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Abstract 
 
 
        This paper describes the procedure and examines the validity of 
carrying out routine measurements of Doppler velocity measurements as 
part of a routine QA procedure.  The assessment was done by analyzing a 
sample of the data of 3 years spar of the field measurements we obtained.  
The method of carrying out quality assurance measurements is described. In 
addition to confirming the accuracy in measurement calibration, Doppler 
mode measurements were carried out on a String phantom.  This is done by 
using five ultrasound machines and three transducers to look at the errors 
that arise in the practical aspects of carrying out these testes under 
laboratory conditions.  The experiment tested velocity (i.e., slow; medium 
and fast).  The data was obtained and analyzed by calculating the mean and 
standard deviation of measured values, also the mean difference between 
expected and measured values was calculated as well.The result of the 
Doppler measurements also demonstrates that the technique is valid with 
good agreement over a range of velocities.  Higher velocities giving slightly 
larger errors.  However all errors for Doppler were well within the 
requirement of clinical use of Doppler velocity information.  It would be 
reasonable to expect that the technique should pick up real changes of more 
than 1 % providing certain precautions were taken.  In particular auditing 
individual testers over a period of time to help improve an individual’s 
technique, each tester always using the same phantom. 
 
Keywords: Ultrasound; Quality assurance; Quality control; Doppler 
measurements; Spectral Doppler. 
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Introduction 
 
The aim of this paper involves a review of 3 years of quality assurance data 
of ultrasound Doppler velocities.  This data we had collected for quality 
assurance is of around 250 system. 
As a part of the process, we carry out specific quality assurance tests to 
check on the functions in the ultrasound system.  Some of these tests 
generate numerical data, others are more subjective to assess image 
performance.  This aim of this research paper is to look at the numerical 
data that had been accumulated over a number of months and determine if it 
is valid and if it can be used to identify specific problems with the systems. 
The QA of Doppler measurements involved measuring velocities.  These 
measurements were performed at least once a year.  In the early years, the 
department had been performing a range of Doppler tests using in-house 
test objects (Doppler string test object) and, in more recent years, using 
commercial test objects (flow velocity test object).For routine 
measurements to be valid, they must be accurate within the context that 
they are used.  The data is gathered by different testers using several 
different phantoms all nominally the same over a range of machines with 
different probes. It is generally accepted that spectral Doppler velocity in 
soft tissue should be accurate to + or – 1% in the normal scanning situation 
of cardiac or blood flow.  Accuracy should be higher for smaller imaged 
areas using small format higher frequency probes.  For most clinical 
situations this accuracy is more than adequate except for a few situations in 
cardiac measurements when very high velocities are measured.  The 
procedures that the department, works to require that no action will be taken 
if the measurement is within 1% of the nominal value of the phantom.  The 
accumulated data should be able to answer the following questions: Are the 
measurement techniques of the different operators sufficiently consistent to 
pick up changes of more than 1% for different Doppler measurement 
velocities? Are the phantoms, which are used, sufficiently, consistent to 
pick up changes of more than 1% between tests? Are machines designed 
and made to a standard where they will record the same value when 
measuring the same velocity?  This has practical implications for scanning 
the same patient on different machines at different visits.  It has always 
been assumed to be possible to scan the same patient on a different machine 
or the same machine with different probes so that one gets the same answer 
providing the systems are operating within their specification. The data 
from a sample of the systems monitored has been analyzed statistically to 
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address these questions. Firstly, an introduction is given to explain the way 
Doppler ultrasound is used to produce velocity measurements of moving 
structures within the body to provide a basis for QA velocity measurements.  
Then an explanation of quality assurance tests for Doppler velocity 
accuracy is given. Next, the data we acquired, is analyzed statistically to 
attempt to answer the questions posed above.  To supplement this data an 
investigation is carried out to obtain additional QA test data on two 
ultrasound machines, using four probes on one Doppler test object for 
Doppler measurements under ideal conditions. Then, the results are 
discussed and the implications for the value of routine measurements of this 
type are comments on. 
 
