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Abstract

We have developed a duplex ultrasound simulator for training and assessment of scanning skills.
We used the simulator to test examiner performance in the measurement of flow velocities in
dialysis access fistulas. Test cases were created from three-dimensional (3D) ultrasound scans of
two dialysis access fistulas by reconstructing 3D blood vessel models and simulating blood flow
velocity fields within the lumens. The simulator displays a two-dimensional B-mode or color
Doppler image corresponding to transducer position on a mannequin; a spectral waveform is
generated according to Doppler sample volume location and system settings. Examiner
performance was assessed by comparing the measured peak systolic velocity (PSV) with the true
PSV provided by the computational flow model. The PSV measured by four expert examiners
deviated from the true value by 7.8 + 6.1%. The results demonstrate the ability of the simulator to
objectively assess an examiner’s measurement accuracy in complex vascular targets.
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INTRODUCTION

Simulation for training in ultrasound provides such advantages as immediate availability of a
wide range of clinical scenarios or pathology, and avoidance of patient comfort and safety
concerns associated with having trainees perform clinical examinations. Medical ultrasound
simulators have been developed for a variety of diagnostic and point-of-care applications,
including echocardiography, obstetrics, trauma, and critical care (Parks et al. 2013, Ferrero
et al. 2014, Liu et al. 2015, Paddock et al. 2015). These simulators, however, focus on two-
dimensional (2D) B-mode images, while vascular ultrasound examinations rely primarily on
Doppler assessment of blood velocities and flow patterns. In duplex ultrasound scanning,
blood flow is characterized by Doppler spectral waveforms and color Doppler imaging
(Beach et al. 2010). The peak systolic velocity (PSV) obtained from the Doppler spectral
waveform is the principal criterion for the classification of arterial stenosis (Beach et al.
2012). A simulator for training and assessment in vascular ultrasound examinations requires
realistic representations of the color Doppler images and Doppler spectral waveforms that
must be acquired during performance of a complete duplex scan.

We have developed a computer-based duplex ultrasound simulator that incorporates real-
time color Doppler images and Doppler spectral waveforms along with corresponding B-
mode images. Testing results with the simulator for normal and stenotic carotid artery
models have been previously reported (Zierler et al. 2016). This paper describes testing
results for more complex vascular models: dialysis access fistula cases that include flow
simulations for the arterial inflow, the arterial-venous anastomosis, and the venous return.

Hemodialysis treatments for patients with end-stage renal failure (ESRD) require cannula
access to blood flow at two sites along a vessel segment, one for withdrawing blood and the
other for returning it to the patient. A dialysis access fistula is a surgical connection between
an artery and a vein that produces higher than normal blood flow through the venous return
segment. This segment can then be cannulated to supply the high flow volume flow rates
required for effective hemodialysis. Flow rates through a dialysis access fistula are of
clinical importance because these fistulas are susceptible to stenosis development, which can
reduce blood flow and eventually compromise the dialysis procedure (Kohler and Mraz
2015). Doppler ultrasound examination of dialysis access fistulas can be challenging
because of the non-standard anatomy produced by the surgical connection of an artery and a
vein, the unique and often complex vascular configuration at the arterial-venous
anastomosis, and flow velocities that can be significantly higher than those observed in
normal blood vessels (Teodorescu et al. 2012).

MATERIALS AND METHODS

Doppler Simulator Design

The duplex ultrasound simulator hardware (Figure 1) consists of a personal computer, a
mannequin, and a mock transducer whose spatial location and orientation are measured
using a tracking device (Patriot, Polhemus Inc., Colchester, VT, USA). As the examiner
manipulates the mock transducer over the mannequin, the computer displays ultrasound
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images in a 2D B-mode view that changes in real-time according to the transducer’s position
and orientation. These images are extracted in real time from a three-dimensional (3D)
volume of image data previously generated from scans of patients or normal volunteers
(Sheehan et al. 2013). In addition, computational flow modeling is used to populate a 3D
computer model of the blood vessel with time-varying velocity vectors that define the blood
flow at all points within the vessel (McGah et al. 2011, 2012, 2013). This velocity field is
sampled along with the image data to create a spectral waveform display that responds in
real-time to the control panel settings selected by the examiner. The steps from 3D
ultrasound scanning to simulated spectral waveform display are described in the following
sections.

