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Abstract
The quantification of venous flows can

be obtained by multiplying cross sectional
area, measured on a B-mode video-clip, by
velocity values, obtained with Doppler
measurements. The Doppler angle between
ultrasound (US) line and blood flow
requires a manual adjustment. Establishing
this parameter is critical in order to calcu-
late blood velocity. However, the operator
dependency gives high variable results. It is
worth noting that a new class of vector
Doppler devices can enhance the accuracy
and precision of measurements. Such tech-
nology uses a double US line that leads to
automatically know the Doppler angle. By
comparing in an in vitro model of venous
flow conventional echo color Doppler
(ECD) equipment with the new device, we
found a better minimal difference between
the latter and the nominal flow rate (20%).
On the contrary, the comparison with con-
ventional ECD showed a difference ranging
between 2% and 43%, according to the pos-
sible settings of the equipment. Our study
demonstrates a better accuracy of the exper-
imental device with respect to conventional
ECD in measuring the venous flow rate.

Introduction
Ultrasound (US) devices are becoming

very attractive in the clinical environment,
particularly for medical diagnostics. This
technology is used also in the cardiovascu-
lar field to quantify blood flows.1,2 The flow
is calculated by multiplying blood velocity
in a vessel, obtained with Doppler measure-
ments, by its cross sectional area (CSA),
measured on a B-mode video-clip.3-6

Differently from other methods used for
the same purpose (for example phlebogra-
phy or functional magnetic resonance imag-
ing), such technology allows to do non-

invasive, cheap and safe examinations.
Several studies published in the last decades
highlighted a good reproducibility among
US technicians trained in investigation of
cerebral venous return.7-9

However, highly variable results still
exist because Doppler measurements of
blood velocity are strongly affected by two
types of error, which are systematic and ran-
dom.1 A systematic error depends on the
instrumentation: in order to overcome such
problem, a calibration of the devices is nec-
essary. This practice allows to know any
device limits and to evaluate the correction
factor to apply on each measurement.

Since the US technology is operator
dependant, a random error is related to the
operating mode of the specialist who is
doing the US examination. In order to
reduce this dependency, several investiga-
tors attempted to measure the cerebral
venous outflow by means of quantitative
US protocol. Nevertheless, such a protocol
required very skilled personnel and a long
period of time to collect measurements.2,10,11

In particular, the technician has to pay
attention when positioning the US probe
along the vessels. He shall avoid pressing
on the subject’s skin, because the veins
could collapse and change their CSA.
Moreover, he has to manually adjust the ori-
entation of the US cursor, which must be
parallel to the blood flow.1 Such operation
allows the system to calculate the
insonation angle between the US line and
the blood flow. The choice of this parameter
is fundamental, because the Doppler equa-
tion, required to determine blood velocity,
depends on the inverse of the cosine of the
angle. 

Furthermore, it is known that veins tend
to be tortuous, making measurements a
challenge. In some cases, the presence of
valves within the vessels also may lead to
turbulences in blood flow. For example, the
internal jugular vein region right before the
subclavian junction is an anatomical point
exposed to flow turbulence, both because of
the vessel direction and since it is the most
prevalent valvular location. In this venous
segment, an error of about 30% in measur-
ing the flow rate has been estimated, which
is due to the uncertain velocity assess-
ment.2,12

Another source of variability during US
examination is the intrinsic spectral broad-
ening (ISB). ISB is a broadening of the
Doppler spectrum due to the mechanism of
delivering and receiving acoustic energy.13

To overcome some of these sources of
errors a new experimental US platform was
carried out.14,15 Such device uses a double
US line, that allows to measure blood veloc-
ity by calculating the Doppler angle of

insonation in an instantaneous and automat-
ic way. Therefore, this technology has a
nominal better accuracy and precision than
standard devices.

The aim of this paper is to compare the
accuracy and precision of conventional
echo color Doppler (ECD) equipment with
those of the new one, in a model of venous
flow.

Materials and Methods

The comparison of scanners flow esti-
mations was performed through an in vitro
study with a closed circuit, composed by a
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homemade neck phantom and a gear pump
that generates a static volume flow (Figure
1). The neck phantom was created with a
plastic tube, with circular CSA equal to
(0.5±0.1) cm2, inserted into a PMMA box
(20.0×12.0×20.5 cm) full of water. The tube
was fixed to a goniometer indicating the
insonation angle, i.e. the angle between the
US line and the flow direction. The pump
was used to drive blood mimicking fluid
(BMF) (CIRS, Model 046, Norfolk,
Virginia, USA) simulating venous blood
flow. The BMF is a liquid with the same
acoustic properties of the blood. The tank
containing the BMF and a turbine flowme-
ter were also inserted in the circuit (Figure
1). The flowmeter, powered by a 9 V battery
and connected to an oscilloscope, was used
to calibrate the pump. 

