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Easy Pulsatile Phantom for Teaching and Validation of 
Flow Measurements in Ultrasound

rate constant flow (volume per time) which can 
then be used in combination with adequate tubes 
to generate different velocities. Furthermore, 
adding a downstream flow modulator can create 
a pulsatile flow.
The purpose was to build a simple model to teach 
and validate pulsatile and non-pulsatile flow 
measurements in ultrasound using a medical 
syringe pump for flow generation and validation.

Materials and Methods
▼
Experimental setting
The experimental setting consisted of the follow-
ing parts: (1) a syringe pump producing an 
adjustable constant flow (0.3–4.0 ml/min) omit-
ted through a customary thin tube, (2) a modula-
tor for transforming the non-pulsatile flow 
coming from the pump into a pulsatile flow, and 
(3) a water basin, through which a thin silicone 
tube with a known inner lumen (0.5 mm) was 

Introduction
▼
Ultrasound is widely used in medicine by many 
disciplines for the qualitative and quantitative 
evaluation of vessels and parenchyma perfusion. 
There are many operator-dependent technical 
parameters that need to be known to improve 
the accuracy of flow and perfusion measure-
ments. Skills labs for medical students and 
hands-on training of doctors are becoming more 
and more popular. Yet, there is a lack of compact 
models to teach and validate flow measurement 
in ultrasound.
There are a variety of ultrasound measurements 
that allow the assessment of velocities within a 
vessel. The spectral analysis of the Doppler ultra-
sound signal through Fast Fourier Transforma-
tion delivers the velocities within the vessel, 
which can be used to calculate the mean velocity 
per cycle.
Medical syringe pumps are standard equipment 
in the medical field and generate a highly accu-
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Abstract
▼
Purpose:  To build a simple model to teach and 
validate non-pulsatile and pulsatile flow quanti-
fication in ultrasound.
Materials and Methods:  The setting consists of 
the following connected components: (1) medi-
cal syringe pump producing an adjustable con-
stant flow (ml/min), (2) modulator modifying 
constant flow to a reproducible pulsatile flow, 
(3) water tank containing a diagonal running 
silicone tube (0.5 mm inner diameter), and (4) a 
fixated ultrasound probe (L9 Linear Array 9 MHz, 
GE Logiq E9) measuring the flow inside the tube. 
Commercially available microbubbles suspended 
with physiological saline solution were used for 
ultrasonic visibility. Spectral Doppler of different 
flow profiles is performed.

Results:  The syringe pump produces an adjust-
able, constant flow and serves as the reference 
standard. The filling volume of the tube system 
is 1.2 ml. Microbubbles are very well detected 
by ultrasound and can be used as an easy and 
clean blood mimicking substance. The modula-
tor generates different physiological and patho-
logical flow profiles. Velocities are similar to 
those found within human blood vessels. Thus, 
it is possible to train and validate flow measure-
ments in ultrasound.
Conclusion:  The model produces non-pulsatile 
and various pulsatile flow profiles and allows 
validation of flow measurements. The compact 
size permits easy and economic setup for flow 
measurements in research, skills lab and contin-
uing education.
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running at a constant flow. Microbubbles suspended in physio-
logical saline solution guaranteed the ultrasonic visibility of the 
flow within the tube. The flow in the silicone tube was measured 
by a linear probe that was inserted into the water basin ( ●▶  Fig. 
1, 2,  ●▶  Table 1).