Brief description of Quality Assurance testing  
 
            There are many ways of assessing the performance of Quality 
Assurance (QA) of the ultrasound systems such as Resolution, Penetration, 
Reverberation, Crystal Integrity Calliper Accuracy, Doppler Velocity 
Accuracy, and Contrast Sensitivity, and each medical physics department 
uses a slightly different range of QA tests for checking their ultrasound 
machines.  In this paper we are only concerned on Doppler velocity 
accuracy (Doppler).  
 
Doppler QA 
 
          Spectral Doppler Ultrasound determines difference in ultrasonic 
frequency between transmitted and received echoes [1].  The difference in 
phase in the signal returned from a reflector between two subsequent 
measurements indicates a small shift in the position of that reflector.  The 
rate of change of phase with time is directly proportional to the speed of the 
reflector.  The continual changing of the phase of the signal frequ-ency 
leads to a shift in that frequency which is known as the Doppler shift 
frequency.  This information can be used to determine velocity of blood 
flowing and to produce colour-coded real-time images of blood flow.  The 
Doppler shift is dependent on the frequency, the velocity of moving blood, 
and the angle between the sound beam and direction of moving blood as 
expressed in Doppler equation (see figure 1). 
 



Ultrasound Spectral Doppler Quality Assurance Accuracy 

32 
 

                       
 
        Figure 1: Measurement of Doppler Blood Velocity [2] 
                                          
 

 
Where Df is the Doppler shift frequency (the different between transmitted 
and received frequencies), f is the transmitted frequency, V is the blood 
velocity, C is the speed of sound, and Ө is the angle between the sound 
beam and the direction of moving blood.  To measure the blood velocity the 
equation can be arranged as following: 
 

                                  
)2(

cos2
equation

f
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This equation is used by the ultrasound machine to calculate the value of 
Doppler blood velocity [3].  The angle of flow is estimated by the operator 
by process known as angle correction which is aligning an indicator on the 
duplex image along the longitudinal axis of the blood vessel as illustrate in 
figure 2. 
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Figure 2: Doppler angle correction and spectrum 
 
Spectral Doppler quality assurance tests can be done by using a number of 
devices, most commonly a string test objects or a flow velocity test objects 
[4].  
 
Test Objects 
 
            Doppler QA needs material traveling at known velocity that can be 
detected; liquid in a tube in a phantom or a string in water.The string test 
object we used consists of a Perspex water tank, a thin rubber string 
wrapped around a pulley, motor-drive mechanism, and speed control.  The 
string is immersed in the water tank and the ultrasound transducer is fixed 
with respect to the moving string as shown in figure 3 [5] [6].  The drive 
moves the string at precise velocities, either continuously or following 
programmed waveform, so that the different velocities can be detected by 
the ultrasound transducer. 
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Figure 3: Doppler string test object 

 
The principle disadvantage of this kind of test object is that the acoustic 
characteristics of string give rise to massive echoes compared with red 
blood cells.  The string will drag some water along with it whereas the 
movement of blood mimicking material in a tube is confined to the tube 
itself.  On the other hand, this test object is a relatively cheap, robust and 
easy to set up. The alternative Doppler phantom is a flow velocity test 
object figure 4; which usually consists of a block of tissue-mimicking 
material built with one or more hollow tubes passing through at an angle.  A 
blood-mimicking material is pumped through the tube to provide the same 
echogenicity as blood.  This mimicks more accurately the human tissue and 
blood flow at the ultrasound frequencies of the machine [7].  However, this 
type of test object is expensive and each time it is set up it needs to be filled 
in with blood-mimicking fluid and it is necessary to purge the system of air 
bubbles. 
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scanner settings between tests because we were using easily reproducible 
standard presets.  Then we calculated the mean, standard deviation SD and 
the absolute error for all measured values.  These calculations allowed us to 
do some comparison between the engineers; the ultrasound machines and 
the three probes used. 
 