The test was done using two devices:
equipment A (Conventional ECD device)
and equipment B (ULA-OP platform,
Florence, Italy) connected to a PC with
ULA-OP starter software. The US probe
used during the tests is a linear array probe
(LA523, Esaote S.P.A., Florence, Italy).
This was fastened over the circuit to a man-
ual positioner, which allows moving the
probe in very small steps and fixing it in the
desired position.

During each test the flow set in the
pump was varied between (150±1) mL/min
and (650±1) mL/min in steps of (100±1)
mL/min.

The repeatability was tested by reiterat-
ing the same measurements during one
experimental session, for five times with the
equipment A and for twenty times with the
equipment B. Moreover, the reproducibility
was measured by repeating the entire proce-
dure in different experimental sessions in
order to have some statistics, for five times
with the equipment A and for twenty times
with the equipment B. 

Calibration test
A preliminary calibration test was

taken: this procedure consists in comparing
the flow values set in the pump and the val-
ues measured by the flowmeter. The
flowmeter gives a pulsed electric signal for
each cycle, whose frequency was measured
with an oscilloscope. The FFT mode of the
oscilloscope provides us with the main fre-
quency f, which is proportional to the mea-
sured flow Φflowmeter, as described by the
equation:

Φflowmeter = f/k                                        (1)

with k = 22,000 pulse/L.

The flow values measured with the
flowmeter and those set in the pump were

verified to be not significantly different by a
paired t-test. Therefore, the nominal values
set was constructed with flow values set in
the pump (Φpump). These were converted
into velocity values through the CSA of the
tube since v = Φpump/CSA.

Test with equipment A
The measurements were performed by

positioning the insonation angle at 30°, 45°
and 60°±1°. The choice of these angles fol-
lows the guidelines to obtain reliable mea-
surements.16

For each flow value set in the pump, the
Doppler velocity was measured inside the
vessel by choosing two different sizes of
sample volume (SV): the smallest SV, i.e. 1
mm, and the biggest SV, which extends to
include the whole diameter of the vessel,
i.e. 8 mm. 

Since the flow is assumed to be laminar,
both the mean time average velocity (TAV)
and half of the peak TAV were compared
with the velocity set in the pump. 

The other parameters set in the system
are reported in Table 1.

Test with equipment B
The US mode used to do the experiment

was the B-MSD-SpTR-Mode. This mode
allows to automatically adjusting the angle
of insonation using a double US line.
Moreover, this mode enables to calculate
the peak velocity in the point within the ves-
sel, where a marker for the focus of the
measurement is located.

The experiment was performed by posi-
tioning the tube at an insonation angle equal
to 80°±1°. The choice of this angle is given
by the best setting suggested by the manu-
facturer to obtain reliable measurements
(personal communication).

The system automatically displays only
the measurement of the peak velocity.

The other parameters set in the system
are reported in Table 2.

Analysis of results
For every different experimental setup,

a set of measurements was collected. A set

is composed by five or twenty velocity
measurements corresponding to the single
flow values set in the pump each time.

For every flow value of each set, mean
values, standard deviations (SD) and coeffi-
cient of variation (COV) were calculated.
Moreover, a simple linear regression was
obtained for each set. Finally, paired t-test
was used to state the null hypothesis that
two set of velocity measurements were not
significantly different from each other. All
the tests done are reported in Table 3.

The tests with the equipment A were
conducted with two different combination
of insonation angle, SV and TAV: the sug-
gested setup and the best setup. The first
one is the setting suggested by the guide-
lines:16 insonation angle equal to 60°, SV 8
mm and mean TAV. The second one instead
is the setting that reproduces the closest
measurements to the nominal values. The
insonation angle for this setting is equal to
30°, SV 8 mm and peak TAV.

Results
From the verification of reproducibility

and repeatability of measurements, a differ-
ent COV was obtained for every flow val-
ues. The range of variation of COV
expressed in percentage is reported in Table
4. The results of the t-test between nominal
values and measurements collected with
equipment B and A for the two experimen-

Table 1. Parameter setting for equipment A.

Frequency of US beam                           5.6 MHz
Maximum depth displayed                     72 mm
Focus position                                          Set by the system
Gain                                                             Set by the system
Sample distance                                       Central zone of the vessel to prevent the zone in which 
                                                                     the flow is not fully developed
Pulse repetition frequency (PRF)       Between 3 kHz and 10 kHz with increasing flow, in order 
                                                                     to avoid the aliasing without using excessively high values

Figure 1. Scheme of the closed circuit com-
posed by phantom, pump, tank and
flowmeter. θ is the insonation angle.
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tal setups are reported in Table 5. For the t-
test the threshold of p-value for statistical
significance is chosen equal to 0.05. The
equations of the linear regressions applied
to the curves of mean values are reported in
Figure 2. Slope and intercept of each curve
are reported in Table 6. 