Materials
A dedicated syringe pump for microbubbles (VueJECT™, Bracco 
Suisse SA) was used to produce a constant flow. The flow ranged 
from 0.3 ml/min to 4.0 ml/min in 0.1 ml/min increments on a 

console terminal. For ultrasound visibility, SonoVue™ (Bracco 
Suisse SA) was freshly prepared according to the information 
and instructions of the manufacturer. 1 ml from this 5 ml of 
SonoVue™ solution was further diluted with 0.9 % physiological 
saline fluid (1:200). A 20 ml Luer Lock syringe (B. Braun Original-
Perfusor® OPS) served as the reservoir. The size of the syringe 
pump measured 33.7 × 14.5 × 10.1 cm, and the size of the console 
was 14.5 × 8.5 × 2.3 cm. The weight of the syringe pump and con-
sole together was 3.9 kg. The accuracy of the syringe pump was 
specified with  ± 2 % (Handbook; VueJECT™, Bracco Suisse SA).
Downstream a self-made modulator (N.N.) transformed the 
non-pulsatile flow into a pulsatile flow ( ●▶  Fig. 3). The modulator 
consisted of a motor (Servo Motor DS 8077 BB, Graupner, Ger-
many) that drove a lever arm. This compressed a reservoir which 
is normally used for arterial blood pressure measurements in 
the intensive care unit [1]. The maximum volume of compres-
sion was 24 µl per pulse. The servo motor was controlled by the 
microcontroller ATmega8-16PI. The modulator measured 
13.5 × 6.5 × 3.5 cm with a weight of 600 g. Further details of the 
modulator including wiring and construction plan as well as 
software are available via email. The basic cycle time of the lever 
arm was 1 Hz ( = pulse 60) and can be modified between 40 and 
120 beats/min. The basic software version allowed the storing of 
6 different flow profiles in the microcontroller. Other profiles 
can be generated on a personal computer and transferred to the 
microcontroller via the serial interface RS232.
We placed the test tube in a plastic water basin (volume: 1.3 l) 
for ultrasound imaging. The silicone tube that was used for 
ultrasound flow imaging had an inner lumen diameter of 0.5 
mm (area of inner lumen = 0.00196 cm2) and a wall thickness of 
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Fig. 1  Block diagram of pulsatile flow phantom.

Fig. 2  Setup of pulsatile flow phantom: a medical syringe pump,  
b console terminal, c modulator, d water tank, e silicone tube, f probe, 
and g collecting tray.

Table 1  Components of pulsatile flow phantom.

Components of pulsatile flow phantom

Medical syringe pump (VueJect™, Bracco Suisse SA)
Connecting tube (VueJect Kit, Bracco Suisse SA)
Modulator (self-made component; see appendix for construction details)
Silicone tube (Keller Elastomere, Überlingen, Germany)1)

Peripheral venous catheter for connection of silicone tube with modula-
tor (BD Venflon™, 20G)
Microbubbles (SonoVue™, Bracco Suisse SA)2)

Water bin (household ware, filled with tap water)
Wire frame (formed from wire for sponge support and tube guidance)
Thin sponges (household ware, liners for water bin inside wall to prevent 
ultrasound reflection)
Rack for ultrasound probe (desk lamp arm with a clamp)
Collecting tray
For acoustic and mechanical properties of vessel- and blood-mimicking substances, 
refer to the literature 1) [2], 2) [15, 17]

Fig. 3  Modulator: View from the a top and b bottom.
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1 mm (Keller Elastomere, Überlingen, Germany). The internal 
walls of the basin were covered with thin household sponges to 
prevent the reflection of the ultrasound signals. A wire construc-
tion secured the sponges to the basin walls and held the tube 
diagonally through the basin with a constant angle of 60 °. The 
basin was filled with tap water. To minimize air bubbles, the 
water was cooked and after it cooled was poured gently into the 
basin.

Ultrasound imaging and analysis
We used the GE Logiq E9 ultrasound system with a 9 MHz linear 
probe L9 (General Electric Healthcare, Switzerland) for image 
and data acquisition. The ultrasound probe was attached to a 
flexible arm, fixed to an infusion stand. Color and spectral Dop-
pler of the different profiles with varying flow was acquired 
after 3 s for equilibrium flow.