Patient Scanning and 3D Image Reconstruction

3D ultrasound scans were performed on two patients with dialysis access fistulas. The
imaging procedure was approved by the University of Washington IRB and the subjects gave
informed consent. Case 1 was a mature and normally-functioning end-to-side fistula in the
lower arm near the wrist. Case 2 was a recent (10 months post-surgery) end-to-side fistula in
the lower arm near the elbow, with a narrowed region in the venous return segment. End-to-
side fistulas are created by surgically transecting the vein and attaching the proximal end to
the side of the artery and tying off the distal end of the vein.

The 3D ultrasound data sets included gray-scale (B-mode) images of the dialysis access
proximal inflow artery, arterial-venous anastomosis, distal artery, and proximal return vein.
An ultrasound transducer with an attached tracking device (Flock of Birds, Ascension
Technology Corp., Burlington, VT, USA) was used to acquire closely-spaced B-mode
images along the length of the vessels of interest (Leotta and Martin 2000a, 2000b) (Figure
2a). Custom software developed using the LabVIEW engineering software package
(National Instruments, Austin, TX, USA) was used to synchronously capture 2D ultrasound
images and 3D tracking data at a rate of 30 frames/second. For each dialysis access case 900
images were captured during a 30-second continuous scan along the length of the target
vessels. These images were reformatted into a regular 3D grid using a volume reconstruction
algorithm (Leotta and Martin 2000a, 2000b) (Figure 2b). A 3D surface model of the blood
vessel was then generated from traced borders of the vessel lumens in parallel planes
extracted from the reconstructed volume data sets (Leotta et al. 2001a, 2001b) (Figure 2c).

Calculation of Blood Flow Velocity

Computational fluid dynamics (CFD) modeling was applied to the 3D vessel surface models
to calculate four-dimensional (4D) flow velocity fields (spatially 3D and temporally
resolved) inside the vascular lumen (McGah et al. 2011, 2012, 2013). The Navier-Stokes
equations that describe the flowing blood are solved by a commercial CFD software package
(Fluent, ANSYS Inc., Cannonsburg, PA, USA) under the assumptions of an incompressible
Newtonian fluid. Although blood is a non-Newtonian fluid, it has been shown that the
Newtonian fluid assumption works well for arteries over 3 mm in diameter and under
normal hematocrit conditions (Sarrami-Foroushani et al. 2017). Therefore, for the specific
vessels under consideration in our simulation, blood is treated as a Newtonian fluid without
loss of accuracy in the hemodynamic results.
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The computation discretizes the equations of motion into a volumetric mesh that fills the
patient-specific lumen geometry. For boundary conditions, one fluid velocity Doppler
spectral waveform is used at the model inlet, and the peripheral capacitance-resistance
conditions are used downstream of the anastomosis. The fluid velocity and pressure are
solved inside the vessel of interest with spatial resolution on the order of 100 microns and
temporal resolution of 1 ms. Ten cardiac cycles are simulated to allow for chaotic flow to
develop, and then phase-averaged to obtain a velocity field representative of the blood flow
in the vessel, including cycle-to-cycle variability inherent to the complex flow within
dialysis access fistulas. The 4D velocity database is exported to the Doppler simulator as
three components of velocity at each node of the computational mesh and for each time step
of the cardiac cycle (Figure 3). These data establish the true velocities for every point within
the 3D vessel surface models, providing the reference values to which the examiner’s
measurements will be compared.