Discussion
The main result of this study is that the

equipment B has a better performance than
equipment A in estimating velocity, as
shown in Table 5 and 6 and in Figure 2. As
confirmation of this, it is worth noting that
the equipment B registered values very
closed to those measured with the flowme-
ter. Nonetheless, considering the results
shown in Table 4, the equipment A has a
better repeatability and reproducibility than
the equipment B. In other words, the equip-
ment B shows higher accuracy but lower
precision. This apparently contradictory
result is probably due to the fact that the
equipment A displays the TAV value calcu-
lated in a certain time frame, while the
equipment B shows a single velocity mea-
surement that is continually refreshed. 

We think that the user interface of
equipment B has to be improved showing
also the TAV value, in order to consider the
system for the clinical environment.

In conclusion, the equipment B seems
to produce more accurate results than the
equipment A. This is an interesting outcome
for all the fields where the velocity mea-
surements play a critical role, such as diag-
nosis of carotid plaques and estimation of
volume blood flow. For instance, our group
has developed some lumped models based
on volume blood flow estimation2,17,18 and
one of the major limitation of such models
was the low level of accuracy in flow quan-
tification. For these reasons, we believe that
more accurate velocity measurements can

give a great improvement to both diagnostic
responsibility and open scientific disputes.
The use of equipment B could be useful for
the investigation of cerebral venous return
both in physiological and in pathological
condition, in particular avoiding as much as
possible the errors linked to the blood flow
quantification. Further studies will be
required to analyse these issues in details.

Conclusions
In the present work it is shown that the

new type of US device could be very attrac-
tive in future clinical environment, regard-
ing diagnosis of cardiovascular diseases.

This system has the ability to measure
the velocity with higher accuracy compared

Table 2. Parameter setting for equipment B.

Frequency of US beam                           6.25 MHz
Maximum depth displayed                     35 mm
Focus position                                          Set in the same position of the marker
Time Gain Compensation (TGC) A      30 dB
TGC B                                                          0 dB/cm
Sample distance                                       Central zone of the vessel to prevent the zone in which 
                                                                     the flow is not fully developed
PRF                                                              11,996 Hz
Speed of sound                                        1480 m/s

Table 3. Tests done for the comparison between devices.

Verification of repeatability of measurements collected with equipment A during the same test
Verification of reproducibility of measurements collected with equipment A, using the same experimental setup in different sessions
Verification of repeatability of measurements collected with equipment B during the same test
Verification of reproducibility of measurements collected with equipment B, using the same experimental setup in different sessions
Paired t-test between the set of measurements collected with the equipment A (Suggested setup), and the set of nominal values
Paired t-test between the set of measurements collected with the equipment A (Best setup) and the set of nominal values
Paired t-test between the set of measurements collected with the equipment B and the set of nominal values
Paired t-test between the set of measurements collected with the equipment A (Suggested setup) and the set registered with the equipment B
Paired t-test between the set of measurements collected with the equipment A (Best setup) and the set collected with the equipment B
Calculation of intercept, slope and r2 for each curve obtained with both equipments

Figure 2. For each nominal velocity value, mean values of measurements collected with
equipment A and B, together with nominal values and flowmeter measurements are plot-
ted. Respective SD are marked over each mean value. Linear regressions are drawn over
each curve: their equations are reported in legend. 
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to the standard devices. 
Further improvements could enhance

the precision of Doppler measurements.
Moreover, future developments should

take into account the B-mode, in order to
complete the US quality control test on the
device.
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Table 4. Repeatability and reproducibility of measurements, tested on both equipments.

Test                                                                              Range of coefficient of variation (%)

Repeatability equipment A                                                                                                  1-2
Reproducibility equipment A (suggested setup)                                                         7-12
Reproducibility equipment A (best setup)                                                                     0-5
Repeatability equipment B                                                                                                 7-15
Reproducibility equipment B                                                                                            13-17

Table 5. Results of comparison between equipment A, B and nominal values.

Paired t-test                                                           Results of comparison        P-value

Equipment A (suggested setup) - Nominal values                 Significantly different               <1×10–3

Equipment A (suggested setup) - Equipment B                     Significantly different               <1×10–4

Equipment A (best setup) - Nominal values                            Significantly different               <1×10–5

Equipment A (best setup) - Equipment B                                Significantly different               <1×10–2

Equipment B - Nominal values                                                 Not significantly different               >0.8

Table 6. Slope and intercept of flowmeter, equipment A and equipment B. 

                                                      Slope                           Intercept                            R2

Flowmeter                                                   1.153                                          4.626                                       1.000
Equipment A (suggested)                       1.433                                          5.650                                       0.999
Equipment A (best)                                  1.016                                          4.348                                       0.998
Equipment B                                               1.198                                          5.437                                       0.995
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