Measurements procedure 

1. Measurement of Slow Velocity Accuracy  

       This method of ultrasound QA involves imaging the test object taking a 
series of measurements, by hand, on the image of sampling volume of the 
moving string as shown in figure 3.  The scanner controls are optimized to 
produce the best image of the spectral Doppler and varying the setting of 
the speed control, the motor can drive the string around the pulley at that 
speed of interest to measure (0.22 m/s).  Then the spectral image is frozen. 
The measurements are done directly on the screen after freezing the spectral 
image using the ultrasound calipers.  They are positioned to measure the 
mean Doppler velocity at the estimated center of the spectrum as shown in 
figure 6.  The indicated velocity is 0.22 m/s and the expected velocity is 
0.22 m/s. 
 

 
 
Figure 6: Slow velocity measurement accuracy, the indicated velocity is 

0.22 m/s. 
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2.Measurement of Medium Velocity Accuracy 

      The scanner controls are adjusted to produce the best image possible of 
the moving target string at the speed of interest.   The transducer has to be 
fixed vertically with respect  to the moving string as shown in figure 3 to 
ensure that the sampling volume target are in the field of view, and then the 
image is captured. The measurements are carried out on the images of the 
spectral Doppler using the ultrasound calipers as shown in figure 7, the 
calipers are positioned on centre of the spectral image to measure the speed 
of moving rubber string and compare it with the actual velocity 0.44 m/s 
and the indicate velocity is 0.44 m/s.  
   

 
 
Figure 7: Medium Velocity Measurement accuracy test, the measured 

velocity is 0.44 m/s. 
 

3.Measurement of Fast Velocity Accuracy 

      This method involves measuring the Doppler velocity accuracy at the 
middle of the spectra image as illustrate in figure 3.  The scanner controls 
are optimized to obtain the best possible image of the string target of 
interest, then the image is frozen.  The measurements are carried out on the 
image of the spectral using the caliper to choose the correct placement at 
the estimated centre of the spectrum to measure the mean Doppler velocity 
as in figure 8. The expected velocity is 0.65 m/s and the measured velocity 
0.65 m/s.  
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Figure 8: QA test of measuring fast velocity accuracy, the indicate 
velocity is 0.65 m/s. 

 
Results and Discussion 
 
            As part of the regular QA program the velocity measurement using 
spectral Doppler is checked.  The nature of this test requires the QA 
operator to position the velocity marker in the middle of the displayed 
Doppler spectrum.  There is some scope for operator variation and a value 
repeatable to within 5% is acceptable [8].Not many manufacturers quote 
measurement accuracy for Doppler velocity.  One of the few that does; is 
ATL (reference manual manufacturer) which suggests the accuracy should 
be 1% [9].  This degree of accuracy is beyond testing system we used.  The 
string test object is critically dependent of correctly setting the flow angle 
and the operator setting the measurement marker in the center of the 
spectrum. The ultrasound machine determines the Doppler shift frequency 
Δƒ, (the different between transmitted and received frequencies) and then 
equation 2, which mentioned earlier to calculate the velocity V [3].The 
acoustic velocity of tap water as used with the string test object at room 
temperature (21°C) is close to 1480 m/s [Goldstein, 1991 b] [10], thus the 
measured value is reduced by 0.961 (1480/1540) for all the ultrasound 
systems tested under this conditions.  For example, in slow velocity 
measurement (0.22 m/s) we expect the measured value to be 0.21 m/s 
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(0.961*0.22) and then similarly for medium and fast velocities [11] 
[12].The pulsed Doppler should be measured at different velocity settings 
on the phantom and the measured values are compared with known actual 
values.  We carry out QA tests measure the Doppler velocity at three 
different speeds, slow at 0.22 m/s, medium at 0.44 m/s and fast at 0.64 m/s.  
It is better to carry out the measurements a number of times and present 
only the mean values to minimize the error in the measurements.  However, 
the velocity can be reduced or affected by the number of weak or dead 
element of the transducer.  In a study by [Weigang, et al., 2003] [13] [14], 
they have shown that four or more dead or degraded elements in transducer 
array have a negative impact on the acoustic beam propagated into the body 
for both Doppler and imaging.  Their results demonstrated six dead 
elements in the C4-2 convex array had significantly reduced sensitivity to 
flow and displayed a significantly lower measured maximum velocity (~ 50 
cm/sec) instead of the actual velocity (~ 75 cm/sec).In our experiment, 
manual measurement and visual assessment of test object images was 
carried out and the results of QA measurements of three Doppler velocities 
are shown in tables 1 to 3 and figures 9 to 11 below.   Each QA test 
(machine + probe combination) was captured number of times and at each 
time a new image of the test object was obtained and the measurements 
were analyzed statistically to obtain the absolute error by calculating the 
error difference between expected and measured values for each type of 
measurements (slow, medium and fast).  Then we calculated the mean and 
SD of the measured values and the mean of the absolute error. We used 
each machine with 3 probes making 136 tests in total.  These measurements 
are obtained on five diagnostic US scanners used for measuring Doppler 
velocity, namely the TOSHIBA SSH 140A, AGILENT SONOS 4500, 
HEWLETT PACKARD SONOS 5500, HEWLETT PACKARD SONOS 
2500, and A. T. L. HDI 3000.  There were three types of US transducers we 
used; convex array, phased array, and linear array, with frequency range of 
1.8 MHz to 20 MHz.  The measurements were carried at three types of 
speed velocity as mentioned above. The analysis of the measurements made 
using the calculation of mean; SD and absolute error are shown to compare 
with the manufactures accuracy for Doppler velocity.  The results are 
divided into three categories to check if there are any errors or differences; 
people; the five ultrasound machines and the five machine's probes have 
been used. 
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1. Difference in measurement between people 