Examiner Interface

The Doppler ultrasound simulator examiner interface is shown in Figure 4. When the mock
transducer is moved along the mannequin surface, the computer displays B-mode images in
views corresponding to the transducer position and orientation, as reported by the magnetic
tracking receiver mounted within the model transducer (Figure 4a). To simulate a clinical
ultrasound examination, a control panel on the computer display (Figure 4c) shows settings
analogous to a clinical duplex ultrasound system, and the examiner is required to steer the
Doppler beam, select the size and depth of the Doppler sample volume within the B-mode/
color Doppler image, specify the Doppler angle relative to the vessel axis, and adjust the
baseline and pulse repetition frequency (PRF) to avoid aliasing. After acquiring and saving a
spectral waveform on the display, the examiner measures blood flow velocity by positioning
a cursor at a selected point on the waveform (Figure 4b).

Doppler Waveform and Image Simulation

Doppler spectral waveforms are simulated by retrieving the velocities calculated within the
3D model of the vessel lumen and projecting the three components of the velocity within the
Doppler sample volume onto the Doppler beam (Figure 5). Based on the examiner’s settings
for beam steering, sample volume depth and size, Doppler angle correction and PRF, the
stored 4D velocity field within the 3D sample volume is converted to a spectral waveform
display (Figure 4b). Frequency shifts are calculated by the Doppler equation using the
incident beam angle relative to the blood flow direction provided by the CFD modeling. The
simulator waveform display uses the angle correction and PRF specified by the examiner to
convert the frequencies to velocities. The spectral waveform display is updated in real-time
according to the beam angle and the Doppler sample volume size and location specified. The
sample volume size includes dimensions in the lateral and elevational beam directions
(Figure 5); spectral broadening in the displayed waveform is related directly to the variation
in the blood flow vectors within the sample volume.

Color Doppler imaging is also included to enhance the realism of the simulator (Figure 4a).
At the intersection of the 2D virtual image plane of the Doppler simulator with the
calculated flow field in the 3D vascular models, the CFD velocity vector fields are projected
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onto the Doppler beam and converted to a color map, animated in real-time, within a color
box specified by the examiner.

The accuracy of Doppler velocity measurements obtained by four different experts
performing a duplex ultrasound scan of the dialysis access fistulas was determined by
comparing the blood flow velocities measured from the simulated spectral waveforms to the
true velocities in the computational flow model data sets used to populate the artery models.
The deviation is expressed as a percent of the true velocity.

Four experienced examiners (two vascular sonographers, one vascular surgeon, and one
ultrasound engineer) measured PSV in the proximal artery, distal artery, and proximal return
vein of the two dialysis access cases (Figure 6). The examiner was free to choose sites in
each of the designated segments where, in their judgement, accurate measurements of PSV
could be made. The examiner was also free to make multiple measurements on a waveform
and to delete or save any measurement during the scanning session. For each velocity
measurement made and saved by the examiner, the true PSV was computed as the maximum
of the velocity magnitude from the CFD-generated database for those voxels within the
sample volume at that specific time and location.

Statistical Analysis

RESULTS

The mean absolute deviation from the true velocity magnitude was computed for each PSV
measurement made by the examiners and expressed as a percent of the true velocity.
Measurements made by the four examiners on each of the arterial and venous fistula
segments were compared using ANOVA. Bias in PSV measurement was assessed using the
paired £test.

The four examiners made a total of 43 velocity measurements for the two dialysis access
cases. Twenty-four PSV measurements were made in arterial segments, and 19 PSV
measurements were made in venous segments. The PSV measured by the examiners
deviated from the true value by 7.8 + 6.1% overall, and there was no significant difference in
performance between examiners (Figure 7a). There was a bias toward overestimation by
examiners: the true velocity averaged 273 + 94 cm/s, and the velocity measured by the
examiners averaged 283 + 103 cm/s (p = 0.023). There was also no significant difference in
the mean absolute deviation of PSV measurements between the arterial and venous segments
(Figure 7b).