Results and Discussion
▼
The pulsatile flow model allowed an easy and economic setup 
for flow teaching and validation ( ●▶  Fig. 1, 2). A medical syringe 
pump was used for adjustable and exact flow generation. The 
downstream, independent flow modulator formed various pul-
satile flow profiles ( ●▶  Fig. 4). The modulator accelerated the flow 
velocity by compression of a reservoir with a lever arm or 
retarded the velocity by depression of the same reservoir. Faster 
compression of the reservoir produced a higher peak velocity, 
while fast depression produced a back flow. Changing the con-
stant flow of the syringe pump led to a modification of the flow 
profile. Hence, the flow profile induced by the lever arm of the 
downstream modulator is dependent on the gross volume of the 
syringe pump. The syringe pump and downstream modulator 
can be regulated independently. High velocities were achieved 
by combining the syringe pump and flow modulator with very 
thin tubes. The constant flow (ml/min) of the syringe pump 

Fig. 4  Triplex of 2 different flow profiles a with 
1 ml/min flow and b with 4 ml/min; both 60 beats 
per minute.
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served as an internal reference for the goodness of mean flow 
ultrasound measurements as well as manufacturer and external 
software analysis programs ( ●▶  Table 2). We performed repeated 
measurements over 5 min (60 bpm, 1 Hz) for one pulsatile flow 
profile at a medical syringe pump rate of 1 ml/min. The mean 
velocity was recorded every 10 s by the ultrasound machine. The 
calculated average flow was 0.97 ml/min (standard deviation 
0.029). Müller-Stüler [1] showed constancy of mean flow and 
velocities for repeated measurements using a syringe pump and 
modulator.

Syringe pump
Syringe pumps have been widely used in medicine to generate 
variable adjustable flow and exact constant flow. Medical syringe 
pumps are highly accurate, very reliable, as well as durable 
equipment. Our syringe pump was a dedicated medical syringe 
pump for the infusion of microbubbles. A standard medical 
syringe pump in combination with a vibrating table to maintain 
fluid-mimicking substances in suspension, as used for example 
in laboratories, can also be used [1]. Syringe pumps that are not 
in clinical use might still be exact enough for teaching.

Modulator
To transform a constant flow into a pulsatile flow, we used a sim-
ple, self-made modulator. This consisted of a motor-driven lever 
arm compressing a reservoir. The hardware of the modulator is 
an open system. It is attached to a workbench allowing easy 
access to all built-in components ( ●▶  Fig. 3). The modulator pro-
duces different physiological and pathological flow profiles. 3 
cycles were needed to get a constant equilibrium of flow pro-
files. Complex flow profiles including ante- and retrograde flow 
and maximum peak velocities within the range of human ves-
sels (135 cm/s peak velocity for 3 ml/min flow) could be achieved 
( ●▶  Fig. 4).
The open access to the modulator on a workbench allowed easy 
exchange of components. This is a major advantage over closed 
systems that may be required to be sent in for repair. The total 
cost of all modulator components was about 100 €.

Tubes and water tank
We used commercially available very thin silicon tubes, which 
we tested beforehand for ultrasound transmissibility. The filling 
volume of the complete tube system without the syringe was 
1.2 ml. For improved transmissibility, we recommend the use of 
polyvinyl chloride (PVC) tubes [2–4]. Around the inner walls of 
the water tank, we prefer thin sponges to small stones at the bot-
tom [5] to minimize ultrasound reflection. Several tissue-mim-
icking substances to surround the tube in the tank can be used 
[1, 2, 4, 6–8]. Yet, we found tap water gently poured into the 
basin to be easiest, cheapest and sufficient for our measure-
ments. Instead of tap water a 9 % glycerol solution can be chosen 
to mimic the sound velocity of soft tissue [2]. We changed the 
water daily. For longer use we recommend adding an antiseptic 
substance, for example Microsept®. The small syringe reservoir 
together with thin tubes allowed ultrasound measurements not 
disturbed by large air bubbles. In the case of an air bubble adher-
ent to the outer tube wall within the measurement field, we 
gently removed it from the tube with a small hooked instrument 
(for example, a bent paper clip).