       All three engineers used a moving string phantom to perform the QA 
test and they measured the spectral Doppler velocity at three velocity 
settings.  Table 1 indicates the statistical calculation of means, SD and 
absolute error of measurements results obtained by three of them. 
Considering all three velocity measurements for each of the three engineers, 
we can conclude that all of the measurements data are very comparable. 
There is no appreciable, measurement different between all of the engineers 
data obtained as we can see on figure 9 below.  
 

Table 1: Measurement results of mean, SD and absolute error of 
different continuous Doppler speeds obtained by the three engineers. 

 
Name of person  Slow 0.22 m/s Med 0.44 m/s Fast 0.64 m/s 

MB 
Mean of 42 0.22 0.43 0.64 

SD 0.01 0.03 0.03 
Absolute error 0.006 0.016 0.024 

BH 
Mean of 8 0.22 0.423 0.63 

SD 0.01 0.01 0.02 
Absolute error 0.011 0.021 0.020 

AA 
Mean of 34 0.22 0.43 0.64 

SD 0.02 0.02 0.02 
Absolute error 0.013 0.020 0.017 

 

 
Figure 9: Velocity against the size of error for different engineers. 
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In the five US systems tested, all of them showed mostly small errors in 
velocity calibration for slow velocity of 0.22 m/s with the absolute value 
above 0.005 m/s. However, at medium and fast velocity the system 
experienced different range of errors, 0.012 m/s to 0.033 m/s for 
HEWLETT PACKARD SONOS 2500 and AT L. - HDI 3000 at fast 
velocity flow. The linear array probe illustrated the largest absolute velocity 
errors at medium and fast velocity flow, 0.028 and 0.029 m/s respectively. 
Engineers measurements showed different ranges of absolute error of 0.006 
to 0.024 m/s overall the three velocity have been recorded.  As the velocity 
increased the absolute error increased as well.  It is expected that the error 
will increase with velocity since increasing the velocity leads to wider 
Doppler spectrum that makes it difficult to know exactly where to position 
the velocity marker. 
 

2. Difference between models 

         The statistical calculation analysis of mean, standard deviation SD and 
absolute error for evaluating each US model, is shown in table 2.  The mean 
difference in measurements between expected and measured values is in the 
range of ± 0.01 m/s.  Negative values indicate measurements are smaller 
than expected values; and positive mean values indicate the measurements 
are greater than the expected values.  SD shows there is a small range of 
variability between four models of US machines, however ATL HDI 3000 
model introduces slightly bigger variability at fast speed velocity than other 
models, 0.04 m/s. lotting the size of error against the velocity (figure 10) 
shows all the US models gave an error at slow velocity very close to each 
other, is less than 0.013 m/s.  At medium and fast velocity, both of 
HEWLETT PACKARD SONOS 5500 and HEWLETT PACKARD 
SONOS 2500 have an error of less than 0.017 m/Sc.  The largest value of 
an error is obtained at fast speed velocity by A. T. L. HDI 3000, which is 
about 0.3 m/s. 
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Table 2: Calculated results for error in measurements between US 

models. 
 