DISCUSSION

Simulation-based medical training allows learners to acquire knowledge and skills in an
educationally focused environment without concerns regarding patient access, safety,
comfort, or privacy (Aggarwal et al. 2010). Such training also lets learners progress at their
own pace, and it can provide a wide range of clinical experience in a relatively short period
of time. A variety of medical simulator types are available, including standardized patients,
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computer-based virtual patients, interactive mannequins, and task trainers for procedural
skills (Cook et al. 2011, 2013).

Simulators are now available for many non-vascular ultrasound applications that require
only 2D B-mode imaging (Liu et al. 2015, Paddock et al. 2015). However, duplex ultrasound
for vascular applications combines B-mode imaging with Doppler flow detection in the form
of both spectral waveforms and color Doppler images. The acquisition and interpretation of
Doppler velocity information, particularly the arterial PSV, plays a key role in the
classification of vascular disease severity (Beach et al. 2010, 2012). There are commercially-
available physical flow models that can provide some examples of vascular flow
abnormalities; these flow phantoms, however, offer a limited range of cases and true fluid
velocities are not accurately known.

While simulation of 2D B-mode images can be accomplished by using computer-generated
images or images from patient scans, simulation of Doppler information presents a
significant technical challenge, given the complexity of creating flow information in real-
time throughout a simulated volume of tissue. In addition, a realistic simulation of the
duplex scanning process includes manipulation of the ultrasound transducer to obtain the
appropriate B-mode image of a vessel of interest, and interactive control of a number of
highly variable ultrasound parameters, including Doppler sample volume size and depth,
beam angle, and angle correction. The spectral waveforms must then be acquired and a
cursor placed for measurement of velocity. Each step in this complex task must be simulated
in real-time.

The Doppler ultrasound simulator described here provides real-time Doppler spectral
waveforms and color Doppler images, which to the best of our knowledge are not available
on any commercial ultrasound simulators (Zierler et al. 2016). In addition to a realistic
scanning experience, this simulator can provide an absolute measure of examiner
performance because the CFD velocity database provides the true flow velocity values for

all locations in the patient vessel model at all instants of time. This gives the simulator the
unique ability to evaluate trainees based on a set of standardized flow velocities. The dialysis
access models tested in the current study demonstrate the ability of the Doppler simulator to
present unique clinical cases with both complex flow and vessel anatomy, which may not be
available or easily assessed in standard clinical training.

There is one limitation to note in the present study: although a button labeled ‘Audio’ is
shown in the simulator control panel (Figure 4c), audio was not available on the Doppler
simulator at the time of this study. Real-time audio output of the Doppler shifts
corresponding to the spectral waveforms was implemented on the simulator after this study
was completed.

The results described here establish the capability of the duplex ultrasound simulator to
realistically reproduce complex dialysis access cases. It also shows that expert examiners
can use the simulator to measure PSV with accuracy consistent with clinical practice at
multiple sites on these models. Directions for future work include creating a library of
additional dialysis access sites, in addition to carotid artery and peripheral artery cases. The
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goal is to populate the library with enough cases to enable trainees to acquire experience
with both commonly encountered and rare vascular pathologies and abnormalities. We will
also quantitatively assess the validity of the duplex ultrasound simulator for competency
testing and its efficacy as a training tool.

SUMMARY

We have developed a computer-based duplex ultrasound simulator that provides real-time
color Doppler images and Doppler spectral waveforms. The examiner manipulates a mock
transducer along a region of interest on a mannequin, and the computer displays a 2D B-
mode image of the scanned anatomy. Velocity measurements can then be made in a realistic
manner with the examiner setting the appropriate Doppler ultrasound parameters. This
application of the Doppler simulator with dialysis access fistulas showed that an expert
examiner can accurately measure PSV from the spectral waveforms provided in real time by
the simulator with a mean absolute error of less than 10%. With the addition of cases
representing a range of vascular targets and pathologies, this Doppler ultrasound simulator
could be a useful tool for training as well as for assessment of skills in vascular ultrasound.
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Figure 1.
Photograph of the Doppler ultrasound simulator system. A spatial tracking system records

the position and orientation of the mock transducer in real-time: a magnetic field transmitter
is located inside the mannequin and a receiver is fixed inside the plastic transducer housing.
As the examiner moves the mock transducer over the mannequin, a 2D B-mode image
derived from a saved 3D data set is displayed. A Doppler spectral waveform display is
generated in real-time from the velocity database as the examiner positions the Doppler
sample volume and adjusts the control panel settings.
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(c)

