed. Mean standard deviation of the mean velocity estimation is 5.34% and is
significantly low. The stability in PFOM calculation for different SNR levels suggest that the DIV
algorithm is robust and with low sensitivity to SNR. The RMG algorithm is tested in a custom-designed
experimental setup, Doppler phantom and imitation blood flow control system. Less than 5% mean error
suggests that the RMG algorithm provides better performance compared with the existing volume flow
estimation algorithms. Estimation of accurate blood volume flow in ultrasound Doppler blood flow
spectrograms is of important guiding significance for monitoring cardiovascular diseases. Therefore, the
stability and robustness of the proposed algorithm shows that it can be widely applied to real-time blood

volume flow estimation in clinical practice, which can be useful in monitoring cardiovascular diseases. In
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summary, we are optimistic about the potential of this new approach to blood volume flow estimation

for use in future medical instruments.

Acknowledgement

The authors would like to thank the engineers at the Saset (Chengdu) Inc. who contributed to the

experimental works done in Saset’s commercial ultrasound machine (iNSIGHT 23R).

References

[1] H. Greenberg, S. U. Raymond, and S. R. Leeder, “Cardiovascular Disease and global health: threat and
opportunity,” Health Affairs, vol. 24 no. Suppll, pp. W5-31, 2015.

[2] M.Xu, “Local measurement of the pulse wave velocity using Doppler ultrasound,” M.S. thesis, Massachusetts
Institute of Technology, Cambridge, MA, 2002.

[3] U.Weber, N.]J. Glassford, G. M. Eastwood, R. Bellomo, and A. K. Hilton, “A pilot assessment of carotid and
brachial artery blood flow estimation using ultrasound Doppler in cardiac surgery patients,” Journal of
Cardiothoracic and Vascular Anesthesia, vol. 30, no. 1, pp. 141-148, 2016.

[4] P.N. Burns, “Measuring volume flow with Doppler ultrasound: an old nut,” Ultrasound in Obstetrics and
Gynecology, vol. 2, no. 4, pp. 238-241, 1992.

[5] R.W.Gill, “Pulsed Doppler with B-mode imaging for quantitative blood flow measurement,” Ultrasound in
Medicine & Biology, vol. 5, no. 3, pp. 223-235, 1979.

[6] 7J.B.Sauders, N. Wright, and K. O. Lewis, “Measurement of human fetal blood flow,” British Medical Journal
(BM]J), vol. 280, no. 6210, pp. 283-284, 1980.

[7] R. Tabrizchi and M. K. Pugsley, “Methods of blood flow measurement in the arterial circulatory system,”
Journal of Pharmacological and Toxicological Methods, vol. 44, no. 2, pp. 375-384, 2000.

[8] H.A.Kontos, “Validity of cerebral arterial blood flow calculations from velocity measurements,” Stroke, vol.
20, no. 1, pp. 1-3, 1989.

[9] G. R. Bashford, “Ultrasonic measurement of blood flow velocity and applications for cardiovascular
assessments,” in Biomarkers in Cardiovascular Disease. Dordrecht: Springer, 2016, pp. 1025-1055.

[10] O.D. Kripfgans, J. M. Rubin, A. L. Hall, M. B. Gordon, and J. B. Fowlkes, “Measurement of volumetric flow,”
Journal of Ultrasound in Medicine, vol. 25, no. 10, pp. 1305-1311, 2006.

[11] M. G. J. Arts and J. M. J. G. Roevros, “On the instantaneous measurement of bloodflow by ultrasonic
means,” Medical and Biological Engineering, vol. 10, no. 1, pp. 23-34, 1972.

[12] S. Bower, S. Vyas, S. Campbell, and K. H. Nicolaides, “Color Doppler imaging of the uterine artery in
pregnancy: normal ranges of impedance to blood flow, mean velocity and volume of flow,” Ultrasound in
Obstetrics and Gynecology, vol. 2, no. 4, pp. 261-265, 1992.

[13] R. Albayrak, B. Degirmenci, M. Acar, A. Haktanir, M. Colbay, and M. Yaman, “Doppler sonography
evaluation of flow velocity and volume of the extracranial internal carotid and vertebral arteries in healthy
adults,” Journal of Clinical Ultrasound, vol. 35, no. 1, pp. 27-33, 2007.

[14] E. J. Boote, “AAPM/RSNA physics tutorial for residents: topics in US: Doppler US techniques: concepts of
blood flow detection and flow dynamics,” Radiographics, vol. 23, no. 5, pp. 1315-1327, 2003.

[15] F. Figueras, S. Fernandez, E. Hernandez-Andrade, and E. Gratacos, “Umbilical venous blood flow
measurement: accuracy and reproducibility,” Ultrasound in Obstetrics and Gynecology, vol. 32, no. 4, pp. 587-
591, 2008.

J Inf Process Syst, Vol.15, No.4, pp.820~832, August 2019 | 831



Robust Ultrasound Multigate Blood Volume Flow Estimation

[16] P. Sahoo and T. Riedel, “Lagrange’s mean value theorem and related functional equations,” in Mean Value
Theorems and Functional Equations. Singapore: World Scientific Publishing Co., 1998, pp. 25-81.

[17] M. Mateljevic, M. Svetlik, M. Albijanic, and N. Savic, “Generalizations of the Lagrange mean value theorem
and applications,” Filomat, vol. 27, no. 4, pp. 515-528, 2013.

[18] M. Hagara and A. Hlavatovic, “Video segmentation based on Pratt's figure of merit,” in Proceedings of 2009
19th International Conference Radioelektronika, Bratislava, Slovakia, 2009, pp. 91-94.

[19] D. V. Dubinin, A. I. Kochegurov, and V. E. Geringer, “Modification Pratt figure of merit,” Reshetnevske
Readings, vol. 2015, no. 2, pp. 36-39, 2015.

[20] W. Fu, M. Johnston, and M. Zhang, “Genetic programming for edge detection: a Gaussian-based approach,”
Soft Computing, vol. 20, no. 3, pp. 1231-1248, 2016.

Yi Zhang https://orcid.org/0000-0001-7724-2540

She received B.S. degree in College of Software Engineering from Sichuan University,
Chengdu, China in 2017. Since September 2017, she is with the College of Computer
Science from Sichuan University as a MS candidate. Her current research interests
include medical image analysis and ultrasonic image processing.

Jinkai Li https://orcid.org/0000-0002-9056-5333

He received B.S. degree in College of Electrical Engineering and Automation from
Chengdu University of Technology, Chengdu, China in 2014. He is currently pursuing
the MS degree at Sichuan University. His current research interests include medical
image processing.

Xin Liu https://orcid.org/0000-0003-3538-2902

He received B.S. and M.S. degrees in College of Software Engineering and College of
Computer Science from Sichuan University in 2013 and 2016, respectively. His
research interests include digital image processing and medical imaging.

Dong Chyuan Liu https://orcid.org/0000-0002-0922-7901

He received Ph.D. degree in School of Computer Science from Northwestern
University, USA, in 1987. He is a Professor with the College of Computer Science,
Sichuan University. His current research interests include development and product
design of medical ultrasonic systems.

832 | J Inf Process Syst, Vol.15, No.4, pp.820~832, August 2019




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