Type of Model 
 Slow 

0.22 
m/s 

Med 
0.44 
m/s 

Fast 
0.64 m/s 

TOSHIBA SSH 140A 
Mean of 43 0.225 0.438 0.650 

SD 0.01 0.02 0.03 
bsAolute error 0.008 0.016 0.025 

AGILENT SONOS 4500 

Mean of 6 0.22 0.43 0.65 

SD 0.01 0.03 0.03 

Absolute error 0.01 0.02 0.022 

HEWLETT PACKARD 
SONOS 5500 

Mean of 19 0.221 0.435 0.65 

SD 0.02 0.02 0.02 

Absolute error 0.005 0.016 0.016 

HEWLETT PACKARD 
SONOS 2500 

Mean of 14 0.224 0.427 0.63 

SD 0.02 0.01 0.01 

Absolute error 0.013 0.013 0.012 

A. T. L. HDI 3000 

Mean of 34 0.218 0.43 0.64 

SD 0.02 0.03 0.04 

Absolute error 0.011 0.022 0.033 
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Figure 10:The size of error against different velocity settings for five 
models. 

 
3. Difference in measurement between probes 

       Calculations of mean, SD and absolute error are summarized in table 3. 
For different probe types the mean of measured value is close to the 
expected value for the three velocities and the mean different between them 
is 0.01 m/s. The error difference between probes is almost all the same size 
at the low velocity speed, however, at medium speed velocity, the convex 
array and phased array probes gave the same value of error.  The biggest 
error at medium and fast speed velocity is obtained on the linear array 
probe, which is about 0.029 m/s, figure 11 demonstrates that. The SD 
illustrates there is no significant variability between the three probes 
measurements at slow speed velocity.  The largest value of SD, 0.04 m/s 
occurred at fast speed velocity which recorded by linear array probe. 
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Table 3: Difference in measurements between the three probes. 
 

Probe type  Slow 0.22 m/s Med 0.44 m/s Fast 0.64 m/s 

Convex array 
Mean of 36 0.22 0.43 0.65 

SD 0.01 0.02 0.03 
Absolute Error 0.008 0.015 0.024 

Phased array 
Mean of 58 0.22 0.436 0.65 

SD 0.02 0.02 0.03 
Absolute Error 0.010 0.015 0.019 

Linear array 
Mean of 22 0.21 0.42 0.63 

SD 0.01 0.03 0.04 
Absolute Error 0.011 0.028 0.029 

 

 
 
Figure11: Mean difference between probes, at different velocities in US 

systems, slow, medium and fast. 
 
These errors may be partly due to inaccuracies in the performance of the 
Doppler phantom since they used several different phantoms all nominally 
the same.  Also there may have been differences in the way each engineer 
carried out the test e.g. setting the Doppler angle. 
 
Conclusion. 
 
           Spectral Doppler data analysis we obtained have shown a very small 
errors in velocity calibration for the three velocities of our test object, slow 
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0.22 m/s, medium 0.44 m/s, and fast 0.65 m/s; however the errors were 
increased slightly with increasing velocity.  The Doppler procedures appear 
adequate.  None of the errors has any significance in the practical use of 
spectral Doppler.  Thus the QA procedure is adequate. In summary the QA 
procedures for checking pulse Doppler velocity accuracy to verify a system 
have not changed by more than 1% is adequate but there are inherent errors 
in the system.  These errors can be reduced by careful attention to detail in 
all aspects of the test.  The engineer should always keep the same phantom; 
they should use relatively the same sampling volume each time.  They must 
be aware of any calibration errors in their individual phantom.  They should 
all follow the same test procedure each time and an audit of their results 
should be carried out from time to time.  In this way the highest level of 
consistency will be achieved and will be most likely to detect any changes 
in the system. 
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