Blood-mimicking fluids
Several blood-mimicking fluids can be used for the ultrasonic 
visibility of tube content [1, 2, 4, 9–12]. We preferred microbub-
bles, which are commonly used for contrast-enhanced examina-
tions in an ultrasound department [13, 14]. Microbubbles are 
within the range of size of red blood cells and are known to 
facilitate Doppler ultrasound in human application [14]. Tortoli 
et al. [15] investigated the use of microbubbles in Doppler ultra-
sound. They found that the microbubble phenomena due to 
radiation force produce evident Doppler effects in vitro, but do 
not interfere with Doppler examination. For teaching purposes, 
expired or leftover microbubbles can be used. Microbubbles 
were gently handled by the dedicated syringe pump and the res-
ervoir of the modulator. The small syringe reservoir and thin 
tube size allowed economic use of microbubbles without dis-
turbing air bubbles within the tube system. We found a high 
concentration of microbubbles too noisy for spectral Doppler 
analysis (spectral broadening). To a certain degree gain reduc-
tion can reduce spectral broadening [16]. In the case of not 
freshly prepared microbubbles (e. g., leftover vials from human 
application), less dilution is necessary.
Alternatively, ultrasound blood-mimicking fluids (e. g., BMF-US, 
Shelley Medical Imaging Technologies, Ontario, Canada) can be 
ordered. The latter contains nylon particles with a size of 5 µm 
and has the rheological characteristics of blood. These particles 
were less echoic than microbubbles. Due to the small volume 
needed by this flow phantom model, freshly drawn blood can be 
used [1].

Limitations
▼
For teaching and validation, we found it sufficient to use tap 
water with low gas content for surrounding tissue mimicking, 
silicone tubes for vessel mimicking, as well as microbubbles for 
blood mimicking. Yet, for research purposes replacement by 
more similar tissue-, vessel-, as well as blood-mimicking sub-
stances with respect to physical, acoustic, and rheological pro
perties on spectral Doppler analysis has to be considered. The 
precise mean flow of the syringe pump can be used for valida-
tion of the mean flow measured by ultrasound. The systolic peak 

Table 2  Validation of results of spectral Doppler analysis.

Flow

Syringe

Pump

Flow

Profile1

Peak

Systolic

Velocity

Time

Average

Mean

Velocity

Calculated Flow

Spectral

Doppler2

ml/min No. cm/s (cm/s) ml/min

1.00 1 14.60 8.20 0.96
1.00 2 90.10 11.10 1.31
1.00 3 69.80 10.70 1.26
1.00 4 61.00 10.10 1.19
2.00 1 33.40 16.80 1.98
2.00 2 104.80 17.60 2.07
2.00 3 82.20 18.00 2.12
2.00 4 90.50 16.50 1.94
3.00 1 48.80 25.40 2.99
3.00 2 135.10 26.40 3.10
3.00 3 97.90 25.20 2.96
3.00 4 88.20 25.70 3.02
1 Flow profile 1 was constant flow and flow profiles 2–4 were different pulsatile flow 
profiles formed by the modulator. 2 The flow in the last column is calculated from 
the time average mean velocity and the known area of the inner lumen of the tube. 
Thus the flow from spectral Doppler can be compared to the flow of the syringe 
pump in column one
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and diastolic velocity of a pulsatile flow profile cannot be directly 
validated. The potential of our easy phantom model for Doppler 
quality assurance has to be assessed by further studies. Our flow 
model is a multimodality pulsatile flow phantom and can be 
used for computed tomography and angiography as well. How-
ever, due to some magnetic components, it is not yet MRI-com-
patible.
In conclusion, our phantom generates non-pulsatile and various 
pulsatile flow profiles and served as an internal reference for 
mean flow ultrasound measurements. The handy size allowed 
clear and economic setup for flow quantification experiments, 
skills lab and hands-on teaching, as well as for standardized 
examinations.
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