Figure 2.
3D ultrasound data acquisition and vessel reconstruction. (a) 2D ultrasound images of a

dialysis access fistula are acquired while the 3D location and orientation of the transducer
are tracked and recorded. Every 30t image from a continuous scan of 900 images is shown
in 3D space. (b) The 2D images are reformatted in a 3D gray-scale volume. Planes in the x-y
direction are shown at steps of 155 voxels along the z-axis for a reconstructed volume size of
642 x 473 x 1860 voxels (51.4 x 37.8 x 148.8 mm, voxel size = 0.08 mm). (c) Mesh
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reconstruction from manual outlines produces a 3D surface model of the arterial and venous
segments of the dialysis access fistula.
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Figure 3.
3D vessel lumen models and blood velocity flow simulation data for the two dialysis access

fistula cases used in this study. Case 1 is a fistula between the radial artery and cephalic
vein; Case 2 is a fistula between the brachial artery and basilic vein. For each case the
surface model of the dialysis access fistula is shown at the top; arrows indicate the direction
of flow in each segment. The lower panel for each case shows representative velocity
pathlines (trajectories of a blood particle from the inlet to the outlet of the artery segment)
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calculated by the computational fluid dynamics simulation at peak systole; the pathlines are
color-coded by velocity magnitude (color bar).
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Tracking

Figure 4.
Duplex ultrasound simulator examiner interface. (a) Color Doppler image showing blood

flow velocity superimposed on a B-mode image. (b) Doppler spectral waveform recorded
from the Doppler sample volume location shown in (a). A peak systolic velocity
measurement has been made by placing a cursor (blue circle) at a selected point on the
waveform. (c) System controls for the ultrasound image display and Doppler examination
settings (including beam angle, sample volume depth, sample volume size, angle correction
cursor and pulse repetition frequency). (d) 3D display showing the location of the vessel
model, the transducer (cone) and the 2D image plane on the mannequin. This display is
intended for training; it can be disabled for competency testing.
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Figure 5.
Spectral waveform synthesis from a flow velocity field. The size and position of the Doppler

sample volume in the 2D image (Figure 4a) specifies a location within the 3D flow velocity
field from which the Doppler spectral waveform is extracted. The sample volume includes
beam width in both the lateral and elevation directions to capture flow vectors within a 3D
region around the transmit beam. A spectral waveform is synthesized by compiling the
Doppler shifts calculated for all vectors within the sample volume, based on the angle
between the transmit beam and each flow vector. A subset of vectors is shown for clarity; a
typical sample volume contains between 500 and 1000 flow vectors. The Doppler shifts are
converted to velocities using the Doppler equation with the angle correction term specified
by the examiner. The calculations are updated in real time to create a waveform display of
blood velocity over the cardiac cycle.
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(a) (b)

Figure 6.
Doppler spectral waveform examples for three segments of dialysis access fistula Case 1. (a)

Inflow artery. (b) Anastomosis. (c) Venous return. In each case the arterial flow is from left
to right and the venous return flow is from right to left.
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Figure 7.

Comparison of measured versus true peak systolic velocity (PSV) for two dialysis access
fistulas examined by four experts. (a) Percent absolute deviation from the true PSV for each
of the four examiners. (b) Percent absolute deviation for measurements in the arterial and
venous segments. Bar height: mean absolute deviation. Error bar length: standard deviation.
Triangles: individual data points.
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